INVESTIGATION OF DONOR, ACCEPTOR AND SUBSTITUENT EFFECT
ON PHTHALIMIDE AND THIENO[3,4-c]PYRROLE-4,6-DIONE BASED
DONOR-ACCEPTOR-DONOR TYPE MONOMERS AND POLYMERS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

DENIZ CAKAL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
CHEMISTRY

NOVEMBER 2021






Approval of the thesis:

INVESTIGATION OF DONOR, ACCEPTOR AND SUBSTITUENT
EFFECT ON PHTHALIMIDE AND THIENO|3,4-c|]PYRROLE-4,6-DIONE
BASED DONOR-ACCEPTOR-DONOR TYPE MONOMERS AND
POLYMERS

submitted by DENIZ CAKAL in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Chemistry, Middle East Technical
University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Ozdemir Dogan
Head of the Department, Chemistry

Prof. Dr. Ahmet M. Onal
Supervisor, Chemistry, METU

Prof. Dr. Atilla Cihaner
Co-Supervisor, Chemical Engineering, Atilhm University

Examining Committee Members:

Prof. Dr. Ali Cirpan
Chemistry, METU

Prof. Dr. Ahmet M. Onal
Chemistry, METU

Prof. Dr. Seha Tirkes
Chemical Engineering, Atilim University

Assoc. Prof. Dr. Emrullah Gérkem Giinbas
Chemistry, METU

Assoc. Prof. Dr. Merve I¢li Ozkut
Chemistry, Ankara University

Date: 26.11.2021



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also
declare that, as required by these rules and conduct, I have fully cited and
referenced all material and results that are not original to this work.

Name Last name : Deniz Cakal

Signature :

v



ABSTRACT

INVESTIGATION ON DONOR, ACCEPTOR AND SUBSTITUENT
EFFECT ON PHTHALIMIDE AND THIENO[3,4-c|]PYRROLE-4,6-DIONE
BASED DONOR-ACCEPTOR-DONOR TYPE MONOMERS AND
POLYMERS

Cakal, Deniz
Doctor of Philosophy, Chemistry
Supervisor : Prof. Dr. Ahmet M. Onal
Co-Supervisor: Prof. Dr. Atilla Cihaner

November 2021, 290 pages

Conjugated organic materials comprise a major field of material chemistry focused
on the improvement of new building blocks for the synthesis of novel
semiconducting materials with advanced functional properties. Such
semiconducting systems have the advantage of low cost, solution processability
and flexibility and find many applications in the field of plastic photovoltaics,
electrochromics and display technologies. The electronic and optical features of
these semiconducting organic materials can be tailored via molecular engineering.
One of the most effective strategy for engineering at molecular level is utilizing
donor-acceptor approach. This approach uses electron rich and electron deficient
units to provide highly conductive and low band gap materials. Thiophene and its
alkylenedioxythiophene derivatives are popular electron rich building blocks to
construct donor units for conjugated semiconducting materials. Phthalimide (PI)
and thieno[3,4-c]pyrrole-4,6-dione (TPD) compounds comprise two different

classes of acceptor units having electron-withdrawing carbonyl groups. The pairing



of thiophene based donors with PI and TPD acceptor units in donor-acceptor-donor
configuration generates a series of conjugated monomers with a reduced energy

gap to be investigated in this thesis from different perspectives.

The first part of the thesis is dedicated to the modification of the electron deficient
PI acceptor unit with two different side groups including polyhedral oligomeric
silsesquioxane (POSS) and propyl functions and then the coupling of these novel
PI acceptors with thiophene and 3,4-ethylenedioxythiophene (EDOT) donor units
to obtain donor-acceptor-donor type monomers and their corresponding polymers.
The final effort is dedicated to the investigation of the monomers and polymer
within the donor-acceptor-donor configuration to provide an improved
understanding of substituent and donor effect on optical and electronic properties

of these conjugated materials.

The second part of the thesis focused on the modification of TPD unit through
functionalization with four different side groups involving ethylhexyl, POSS,
azobenzene and fluoerene. Three of these side groups were appended into TPD
acceptor unit for the first time. These functionalized TPD acceptor units were
combined with thiophene, EDOT and highly soluble didecyl-substituted 3,4-
propylenedioxythiophene (ProDOT) donor units to construct donor-acceptor-donor
type conjugated organic frameworks. The investigation of these conjugated
systems in donor-acceptor-donor configuration has provided a deep insight on
evaluating the role of different types of functional side groups on the acceptor unit.
Furthermore, optoelectronic features of these systems were investigated to
elucidate the effect of aforementioned functional side groups as well as donor units.
Lastly, these TPD-based donor-acceptor-donor architectures were compared with
the previously synthesized PI-based analogs to unveil the effect of the acceptor

group on optoelectronic properties.

In the third and last part of the thesis, the formation of a new core unit was

achieved by modifying PI acceptor unit within donor-acceptor-donor configuration.
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This modification is achieved by converting imide functional group of the acceptor
moiety into diimide. The obtained novel system was further investigated to shed
light on the structural effects of both diimide functional group and benzene ring
structure on the acceptor units. The chemiluminescence characteristics of the newly
synthesized system was also investigated as well as its optoelectronic properties.
The optoelectronic data obtained for the trimeric system with the modified core
unit was reported together with the unmodified ones for comparision sake and all

the results were also supported by computational calculations.

In this dissertation, it was found that donor and acceptor units play key roles on the
electrochemical and optical behaviors such as band gap, neutral state color, and
electrochromic performance while the substituent does not significantly change
optoelectronic properties of polymers. Also, the effect of donor units on the
electrochemical and optical band gap values of polymers were investigated, it was
found that each series follow the same trend depending on the strength of donor
unit (i.e. Eg Thiophene > Egprobor > EgEpOT ). A similar trend was also detected for the
oxidation potentials of the monomers. When the effect of acceptor units on the
optoelectronic properties were investigated, it was found that more improved
results were observed for TPD-based polymers as compared to Pl-based polymer.
This study also shows that the acceptor such as PI and TPD can be modified by any
functional group to impart new functionalities without altering their optoelectronic

properties.

Keywords: Donor-Acceptor-Donor Type Monomers, Phthalimide and Thieno[3,4-
c]pyrrole-4,6-dione  Acceptors, New Substituents on Acceptors (POSS,

Azobenzene, Fluorene), Chemiluminescence

vii



0z

VERICI, ALICI VE SUBSTITUENT GRUPLARIN FTALIMID VE
TiYENO[3,4-c]PIROL-4,6-DiON ESASLI VERICI-ALICI-VERICI
DUZENINDEKI MONOMERLER VE POLIMERLER UZERINDEKI
ETKISININ ARASTIRILMASI

Cakal, Deniz
Doktora, Kimya
Tez Yéneticisi: Prof. Dr. Ahmet M. Onal
Ortak Tez Yoneticisi: Prof. Dr. Atilla Cihaner

Kasim 2021, 290 sayfa

Konjuge organik malzemeler, malzeme biliminin {istiin fonksiyonel 6zelliklere
sahip yar iletkenlerin sentezi i¢in gerekli yeni yapr bloklarmin gelistirilmesine
odaklanmig 6nemli bir dalini olusturmaktadir. Bu yar1 iletken sistemler sahip
olduklar1 diisiik maliyet, esneklik, ve islenebilirlik gibi 6nemli ozellikleriyle
fotovoltaik, elektrokromik ve ekran teknolojisi gibi pek ¢ok alanda uygulamaya
sahiptir. Organik yar iletkenlerin elektronik ve optik Ozelliklerini molekiiler
miithendislik ile degistirmek miimkiindiir. Molekiiler diizeyde uygulanabilecek en
onemli stratejilerden biri alici-verici diizeninde yapilar olusturmaktir. Bu
yaklagimla elektronca zengin ve fakir gruplar kullanilarak iletkenligi yliksek olan
diistin  bant aralikli malzemeler elde etmek mimkiindiir. Tiyofen ve
alkilendioksitiyofen tiirevleri, konjuge yari iletkenlerin elde edilmesinde en ¢ok
kullanilan verici gruplar1 olusturan elektronca zengin yapilardir. Ftalimid (PI) ve
tiyeno[3,4-c]pirol-4,6-dion (TPD) bilesikleri elektron ¢eken karbonil gruplarina
sahip 6nemli iki farkli alic1 grubu olusturmaktadir. Tiyofen bazli verici gruplarin,

PI ve TPD alic1 birimleriyle verici-alici-verici diizeninde eslestirilmesi ile elde
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edilen diisiik bant aralikli bir dizi konjuge monomer bu tezde pek cok acidan

incelenecektir.

Tezin ilk boliimii, elektronca fakir ftalimid biriminin polihedral oligomerik
silseskuokzan (POSS) ve propil siibstitiientleri ile fonksiyonlandirilmasina ve
modifiye edilmis alic1 birimlerin tiyofen ve 3,4-etilendioksitiyofen (EDOT) verici
birimleri ile birlestirilmesi sonucu verici-alici-verici tipinde monomer ve
polimerlerin elde edilmesine ayrilmistir. Sonrasinda siibstitlient ve verici gruplarin
bu konjuge malzemelerin optik ve elektronik 6zellikleri lizerinde etkisinin daha iyi
anlasilmasi i¢in elde edilen verici-alici-verici diizenindeki monomer ve polimerler

incelenmistir.

Tezin ikinci kismi, TPD biriminin etilhekzil, POSS, azobenzen ve floren iceren
dort farkl siibstitiientle modifikasyonuna odaklanmistir. Bu siibstitiientlerden iicii
ilk kez TPD alic1 birimine eklenmistir. Bu islevsellestirilmis TPD alic1 birimleri,
verici-alici-verici diizeninde konjuge organik monomerler olusturmak i¢in tiyofen,
EDOT ve ¢oziinlir didesil zincirlerine sahip 3,4-propilendioksitiyofen (ProDOT)
verici birimleri ile birlestirilmistir. Verici-alici-verici konfigiirasyonunda bu
konjuge sistemlerin incelenmesi, farkli yapidaki fonksiyonel siibstitiientlerin alici
birim {izerindeki roliiniin anlagilmasi i¢in biiyiik 6nem tasimaktadir. Ayrica, bu
sistemlerin  optoelektronik  Ozellikleri, yukarida  belirtilen  fonksiyonel
siibstitiientlerin yan1 sira verici birimlerin etkisini de aydmlatmak igin
arastirtlmistir. Son olarak, bu TPD bazli verici-alici-verici diizenindeki yapilar,
alict grubun optoelektronik ozellikler lizerindeki etkisini goérmek icin PI bazl

benzerleri ile karsilastiriimistir.

Tezin {iclincli ve son boliimiinde ise verici-alici-verici diizenindeki PI alic1 birim
modifiye edilerek yeni bir cekirdek birimin olusturulmasi saglanmistir. Bu
modifikasyon, alic1 kismin imid fonksiyonel grubunun diimide doniistiiriilmesiyle
saglanmigtir. Elde edilen yeni sistem, hem diimid fonksiyonel grup hem de benzen

halka yapisinin, alici birim iizerindeki yapisal etkisine 11k tutmak igin ayrica
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arastirilmistir. Sentezlenen yeni sistemin optoelektronik o6zelliklerinin yani sira
sahip oldugu kemiliiminesans karakter de arastirilmistir. Modifiye edilmis ¢ekirdek
birimi igeren bu sistem icin elde edilen optoelektronik o&zellikler, modifiye
edilmemis sistem i¢in olanlarla birlikte karsilagtirmali olarak rapor edilmis ve tiim

sonuglar teorik hesaplamalarla da desteklenmistir.

Bu tezde, verici ve alici birimlerin bant araligi, nétr durum rengi ve elektrokromik
performans gibi elektrokimyasal ve optik davranislar tizerinde anahtar rol oynadigi,
siibstitiientlerin ise polimerlerin optoelektronik 6zelliklerini 6nemli Olgiide
degistirmedigi bulunmustur. Ayrica, verici birimlerin polimerlerin elektrokimyasal
ve optik bant aralifi degerlerine etkisi arastirilmis, verici birimin giiciine bagl
olarak her serinin ayn1 egilimi izledigi bulunmustur (Eg,Thiophene > Eg,propoT > Eg EDOT
). Monomerlerin yiikseltgenme potansiyelleri i¢in de benzer bir egilim tespit
edilmistir.  Alict  birimlerin  optoelektronik  6zellikler iizerindeki  etkisi
arastirildiginda, TPD esasli polimerler i¢in PI esasli polimere kiyasla daha iyi
sonuclar gdzlemlenmistir. Bu calisma ayrica, PI ve TPD gibi alicilara,
optoelektronik 6zelliklerini degistirmeden yeni fonksiyonel gruplar takilarak yeni

islevsellikler kazandirilabilecegi gosterilmistir.

Anahtar Kelimeler: Alici-Verici-Alict Tipi Monomerler, Ftalimid ve Tiyeno[3,4-
c]pirol-4,6-dion Verici Gruplar, Verici Grupta Yeni Siibstitiientler (POSS,

Azobenzen, Floren), Kemiliiminesans
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Conductive Polymers

Polymers are synthetic or natural materials that are composed of the same kind of
repeating subunits and this concept was first introduced by Staudinger in the year
1920. After his breakthrough finding, a new field has emerged as polymer science.
This vital branch of science deals with the synthesis of new materials in a wide
range from toys to aircrafts and their analysis in every aspect!. In the beginning,
however, it was considered that all kind of polymer materials are non-conducting
plastics since they are generally used as insulators especially in electronic industry.
But this common thought has changed with the accidental discovery of
conductivity in polyacetylene films by three scientists when these films were
exposed to iodine vapour. This accidental discovery brought the Nobel Prize to
Alan MacDiarmid, Hideki Shirakawa and Alan Heeger in Chemistry in 2000 and

started a new era in polymer science known as * conductive polymers™? 3.

Conductive polymers as new generation materials offer many outstanding
advantages over metals and inorganic semiconductors such as good solution
processability, flexibility, light-weight, low cost and corrosion-resistant*>%. These
advantegous properties enable them to be used in a wide range of applications such
as optical displays, electrochromic devices, photovoltaic devices, batteries,

transistors, smart windows, biosensors and bioelectronic devices’*.

Polyacetylene films as the first conjugated conductive polymer possess certain
restrictions such as insolubility and the lack of air stability in their doped state’!°.
After that, the research interest was directed to the synthesis of more stable and

processable types of conjugated polymers. In this respect, heteroaromatic



conjugated structures gain attraction as the most appropriate class of materials to
solve the problems possessed by polyacetylene film. Polyacetylene (PA),
polythiophene (PT), polypyrrole (PP), polyfuran (PF), poly(p-phenylene) (PPP)
poly(p-phenylenevinylene) (PPV), polyaniline (PANI), poly(3,4-
ethylenedioxythiophene) (PEDOT) and polyfluorene (PFL) can be given as

examples to the most common conjugated systems” as shown in Figure 1.1.
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Figure 1.1. Some common conjugated polymers.



1.2 Conductivity Concept in Conjugated Polymers

1.2.1 Structure and Conjugation

The origin of conductivity in a polymer is based on the presence of a conjugated
system with alternating single and double bonds providing continuous orbital
overlapping due to the connected m-orbitals. The polymer becomes electronically
conductive when the charge carriers move throughout the extended- m-orbital
system along the polymer chain®!!. In an intrinsically conducting polymer, the
highest occupied molecular orbital (HOMO) corresponds to the valence band while
the lowest unoccupied molecular orbital (LUMO) refers to the conduction band'’.
The forbidden energy range between the filled valence band and empty conduction
band is defined as a band gap which plays a key role in the determination of
electrical properties of the polymer materials!?. As depicted in Figure 1.2, PA chain
consists of carbon atoms surrounded by three 6 bonds and one  bond that results in
alternating single and double bonds in the main backbone, whereas polyethylene
involves single bonds in the main backbone with carbon atoms surrounded by four
o bonds. As it is seen from Figure 1.2, the HOMO-LUMO energy difference

determines the band gap of the neutral polymer!>!'“,
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Figure 1.2. Schematic representation of both the structure and orbitals in (a)

polyethylene and (b) PA.

1.2.2 Band Gap and Structural Factors

The band gap is defined as the energy separation between the valance band and
conduction band and denoted as E,!°. The materials are generally classified into
three main categories as metals, semiconductors and insulators according to their
band gap width!'! as shown in Figure 1.3. When the valence band and conduction
band merge with each other, the valence electrons are able to move and propagate
freely in the conduction band. This kind of materials exhibits metallic
behaviour!>!°, In the case of semiconductors, a small energy gap exists between the
valence band and conduction band which can be crossed by electrons upon
excitation by creating a hole. The transport of hole and electron charge in this small
energy gap provides the conduction of current. The energy gap between the valence
band and conduction band in an insulator is too large to be passed by electrons and
therefore they can not conduct electricity. There are several structural factors

affecting the band gap energy level of intrinsic conductive polymers!!:!316:17.18,
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Figure 1.3. Valence band (VB) and conduction band (CB) in conductor,

semiconductor and insulator.

1.2.2.1 Bond-Length Alternation

Bond-length alternation (BLA) is described as the difference between the average
length of a single bond and the neighboring double or triple bond in a n-delocalized
system. BLA is a physicochemical parameter to assess the geometric structure at
the molecular level. It is well known that there is a close relation between BLA and
band gap. As the change in bond length decreases, the band gap energy decreases
as well. In a hypothetical case, the bond length between the C-C bonds should have
an equal distance along the m-conjugated backbone to provide a complete electron
delocalization. The elimination of BLA would render the progressive closure of the
energy gap and results in the zero band gap material in one dimensional conjugated
systems!>?%2! However, in real case, these systems are not stable and their 7-
electrons can be localized due to synergetic effect of electron-electron and electron-

phonon interactions. As a result, t-conjugated polyene systems have an energy gap



around ~1.50 eV due to the major contribution of BLA to the band gap energy

value'®.

1.2.2.2  Aromatic Resonance Energy

The resonance energy is defined as the difference between the total m-electron
energy of a real conjugated molecule and a hypothetical reference structure with
localized bonds. Since most of the conjugated organic polymers involve aromatic
ring systems, it is crucial to clarify the connection among aromaticity, resonance
and band gap®’. In aromatic systems, two mesomeric forms with non-degenerate
energy levels can occur by flip-flop between single and double bonds. The
aromatic form shows considerably more stability than the quinoid form. The
energy required to change from the aromatic form to quinoid form is directly
related to the aromatic stabilization resonance energy of the aromatic moiety. The
n-electrons are constrained within the aromatic ring due to this resonance effect
and their delocalization is hindered along the polymer backbone. Therefore, this
resonance effect leads to a contribution of the magnitude of band gap. It is apparent

that the less aromatic polymer results in a lower band gap!®?>%,

1.2.2.3 Rigidity of the Conjugated System

Rigidification is an effective strategy to form highly conjugated planar m-systems.
Rigidification also provides the reduction of BLA and the enhancement of
photoluminescence efficiency in conjugated systems?*. When a polyaromatic
system is lack of chemical rigidity, the backbone is easily distorted due to the
rotational disorder around inter-annular single bonds. A mean dihedral angle thus
occurs between two adjacent units, which restricts the delocalization of n-electron
along the whole conjugated chain. Consequently, this inter-annular rotation
increases the magnitude of band gap. The rigidification of n-conjugated polymers

afford a substantial reduction in the band gap; however, the quantity of this



reduction can be restricted by potential inter-ring rotations in the conjugated

chain16’24>25’26*27 )

1.2.2.4 Substituents

The introduction of substituents such as electron-donating or electron-withdrawing
groups is the most straightforward strategy to tune the HOMO and LUMO energy
levels and thereby the magnitude of band gap in a conjugated system. When the
electron-donating groups are substituted to the system, they can induce an increase
of HOMO level, which is followed by the reduction of the band gap. Moreover,
electron donating alky chains tend to contribute band gap reduction by improving
the long range order in the conjugated system. However, the substituted groups
should not be too bulky to avoid deviation from planarity, non-bonding interactions
and poor orbital overlap. In the case of the electron-withdrawing substituents, the
reduction of band gap is attributed to increasing quinoid character of conjugated
backbone as well as decreasing HOMO-LUMO energy levels'>!6282%30 due to

lowering in the LUMO energy level.

1.2.2.5 Intramolecular Attractions and Donor-Acceptor Approach

Recently, a new strategy to design and synthesize small band gap polymers was
suggested by Havinga et al. in 1992. In this strategy, electron rich units are
combined with electron deficient units in an alternating arrangement along a
polymer backbone to bring about the eventual merging of valence and conduction
band, thus providing intrinsic conduction in polymer material. Intramolecular
charge transfer (ICT) created by the alternation of donor-acceptor units in polymer
backbone can facilitate manipulation of the electronic structure leading to an
absorption band at a lower energy. The strength of ICT can be adjusted through a
painstaking selection of donor and acceptor units. The logic behind the donor-

acceptor approach is to provide the hybridization of high lying HOMO of donor



moiety and low lying LUMO of acceptor moiety and hence to increase double bond
character between donor and acceptor units, which leads to broadening of valence
and conduction bands and hence a band gap reduction. Thus, the new donor-
acceptor material can have an unusual small HOMO-LUMO separation relative to
those of pristine donor and acceptor groups as shown in Figure 1.4. The band gap
value is expected to be the lowest for an alternating donor-acceptor system when
the electronegativity difference between donor and acceptor units is the

highest!®18-31,

In this sense, it is possible to synthesize different small molecules based on Donor-
Acceptor (D-A) frameworks such as Donor-Acceptor-Donor (D-A-D), Donor-
Acceptor- Acceptor (D-A-A) or Acceptor-Donor-Acceptor (A-D-A).
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Figure 1.4. The schematic representation of donor-acceptor approach™.



1.2.2.6 Intermolecular Attractions

Despite the lowering effect of numerous structural factors on the energy gap, there
is one main problem faced by the conjugated system due to these structural factors,
which is the lack of solubility. The insolubility in these systems is based on the
compact structure of polymers due to the interchain interactions such as weak
hydrogen bonding, Van der waals interactions or m-m stacking. The alkyl
substituents can be introduced to the polymer chain to enhance solubility by
disentangling the tightly m-stacked chains. However, two major drawbacks come
along with the enhanced solubility. One of them is the loss of stability due to the
disruption of the compact structure of polymers. The second one, on the other
hand, is the dramatic increase in the energy gap due to the alkyl chains in the
polymer backbone. These experimental observations reveal the contribution of the

intermolecular interactions to the magnitude of band gap'®*.

1.2.3 Conductivity Mechanism and Doping Process

The band gap concept is not enough to explain the conductivity process in the
conjugated polymers. Indeed, the electrically conductive polymers are reported as
insulators in their neutral state and their conductivity can switch from insulating to
metallic only when they are doped. In order to reach high conductivities, doping is
required. Due to the lack of an intrinsic charge carrier in a conjugated polymer,
doping process needs a dopant which can either remove an electron from the
polymer chain (oxidation) or add an electron to the mainchain (reduction). These
oxidation and reduction processes provided by dopant are named as p-type and n-
type doping, respecively. In p-type doping, the electron transfer occurs directly
from HOMO of the valence band to the dopant species and generate a hole in the
main backbone. On the contrary, in n-type doping, the electron moves directly from
dopant species to the LUMO of conduction and leads to an increase in electron

density. As a result of the doping process, the charge carriers appear in the polymer



backbone in the form of polarons (radical cation or anion), bipolarons (dication or
dianion) or solitons. When one electron is removed from the valence band, the
polaron is generated in the conjugated structure. If another electron is further
ejected from the valence band, the bipolaron is formed. When the bipolarons are
separated, they can form solitons. The movement of these charge carriers along the
polymer backbone provides conductivity. Since the negatively charged carriers
produced in n-type doping are not stable as positively charged carriers, p-type
doping is generally more common for research and practical applications!”*. The
doping process for the formation of charge carriers for both types are schematically

represented in Figure 1.5.
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Figure 1.5. A schematic representation of the formation of (a) polyene, (b) polaron,

and (c) bipolaron, (d) soliton pair on a trans-polyacetylene chain by doping.

In doping process, two different ways can be followed: chemical and
elecrochemical doping. In chemical doping, the polymer is exposed to an
oxidizing agents such as iodine or bromine or reducing agent such alkaline metals
for p-type or n-type doping, respectively*®. In chemical doping, charge-transfer

redox reactions take place as follow:

11



(1) Oxidation (p-type doping)

(n-polymer), + oxidant — (m-polymer),” (dopant anion)

(2) Reduction (n-type doping)

(m-polymer), + reductant — (m-polymer), (dopant cation)”

Even though the chemical doping is considered as a simple and efficient process,
the control of doping process can lead to incomplete doping because of the
inhomogeneities observed in the intermediate structures. Therefore, the
electrochemical doping is generally more preferred than chemical doping to figure

out this problem?®.

In electrochemical doping, the potential difference between electrodes leads to
charge transfer into and out of polymer in the form of addition or ejection of

electron for n-doping and p-doping, respectively>-°.

(1) Oxidation (p-type doping)

(m-polymer), + a(E’) — [(n-polymer),™®(E")a] +ne”

(2) Reduction (n-type doping)
(m-polymer), + b(E") +ne'—  [(m-polymer),®(E")o]

where E, E* and E'represent electrolyte, anion, and cation, respectively. On the
other hand, a and b refer to doping degree. In order to provide overall charge
neutrality in a doped polymer chain, the counter ions from the electrolyte solution
incorporate into the polymer film. As a result of doping, the charge carriers

(polarons, bipolarons and solitons) are generated as previously stated?’.
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1.24 Hopping Process

The transport of charge carriers in a conjugated system takes place in two different
mechanisms which are intrachain and interchain mobility. In intrachain mobility,
the movement of charge carriers occurs through a conjugated backbone.
Conversely, in interchain mobility, the carriers move from one chain to a
neighboring one or from a crystalline region to an amorphous one or vice versa

through hopping or tunneling process®® as shown in Figure 1.6.
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Figure 1.6. Schematic representation of hopping process.

1.3 Synthesis of Conductive Polymers

It is possible to synthesize the conductive polymers by using a variety of distinct
methods such as chemical, electrochemical, concentrated emulsion, photochemical,
methathesis solid-state, plasma, inclusion and pyrolysis. Among them, chemical
and electrochemical polymerization are the most commonly wused two
techniques®*°. The chemical polymerization can be categorized into two classes:
oxidative chemical polymerization and transtion metal-catalyzed coupling

polymerization.
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1.3.1 Oxidative Chemical Polymerization

Chemical polymerization is the common technique for large-scale production of
conjugated polymers at a resonable price. The polymerization is carried out by
exposing the conjugated monomers to an excess amount of chemical oxidant in a
proper solvent with a continuous stirring to obtain the conductive polymer in the
doped form. The polymerization occurs spontaneously and follow chain-growth
mechanism (addition polymerization)*®. The fundamental structural requirements
for successful chemical polymerization are the stability and solubility as well as
conjugation. In order to obtain high molecular weight polymers, the resulting
oligomeric species or low molecular weight polymers produced in the
polymerization process should be soluble and reactive enough for further
polymerization. In an unsuccessful polymerization, termination process arises

LILYIn this type of

before the desired molecular weight is obtained
polymerization, a large variety of species such as ferric chloride (FeCls), ferric
sulfate, ferric perchlorate, cupper(Il) perchlorate, cupper(Il) chloride, antimony
pentafluoride, hydrogen peroxide and ammonium persulfate and halogens can be
used as chemical oxidizing agents ***!*2, The oxidative polymerization of a typical

heterocyclic monomer with FeCls is shown in Scheme 1.1.

n [/ \5 + 2nFeCly ——» @— + 2n FeCl, + 2n HCI
X X .

Scheme 1.1. The oxidative chemical polymerization of a five membered

heterocyclic compound via FeCls.

Despite its numerous advantages, chemical polymerization has some limitations
such as the low quality and conductivity of the polymer obtained together with a

limited degree of polymerization***,
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1.3.2 Transition Metal-Catalyzed Coupling Polymerizations

The synthesis of the monomeric units or heteroaromatic conjugated polymers of a
wide range of outstanding structural variety and regio-regularity can be carried out
by polycondensation reaction with the use of organometallic catalyst or reagent.
Transition metal catalyzed polycondensation reaction provides the C-C bond
formation such as Csp2-Csp2 and Csp-Cspo. In general, the metal catayzed oxidative
addition reaction occurs across the C-X bond of electrophilic group followed by
transmetallation with organometallic nucleophile. As a result, reductive elimination
allows the C-C bond formation with the regeneration of active catalyst (Scheme
1.2). The most extensively utilized transition metal catalysts are nickel or
palladium-containing complexes. The other metal complexes are used as well.
Grignard reagents, boron reagents, stannanes, lithium, zinc or copper compounds
can serve as an organometallic nucleophile. Depending on the type of
organometallic nucleophile, polycondensation reactions can be categorized as
Kumada-Corriu, Stille, Suzuki-Miyaura, Yamamoto, Sonogashira and so on. Stille
and Suzuki-Miyaura couplings are the most significant types of transition metal

catalyzed cross-coupling reaction®.
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Scheme 1.2. The general mechanism for transition metal catalyzed

polycondensation reactions.

1.3.2.1 Stille Coupling

Stille cross coupling is one of the efficient polycondensation reactions, which takes
place between electron rich stannanes and electron deficient halides to form C-C
bonds. Palladium-catalyzed cross coupling reaction can be catalyzed by either
palladium (II) or palladium (0) complexes. When palladium (II) is utilized, it is
firstly reduced to palladium(0) with the organotin compound. Then, palladium(0)
reacts with organohalide species to generate organopalladium halide intermediate
via oxidative addition. Transmetallation of the intermediate is followed by
reductive elimination to form the final product and palladium (0) to complete the

catalytic cycle*>6,
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The reaction conditions for the synthesis of small molecules via Stille cross
coupling reaction can dramatically change for those of polymerization reaction. It
is known that the synthesis of polymers with desired molecular weight has a great
importance for the applicability of the resulting polymer. In order to get high
molecular weight polymers, some parameters such as stoichiometry and reactivity
of the monomers, nature of the solvents and the composition of catalyst systems
should be arranged properly. Stille cross coupling reaction presents some benefits
such as lessened oxygen sensitivity and milder reaction condition despite its

drawbacks such as toxic stannylated monomers and the side products*>#6-47,

NG o W g O
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Scheme 1.3. The general mechanism for Stille cross coupling reaction.

1.3.2.2 Suzuki Coupling

Suzuki-Miyaura reaction is also efficient transition metal catalyzed cross coupling
reaction for the formation of Csp2-Csp2. This palladium-catalyzed polycondensation
reaction takes place between the corresponding diboronic acid or ester and dihalide

compounds®’.
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Scheme 1. 4. The general mechanism for Suzuki cross coupling reaction.
1.3.3 Electrochemical Polymerization

Electrochemical polymerization is a simple and straightforward technique which
allows the rapid synthesis of the doped form of conducting polymer on the
electrode surface by applying potential in the presence of an appropriate electrolyte
medium. The electrochemical polymerization provides the fabrication of high
quality polymer film with an adjustable film thickness*®. This polymerization takes
place in a three-electrode system involving working, reference and counter
electrodes in an electrolyte medium which consists of monomer, supporting
electrolyte, proper solvent and some other required additives. The
electropolymerization can be achieved by applying either a constant current,
constant potential or potentiodynamic methods®. For example, during
electrochemical polymerization of thiophene via potentiodynamic technique, the
monomer is oxidized through an applied potential to generate radical ion
intermediate. At the next stage, the reactive radical cation/ion can react with either
a neutral monomer or another intermediate to produce a dimer of radical cation’.
The mechanism for the electropolymerization of 3,4-ethylenedioxythiophene
(EDOT) is shown in Scheme 1.5 as a representative example for the

electrochemical polymerization.
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Electrochemical polymerization offers several advantages compared to chemical
polymerization by providing flexibility in terms of distinct dopant use, fabrication
of layered structures by sequential deposition and copolymer synthesis. The major
disadvantages of this technique can be the need for high-cost equipment, small
scale production, the inability of some monomers to polymerize via

electrochemical method>%*®.

1.4  Characterization Techniques for Monomers and Conductive Polymers

A large variety of analytical techniques are available to investigate the properties of
conductive polymers from all perspectives!!. To provide a deeper understanding of
these properties, characterization techniques can be used together in some
circumstances. These techniques can be categorized under four main groups as
structural, electrochemical, optical and spectroelectrochemical characterization
depending on physical, chemical and electrochemical properties of conductive

polymers 4,

14.1 Structural Characterization

Structural characterization techniques carry vital importance for confirmation of
the identity of both monomers and polymers. Among them, Nuclear Magnetic
Resonance (NMR), High Resolution Mass Spectrometry (HRMS), Gel Permeation
Chromatography (GPC) and Fourier Transform Infrared (FTIR) are the most

commonly used ones'!.

14.1.1 NMR

NMR spectroscopy is the most powerful tool used for the determination of
structure in both solution and solid states. It allows the identification of certain

atoms and groups in a molecule and their positions with respect to each other’'.
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Structure conformation and chain orientation can be carried out by NMR>’. NMR is
an absorption type spectroscopy in which the energy transfer takes place between
quantized energy states of nuclei depending on the applied magnetic field. This
energy difference between the upper and lower energy states correspond to a
wavelength in the radio frequency range. Each magnetic nuclei absorbs a certain
radio frequency and flip from the lower energy state (parallel spin with the applied
field) to the upper one (antiparallel spin with the applied field). The same
frequency of energy is dissipated when the spin returns to its lower energy state.
Consequently, the processed signal corresponding to this energy transition gives
NMR spectrum. The nuclei with an odd number of protons or neutrons has a
nonzero nuclear spin and thereby intrinsic nuclear magnetic while the nuclei with
an even number of both have a zero spin quantum number and do not give NMR
signal. In this respect, 'H, 1*C, °N, and 3'P are the most widely used nuclei for
NMR. The characteristic nature of NMR is resulted from the different electronic
environment around nuclei due to different surrounding groups and the nature of
bonding. As a result, different absorption frequency is obtained for each nuclei and
expressed as a chemical shift with respect to a standard reference. Magnetically
isotropic and chemically inert materials can be used as standard reference
materials. Tetramethylsilane (TMS) is commonly employed as a chemical shift

5253 Organic

standard which is dissolved in the same solvent used for sample
deuterated solvents such as chloroform, dimethyl sulfoxide (DMSO), acetone,

benzene, methanol, etc. are commonly used for NMR.

14.1.2 HRMS

HRMS is a powerful analytical technique allowing the exact mass determination
with high accuracy. The measurement of the exact mass allows the classification,
identification and confirmation of a chemical compound since it provides an
additional dimension for the discrimation of molecules by measuring the mass of

fragments making up the molecule at the 4™ and 5™ decimal place rather than an
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integer number. In this technique, the molecules to be analyzed are vaporized and
then ionized by electron ionization with or without fragmentation and then access
the orbitrap mass spectrometer where these ions are separated according to their
mass to charge ratios (m/z) in the electromagnetic field and detected in proportion
to their abundance. The spectrum is given as the intensity of detected ions as a
function of m/z ratio®**>, In the characterization of conductive polymers, HRMS
is used for the determination of the exact mass of a conjugated monomer or

trimeric unit rather than a polymer.

1413 GPC

The molecular weight and molecular weight distribution are the characteristic
features of a polymer. Unlike natural polymers, all synthetic polymers exhibit a
dispersity in molecular weight which can be associated with their physical or
performance properties. These characteristic features of a polymer sample can be
identified by GPC which is a type of size exclusion chromatography used for the
separation and purification of polymers. In this technique, polymer chains are
separated according to their size and hydrodynamic volume due to their penetration
into the pores of the stationary phase. As the polymer passes through the column
with the help of the mobile phase, the smaller fragments can enter the pores of the
stationary phase more easily and spent a longer time in that phase while the larger
ones are entirely excluded from the pores and eluted from the column quickly. This
process allows the separation of polymer chains of different sizes. GPC technique
can be applied to a large variety of polymers depending upon the type of packing
material utilized in the stationary phase. In order to afford efficient fractionation,
the pore size of the packing gel should be comparable to the size of polymer
chains. In addition, the eluting solvent in the mobile phase should dissolve the
polymer sample completely and get wet on all the packing gel surface. The widely
used eluents for GPC are tetrahydrofuran (THF), o-dichlorobenzene,

trichlorobenzene and dimethylformamide (DMF). In the selection of an appropriate
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column system, the parameters such as column type, column pore size and eluting
solvent should be considered and the possible interaction of polymer-packing

should be avoided °'.

1414 FTIR

FTIR spectroscopy is a rapid and non-destructive technique for the characterization
of polymers. It is a form of absorption spectroscopy using the region between
visible and microwave in the electromagnetic spectrum. In a molecule, all atoms
have continuous vibrational motions with respect to each other above absolute zero
temperature. In these molecules, infrared absorption occurs depending on two
conditions. The first one is the match of the radiant energy absorbed by the
molecule with the energy difference between ground and excited states. The second
condition is the presence of dipole moment change in the vibration mode. If not,
radiant energy is not absorbed by vibrational mode and the molecule is referred to
be infrared inactive. Two different types of molecular vibrations exist in a molecule
which are stretching and bending. The frequency of absorption bands which is
expressed as wavenumber unit are primarily determined by the geometry and
relative masses of atoms and the force constant of the bonds in the molecule. The
intensity of the bands expressed as either transmittance (T) or absorbance (A) are

determined by the magnitude of dipole moment change as well’'.

FTIR is an useful technique for identification of an unknown polymer and analysis
of functional groups in the polymer. It also provides information about the
structural features of the chain, physical state, orientation and crystallinity of
polymers. It is possible to carry out the simultaneous analysis of polymer structure

during a course of polymerization reaction’’.
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1.4.2 Electrochemical Characterization

The voltammetry is the most common tool for the investigation of the
electrochemical properties of conductive polymers. A deep knowledge related to
the physical properties of conductive polymers such as oxidation and reduction
potentials of monomers and polymers, -electrochemical band gap and
electrochemical stability can be provided by voltammetry. Among voltammetry
techniques, cyclic voltammetry and differential pulse voltammetry are the most

common ones since these techniques are straightforward and versatile.

There are a vast number of parameters that affect the voltammetric study during the
course of electrochemical polymerization. These parameters are the supporting
electrolyte, the choice of solvent, the type of electrode, the applied potential and

the temperature.
The supporting electrolyte

A supporting electrolyte is defined as any kind of ionic salt or ionizable compound
that can be dissolved in a solvent. These materials should stay electroinactive
within the range of potential employed. While choosing a supporting electrolyte,
the solubility characteristics should be considered depending on the type of solvent
used. The cation parts of the supporting electrolytes usually consist of alkali metal
ions (Li, Na") or tetraalkyl ammonium ions (R4N") while the anion parts are
compromised either of halide ions (Br", CI') or BF4, PF¢ or ClO4. LiClOy4 is fairly
soluble in some aprotic solvents, whereas NaClOs is barely soluble. Tetraalkyl
ammonium electrolytes are very soluble in aprotic solvents and the oxidation
potential range of their ClO4™ salts is up to +1.6 V while their BF4+ and PF¢ salts

provide an oxidation range up to +3.0 V373,

A high concentration of supporting electrolytes 1is required for most
electroanalytical processes to hold the migration effect on concentration
polarization in a minimum level. Another function of the supporting electrolyte is

to minimize the cell resistance and hence to diminish the IR drop®.
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Choice of Solvent

All electrochemical processes take place in a medium containing a solvent with
dissolved supporting electrolyte. The choice of solvent is very important to satisfy
the essential criteria for an electrochemical process. First of all, the solvent should
have a good solvating power to dissolve all reactants and products and should have
low viscosity to provide the rapid transport of the reactants and products.
Moreover, the solvents should have a high dielectric constant (¢) to afford the
electrical conductivity in electrolyte media and good electrochemical stability not
to decompose at the potential where the reactant is oxidized. Lastly, the solvents
should have a wide potential window for the electrochemical study not to limit

redox process of reactant®.

MeCN is one of the commonly employed solvents with a €=37.5 in electrochemical
studies since it has inert electrochemical properties in a wide range of potential

window changing from -3.0 V to +3.0 V vs saturated calomel electrode.

Dichloromethane (DCM) (£=8.93) is another common solvent used especially for
oxidation of organic-based reactants. Its potential window limit is suitable up to

+2.0 V.

The aprotic solvents such as dimethylformamide (¢=38.3) and dimethyl sulfoxide
(e=46.7) have excellent solubility characteristics for ionic species. These solvents
are favourable candidates for cathodic processes since they have a reduction
potential limit up to -3.0 V. However, they are also suitable for oxidation processes

which occur not above +1.0 V due to their low stability in anodic region.

Water (¢=80.1) is free and non-toxic solvent which provides a high conductivity in
electrolytic media. However, it is not suitable for organic molecules due to
solubility problem. Morover, it is not proper for radical ion studies since it easily

reacts with the radicals.

The other solvents such as propylene carbonate, THF, methanol, ethanol and

nitromethane are also frequently employed for the electrochemical studies®*!,
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Types of electrodes: working, reference and counter electrodes

The voltammetric studies are performed in an electrochemical cell consisting of
three electrodes which are submerged in an electrolyte solution involving the
analyte to be studied. One of the electrodes is the working electrode at which the
electrochemical event of interest is carried out. It is made up of redox-inert
materials such as platinum, gold, glassy carbon, nickel or palladium. For the
spectroelectrochemical studies, Indium Tin Oxide (ITO) glass is usually utilized as
the working electrode. The type of working electrode is selected with respect to the
conditions of electrochemical process. Furthermore, the electrode dimensions are

held small enough to make the working electrode more polarized.

The other electrode is the reference electrode with a stable and well-established
potential against which an external potential is applied to the working electrode.
The applied potential is hence expressed as “vs” a specific reference. The common
reference electrodes are the saturated calomel electrode, the Ag/AgCl electrode and
the standard hydrogen electrode. The electrode is usually separated from the
reaction medium by a porous frid. The junction potential created at the interface is
minimized by matching the solvent and electrolyte inside the electrode with those
of the external medium. The potential of the reference can vary for different
experiments. The potential values obtained from different experiments are
correlated with each other by using an internal reference compound. Ferrocene is
frequently used in all measurements as an internal standard which can be reversibly
oxidized to ferrocenium ion in MeCN at a potential of +0.48 V vs. Ag/Ag"

electrode.

The last electrode involved in the three-electrode system is the counter or auxiliary
electrode which carries electricity from the signal source to the other electrodes
through the solution to complete the electrical circuit. The surface area of the
counter electrode should be larger than that of the working electrode not to inhibit
the reaction taking place at the working electrode due to the slow reaction kinetics

of the counter electrode limited by surface area. As counter -electrodes,
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electrochemically non-reactive materials such as platinum (Pt) in the form of wire,

disks or graphite can be used®'.

1.4.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a powerful and straightforward tool for the
investigation of redox processes of molecular species. When an external potential
is applied to the working electrode with respect to the reference electrode,
oxidation or reduction takes place on the surface of the working electrode when the
potential matches the HOMO or LUMO energies. As the surface of the working
electrode becomes adequately positive or negative, electron transfer occurs
between the electrode surface and the reaction medium. This electron transfer is
recorded as a measurable current flow between the working and counter electrodes.
The direction of potential sweep determines whether the anodic or cathodic process
takes place at the working electrode. When the potential is varied positively in the
forward direction, an anodic trace is observed in the voltammogram. As the
potential scan is reversed, the direction of current flow is also reversed and the

inverse peak current is produced®!6?.

(b)

Current / wA
1
H
1
H
]
{
i
-
4
%
g %
5t
&
-
-

Figure 1.7. (a) Schematic representation of electrochemcial cell used for
electrochemical studies of monomers and polymers (b) a typical cyclic

voltammogram.
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1.4.2.2 Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is a useful electrochemical method
providing the minimization of capacitive background current. This is achieved by
double current sampling by recording the current before the pulse and at the end of
the pulse. The output signal is reported as the difference between these two
currents. This current difference is plotted as a function of the potential applied in
the form of a pulse superimposed on a staircase. As a result of dual current
sampling, DPV allows the detection of analytes at a concentration as low as 10

M63,64

1.4.2.3 Controlled Potential Coulometry

Controlled potential coulometry is another electrochemical technique in which the
potential of the working electrode is kept constant or varied in a controlled manner.
As a response, two different variables can be monitored: the current as a function
of time, or the charge as a function of time. In this technique, quantitative oxidation
or reduction of electroactive species occurs until the completion of the process.
Furthermore, the number of Faraday per mole of electroactive species consumed

during the electrolysis can be determined®>-®,

1.4.3 Optical Characterization

Optical characterization techniques are valuable tools to examine the different
aspects of conductive polymers. The spectroscopic quantities (absorbance,
emission or transmittance) obtained with the interaction of optical radiation with
matter are remarkably helpful for the determination of the electronic band structure
involving the band gap, impurities and defects. Among these, Ultraviolet-Visible

(UV-Vis) and fluorescence spectroscopies are commonly used for the
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characterization of optical properties of semiconductors, surfaces and thin films as

well as monomers®’.

1.4.3.1 UV-Vis Spectroscopy

UV-Vis spectroscopy is a very simple, fast and cost-effective technique in which
absorption and transmission processes take place when the electromagnetic light
interacts with the sample. The visible region of the electromagnetic spectrum and
its vicinity (ultraviolet and near infrared) is used for this purpose. The change in the
absorbance is monitored as a function of wavelength to obtain qualitative and
quantitative information. In the region of interest, atom and molecules undergo
electronic transitions. When the light passes through the sample, molecules
involving bonding and non-bonding electrons can absorb the energy which
promotes the electrons from bonding and non-bonding orbitals to empty anti-
bonding orbitals. Consequently, the following electronic transitions can occur: ¢ to
c*, nto 6% nto w* and @ to w*. The transitions from ¢ or n orbitals to ¢* orbital
need a large amount of energy and hence take place in the far ultraviolet region or
are weakly seen in the range of 180 — 240 nm. As a consequence, strong
absorptions are not observed in the ordinary ultraviolet region for saturated groups.
Both n to n* and & to * type transitions are mostly seen in the molecules involving
unsaturated centers and need less energy and thereby occur at longer wavelengths

than o to o* and n to c* transitions.

UV-Vis spectroscopy is extensively used for the quantitative analysis of the highly
conjugated organic compounds like conjugated polymers or biological
macromolecules. Their quantitative analyses are carried out in solution by using the

Beer-Lambert law:
A =log(I,/I) = ebc

where A is the absorbance, I, is the intensity of incident light, I is the intensity of

transmitted light, € is the extinction coefficient or molar absorptivity, b is the cell
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path length and c is the concentration of absorbing analyte in the solution. The law
is valid only for monochromatic light and for an absorbance range involving a

linear relationship with the analyte concentration®®%’,

1.4.3.2 Fluorescence Spectroscopy

Fluorescence is an optical phenomenon which deals with the fluorescent capable
molecules known as fluorophore. These kinds of molecules can be intrinsically
fluorescent or they can earn fluorescence property when a fluorophore is attached
to these molecules. In the ground state, a fluorophore has the lowest energy level
and thereby does not show fluorescence. When a fluorophore is illuminated with
the light of a certain wavelength coming from an external source, the energy is
absorbed. If the quantity of energy is appropriate, the molecule is excited to the
higher energy level. Since the fluorophore is not stable in the higher energy state,
the excited state lifetime lasts very short, such as 10 to 10 sec and some of its
energy is lost in a non-radiative way during that time. When the fluorophore
eventually returns to its ground state, the remaining energy is released in the form
of emitted light with a longer wavelength. This process is known as fluorescence.
The change in the energy of the emitted light with respect to excited light (less

energy and longer wavelength) is named as Stokes’ shift”.

Fluorescence is typically observed in the aromatic systems. Most of the monomers
and conjugated polymers containing extended aromatic systems exhibit the
fluorescence property and can be used in many different applications such as

sensors, solar cells and light emitting diodes’®.
Quantum Yield

Quantum yield (QY) is defined as the efficiency of a fluorescence emission which
is calculated from the ratio of the number of emitted photons relative to the number

of absorbed photons. To evaluate QY, a relative standard material carrying

30



fluorescence property is used. The calculation is done utilizing the equation given

below:
QYW = (As /Au)(Fu /Fs)(nu /ns)* QY s)

where QY(y) is the fluorescence QY of unknown material, A is the quantity of
absorbance, F is the area under the fluorescence emission curve, n is the refractive
index of the solvents, s and u letters correspond to standard and unknown
materials, respectively. Two important factors should be considered during the QY
measurements: the choice of a standard material and the absorbance range of
measurement. While choosing a standard material, the absorption and emission
bands of standard should be as close as possible to those of the unknown material.
Moreover, both of them should be excited at the same wavelength. While adjusting
the absorbance range, it is important to choose the range where the emission
intensity increases linearly with the analyte concentration. In fluorescence
measurements, the optimum absorbance range lies between 0.05 and 0.04.
Furthermore, the absorbance should not be too low to prevent the suppression of

analyte signals with the impurities’®7".

The QY is a relative quantity since it changes from one experiment to another for
the same sample. Therefore, it is not considered as a reliable quantitative

technique’'.

1.4.4 Spectroelectrochemical Characterization

Electrochemical analysis methods such as voltammetry, amperometry and
impedance are quite useful to provide a wealth of information such as the
concentration of species involved in the redox process, redox potentials of species
and kinetics of charge transfer processes. However, information acquired from
electrochemical analysis methods alone is not enough to provide structural
information about the investigated system. Therefore, the integration of

electrochemical methods with spectroscopic techniques allows the investigation of
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structural changes in the molecule present at the electrode surface or in the solution
and thereby renders the tracking of mechanism in an electrochemical reaction. The
employment of electrochemistry along with spectroscopy brings about a new
interdisciplinary field known as spectroelectrochemistry. A wide range of
spectroscopic techniques such as electron spin resonance, Fourier transform
infrared, UV-Vis spectroscopy, X-ray absorption spectroscopy, Raman
spectroscopy, fluorescence and even NMR can be coupled with electrochemical
methods. Among these, UV-Vis is the most standard technique used for the
analysis of the conjugated polymers. It allows the tracking of optical changes of
conjugated polymers during the electrosynthesis or doping/dedoping processes in
real time. The use of time-resolved UV-Vis spectroelectrochemistry during the
electropolymerization provides repeatable formation of polymer layers with a
certain thickness. The polymer layers with a distinct doping level have the ability
to absorb electromagnetic radiation which is proportional to layer thickness.
Moreover, the use of this technique enables the simultaneous color determination
and switching time between the colored states of electrochromic materials. It also

enables the determination of band gap values of conductive polymer films’>7%"4,

1.5 Electrochromism

Electrochromism can be defined as reversible color change depending on the
applied external voltage. This color change not only occurs in the visible region of
electromagnetic spectrum but also occurs in the near-infrared region depending on

the properties of the material.

The electrochromic materials can mainly be categorized into four major classes.
The first one is the transition metal oxides such as TiO;, WO3; and V20s. The
second class involves the metal coordination complexes such as Prussion blue.
Third class is comprised of organic monomeric compounds such as viologen. The
last class is the organic conductive polymers such as PANI, PEDOT and poly(3.4-
propylenedioxythiophene) (PProDOT)”°. However, among them, organic based
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electrochromic materials, especially the conductive polymers exhibit additional
advantages such as fast switching time, high optical contrast and coloration
efficiency, better ultraviolet stability, easy processing, low cost and tunable

intrinsic properties’®’"78,

Conductive polymers can be categorized into three main groups depending on their
color transitions. The first group electrochromic polymers present at least one
colored and one bleached state. These group polymers are known as anodically or
cathodically colored polymers. The second group of polymers exhibits two
different colored states. The last group electrochromic polymers has multicolored
redox states with or without a bleached state’””. Some examples for these type

electrochromic polymers are illustrared in Figure 1.8.
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Figure 1.8. (a) Anodically or (b) cathodically colored (c) two different colored and

(d) multicolored polymers®’.

The color of electrochromic polymers in their neutral state is determined by the
magnitude of energy gap between HOMO and LUMO levels. The color of the
polymer in its oxidized state depends on the formation of the new charge carriers:

polarons and bipolarons. The color transitions in an electrochromic polymer are



also based on the migration of counter ions into and out of the matrix. As the new

charged species form, they penetrate to this matrix and move through the film.

The perception of the polymer color and its interpretation are quite noteworthy. For
this purpose, UV-Vis spectrometry is commonly utilized for the color analysis of
electrochromic polymers since the observed color is directly related to the
absorption spectrum of the polymer. The wavelength maxima of the material
correspond to a specific range in the color wheel and the material is seen in its

complementary color®!' as shown in Figure 1.9.
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Figure 1.9. Color wheel showing the appropriate relationship between polymer

color and the color or wavelength of light absorbed 8142,

Colorimetry is a useful technique developed for the physical description of human
color perception. In this technique, a standard and uniform color scale is required to
compare the color of materials with each other correctly. In colorimetry, the color
space of a material is expressed by three components which are hue (chromatic
color, dominant wavelenght), saturation (chromaticity, tone, vividness/dullness)
and brightness (lightness/darkness). There are two leading color spaces developed

by the Internation Commision on Illumination (Commission Internationale de
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I’Eclairage, CIE) used for defining the color of the objects. These are the xy
chromaticity diagram and the L*a*b* color space. L*a*b* is commonly employed
by electrochemists to describe the color space with quantitative metrics and light
transmission changes for electrochromic polymers upon the applied potential. L*
expresses the linear measurement of lightness (0= black, 100= diffuse white), a*
and b* indicate the chromaticity coordinates. Here the a* refers to red-green
balance (+a* is the red direction, -a* is the green direction) while b* represents

yellow-blue balance (+b* is the yellow direction, -b* is the blue direction).

For a complete characterization of electrochromic polymers, some important
parameters affecting the electrochromic properties of conjugated polymers such as
band gap, optical contrast, switching time, coloration efficiency and stability

should be elucidated® %4,

1.5.1 Band Gap

Conjugated polymers are semiconductors with attractive properties that can be used
for various applications such as solar cells, light emitting diodes and
electrochromic devices. Most of the properties of semiconducting polymers are
based on the band gap energy value since its magnitude plays a prominent role in
the color of the absorbed or emitted photon. When the band gap value is ranged
between 1.8 eV and 3.1 eV, the absorption or emission of light takes place in the
visible region of the spectrum. Some experimental methods such as voltammetry or

spectroelectrochemistry can be used for the evaluation of band gap.

In voltammetry, the oxidation (Eox) and reduction (E.q) peak potentials of both
monomer and polymer are measured using CV or DPV. For example, when the
polymer is oxidized, an electron is removed from the valence band, on the other
hand, an electron enters to conduction band during the reduction. Thus, measured
Eox and Erq are directly related to HOMO and LUMO energy levels and can be

used to estimate the electronic band gap of the polymer. Ultimately, the electronic
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band gap of the polymer is calculated in electron volt (eV) unit from the difference
of onset potentials (Eoxonset — Ered,onset) by multiplying the charge on the electron

(e=—1.0eV/V).

Eg(eV) = e(on,onset - Ered,onset) (EquathIl 1.3)

Despite the reliability of CV, the onset potentials of oxidation and reduction peaks
can change as a function of scan rate. Therefore, DPV can be the choice of method
for the detection of the same parameters due to its some advantages over CV such
as enhanced discrimination of Faradaic currents and lower capacitive currents.
Moreover, the onset potentials for a monomer or a polymer can certainly be
determined from DPV. The calculation of the electronic band gap from the onset of
oxidation and reduction peaks by using CV and DPV techniques is shown in Figure

1.10 and Figure 1.11, respectively.
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Figure 1.10. Calculation of the electronic band gap from CV measurement.
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Figure 1.11. Calculation of the electronic band gap from DPV measurement.

In the spectroelectrochemical method, UV-Vis spectrum of the conjugated polymer
in its neutral form is used to evaluate the band gap energy. In this spectrum, & to ©*
transitions belong to polymer film are observed in the higher-energy visible region
or lower-energy near-infrared region. Through this method, the band gap energy is
described as the onset of m to m* transitions and its determination can change
depending on the narrow or broad onset of absorption peak. In the case of the
absorption peak with narrow onset, the energy gap is usually selected as the
wavelength at which it deviates from the absorbance baseline. In the case of a
broad one, the optical band gap is determined by extrapolating the onset of & to ©*
absorbance to the background absorbance®. The calculation of band gap from the
commencement of low energy end of m to n* transition band by using

spectroelectrochemical method is shown in Figure 1.12.
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Figure 1.12. Calculation of the optical band gap from spectroelectrochemical

measurement.

The discrepancies between the band gap values obtained by electrochemical and
spectroelectrochemical methods are frequently encountered in the literature. The
optical band gap values are generally found to be lower. It may be attributed to the
red shift effect induced by ITO electrode on absorption maxima during
spectroelectrochemical measurement®®. Furthermore, in order to add an electron to
a molecule, it needs more energy than the HOMO-LUMO separation of the neutral
molecule: the electron also has to overcome the electrostatic repulsion, the
Coulomb energy. This can also lead to the observation of higher value for
electronically measured HOMO-LUMO gap (also called transport gap) as

compared to an optical measurement.
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1.5.2 Optical Contrast

Optical contrast which is also referred to as electrochromic contrast is defined as
percent transmittance change (A%T) at a specified wavelength at which
electrochromic material has its maximum optical contrast value. Optical contrast
can be considered as the most prominent tool for the evaluation of an
electrochrome. Optical contrast values are usually tracked and recorded by
applying square wave potential steps to the electrochromic polymer film between
two limits corresponding to fully oxidized and neutral states in front of a beam
coming from a spectrophotometer. Furthermore, spectroelectrochemical
measurements monitoring the charge carrier formation such as polaron and
bipolaron can be used to evaluate overall electrochromic contrast over the entire
visible spectrum. As the formation of charge carrier takes place in the long-
wavelength optical region, the transmittance change can be obtained in the near-

infrared region as well”*-,

A typical chronoabsorptometry result associated with the chronocoulometry
experiment switched between two limit states at a specified wavelength is depicted
in Figure 1.13. According to these data, optical contrast is calculated by using

Equation 1.4.
A%T = (%Tbleached - %Tcolored) Equatlon 1.4

where %Toicached and % Tcolored are the bleached and colored percent transmittance

values, respectively.
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Figure 1.13. A typical chronoabsorptometry and chronocoulometry experiments for

the polymer film at 505 nm in 0.1 M TBAPF¢ /MeCN.

1.5.3 Switching Time

Switching speed or response time is another important factor used to evaluate an
electrochromic polymer. It is described as the time required for an electrochrome to
switch between two redox states; fully neutralized and fully oxidized. The
switching speed is based on several parameters such as ionic conductivity of the
electrolyte, the accessibility of charge balancing counterions to the electroactive
site, the extent of applied voltage, polymer film thickness and morphology. The
switching time is determined from the 95% of the full optical contrast since the

human eye can even perceive less than the full (100%) optical switch”-.
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1.54 Coloration Efficiency

Coloration efficiency (CE) is defined as the ratio of total optical density change
(AOD) to the injected or ejected charge density (Qg) required to induce a full
switch. Its calculation is carried out by monitoring the charge density and film
transmittance at the same time with simultaneous chronocoulometry/
chronoabsorptometry experiments shown in Figure 1.13. It is important to select
the applied potentials between the voltage extremes to induce a full optical switch.
A more representative CE value is calculated for 95% of overall optical change as
previously done in measurements of switching time since most of the perceptible
optical contrast is acquired within the first 90 — 95% of full optical switch. It is

calculated using the following equation (Equation 1.5).
CE = AOD / Qd = 10g (Tbleached /Tco]ored ) / Qd (Equatlon 15)

where Tboleached and Teolored are the bleached and colored transmittance values,

respectively 8-,

1.5.5 Stability

Stability or cycle life is the last crucial factor used to evaluate the performance of
the electrochromic materials. Electrochromic stability is generally affiliated with
electrochemical stability in which electrochrome retains its redox stability without
a measurable degradation upon repeated switching. When degradation occurs in an
active redox couple, it leads to a rapid loss of electrochromic contrast hence affects
the overall performance of the electrochromic material. The long-term switching
stability experiments are performed in a three-electrode system with a button or
ITO electrode in a sealed air-free cell via repeated potential cycling or by applying
potential steps. Some parameters such as the potential range (partial or full switch),
switch rate, the electrolyte used, exposure to light, oxygen or water are important

when reporting a cycle life”*8!40,
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1.6 Chemiluminescence

Luminescence, in a more general sense, is defined as the light emitted by an atom
or a molecule when these species return to the ground state from their excited
state®”. Luminescence phenomena can be classified into different categories
depending on the source of energy necessary for excitation. These are
photoluminescence initiated by absorption of light, thermoluminescence caused by
heating, electroluminescence produced by electric discharge, triboluminescence
initiated by friction, cristalloluminescence produced by crystallization and
chemiluminescence initiated by a chemical reaction. Among them,
chemiluminescence is a remarkable example for the generation of electromagnetic
radiation in the ultraviolet, visible or infrared region as a result of chemical
reaction in a direct or indirect way. In the direct chemiluminescence, the chemical
reaction yields a primary excited state intermediate or product, which luminesces.
In the indirect way, the excited state molecule donates its energy to another
molecule, which then emits light. If the chemical reaction is triggered by enzymatic
process or takes place within a living organism, the phenomenon is referred to as

bioluminescence®®.

Chemiluminescence is not a common process for every molecule. For a molecule

to undergo a chemiluminescence emission, there are some essential requirements.

(1) The chemical reaction has to be sufficiently exothermic to generate

electronically excited state molecules for chemiluminescence.

(2) The reaction pathway should be favourable to supply energy for generation
of electronically excited state. If the chemical energy is wasted as heat, the

chemiluminescent reaction does not take place.

(3) Photon emission should have a favourable deactivation pathway. The
proportion of other competitive non-radiative processes should be low

enough compared to radiative chemiluminescence process 87-5¢.
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In all the luminescence process, the intensity of emission is associated with the
efficiency of the process. This efficiency is defined as quantum yield. The overall
quantum yield of the chemiluminescent reaction is described as the number of

photons emitted per number of molecules involved in a chemical reaction.

Up to now, many different chemiluminescent compounds have been synthesized.
Lophine is the first synthetic chemiluminescent compound synthesized by
Radziszewski. Lophine generates green light as a result of its reaction with oxygen
in the presence of a strong base. The other organic chemiluminescent compounds

are shown in Figure 1.14.8%%,
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Figure 1.14. The common organic chemiluminescent compounds®”.
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1.6.1 Common Organic Chemiluminescent Compounds

1.6.1.1 Phthalhydrazides (Luminol)

Chemiluminescence as an extensively used photon emission technique, has been
the topic of many research papers due to its high quantum efficiency, high
sensitivity, basic instrumentation without an external light source and low
cost?1929394 "In this sense, luminol (3-aminophthalhyrazide) is the most widely
utilized chemiluminescent material synthesized in 1853. However, its
chemiluminescent property was discovered and reported by Albrecht in 1928 for

the first time®>2%%7,

Luminol reaction follows a direct pathway in which the excited 3-aminophthalate
dianion returns to the ground state by emitting green-blue light between 375 — 500
nm in a basic medium (pH= 8 - 11) involving protic solvents (i.e. water, ethanol) in
the presence of an oxidizing agent together with a proper catalyst, especially metal
ions. A wide range of catalysts such as transition metals or metal complexes can be
used to trigger the chemiluminescent reaction of luminol, but the optimum
conditions can change depending on the type of catalyst. The chemiluminescent
process of luminol is also strongly affected by temperature, pH, ionic strength,
solution composition, types of metal ions and oxidizing agents. The reaction

mechanism of luminol is depicted in Scheme 1.6 1:98:99:100,
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Scheme 1.6. CL reaction mechanism of luminol to produce light®.

For luminol, quantum efficiency is found to be around 1%. However, its efficiency
can be increased through structural modifications on it. Some luminol derivatives

are illustrated in Figure 1.15 3101102,
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Figure 1.15. Some luminol derivatives.

Luminol can be used for many different applications especially as a sensor for the
determination of biologically active compounds such as glucose, lactic acid,
dopamine, folic acid and so on '%!1%%195 Tt can also be utilized in the analysis of
food, pesticide as well as air pollution. Most importantly, it is commonly used for

blood detection in forensic science 2%-106:107,

1.7  Phthalimide Type Acceptor

1.7.1 Chemical Structure

Phthalimide (PI) is an imido derivative formed from phthalic acid. In organic
chemistry, imide as a functional group involves two carbonyl groups connected to a
nitrogen atom. Their structures resemble acid anhydrides. Imides are generally

cyclic compounds which are derived from dicarboxylic acids, therefore they
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receive their names from the parent acid. Since the imide groups are highly polar
due to N-H center, they are soluble in polar solvents and can form hydrogen bonds
as well. Furthermore, imides are acidic in nature and their acidity is more than
amides because the adjacent C=0O groups weaken the N-H bond due to electron
withdrawing inductive effect and more resonance stabilization is afforded due to
more delocalization of the negative charge. The chemical structure of PI and its

resonance forms after removal of a proton is shown in Scheme 1.7 10819,
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Scheme 1.7. The PI and its resonance forms after loss of a proton''°,

Phthalimides possess many outstanding properties such as oxidative stability,
solvent resistance, good mechanical properties as well as symmetric, rigid and
coplanar structure with an electron-withdrawing nature. Therefore, PI and N-
substituted phthalimides represent a significant class of materials for a wide range
of applications from the pharmaceutical industry to photovoltaics, from dye

industry to plant growth regulation!%%10%-110.111,

More importantly, phthalimides and N-substituted phthalimides are generally used
for constructing organic m-conjugated materials, especially for high performance
device applications. Since the phthalimides possess a small aromatic core with a
good electron-withdrawing ability, they play a prominent role in D-A type
conjugated polymers to tune their chemical structure and physical properties.
Furthermore, it is easy and cheap to prepare PI from its starting material, phthalic
anhydride, which renders the large scale synthesis. Lastly, stronger intermolecular

and intramolecular interactions due to the incorporation of PI units between linking
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bridges improve the m-m stacking properties and thereby facilitate the charge

transport 12,

1.7.2 Synthesis

The synthesis of aliphatic or aromatic cyclic imides are achieved by the reaction of
the corresponding anhydride or dicarboxylic acid derivatives with the reagent
involving a reactive amino (-NH2) group. The reaction takes place through the
nucleophilic attack of the amino group to the anhydride unit. The mechanism for

the synthesis of PI is depicted in Scheme 1.8 1%,

0" to33
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Scheme 1.8. Reaction mechanism for the imide formation reaction.

An alternative pathway for the synthesis of imides is the direct condensation of
cyclic anhydrides or dicarboxylic acids with the formamide. In this synthetic route,
the formamide can also act as the solvent, especially for aliphatic imides. For
aromatic cyclic imides which are barely soluble in formamide, another suitable
solvent is required to provide a homogenous reaction medium and high yield in the

desired product!%,
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1.8 Thieno[3,4-c]pyrrole-4,6-dione Type Acceptor

1.8.1 Chemical Structure

Thienol[3,4-c]pyrrole-4,6-dione (TPD) is the analog of PI obtained by substituting
thiophene ring instead of benzene ring!'>. TPD unit (See Fig. 1.16) exhibits more
quinoidal character due to the smaller aromatic energy of its thiophene ring as
compared to that of the phenyl ring. Its enhanced quinoidal character not only
imparts more delocalization to mn-electrons but also imparts better skeleton
coplanarity to the TPD core as compared to benzene-substituted analogs.
Furthermore, two electron-withdrawing C=O groups at the 3.,4-positions of
thiophene ring in the TPD unit enhance the electron affinity and hence prevent the
uplift of HOMO energy level for better matching with those of the donor units. In
addition, intramolecular noncovalent SO interactions exist between oxygen atoms
of imide carbonyl groups and thienyl sulfur atoms, which unavoidably enhances
the m-system coplanarity and further improves the ICT effect, affords lower band
gap. More significantly, this SO interaction can serve as a conformational lock to
afford a large m-conjugated chain by appending TPD moiety into small aromatic
systems. Lastly, due to the electron rich character of thiophene, the electrophilic
attack to the a-position of the TPD unit can readily take place even than that of the
PI counterpart, which enables the easy functionalization of imide group on the TPD
core unit. Due to this facile substitution at the imide nitrogen with various
functional groups, it is possible to impart solubility into the conjugated system and
to control solid-state packing of the conjugated backbone without disrupting close

n-m stacking for efficient charge carrier transport 14113,
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Figure 1.16. Chemical structure of TPD core unit.

1.8.2 Synthesis

The most common synthesis pathway of TPD involves three steps. In the first step,
the hydrolysis of 3,4-thiophenedicarboxylic acid takes place when heated with
acetic anyhdride (Ac20) to give the corresponding thiophene anhydride. The next
step is followed by the condensation of thiophene anhydride with an amine
compound. In the final step, ring closure occurs by using thionyl chloride (SOCl.)
in the presence of heat. However, the overall yield in this pathway is lower than
expected due to the harsh reaction conditions such as high temperature or presence
of SOCl,, which results in the decomposition of the main product''. The reaction

pathway is given in Scheme 1.9.

R“NH
HOzC COZH ACZO RNH2 HOzc SOC|2 A
2/ \( 140 °C toluene A 7B\ or ACZO A
S S

50-60% over 3 steps one-pot, R=alkyl

Scheme 1.9. Synthesis of TPD unit from 3,4-thiophenedicarboxylic acid in three

steps.

The synthesis of TPD core unit can also be carried out from 3,4-dibromothiophene

in three steps as shown in Scheme 1.10.
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Scheme 1.10. Synthesis of TPD unit from 3,4-dibromothiophene in three steps.
1.9  Phthalhyrazide Type Acceptor

1.9.1 Chemical Structure

Cyclic azo compounds have received great attention of organic chemists with the
development of new efficient synthesis methods. Among a wide variety of nitrogen
containing heterocycles, polycyclic pyridazines are the most attractive ones since
they are extensively used for many different applications from clinical applications
to pharmacological activities. They have also unique optical and electrical
properties!!!!8 In this structure, phthalhydrazide (PH) (1,4-phthalazinedione) is a
bicyclic hydrazide derivative with a six-membered bridgehead phthalazine ring
involving two C=0O groups in 1,4 positions and a fused benzene ring at the 2,3

position as shown in Figure 1.17.

NH
NH

Figure 1.17. Chemical structure of PH.

There exist three possible tautomeric structures for PH but only one of the amide
groups can tautomerize, not both of them at the same time (tautomerism only
between 1 and 1b) as shown in Figure 1.18. This is due to the pyramidal orientation
of nitrogen bonds in nontautomerized form, which allows only one C=N-N group

to fit into a nonplanar structure without distortion of bond angle.
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Figure 1.18. Three possible tautomeric structures for PH.

The physical properties of phthalazine derivatives are associated with the
corresponding naphthalene derivatives as the properties of pyridazines are similar
to benzene counterparts. The most commonly studied compounds in this group are
the luminol and its derivatives due to their chemiluminescence properties as

mentioned previously !'7:119:120.121

. However, the use of phthalhydrazines as an
acceptor for conductive polymer applications is very limited especially due to their
solubility problem, destruction of the chemiluminescent unit and so on. Only a few

publications report their use as organic polymer materials!?>!23,

1.9.2 Synthesis

The cyclic hydrazide derivatives can be synthesized from the corresponding
phthalic acid, ester, anhydride or imide derivatives when treated with a properly
substituted hydrazine reagent. In the case of PH, the heating of PI derivative in the
appropriate solvent containing hydrazine results in the formation of the main
product, PH, together with the free amine '*°. The single step synthesis pathway is

shown in Scheme 1.11.
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Scheme 1.11. Synthesis of phthalhydrazide from PI derivative.

Alternatively, phthalhydrazides can be synthesized in a single step from the
phthalic acid derivative. When the phthalic acid is heated in a high-boiling solvent
in the presence of hydrazine, acyl substitution reaction takes place with the removal
of water to give the main product, PH similar to luminol synthesis '%°, as shown in

Scheme 1.12.

0 0
OH NH;NH; NH o RNH,

OH NH
NO, O NO, O

Scheme 1.12. Synthesis of phthalhydrazide from phthalic acid derivative.

1.10  Substituents

1.10.1 Polyhedral Oligomeric Silsesquioxanes

Silsesquioxanes are rigid and crystalline silica-like core structures with the general
formula of RS1015 where R refers to a hydrogen atom or organic group. They can
be formed as random, ladder or cage structures. Nowadays, the interest has been
focused on the specific cage structures, which are commonly named as polyhedral
oligomeric silsesquioxanes (POSS). These are 3-dimensional nano-sized cage

structures ranging from 1 nm to 3 nm with alternated Si - O bonds. The cage
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structure in Figure 1.19 involves eight corners which is abbreviated as T8 POSS
and each vertex of this polyhedra is occupied by Si atoms. The vertex positions can
be functionalized with many different reactive or unreactive organic groups such as
alkyl, alkylene, acrylate, ester, chloro, hydroxyl, norborenyl or epoxide, which
enables the incorporation of POSS into polymer backbone or network. The vertex
substituents can be the same or different. According to this, two main types of T8
POSS molecules exist. In the first type, T8 POSS involves eight reactive or
unreactive corner groups of the same kind. In the second type, T8 POSS bears only
one reactive group and seven unreactive groups which are known as
monofunctional POSS molecules. Unlike organic compounds, POSS derivatives
are non-volatile, odorless and environmentally friendly. They are also good
candidates to develop novel hybrid materials with improved mechanical, thermal
and electrochemical properties'?*!2%126127 The amine functionalized-POSS cages
can be easily incorporated into phthalic anhydride unit to obtain POSS bearing PI

derivative.

R R
\ ’
Si—0—Si
o'l ol
R—SIZ0[-SI—R]
| R~gi—0-5

Si—O—Si
’ %
R POSS
R= isobutyl

Figure 1.19. The chemical structure of POSS.

1.10.2 Azobenzene

Azo compounds represent an important class of organic molecules in the dye
industry. Azo compounds are synthetic coloring agents which are widely used for

the coloration of food, drugs, cosmetics and so on. Azobenzene as a small aromatic
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member of azo molecules contains two phenyl rings connected by an azo group
(N=N), as shown in Scheme 1.13. This class of compounds has some common
properties such as strong electronic absorption and unique photochemistry. In
particular, the conjugated azo chromophores exhibit strong absorption in the UV-
Vis range of spectrum and their exact spectrum can be tuned by the ring-
substitution pattern. The most interesting behavior of azo compounds is their
reversible photo-switching character depending on the irradiation with light within
the absorption range. Azobenzenes undergo trans-cis isomerization between two
conformational states. The trans form is thermally stable whereas the cis
configuration is metastable. Upon irradiation with UV light, trans azobenzenes are
converted to cis form, which eventually returns to a more stable trans form on a
timescale determined the substitution pattern of molecule. The trans-cis
isomerization of azobenzene can also be achieved by mechanical stress or
electrostatic stimulation. The presence of the substituents on aryl rings can change
the rate and efficiency of trans-cis isomerization. Owing to its photochromic
properties, azobenzene and its derivatives are extensively used to generate
functional and photo-responsive materials for the applications of molecular devices
and functional materials. Due to their robust and amenable character, they can
easily incorporate into a broad variety of materials. The amine-functionalized
azobenzene can be combined with thieno[3,4-c]furan-1,3-dione unit to synthesize

the TPD derivative with the desired photochromic property 12%12%:130.131,

N hv N=N

-
hv' or A

Scheme 1.13. Trans-cis isomerization of azobenzene.
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1.10.3 Fluorene

Fluorene or 9H-fluorene is an isocyclic aromatic compound containing rigid planar
biphenyl rings that are linked by a direct C-C bond and an adjacent methylene
bridge in the 9 position with a high electronic symmetry, Figure 1.20. The
methylene bridge provides the planarity of two phenyl rings, which improves their
orbital overlap, rigidity and hence afford a high degree of conjugation in the
aromatic system. Owing to the highly conjugated planar m-electron system,
fluorene exhibits strong violet fluorescence and hence receives its name. Some
fluorene derivatives have such a high fluorescence efficiency that their quantum
yield can approach “unity”. The acidity of protons in methylene bridge offers an
active site for condensation reactions. Therefore, this position has the privilege of
introducing side groups to provide functionality and processability in the resulting
moiety. For example, alkylation of C-9 position of fluorenes enhances the
solubility in organic solvents. The substitution at the methylene group can also
tailor the electronic properties. Moreover, the aromatic hydrogens are also reactive
towards electrophilic substitution reactions, especially at 2,7 and 4,5 positions. The
functionalization of fluorenes on the aromatic ring or 9-fluorenyl position paves the
way for the synthesis of unique fluorene derivatives with outstanding properties to
be used for many different applications such as optoelectronics in material science

or fluorescent markers in biomedical research 132133134,

Figure 1.20. Chemical structure and atomic numbering of fluorene.
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1.11 The Aim of Study

This study involves the synthesis and characterization of conjugated polymers
based on D-A-D type monomers. The main aim of this study is to synthesize novel
acceptor units that can be coupled with common donor moieties and to investigate
their optical and electronic properties as well as their potential applications. The
content of the thesis can be divided into three different parts depending on the type

of acceptor unit.
First Part:

It is known that phthalimides have some promising properties such as low lying
HOMO level, facile synthesis and easy functionalization at the imide nitrogen,
which allow their use, especially for optoelectronic applications. A wide variety of
different reagents with the amine functional group can be appended to the phthalic
anhydride moiety through imidization reaction to obtain desired PI derivative. For
this purpose, an inorganic-based amine compound, aminopropyl isobutyl POSS
was chosen as a substituent to create a hybrid system bearing the advantages of
both organic and inorganic components in a single structure. To enlight the effect
of POSS cage on the PI acceptor unit, propylamine analogs were also synthesized
for comparison sake. The substituted acceptor units were used together with
thiophene and EDOT donor units to synthesize new D-A-D type monomers via
Stille cross coupling reactions. The electrochemical and optical properties of these
monomers and their corresponding polymers were investigated in terms of acceptor
and ICT strength to elucidate the effect of the substituent on the acceptor unit as
well as monomer and polymer film'*°. The synthesized D-A-D type monomers,
T(PI-POSS)T, T(PI-Propyl)T, E(PI-POSS)E and E(PI-Propyl)E are depicted in
Figure 1.21.
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Figure 1.21. D-A-D monomers based on PI-POSS and PI-Propyl acceptor units.
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Second Part:

It is known that TPD is an extensively used acceptor unit for the synthesis of new
conjugated polymers. TPD unit presents a number of fascinating properties due to
its symmetric, compact, coplanar structure, strong electron-deficient character and
easily functionalized bridging nitrogen center. Therefore, this particular unit is
utilized for several diverse applications such as high performance organic
photovoltaics, field-effect transistors and light emitting diodes and so on. However,
up to now, there are a limited number of studies for electrochromic applications of
this acceptor unit. Furthermore, in the literature, only alkyl derivatives of the TPD
units have been utilized for these applications®. In this respect, in our study, a series
of novel TPD derivatives were synthesized with three different substituents and
these new acceptor units, as well as their alkyl-substituted analog were employed
for constructing new D-A-D type monomer and polymers, via Stille cross coupling
reactions. For this purpose, thiophene, EDOT and dialkyl-substituted ProDOT were
selected as the donor units. Didecyl-substituted ProDOT unit was preferred to
prepare soluble conjugated polymer derivatives. Electrochemical and optical
properties of the resulting monomers and polymers were investigated in terms of
the donor group strength. In order to deduce the effect of substituent on the TPD
core unit, these monomers were also compared with the other TPD counterparts
consisting of different kind of pendant group for the same donor unit. The
synthesized monomers can be divided into four categories depending on the type of

acceptor unit.

In the first series, ethylhexyl-substituted TPD unit, 1,3-dibromo-5-(2-ethylhexyl)-
4H-thieno|[3,4-c]pyrrole-4,6(5H)-dione and three donor units, thiophene, EDOT
and didecyl-substituted ProDOT were used to synthesize three new D-A-D
monomers, T(TPD-EtHex)T (5-(2-ethylhexyl)-1,3-di(thienyl-2-yl)-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione), E(TPD-EtHex)E (1,3-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)-5-(2-ethylhexyl)-4 H-thieno[3,4-c]pyrrole-4,6(5SH)-dione)  and
P(TPD-EtHex)P (1,3-bis(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-
yl)-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione). Their corresponding
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polymers, PT(TPD-EtHex)T, PE(TPD-EtHex)E and PP(TPD-EtHex)P were
synthesized via electrochemical polymerization. The soluble polymer derivative,
PP(TPD-EtHex)P was also obtained via chemical polymerization method using

chemical oxidative agent, FeCls. The synthesized monomer units were given in

Figure 1.22.
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Figure 1.22. D-A-D monomers based on TPD-EtHex acceptor unit.

In the second series, propyl isobutyl POSS attached TPD derivative, 1,3-dibromo-
5-(3-POSSpropyl)-thieno[3,4-c]pyrrole-4,6-dione, was utilized together with
thiophene, EDOT and didecyl-substituted ProDOT donor groups to synthesize new
TPD monomers, T(TPD-POSS)T (5-(3-POSSpropyl)-1,3-di(thienyl-2-yl)-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione), E(TPD-POSS)E (1,3-bis(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5-(3-POSSpropyl)-4H-thieno[3,4-c]pyrrole-
4,6(5H)-dione), and P(TPD-POSS)P  (1,3-bis(3,3-didecyl-3,4-dihydro-2 H-
thieno[3,4-b][1,4]dioxepin-6-yl)-5-(3-POSSpropyl)-4H-thieno|[ 3 ,4-c]pyrrole-

4,6(5H)-dione). The optoelectronic properties of these monomers and their
electrochemically obtained polymers (PT(TPD-POSS)T, PE(TPD-POSS)E and
PP(TPD-POSS)P) were investigated from the perspective of donor unit and
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substituent effect. The chemical polymerizations with FeCls were also carried out
to obtain soluble polymer derivatives. The synthesized monomers are shown in

Figure 1.23.
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Figure 1.23. D-A-D monomers based on TPD-POSS acceptor unit.

In the third series, azobenzene-appended TPD core unit, 1,3-dibromo-5-(4-
azobenzene)-thieno|3,4-c]pyrrole-4,6-dione was combined with thiophene, EDOT
and didecyl-substituted ProDOT donor groups to obtain new D-A-D monomers,
T(TPD-Azo)T (5-(4-azobenzene)-1,3-di(thienyl-2-yl)-4 H-thieno[ 3,4-c]pyrrole-
4,6(5H)-dione), E(TPD-Azo)E (1,3-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-
5-(4-azobenzene)-4H-thieno[3,4-c|pyrrole-4,6(5H)-dione), and P(TPD-Azo)P (1,3-
bis(3,3-didecyl-3,4-dihydro-2 H-thieno| 3,4-b][ 1,4 ]dioxepin-6-yl)-5-(4-

azobenzene)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione) (Figure 1.24). The monomers
were polymerized by electrochemical method to acquire the corresponding
polymers, PT(TPD-Azo)T, PE(TPD-Azo)E and PP(TPD-Azo)P. Only PP(TPD-
Az0)P derivative was soluble. The substituent and donor group effect were studied

by comparing the monomers and polymers with their related analogs.
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Figure 1.24. D-A-D monomers based on TPD-Azo acceptor unit.

In the last series, fluorene-substituted TPD unit, 1,3-dibromo-5-(2-fluorene)-
thieno[3,4-c]pyrrole-4,6-dione was utilized to synthesize two new monomers with

EDOT and didecyl-substituted ProDOT donor units, namely E(TPD-Fluo)E (1,3-

bis(2,3-dihydrothieno|3,4-b][1,4]dioxin-5-yl)-5-(2-fluorene)-4 H-thieno|[ 3,4-

c]pyrrole-4,6(5H)-dione), and P(TPD-Fluo)P (1,3-bis(3,3-didecyl-3,4-dihydro-2H-

thieno|[3,4-b][1,4]dioxepin-6-yl)-5-(2-fluorene)-4 H-thieno[ 3,4-c|pyrrole-4,6(5H)-

dione). The monomers were electrochemically polymerized to obtain the

corresponding polymers, PE(TPD-Fluo)E and PP(TPD-Fluo)P. The monomers and

polymers are depicted in Figure 1.25.
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Figure 1.25. D-A-D monomers based on TPD-Fluo acceptor unit.

Third Part:

PH-type compounds possess a great potential for applications in forensic science
and analytical sensors due to their chemiluminescent character. They can also have
the potential of being used for the applications of light emitting diodes and
electrochromic devices after integrated into trimeric monomers systems as well as
the conjugated polymer chains!?. In this part, a new D-A-D type PH derivative,
E(PH)E (5,8-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-2,3-dihydrophthalazine-
1,4-dione) was synthesized by using EDOT donor unit. The chemiluminescence

properties of the resulting monomer was investigated as well as their optical and

electrochemical properties. The monomer is shown in Figure 1.26.
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Figure 1.26. D-A-D monomer based on PH acceptor unit.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

All chemicals and reagents were purchased from Merck, Sigma-Aldrich, TCI,
Fluka, Acros, Riedel de Haen unless otherwise stated. THF, toluene, MeCN, DCM,
ethanol, hexane, and ethyl acetate (EtOAc) were distilled prior their use. THF was
refluxed with sodium and benzophenone until the appearance of blue color and
distilled after 2 h. Toluene, MeCN and DCM were stirred with CaH> overnight and
then distilled over it. Ethanol was refluxed with magnesium/iodine until the
disappearance of brick color and distilled over it after 2 h. Simple distillation

method was used for the distillation of hexane and ethylacetate.
Origin of all chemicals used in this work are given below:

Sodium metal, calcium hydride (CaH:) (Sigma Aldrich, 95%), benzophenone
(Sigma Aldrich, 99%) glacial acetic acid (Merck, 100%), acetic anhydride (Merck,
>98.5 %), 1,4-dioxane (Acros Chemical, 99%), hydrazinum hydroxide (Merck, 80
%), chloroform (Sigma-Aldrich, 99 - 99.4%), DCM (Merck, >99%), ethyl acetate
(Sigma Aldrich, >99.5%), thionyl chloride (Sigma Aldrich, >99%), sulfuric acid
(Sigma Aldrich), 1-bromodecane (Sigma Aldrich, 98%), diethylmalonate (Aldrich,
99%), LiAlH4 (Merck), 3,4-dimethoxythiophene (Sigma Aldrich, 97%), toluene-4-
sulfonic acid monohydrate (Merck, >99%), 3,4-ethylenedioxythiophene (EDOT)
(Sigma Aldrich, 97%), n-buthyllithium (n-BuLi) (Sigma Aldrich, 2.5 M in hexane),
tributyltin chloride (Sigma Aldrich, 96%), 2-(tributylstannyl)thiophene (Sigma
Aldrich, 97%), 3,6-dibromophthalic anhydride (TCI, >98%), 2,5-dibromo-3,4-
dicarboxylic acid (Henan Tianfu Chemical Co., 98%), 1,3-dibromo-5-(2-
ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (Sigma Aldrich, 97%), 4,7-
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dibromo-2-(2-ethylhexyl)isoindoline-1,3-dione  (Lumtec, >97%) propylamine
(Sigma Aldrich, >99%), aminopropyl isobutyl POSS (Hybrid Plastics), 4-
aminoazobenzene (TCI, >98%), 2-aminofluorene (Avocado Research Chemicals,
98%), bis(triphenylphospine)palladium(Il) dichloride (Sigma Aldrich, 98%),
magnesium sulfate (Sigma Aldrich, >98%), chloroform-D1 (Merck, deuteration
degree min. 99.8%), dimethly sulfoxide-D6 (Merck, deuteration degree min.
99.8%), TLC aluminum sheets (Merck, 20 x 20, Silica gel 60 F254), aluminum
oxide (Al2O3) (Fluka, Brokmann activity II; basic), silica gel (SiO2) (Fluka, 0.060 —
0.200 mm, 60 A), molecular sieves (Aldrich, 4 A ), tetrabutylammonium
hexafluorophosphate (TBAPF¢) (Sigma Aldrich, 98%).

2.2 Instrumentation

NMR spectra were recorded using a Bruker Spectrospin Avance DPX-400
Spectrometer with tetramethylsilane (TMS) as the internal standard and chemical
shifts were recorded in ppm units. High resolution mass spectra (HRMS) were
obtained on a Waters SYNAPT G1 mass spectrometer under the electron impact
(EI) mode. Gel Permeation Chromatography analysis was performed on Malvern
Omnisec GPC system. TGA measurements were performed using Perkin Elmer
Pyris 1 TGA instrument. UV-Vis absorption spectra were obtained by a Specord
S600 spectrometer or Cary 60 model UV-Vis spectrometer. Colorimetric
measurements were recorded on a Specord S600 spectrometer (standard illuminator
D65, field of width 10° observer) and color space was defined by the International
Commission of Illumination with luminance (L*), hue (a*) and intensity (b*) with
the references of platinum cobalt DIN ISO 621, iodine DIN EN 1557 and Gardner
DIN ISO 6430. Fluorescence emission spectra were acquired on Varian Cary
Eclipse Fluorescence Spectrometer. FTIR spectra was obtained by Thermo
Scientific Nicolet iIS10 FTIR Spectrometer. Electrochemistry measurements were
taken on Gamry PCl4/300 potentiostat-galvanostat system. Spectroelectrochemistry

measurements were performed on a Specord S600 spectrometer combined with a
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Gamry Reference 600 potentiostat-galvanostat. The cis-trans isomerization was
carried out in a quartz cell and Sylvania Mercury lamp (100 watts) was used for
irradiating the samples. Chemiluminescence measurements were carried out by
Pro-K.2000 Rapid Kinetic System and the intensity of the emitted light was

measured by using a photomultiplier tube in dark environment.

23 Synthesis of Acceptor Units

2.3.1 Synthesis of Phthalimide Type Acceptors (PI)

2.3.1.1 Synthesis of N-(3-POSSpropyl)-3,6-dibromophthalimide (PI-POSS)

A mixture of 3,6-dibromophthalic anhydride (101 mg, 0.33 mmol) and
propylamine-POSS (317 mg, 0.36 mmol) in 15 mL of glacial acetic acid was
heated to reflux for 4 h with stirring in a nitrogen flow!**!¥7, After cooling the
reaction mixture, the solvent was evaporated under vacuum and the crude mixture
was washed with acetone to obtain the title compound as a white solid with 39%
yield. 'TH-NMR (400 MHz, CDCls, 8/ppm): 7.58 (s, 2H), 3.61 (t, J = 7.1 Hz, 2H),
1.84 — 1.69 (m, 9H), 90 — 0.84 (m, 42H), 0.52 (dd, J = 6.9, 4.3 Hz, 16H) ; '3C-
NMR (100 MHz, CDCls, &/ppm): 164.69, 139.45, 131.32, 117.47, 41.01, 25.69,
23.86, 22.49, 22.39, 21.92, 9.60.

2.3.1.2 Synthesis of N-propyl-3,6-dibromophthalimide (PI-Propyl)

In a two-necked round bottom flask, 3,6-dibromo phthalic anhydride (109 mg, 0.36
mmol ) was dissolved in 15 mL of glacial acetic acid under nitrogen atmosphere.
Propylamine (33 pL, 0.40 mmol) was added and the reaction mixture was refluxed
for 4 h under inert atmosphere!*®!*’. The reaction mixture was cooled down and
glacial acetic acid was removed under reduced pressure and washed with excess

ethanol to afford N-propyl-3,6-dibromophthalimide as a white solid with 61% yield
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and used as obtained. 'H-NMR (400 MHz, CDCls, §/ppm): 7.66 (s, 2H), 3.71 —
3.63 (m, 2H), 1.77 — 1.66 (m, 2H), 0.96 (t, ] = 7.4 Hz, 3H) ; 3*C-NMR (100 MHz,
CDCls, &/ppm): 164.89, 139.49, 131.29, 117.51, 40.19, 21.66, 11.33. HRMS calcd
for C11HoBraNO», [M+H]": 347.9058, found: 347.9058.

2.3.2 Synthesis of Thieno[3,4-c]pyrrole-4,6-dione Type Acceptors (TPD)

2.3.2.1 Synthesis of 4,6-Dibromothieno|3,4-c]furan-1,3-dione

0.350 g of 2,5-dibromothiophene4-dicarboxylic acid (1.06 mmol) was added to 15
mL of AcxO in a 50 mL of two-neck flask. The mixture was refluxed at 75 °C for 3
h under inert atmosphere. After cooling to room temperature, AcoO was removed
under reduced pressure to obtain the crude product. The crude product was washed
with 1.0 mL of cold DCM and hexane and then recrytallized from toluene to obtain

white crystals in a 80% yield!¥:13,

2.3.2.2 Synthesis of 1,3-Dibromo-5-(3-POSSpropyl)-thieno|3,4-c]pyrrole-
4,6-dione (TPD-POSS)

A mixture of 0.460 g of 4,6-dibromothieno|3,4-c]furan-1,3-dione (1.47 mmol) and
1.350 g of propylamine-POSS (1.54 mmol) in a 5 mL of freshly distilled and
degassed THF was stirred at 50 °C for 4 h under inert atmosphere. Then, the cooled
reaction mixture was concentrated under reduced pressure to remove all volatiles.
Then, 3 mL of SOCI; was added to the crude product and heated to 55 °C for 3 h.
The whole mixture content was cooled down and added dropwise to the mixture
containing 50 mL of cold water and 25 mL of cold methanol. The resulting
precipitate was recovered by filtration and washed with excess MeCN. The white
product was obtained in 92% yield. 'H-NMR (400 MHz, CDCls, 8/ppm): 3.59 (t, J
= 6.5 Hz, 2H), 1.94 — 1.78 (m, 7H), 1.78 — 1.68 (m, 2H), 0.95 (d, J = 6.3 Hz, 42H),
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0.65 — 0.53 (m, 16H) ; 3C-NMR (100 MHz, CDCls, 8/ppm): 160.19, 134.84,
112.76, 41.31, 25.50, 23.86, 22.48, 22.38, 21.83, 9.53.

2.3.23 Synthesis of 1,3-Dibromo-5-(4-azobenzene)-thieno[3,4-c|pyrrole-
4,6-dione (TPD-Azo)

0.280 g of 4,6-dibromothieno[3,4-c]furan-1,3-dione (0.90 mmol) and 0.195 g of 4-
aminoazobenzene (0.99 mmol) were combined in a 3 mL of dry and oxygen free
THF and heated to 50 °C for 4 h under good stirring. The reaction mixture was
cooled down to room temperature and then THF was removed via rotary
evaporator. After that, 2 mL of SOCI, was added to the reaction mixture and heated
to 55 °C for 3 h and then cooled down. The reaction content was added dropwise to
the cold mixture containing 50 mL of water and 25 mL of methanol. The
precipitate was filtered off, washed with excess hot ethanol to remove residual 4-
aminoazobenzene and dried in vacuum. The product was isolated as flaky orange
precipitate in a yield of 84%. 'H-NMR (400 MHz, CDCI3, 8/ppm): 8.05 (d, J = 8.8
Hz, 2H), 7.94 (d, J = 6.68 Hz, 2H), 7.60 — 7.49 (m, SH) ; 3*C-NMR (100 MHz,
CDCls, &/ppm): 159.03, 152.57, 151.77, 134.13, 133.57, 131.37, 129.15, 126.85,
123.49, 123.02, 114.53. HRMS caled for CigHoBraN3O2S, [M+H]": 491.8840,
found: 491.8828.

2.3.2.4 Synthesis of 1,3-Dibromo-5-(2-fluoerene)-thieno[3,4-c|pyrrole-4,6-
dione (TPD-Fluo)

0.358 g of 4,6-dibromothieno[3,4-c]furan-1,3-dione (1.15 mmol) and 0.228 g of 2-
aminofluorene (1.26 mmol) were added to a 5 mL of freshly distilled THF and then
stirred at 50 °C for 4 h under an inert atmosphere. After cooling to the room
temperature, THF was evaporated at a reduced pressure. The resulting mixture was
stirred at 55 °C for 3 h after the addition of 3 mL of SOCI, and then allowed to

reach room temperature. The final mixture was poured drop by drop into the cold
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methanol: water mixture (25 mL:50 mL). The resulting precipitate was recovered
by filtration, washed excessively with hot ethanol and dried under vacuum. The
beige precipitate was isolated as the final product in 54% yield. 'H-NMR (400
MHz, CDCls, 6/ppm): 7.88 (d, J = 8.1 Hz, 1H), 7.81 (d, J = 7.4 Hz, 1H), 7.56 (d, J
= 7.4 Hz, 1H), 7.53 (s, 1H), 7.42 — 7.32 (m, 3H), 3.96 (s, 2H) ; 3C-NMR (100
MHz, CDCl;, 8/ppm): 159.56, 144.00, 143.60, 142.17, 140.73, 134.34, 129.80,
127.28, 126.95, 125.23, 125.11, 123.26, 120.26, 120.22, 114.11, 36.99. HRMS
calcd for C19oHyoBraNO,S, [M+H]": 475.8779, found: 475.8803.

24 Synthesis of Donor Units

24.1 Synthesis of 2-(Tributylstannyl)-3,4-ethylenedioxythiophene

EDOT (1.0 g, 7 mmol) was dissolved in freshly distilled THF (15 mL) under an
argon atmosphere and cooled to -78 °C. To this solution, n-butyllithium (2.9 mL,
2.5 M in hexane) was added dropwise. The resulting mixture was stirred for 1.5 h
at -78 °C. Then, tributyltin chloride (1.90 mL, 7 mmol) dissolved in 3 mL of dry
THF was added dropwise. The mixture was allowed to reach room temperature
slowly and stirred at this temperature overnight. After removing the THF, the
residue was extracted with DCM and brine. The combined organic phases were
dried over MgSO4 and filtered. The solvent was evaporated to afford a product of
light yellow oil and used without any further purification (97% yield). 'H-NMR
(400 MHz, CDCl3, &/ppm): 6.61 (s, 1H), 4.22 — 4.16 (m, 4H), 1.67 — 1.50 (m, 6H),
1.41 - 1.30 (m, 6H), 1.18 — 1.08 (m, 6H), 0.99 — 0.85 (m, 9H).

2.4.2 Synthesis of Tributyl(3,3-didecyl-3,4-dihydro-2H-thieno [3,4-b]
[1,4]dioxepin-6-yl)stannane

Didecyl-ProDOT (1.25 g, 2.9 mmol) was dissolved in a 10 mL of dry THF under
argon atmosphere. At -78 °C, n-butyllithium (1.2 mL, 2.5 M in hexane) was added
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dropwise and the mixture was stirred for 1.5 h while maintaining the temperature at
-78 °C. Tributyltin chloride (0.8 mL, 2.9 mmol) was dissolved in 2 mL THF and
added to this solution dropwise. The mixture was warmed to room temperature
slowly and stirred overnight. The solvent was removed under reduced pressure and
the crude mixture was poured into DCM and washed with brine. The organic phase
was separated and dried over MgSOa. After filtration, the solvent was evaporated
to obtain yellow oil product and used as obtained (93% yield). 'H-NMR (400 MHz,
CDCls, 8/ppm): 6.60 (s, 1H), 3.78 — 3.64 (m, 4H), 1.61 — 1.35 (m, 12H), 1.33 —
0.94 (m, 42H), 0.88 — 0.73 (m, 15H).

2.5 Synthesis of D- A- D Monomers

Stille cross-coupling reaction was used for the synthesis of D-A-D monomers. The
acceptor (1 equiv) was dissolved in dry THF and purged with argon in a two-
necked round flask. The mixture was heated until the reflux starts at around 72 °C.
The donor (2.2 equiv) was added to the mixture dropwise after diluting with THF.
After 1 h refluxing, 5% mol of Pd(PPh3)>Cl> was mixed with THF and added to the
system dropwise. The reaction mixture was stirred at reflux temperature between
36 h and 48 h until the reaction has been completed. The progress of the reaction
was followed by TLC. After the reaction mixture was cooled down to room
temperature, the solvent was removed under vacuum. The crude product was
washed with brine and DCM mixture three times and dried with anhydrous
magnesium sulfate. For further purification, column chromatography and
recrystallization techniques were used to obtain target compounds as described

below®.

2.5.1 Synthesis of D- A- D Monomers Based on PI Type Acceptor Unit

The monomer T(PI-POSS)T, T(PI-Propyl)T, E(PI-POSS)E and E(PI-Propyl)E

were synthesized via Stille cross coupling reaction by using the brominated
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acceptors; PI-POSS and PI-Propyl and the stannylated donors; thiophene and
EDOT (2-(tributylstannyl)thiophene, 2-(tributylstannyl)-3,4-

ethylenedioxythiophene) as described aforementioned procedure.
T(PI-POSS)T

The product was isolated as yellow solid from silica column by using hexane:
EtOAc (10:1) as eluent (44% yield). "H-NMR (400 MHz, CDCls, §/ppm): 7.70 (d,
J=3.63 Hz, 2H), 7.66 (s, 2H), 7.37 (d, J=5.07 Hz, 2H), 7.07 (dd, J = 5.0, 3.8 Hz,
2H), 3.57 (t, J=7.06 Hz, 2H), 1.79 — 1.71 (m, 7H), 1.60 — 1.51 (m, 2H), 0.85 (dd, J
= 6.83, 8.24 Hz, 42H), 0.51 (dd, J = 6.9, 1.2 Hz, 16H) ; 3*C-NMR (100 MHz,
CDCls, 6/ppm): 167.10, 137.26, 135.71, 132.23, 130.05, 127.98, 127.70, 127.51,
40.58, 25.74, 23.87, 22.52, 22.42, 22.04, 9.69. HRMS calcd for C47H77N0O14Si5S2,
[M+H]": 1168.3018, found: 1168.3007.

T(PI-Propyl)T

It was obtained as yellow solid by purifiying with column chromatography with
hexane: EtOAc (9:1) eluent system and further purification by recrystallization
with hexane (46% yield). "TH-NMR (400 MHz, CDCl3,8/ppm): 7.77 (d, J=1.12 Hz,
2H), 7.46 (s, 2H), 7.18 — 7.15 (m, 2H), 3.64 (t, J= 7.3 Hz, 2H), 1.73 — 1.66 (m, 2H),
0.96 — 0.91 (m, 3H) ; BC-NMR (100 MHz, CDCls, §/ppm): 167.28, 137.24,
135.78, 132.29, 130.00, 127.99, 127.70, 127.56, 39.74, 21.79, 11.41. HRMS calcd
for C19H1sNO2S2, [M+H]": 354.0622, found: 354.0626.

E(PI-POSS)E

The yellow solid was purified from silica column by using hexane: EtOAc (8:1)
eluent sysyem with successive recrystallization from hexane (45% yield). 'TH-NMR
(400 MHz, CDCIl3, 6/ppm): 7.70 (s, 2H), 6.50 (s, 2H), 4.25 (s, 8H), 3.63 (t, J= 7.0
Hz, 2H), 1.90 — 1.77 (m, 7H), 1.75 — 1.68 (m, 2H), 0.92 (dd, J = 11.9, 6.6 Hz,
42H), 0.57 (dd, J = 7.0, 3.8 Hz, 16H) ; *C-NMR (100 MHz, CDCls, &/ppm):
166.58, 141.42, 140.22, 135.89, 129.16, 129.09, 111.29, 100.64, 64.49, 40.37,
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25.69, 23.84, 22.50, 22.42, 22.10, 9.64. HRMS calcd for CsiHsiNOisSisSo,
[M+H]": 1284.3128, found: 1284.3083.

E(PI-Propyl)E

The product was obtained as yellow solid by passing from silica column with
hexane: EtOAc (10:1) eluent system (56% yield). 'H-NMR (400 MHz, CDCl;,
d/ppm): 7.71 (s, 2H), 6.50 (s, 2H), 4.26 (s, 8H), 3.6 (t, J=7.20 Hz, 2H), 1.71 — 1.60
(m, 2H), 0.95 — 0.89 (t, J= 7.41 Hz, 3H) ; *C-NMR (100 MHz, CDCl3, 8/ppm):
166.75, 141.44, 140.24, 135.96, 129.12, 111.24, 100.68, 64.53, 64.49, 39.52, 21.84,
11.34. HRMS calcd for C23H19NOgS,, [M+H]": 470.0732, found: 470.0721.

2.5.2 Synthesis of D- A- D Monomers Based on TPD Type Acceptor Units

The monomers were synthesized by Stille cross coupling reaction of TPD based
brominated acceptor units (TPD-EtHex, TPD-POSS, TPD-Azo and TPD-Fluo) and
stannylated thiophene, EDOT and didecyl-ProDOT donor units (2-
(tributylstannyl)thiophene,  2-(tributylstannyl)-3,4-ethylenedioxythiophene and
tributyl(3,3-didecyl-3,4-dihydro-2H-thieno [3,4-b] [1,4]dioxepin-6-yl)stannane)

according to the procedure previously described®.
T(TPD-EtHex)T

The green solid was afforded by using a hexane: EtOAc (25:1) eluent (82% yield).
m.p.: 130 — 133 °C. 'H-NMR (400 MHz, CDCl3, 8/ppm): 7.94 (dd, J = 3.7, 1.0 Hz,
2H), 7.35 (dd, J = 5.1, 0.9 Hz, 2H), 7.04 (dd, J = 5.0, 3.8 Hz, 2H), 3.48 (d, ] = 7.32
Hz, 2H), 1.81 — 1.70 (m, 1H), 1.32 — 1.19 (m, 8H), 0.72-0.92 (m, 6H) ; *C-NMR
(100 MHz, CDCls, &/ppm): 162.90, 136.45, 132.45, 12991, 128.61, 128.44,
128.41, 42.50, 38.27, 30.61, 28.61, 23.91, 23.05, 14.11, 10.48. HRMS calcd for
C22H23NO,S3, [M+H]': 430.0969, found: 430.0968.
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E(TPD-EtHex)E

The product was obtained as orange solid by using silica column with hexane:
EtOAc (24:1) eluent (60% yield). m.p. 195 — 198 °C. 'H-NMR (400 MHz, CDCls,
d/ppm): 6.54 (s, 2H), 4.46 — 4.41 (m, 2H), 4.30 — 4.25 (m, 2H), 3.54 (d, J= 7.4 Hz,
2H), 1.81-1.91 (m, 1H), 1.54-1.60 (m, 2H), 1.24-1.36 (m, 6H), 0.84-0.93 (m, 6H) ;
BC-NMR (100 MHz, CDCls, &/ppm): 163.19, 141.05, 140.94, 134.38, 126.44,
109.56, 103.04, 65.48, 64.23, 42.31, 38.16, 30.60, 28.59, 23.90, 23.06, 14.09,
10.48. HRMS calcd for C26H27NOgS3, [M+H]": 546.1079, found: 546.1080.

P(TPD-EtHex)P

The oily green compound was obtained by purifiying with hexane: EtOAc (125:1)
eluent system (76% yield). 'TH-NMR (400 MHz, CDCl;3, 8/ppm): 6.54 (s, 2H), 3.96
(s, 4H), 3.83 (s, 4H), 3.45 (d, J= 7.3 Hz, 2H), 1.83 — 1.70 (m, 1H), 1.65 — 1.50 (m,
2H), 1.32 — 1.12 (m, 80H), 0.88 — 0.75 (m, 18H) ; *C-NMR (100 MHz, CDClI;,
d/ppm): 163.26, 149.03, 148.68, 135.00, 126.76, 113.73, 107.47, 77.71, 77.64,
43.86, 42.29, 38.17, 31.98, 31.92, 30.62, 30.53, 29.71, 29.66, 29.63, 29.37, 28.60,
26.84, 23.94, 23.06, 22.68, 14.09, 13.59, 10.49. HRMS calcd for CssHi111NOsS3,
[M+H]": 1134.7652, found: 1134.7652.

T(TPD-POSS)T

The purification was conducted via two successive silica gel column by using
hexane: EtOAc (15:1) and hexane: DCM (5:1) and one alumina column with
hexane: DCM (5:1) to obtain yellowish green solid compound (80% yield). 'H-
NMR (400 MHz, CDCI3, 6/ppm): 8.01 (dd, J = 1.0, 3.71 Hz, 2H), 7.41 (dd, J =
1.03, 5.06 Hz, 2H), 7.10 (dd, J = 3.78, 5.02 Hz, 2H), 3.64 (t, J = 7.1 Hz, 2H), 1.90 —
1.74 (m, 9H), 0.94 (dd, J = 6.5, 5.3 Hz, 42H), 0.60 (dd, ] = 6.9, 5.6 Hz, 16H) ; 1*C-
NMR (100 MHz, CDCls, 8/ppm): 162.44, 136.39, 132.48, 129.87, 128.55, 128.51,
128.40, 40.94, 25.71, 23.87, 22.51, 22.41, 22.00, 9.63. HRMS calcd for
C4sH75sNO14Si5S3, [M+H]": 1174.2582, found: 1174.2827.
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E(TPD-POSS)E

The purification was carried out by using two successive silica gel column
chromatography with hexane: EtOAc (5:1) and hexane: DCM (5:1) eluent systems
and one alumina column with hexane: DCM (5:2) to afford yellow crystalline solid
(77% vyield). '"H-NMR (400 MHz, CDCls, 8/ppm): 6.53 (s, 2H), 4.45 — 4.40 (m,
4H), 4.33 — 4.24 (m, 4H), 3.62 (t,J = 7.1 Hz, 2H), 1.91 — 1.72 (m, 9H), 0.94 (dd, J
= 6.6, 4.8 Hz, 42H), 0.59 (dd, J = 7.0, 5.0 Hz, 16H) ; *C-NMR (100 MHz, CDCl;,
d/ppm): 162.77, 141.00, 140.89, 134.41, 126.42, 109.63, 103.03, 65.46, 64.21,
40.74, 25.68, 23.86, 22.50, 22.41, 22.07, 9.69. HRMS calcd for C49H79NO13SisS3,
[M+H]": 1290.2692, found: 1290.3033.

P(TPD-POSS)P

The purification was achieved by silica gel with hexane: EtOAc (5:1) and hexane:
DCM (5:1) as eluents and alumina column with hexane to obtain oily greenish
orange compound (76% yield). '"H-NMR (400 MHz, CDCI3, §/ppm): 6.62 (s, 2H),
4.03 (s, 4H), 3.91 (s, 4H), 3.61 (t, J = 6.7 Hz, 2H), 1.94 — 1.67 (m, 9H), 1.41 (s,
8H), 1.37 — 1.22 (m, 64H), 1.00 — 0.91 (m, 42H), 0.88 (t, J = 6.7 Hz, 12H), 0.60
(dd, J = 7.0, 4.1 Hz, 16H) ; 3C-NMR (100 MHz, CDCls, §/ppm): 161.08, 147.25,
146.90, 133.22, 125.04, 112.16, 105.78, 75.96, 75.88, 42.12, 38.98, 30.25, 30.19,
28.80, 27.98, 27.94, 27.90, 27.64, 23.97, 22.13, 21.19, 20.95, 20.79, 20.67, 20.30,
12.36, 7.91. HRMS caled for CoiHi63NO;sSisSs, [M+H]": 1878.9265, found:
1879.1223.

T(TPD-Azo)T

The yellowish orange solid compound was obtained by using silica gel column
with hexane: DCM (1:4) and alumina column with DCM (72% yield). '"H-NMR
(400 MHz, CDCl3, 8/ppm): 8.11 — 8.04 (m, 4H), 7.95 (d, J = 6.0 Hz, 2H), 7.66 (d, J
= 8.6 Hz, 2H), 7.57 — 7.47 (m, 5H), 7.18 — 7.14 (m, 2H) ; 3C-NMR (100 MHz,
CDCls, o/ppm): 161.28, 152.64, 151.56, 137.95, 134.34, 132.29, 131.23, 130.27,
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129.15, 129.11, 128.56, 127.58, 127.13, 123.39, 123.00. HRMS calcd for
Ca6H15N30:S3, [M+H]": 498.0405, found: 498.0410.

E(TPD-Azo)E

The compound was obtained as light orange solid by using silica gel column with
hexane: DCM (1:4) and alumina column with DCM and further purification with
recrystallization from MeCN (65% yield). 'H-NMR (400 MHz, CDCls, §/ppm):
8.06 (d, J = 8.7 Hz, 2H), 7.95 (d, J = 6.9 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 7.57 —
7.48 (m, 3H), 6.57 (s, 2H), 4.44 (dd, J = 5.1, 2.9 Hz, 4H), 4.29 (dd, J = 5.1, 2.9 Hz,
4H). HRMS calcd for C30H19N306S3, [M+H]": 614.0514, found: 614.0526.

P(TPD-Azo)P

The product was purified by successive silica gel columns with hexane: EtOAc
(5:1) and hexane: DCM (2:1) and final alumina column with hexane: DCM (3:1) to
obtain tacky orange solid (68% yield). 'TH-NMR (400 MHz, CDCl3, §/ppm): 8.04
(d, J=8.73,2H), 7.94 (dd, J = 8.2, 1.2 Hz, 2H), 7.66 (m, J = 8.74, 2H), 7.56 — 7.45
(m, 3H), 6.65 (s, 2H), 4.05 (s, 4H), 3.92 (s, 4H), 1.44 (s, 8H), 1.37 — 1.20 (m, 64H),
0.88 (t, ] = 6.8 Hz, 12H) ; *C-NMR (100 MHz, CDCls, §/ppm): 161.51, 152.65,
151.21, 149.06, 149.02, 136.48, 134.74, 131.10, 129.08, 127.03, 125.68, 123.28,
122.98, 113.70, 108.13, 77.70, 43.86, 31.95, 30.56, 29.76, 29.70, 29.68, 29.41,
22.95, 22.72, 14.14. HRMS calcd for C72H103N306S3, [M+H]": 1202.7087, found:
1202.7340.

E(TPD-Fluo)E

The pure yellow compound was isolated by using successive silica gel columns
with hexane: DCM (1:4) and hexane: EtOAc (1:4) and final alumina column with
DCM (71% yield). 'H-NMR (400 MHz, CDCls, 8/ppm): 7.88 (d, J = 8.0 Hz, 1H),
7.82 (d, J =7.3 Hz, 1H), 7.63 (s, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.46 (d, ] = 7.9 Hz,
1H), 7.40 (t, J= 7.2 Hz, 1H), 7.35 — 7.31 (m, 1H), 6.58 (s, 2H), 4.46 (s, 4H), 4.30
(s, 4H), 3.96 (s, 2H). HRMS calcd for C31Hi19NOgS3, [M+H]": 598.0453, found:
598.0477.
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P(TPD-Fluo)P

The compound was isolated as greenish yellow solid by two succesive silica gel
columns with hexane: DCM (50:1) and hexane: EtOAc (25:1) and final alumina
column with hexane: DCM (4:1) (59% yield). '"H-NMR (400 MHz, CDCI3,
d/ppm): 7.86 (d, J = 8.1 Hz, 1H), 7.80 (d, J = 7.4 Hz, 1H), 7.61 (s, 1H), 7.54 (d, J =
7.4 Hz, 1H), 7.45 (dd, J = 8.1, 1.8 Hz, 1H), 7.38 (t, ] = 7.5 Hz, 1H), 7.31 (td, J =
7.4, 1.1 Hz, 1H), 6.64 (s, 2H), 4.05 (s, 4H), 3.94 (s, 2H), 3.92 (s, 4H), 1.43 (s, 8H),
1.36 —1.21 or 1.29 (d, ] = 17.4 Hz, 64H), 0.88 (t, J = 6.8 Hz, 12H) ; *C-NMR (100
MHz, CDCls, 6/ppm): 162.10, 149.02, 148.95, 143.75, 143.64, 141.39, 141.09,
136.14, 130.81, 126.93, 126.82, 126.06, 125.58, 125.05, 123.57, 120.14, 119.97,
113.78, 107.98, 77.71, 43.88, 36.98, 32.01, 31.94, 30.55, 29.74, 29.68, 29.66,
29.39, 22.95, 22.70, 14.11. HRMS calcd for C73H103NO¢S3, [M+H]": 1186.7026,
found: 1186.7230.

2.5.3 Synthesis of D-A-D Monomers Based on Phthalhydrazide (PH)
Type Acceptor Unit

For the synthesis of PH type monomer, D-A-D monomers based on PI acceptor
units were synthesized first and then acceptor unit of these trimeric system was
converted to PH type acceptor. For this purpose, a D-A-D monomer was
synthesized via Stille cross-coupling reaction of the commercial acceptors (PI-

EtHex) with EDOT donor unit.

2.5.3.1 Synthesis of D-A-D Monomer Based on PI Acceptor Unit

E(PI-EtHex)E

The isolation of pure compound was achieved via successive silica gel columns
with hexane: DCM (5:3) and hexane: EtOAc (4:1) to obtain transparent green
product (69% yield). 'TH-NMR (400 MHz, CDCls, 8/ppm): 7.72 (s, 2H), 6.52 (s,
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2H), 4.27 (s, 8H), 3.56 (d, J = 7.2 Hz, 2H), 1.88 — 1.77 (m, 1H), 1.32 (ddd, J =
10.1, 8.4, 3.2 Hz, 8H), 0.91 (t, J = 6.8 Hz, 6H) ; *C-NMR (100 MHz, CDCL,
5/ppm): 166.86, 141.30, 140.08, 135.82, 128.95, 128.93, 111.13, 100.55, 64.37,
41.67, 38.17, 30.48, 28.53, 23.68, 22.94, 13.98, 10.37. HRMS caled for
CasHaoNO6S,, [M+H]": 540.1515, found: 540.1513.

2.5.3.2 Synthesis of D- A- D Monomer Based on PH Type Acceptor Unit

The monomer (1 equiv, 0.16 mmol) was dissolved in a mixture of ethanol/1,4-
dioxane (1/1: v/v, 4 mL) and then hydrazine hydrate (N2HsOH) (1 equiv, 0.3 mL,
0.16 mmol) was added to this solution. The mixture was allowed to reflux at 100
°C for 48 h. Then, the crude mixture was cooled down to room temperature and
filtered to collect the precipitate. After that, the crude precipitate was washed with
a mixture of ethanol/1,4-dioxane (50 mL) and finally hexane (50 mL) to afford the

product!4°,

E(PH)E

A white solid compound was obtained after purification (27% yield). 'H-NMR
(400 MHz, d-DMSO, 6/ppm): 9.02 (s, 2H), 7.58 (s, 2H), 6.62 (s, 2H), 4.21 (s, 8H) ;
BC-NMR (100 MHz, d-DMSO, §/ppm): 166.38, 141.47, 139.22, 134.97, 130.95,
129.30, 113.63, 100.13, 64.80, 64.42. HRMS caled for C2oHi4N206S2, [M+H]™
443.0372, found: 443.0367.
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CHAPTER 3

RESULTS AND DISCUSSION

Three different core units were employed as acceptor moieties in this study, which

are PI, TPD and PH. The chemical structures of brominated core units are given in

Figure 3.1.
R i
N N HN—NH
0 o] O o] o 0
Br Br Br / \ Br Br Br
S
Phthalimide Thieno[3,4-c]pyrrole- 4,6-dione Phthalhydrazide
(PI) (TPD) (PH)

Figure 3.1. The structures of core units as acceptor.

The obtained monomers synthesized from these core acceptor units are classified
under 6 different titles depending on the type of core acceptor unit and the

substituent attached on the acceptor.

3.1 D-A-D Monomers Based on PI Type Acceptor Unit

In this part, two series of D-A-D monomers were synthesized by using thiophene
and EDOT donor units and modified PI acceptor units. POSS-propylamine
appended acceptor unit and its POSS free derivative were coupled with
aforementioned donor groups (thiophene and EDOT) to obtain four different D-A-
D monomers, namely T(PI-POSS)T, T(PI-Propyl)T, E(PI-POSS)E and E(PI-

Propyl)E. The synthesis of the monomers were depicted in Scheme 3.1.
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3.1.1 Optical Properties of the Monomers

Firstly, the UV-Vis spectra of the monomers were recorded in DCM and the
obtained results are depicted together for comparison sake. The absorption maxima
were detected at 325 nm, 324 nm, 335 nm and 335 nm for T(PI-POSS)T, T(PI-
Propyl)T, E(PI-POSS)E and E(PI-Propyl)E, respectively. As it can be seen from
Figure 3.1 (a), EDOT bearing analogs have a 10 nm red shift due to better
conjugation between the acceptor unit and EDOT as compared to their thiophene
counterparts®. The dual band, the one at lower wavelength is due to n-m* transition
and the higher wavelength one is due to ICT, is not observed in this case due to
poor interaction between donor and acceptor units. Thus, the absence of dual band
reveals that PI unit, independent of its substituent, is a poor acceptor unit'*!. The
fluorescence emission spectra of the monomers, upon excitation at 300 nm, were
also recorded in DCM and the maxima of emission bands for T(PI-POSS)T, T(PI-
Propyl)T, E(PI-POSS)E and E(PI-Propyl)E were detected at 480 nm, 484 nm, 500
nm and 507 nm, respectively. As shown in Figure 3.1 (b), EDOT containing group
undergoes a nearly 20 nm red shift as compared to thiophene analogs. The
emission color changed from greenish blue for T(PI-POSS)T and T(PI-Propyl)T to
green for E(PI-POSS)E and E(PI-Propyl)E. The large Stoke’s shift was observed
for all the monomers, which indicates the conformational change of molecules

upon excitation!#>14,
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Figure 3.2. Normalized (a) absorption and (b) emission spectra of monomers in
DCM. Inset: The colors of the monomers (a) in daylight and (b) under UV lamp at
365 nm.

3.1.2 Electrochemical Properties of the Monomers

The electrochemical behaviours of the monomers were investigated via cyclic
voltammetry in 0.1 M TBAPFs dissolved in DCM and the obtained results are
given in Figure 3.2 to understand the effect of POSS unit attached to the acceptor
moiety. As seen from Figure 3.2 (a), all the monomers revealed one irreversible
oxidation peak centered at 1.72 V for T(PI-POSS)T, 1.68 V for T(PI-Propy])T,
1.36 V for E(PI-POSS)E and 1.35 V for E(PI-Propyl)E versus Ag/AgCl (see Table
3.1). The close inspection of the voltammogram shows that E(PI-POSS)E and
E(PI-Propyl)E monomers with EDOT donor units have lower oxidation potentials
as compared to their parent monomers bearing thiophene due to greater donating
ability of EDOT unit'*. However, the presence of POSS unit does not have a
noticeable effect on the electrochemical behaviour; therefore, nearly the same
oxidation potential values were observed for the monomers with the same donor
group. On the other hand, the monomer T(PI-POSS)T, T(PI-Propyl)T, E(PI-
POSS)E and E(PI-Propyl)E exhibited reversible reduction peaks during cathodic
scanat-1.56 V,-1.48 V, -1.60 V and -1.55 V vs. Ag/AgCl, respectively. As seen in
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Figure 3.2 (b), more negative reduction potentials were obtained for EDOT

derivatives due to higher electron density of the trimeric systems bearing EDOT

donor units as compared to thiophene ones. All aforementioned data obtained from

electrochemical measurements are depicted in Table 3.1 together with the ones

obtained from optical measurements.
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Figure 3.3. Cyclic voltammograms for (a) oxidation and (b) reduction of T(PI-
POSS)T, T(PI-Propyl)T, E(PI-POSS)E and E(PI-Propyl)E on Pt electrode in 0.1 M
TBAPF;s dissolved in DCM at a scan rate of 100 mV/s vs. Ag/AgCl.
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Table 3.1 Optical and electrochemical properties of the monomers

Monomer | T(PI-POSS)T | T(PI-Propy)T | E(PI-POSS)E | E(PI-Propy))E
Amax,abs (1) 325 324 335 335
Amax,em () 480 484 500 507
Eoxm (V) 1.72 1.68 1.36 1.35
Eredm (V) -1.56 -1.48 -1.60 -1.55
Eoxonsetm (V) 1.57 1.57 1.29 1.25
Ered,onsetm (V) -1.39 -1.28 -1.45 -1.36
HOMO (V) -6.28 -6.28 -6.00 -5.96
LUMO (eV) -3.32 -3.43 -3.26 -3.35




3.13 Electropolymerization and Spectroelectrochemical Properties of the
PE(PI-POSS)E Film

Because the other monomers are incapable, the electrochemical polymerization is
achieved only for E(PI-POSS)E monomer to obtain its corresponding polymer
(Scheme 3.2). The -electropolymerization of E(PI-POSS)E was performed
potentiodynamically between 0.0 V and +1.5 V on Pt disc electrode in DCM
containing 0.1 M TBAPFs and the resulting voltammogram is given in Figure 3.4.
As shown in Figure 3.4 (a), after the first cycle, a new reversible redox couple
started to appear and the current intensity of this redox couple increased after each
successive scan, which indicates the formation of an electroactive polymer film on
the working electrode surface, namely PE(PI-POSS)E. The redox behavior of
PE(PI-POSS)E film was investigated via CV in a monomer-free electrolyte
solution. As seen in Figure 3.4 (b), the polymer film revealed a reversible redox
couple with a half wave of 0.53 V. The scan rate dependency study was performed
by recording their CVs in the anodic region at different scan rates changing from
20 mVs! to 200 mVs! with 20 mV increments and the resulting voltammograms
are depicted in Figure 3.5. As it is seen from the figure, the peak intensity of the
reversible redox couple increased linearly as a function of scan rate, which
indicates the non-diffusion controlled redox process of PE(PI-POSS)E film on the

electrode surface.
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Scheme 3.2. Electropolymerization of E(PI-POSS)E to afford PE(PI-POSS)E.
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Figure 3.4. (a) Repetitive cyclic voltammograms of E(PI-POSS)E monomer on Pt
disc electrode (b) cyclic voltammogram of PE(PI-POSS)E film coated on Pt disc
electrode recorded in 0.1 M TBAPFs dissolved in DCM at a scan rate of 100 mv/s
vs. Ag/AgCL
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Figure 3.5. (a) Scan rate dependence of PE(PI-POSS)E polymer film on Pt disc
electrode recorded in 0.1 M TBAPFs solution in DCM at different scan rates from
20 mVs™! to 200 mVs"! with 20 mVs™ increments and (b) relationship of anodic

and cathodic current peaks as a function of scan rate for PE(PI-POSS)E polymer
film.

In order to investigate opto-electronic properties, PE(PI-POSS)E polymer film was
deposited on the ITO electrode via potentiodynamic method in the potential range
between 0.0 V to +1.5 V with 30 cycles. The polymer film was washed with
monomer-free electrolyte solution before spectroelectrochemical studies. The
neutral state absorption spectra of PE(PI-POSS)E film coated on ITO is depicted in
Figure 3.6 together with that of the monomer. The careful inspection of the figure
reveals that both monomer and its corresponding polymer have only one absorption
band attributed to m-n* transition. The absorption band maxima for E(PI-POSS)E
and PE(PI-POSS)E were found to be at 335 nm and 550 nm, respectively. The n-n*
transition band of polymer exhibits a large red shift at around 215 nm as compared
to that of monomer. This red shift detected in the m-n* transition band is observed

due to the increase in conjugation length as the polymerization takes place.
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Figure 3.6. Neutral state electronic absorption spectra of E(PI-POSS)E monomer in

DCM and PE(PI-POSS)E polymer film coated on ITO.

For the investigation of the optical and electrochemical properties of PE(PI-
POSS)E polymer film on ITO, the spectroelectrochemical studies were carried out
in a cell containing 0.1 M TBAPFs/DCM electrolyte solution. In the monomer-free
system, the absorption changes were recorded under various applied potential from
—1.0 V to +1.3 V and the resulting spectra are given in Figure 3.7. As expected
from an electrochromic polymer, upon oxidation the intensity of m-n* transition
band at 550 nm started to diminish while a new absorption band appeared at around
830 nm, which indicates the formation of polaron charge carriers. Upon further
oxidation, the intensity of polaron band started to decline when bipolaron band
intensified at about 1000 nm. The optical band gap of PE(PI-POSS)E film was
calculated as 1.72 eV from the absorption edge of m-n* transition band. The optical
contrast was found to be 33% at 550 nm when the polymer film is switched in its
redox states with a residence time of 10 s by using square wave potential technique

as shown in Figure 3.8. The switching time for oxidation, the time required to
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obtain 95% of full optical contrast for oxidation and CE were found to be 2.5 s and
306 cm?/C, respectively. The switching time for neutralization, the time required to
obtain 95% of full optical contrast for neutralization was found to be 8.2 s. This
high switching time for neutralization shows the slow movement of counter ions
outside of polymer backbone due to strong electrostatic attractions between
polymer backbone and counter ions. As seen from the inset of Figure 3.7, PE(PI-
POSS)E film exhibited color change from grey to eggplant purple when it changes
from neutral to oxidized state, respectively. These colorimetric results belong to the
polymer film were also defined by L*, a*, b* values and these values are listed in

Table 3.2 together with all foregoing results.

0.7 — — -
Neutral y Oxidized
J i -
state state
0.6 1 %
5 i oN_o
pr s s
— 0.5 p | Qn
N o
§ J . / o\\/o o_J
8 041 / \
[
o
(72}
]
<< 0.3- 7
0.2-\/‘§/ [
v
T ey
0.1

|} v |} v |} v L} v L} v L} v Ll
400 500 600 700 800 900 1000

Wavelength / nm

Figure 3.7. The changes in the electronic absorption spectra of electrochemically
coated PE(PI-POSS)E film on ITO recorded in 0.1 M TBAPFs dissolved in DCM
as a function of applied potentials between -1.0 V to +1.3 V. Inset: The colors of

the polymer film on ITO in neutral and oxidized states.

91



70

:

3
s
8
: 50 - o
g 33%
g at 550 nm
e
s 404
L .
|—

30 - v

v ] v ] v ] v ] v ] v I
0 20 40 60 80 100 120

Time/s
Figure 3.8. Chronoabsoptometry experiments for PE(PI-POSS)E film on ITO in 0.1

M TBAPFs dissolved in DCM when the polymer is switched for 10 s intervals
between its redox states from -1.0 V to +1.3 V at 550 nm.

Table 3.2 Optoelectronic properties of PE(PI-POSS)E polymer film

Polymer PE(PI-POSS)E
Amax (Nm) 550
E°P* (eV) 1.72
A%T 33
CE (cm?/C) 306
ts,0x™ () 2.5

92



Table 3.2 (continued)

ts,rea® (S) 8.2

Color at
neutral state 66.1,11.4,-15.5
L*, a*, b*
Color at
oxidized state 82.2,-2.7,-0.1
L*, a*, b*
295% of full switch from colored to bleached states.

3.2 D-A-D Monomers Based on TPD Acceptor Unit

3.2.1 D-A-D Monomers Based on TPD-EtHex Acceptor Unit

This part involves the synthesis of three D-A-D monomers based on ethyl hexyl-
substituted TPD acceptor unit and thiophene, EDOT and didecyl-ProDOT donor
units. These monomers were named as T(TPD-EtHex)T, E(TPD-EtHex)E and
P(TPD-EtHex)P.
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94



3.2.1.1 Optical Properties of the Monomers

In order to get a better insight on the optical properties of monomers, electronic
absorption and fluorescence emission spectra were recorded in DCM and the
resulting spectra are given in Figure 3.9. As seen from the Figure 3.9 (a), the
monomers exhibit dual bands in their absorption spectra as a fingerprint of D-A-D
type monomers. The bands that appear at higher energy wavelengths due to n-n*
transition were observed at 270 nm, 277 nm and 277 nm for T(TPD-EtHex)T,
E(TPD-EtHex)E and P(TPD-EtHex)P, respectively. The lower energy bands
attributed to the ICT between donor and acceptor units were detected at 383 nm,
398 nm and 393 nm for T(TPD-EtHex)T, E(TPD-EtHex)E and P(TPD-EtHex)P,
respectively 4146147 The slight red shift in the absorption spectra of E(TPD-
EtHex)E monomer proves the better conjugation between donor and acceptor as
compared to other two. As seen in Figure 3.9 (b), the fluorescence spectra of the
monomers exhibit emission bands at 463 nm, 480 nm and 473 nm upon excitation
at 340 nm for T(TPD-EtHex)T, E(TPD-EtHex)E and P(TPD-EtHex)P,
respectively. The large Stoke’s shift observed at around 80 nm for all monomers
reveals the conformational changes that take place in the molecules when

excited*>143,
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Figure 3.9. (a) Absorption and (b) emission spectra of monomers in DCM. Inset:

the color of the monomers (a) in daylight and (b) under UV lamp at 365 nm.

3.2.1.2 Electrochemical Properties of the Monomers

For the investigation of electrochemical properties, cyclic voltammograms of
monomers were recorded in 0.1 M TBAPF;s dissolved in MeCN/DCM mixture and
the obtained voltammograms are depicted in Figure 3.10. As seen from Figure
3.10, during anodic scan, all monomers reveal one irreversible oxidation peak
centered at 1.42 V, 1.03 V and 1.14 V vs Ag/AgCl for T(TPD-EtHex)T, E(TPD-
EtHex)E and P(TPD-EtHex)P monomers, respectively. Among them, E(TPD-
EtHex)E exhibits the lowest oxidation potential due to higher donor strength of
EDOT than thiophene and didecyl-ProDOT bearing counterparts. During the
cathodic scan, as shown in Figure 3.9, quasi-reversible reduction peaks are
observed for three monomers with the reduction potentials at -1.42 V, -1.58 V and -
1.60 V vs Ag/AgCl for T(TPD-EtHex)T, E(TPD-EtHex)E and P(TPD-EtHex)P,
respectively. More negative reduction potentials are observed for E(TPD-EtHex)E
and P(TPD-EtHex)P monomers as a consequences of higher electron density of D-
A-D systems with EDOT and ProDOT derivatives'*. All the results obtained from
the electrochemical measurements are tabulated in Table 3.3 together with the

optical data.
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Figure 3.10. Full scan cyclic voltammograms of the monomers on Pt disc electrode
vs. Ag/AgCl in 0.1 M TBAPFs dissolved in MeCN/DCM ((10/1: v/v) for T(TPD-
EtHex)T, (15/1: v/v) for E(TPD-EtHex)E and (5/3: v/v) for P(TPD-EtHex)P) at a

scan rate of 100 mV/s.

Table 3.3 Optical and electrochemical properties of T(TPD-EtHex)T, E(TPD-
EtHex)E and P(TPD-EtHex)P monomers

Monomer T(TPD-EtHex)T | E(TPD-EtHex)E | P(TPD-EtHex)P
Amax,abs (NM) 270, 383 277,398 2717, 393
Amax,em (NM) 463 480 475
Eoxm (V) 1.42 1.03 1.14
Eream (V) -1.42 -1.58 -1.60
Eox,onset,m (V) 1.34 0.95 1.08
Ered,onset,m (V) -1.35 -1.45 -1.46
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Table 3.3 (continued)

HOMO (eV) -6.05 -5.66 -5.79
LUMO (eV) 336 -3.26 -3.25
Egfec (eV) 2.69 2.40 2.54
E:' (eV) 2.88 2.79 2.82
QY 0.110 0.065 0.045

3.2.1.3 Electropolymerization and Spectroelectrochemical Properties

All the monomers were electropolymerized on Pt disc electrode via potential
cycling by applying potentials between 0.0 V and +1.5 V for T(TPD-EtHex)T, -0.3
V and +1.15 V for E(TPD-EtHex)E, 0.0 V and +1.22 V for P(TPD-EtHex)P vs
Ag/AgCl in 0.1 M TBAPFs dissolved in a MeCN/DCM mixture to obtain their
corresponding polymers (see Figure 3.11) and the resulting voltammograms are
depicted in Figure 3.12 (a), (c) and (e). During repetitive scans, new redox couples
appear and intensify at around +1.3 V, +0.4 V and +0.8 V vs Ag/AgCl for
PT(TPD-EtHex)T, PE(TPD-EtHex)E and PP(TPD-EtHex)P, respectively. The peak
current intensities of redox couples increases with the increasing scan number as
the electroactive polymer film forms on the surface of working electrode. The
electrochemical behavior of the polymer films on Pt disc electrode was investigated
one by one by recording their CVs during both anodic and cathodic regions in a
monomer free electrolyte solution. The cyclic voltammograms are depicted
separately in Figure 3.12 (b), (d) and (f). To elucidate the effect of donor groups on
the redox behavior in D-A-D systems, the voltammograms are closely inspected
and it was found that, all monomers exhibit one reversible oxidation peak at +1.34
V for PT(TPD-EtHex)T, +0.41 V for PE(TPD-EtHex)E and +0.87 V for PP(TPD-
EtHex)P. Moreover, a reversible reduction peak was also observed at -1.57 V for
PT(TPD-EtHex)T, -1.66 V for PE(TPD-EtHex)E and -1.60 V for PP(TPD-EtHex)P
vs Ag/AgCl, during the cathodic scan. The obtained electrochemical data are listed
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in Table 3.4, together with oxidation and reduction onset values of the polymers.
The electrochemical E; values of the polymers were calculated from HOMO and
LUMO levels by using these onset potentials. The lowest Eg value was observed
for PE(TPD-EtHex)E (1.55 eV) as compared to PT(TPD-EtHex)T (2.37 eV) and
PP(TPD-EtHex)P (2.16 e¢V), which is explained by the higher donor strength of
EDOT group.

0N~ 0
|S/ Rved
0 N Q 0 S (o)
O (0]
S S
» CiH CioH
| V. s N\ | 10 CioHa4 CioH21 R
PT(TPD-EtHex)T PE(TPD-EtHex)E PP(TPD-EtHex)P

Figure 3.11. The structure of polymers.
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Figure 3.12. Repetitive cyclic voltammograms of (a) T(TPD-EtHex)T, (¢) E(TPD-
EtHex)E and (e) P(TPD-EtHex)P monomer recorded in 0.1 M TBAPFs dissolved
in MeCN/DCM ((10/1: v/v) for T(TPD-EtHex)T, (15/1: v/v) for E(TPD-EtHex)E
and (5/3: v/v) for P(TPD-EtHex)P) and cycling voltammograms of their
corresponding polymer films (b) PT(TPD-EtHex)T, (d) PE(TPD-EtHex)E and (f)
PP(TPD-EtHex)P polymer films recorded in 0.1 M TBAPFs«/MeCN on Pt disc
electrode vs. Ag/AgCl at a scan rate of 100 mVs™.
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Table 3.4 Electrochemical properties of the polymers

Polymer | PT(TPD-EtHex)T | PE(TPD-EtHex)E | PP(TPD-EtHex)P
Eoxp (V) 1.34 0.41 0.87
Ered,p (V) -1.57 -1.66 -1.60
Eoxonsetp (V) 1.08 0.05 0.73
Ered.onsetp (V) -1.29 -1.50 -1.43
Egelectro (eV) 2.37 1.55 2.16
E¢ (eV) 1.82 1.58 1.69
HOMO (V) -5.79 -4.76 -5.44
LUMO (eV) 3.42 321 -3.28

The peak current for a reversible redox couple can be directly proportional to
analyte concentration and square root of the scan rate according to Randles-Sevcik
equation'*®. On the contrary, electrochemical process for a polymer film which
takes place in a monomer-free electrolyte solution is quasi-reversible and this redox
process is not diffusion-controlled due to the formation of immobilized polymer
film at the electrode surface and does not obey Randles-Sevcik equation. Instead,
the peak current for this redox process is expressed by the theory of immobilized
redox centers. According to this theory, the peak current linearly increases with the
scan rate and the relationship of peak current intensity as a function of scan rate
determines whether the redox process is diffusion-controlled or not!#-15,
Accordingly, the scan rate study conducted for the polymer films revealed that the
current intensity of the redox couples increases linearly as a function of scan rate
during p-doping, which indicates that the redox process is not diffusion-controlled

for well-adhered polymer films on the Pt electrode surface. (Figure 3.13)
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Figure 3.13. Scan rate dependence of polymer films on Pt disc electrode recorded
in 0.1 M TBAPFs solution (a) PT(TPD-EtHex)T, (c) PE(TPD-EtHex)E and (e)
PP(TPD-EtHex)P in MeCN at different scan rates from 25 mVs™ to 200 mVs™! with
25 mVs™! increments. The relationship of anodic and cathodic peak currents as a
function of scan rate for (b) PT(TPD-EtHex)T, (d) PE(TPD-EtHex)E and (f)
PP(TPD-EtHex)P polymer films.

102




In order to elucidate the effect of different donor groups on the electrochromic
properties in a D-A-D system, the polymer films were electrodeposited on ITO
working  electrode by  wusing  potentiodynamic =~ method. = During
spectroelectrochemical studies, the polymer films on ITO were placed into cuvettes
containing monomer-free electrolyte solution and firstly their neutral state
absorption spectra are recorded for comparison sake. As seen in Figure 3.14, all the
polymer films exhibit one absorption band at 500, 625 and 600 nm for PT(TPD-
EtHex)T, PE(TPD-EtHex)E and PP(TPD-EtHex)P films due to the n-n* transition.
It is worth to mention that, although PT(TPD-EtHex)T does not exhibit any
vibronic coupling, there is a clear vibronic coupling especially in the case of
PP(TPD-EtHex)P indicating solid-state order of polymer backbones!*"!32, From the
onset of m-m* transition, optical band gap values of the polymers were calculated as
1.82 eV, 1.58 eV and 1.69 eV for PT(TPD-EtHex)T, PE(TPD-EtHex)E and
PP(TPD-EtHex)P, respectively (see Table 3.4). As it is expected from EDOT
bearing polymer, the lowest E; value was observed for PE(TPD-EtHex)E.
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Figure 3.14. Neutral state electronic absorption spectra of PT(TPD-EtHex)T,
PE(TPD-EtHex)E and PP(TPD-EtHex)P films coated on ITO electrode in 0.1 M
TBAPFs/MeCN.

For further investigation of optoelectronic properties, the changes in electronic
absorption spectra of polymers were recorded as a function of externally applied
potential and the results are depicted in Figure 3.15. As seen from the figure,
during the anodic scan, the n-n* transition bands started to lose its intensity as a
new absorption bands arise at about 900 nm for PT(TPD-EtHex)T, 685 nm for
PE(TPD-EtHex)E and 850 nm for PP(TPD-EtHex)P due to the generation of
polaron charge carriers. Finally, the changes in electronic absorption spectra of
polymer films upon oxidation are reflected by a color change; from brick red to
gray for PT(TPD-EtHex)T, blue/violet to sky blue for PE(TPD-EtHex)E and blue
to highly light blue for PP(TPD-EtHex)P, respectively as shown in Figure 3.15 and

L*, a*, b* values corresponding to these colors are listed in Table 3.5.
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Figure 3.15. The changes in electronic absorption spectra of electrochemically
deposited (a) PT(TPD-EtHex)T, (b) PE(TPD-EtHex)E and (c¢) PP(TPD-EtHex)P
films on ITO recorded at various applied potentials in 0.1 M TBAPF¢«/MeCN.
Insets: CVs of the films recorded with a scan rate of 20 mVs™.. Inset: The colors of

the films at neutral and oxidized states.

The transmittance spectra of polymer films were recorded between their neutral
and oxidized states in 10 s time interval by using square wave potential technique
and the results are given in Figure 3.16. As seen in the figure, the percent
transmittance change for PT(TPD-EtHex)T, PE(TPD-EtHex)E and PP(TPD-
EtHex)P between redox states were found to be 21%, 41% and 52%, respectively.
The oxidation response time, neutralization response time and CE for 95% of full
optical switch were found to be 3.3 s, 0.6 s and 183 cm?/C at 500 nm for PT(TPD-
EtHex)T, 0.6 s, 0.2 s and 424 cm?/C at 625 nm for PE(TPD-EtHex)E and 0.5 s, 2.0
s and 281 cm?/C at 660 nm for PP(TPD-EtHex)P, respectively. All values are listed
in Table 3.5.
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LOT

Table 3.5 Optoelectronic properties of the polymer films on ITO in 0.1 M TBAPF¢/MeCN

Polymer PT(TPD-EtHex)T | PE(TPD-EtHex)E | PP(TPD-EtHex)P | PP(TPD-EtHex)P-C
Jamax (nm) 500 625, 685 600, 660 600, 655
E¢ (eV) 1.82 1.58 1.69 176
A%T 21 41 52 60
CE (cm?/C) 183 424 281 329
tsox® () 33 0.6 0.5 1.0
tored® (5) 0.6 0.2 2.0 1.0
C"'“E;“:;‘f{;‘ state | 589,23.9,7.8 40.6, 6.5, 43.0 64.0, -4.5, -23.4 55.4,-1.7,-35.1
Color it*"”;i‘filz)id state | 86,-3.1, 12.9 76.5,-3.5,-7.8 86.1, 1.5, 5.2 86.0, 1.7, 0.9

295% of full switch from colored to bleached states.




(1%) @ouepiwisues )

S —
R_u )l
Nl

]|
Nl

J]
N

]|
N

100

80

60

40

20

Time/s

£ w) |8
c -
‘o)
AN
©
_ N’ .IO
o
”} .Io
©
. L ©
<
. ©
MJ o
_—
Q2
N
L) T T T T (=)
o o o 1= o
< [+r] N -

(1%) @ouepiwsues |

Time/s

— 600 nm
— 660 nm

i

b

1 A F A A

L]
100

L]
80

T T T T
<) o o =)
~ © Irs) 3

80 (c)

(1%) @ouepiwsues )

204

Time/s

108



Figure 3.16. Chronoabsoptometry experiments for the polymer films on ITO in 0.1
M TBAPF¢/MeCN when the films were switched between redox states with an
interval time of 10 s for (a) PT(TPD-EtHex)T (between -0.2 V and +1.3 V at 500
nm), (b) PE(TPD-EtHex)E (between -0.5 V and +1.5 V at 625 nm) and (c)
PP(TPD-EtHex)P (between 0.0 V and +1.4 V at 600 nm and 660 nm).

Stability is a key parameter for an electrochromic polymer. For that reason, the
optical and electrochemical stability of electrochemically coated PE(TPD-EtHex)E
and PP(TPD-EtHex)P films on ITO were examined under ambient conditions via
potential cycling. Since PT(TPD-EtHex)T film is not stable on the ITO electrode
for a long time, it was not tested. The stability tests were carried out by switching
between neutral (-0.5 V) and oxidized (+1.2 V) states with a residence time of 3 s.
The tests reveal that both films retain their opto-electrochemical stability even after

1200 cycles as shown in Figure 3.17.
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Figure 3.17. Optical stability tests for polymer films on ITO when the films

switched between redox states (-0.5 V and +1.2 V) with an interval of 3 s at 625
nm for PE(TPD-EtHex)E and at 600 nm for PP(TPD-EtHex)P.
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3.2.14 Chemical Polymerization and Spectroelectrochemical Properties

Since the electrochemically obtained PP(TPD-EtHex)P film is completely soluble
in common organic solvents such as toluene, DCM, chloroform, THF, etc.,
PP(TPD-EtHex)P was also polymerized utilizing FeCls as a chemical oxidant. The
structure of chemically obtained polymer PP(TPD-EtHex)P-C was confirmed by
"H NMR spectra in CDCl; (see Appendix Figure A.26). When 'H NMR spectra of
the monomer is compared with that of polymer, the broadening is observed in the
peaks of monomer as it is polymerized. Also, the peak observed at 6.4 ppm due to
C-H proton on the a-position of didecyl-ProDOT disappeared completely, which
indicates the formation of a linear polymer backbone via coupling at the a-position.
Comparision of the FTIR spectra of P(TPD-EtHex)P and its polymer PP(TPD-
EtHex)P-C, on the other hand, revealed disappearance of the peaks at about 856
cm ! and 3100 cm™! due to C-5 aromatic C-H strechings'>. These observations
clearly indicate the polymer formation via C-5 position of the ProDOT
heteroaromatic ring (see Appendix Figure E.1). For further characterization, the
molecular weight of the polymer was determined by using GPC. The number
average molecular weight of PP(TPD-EtHex)P-C was determined as 7,243 Da (see
Appendix Figure C.1 for GPC chromatogram).

The electronic absorption spectra of both chemically and electrochemically
obtained soluble PP(TPD-EtHex)P polymer were recorded in DCM and the
resulting spectra are depicted in Figure 3.18 (a) together with that of
electrochemically obtained one on ITO. When the absorption spectrum of
chemically obtained PP(TPD-EtHex)P-C polymer in DCM is compared with that
of electrochemically obtained one, a 10 nm red shift was noted as compared to that
of electrochemically obtained one. This red shift can be explained by the enhanced
conjugation length for chemically obtained PP(TPD-EtHex)P-C as compared to
electrochemically obtained one. Furthermore, when the electronic absorption
spectrum of electrochemically obtained polymer in DCM was compared with that

of the electrochemically coated film on ITO, a 10 nm blue shift was noted in the
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absorption maximum of the polymer in DCM as compared to the polymer on ITO.
This can be explained by the disappearance of n-n* stacking between chains'>* in
the solution. The fluorescence emission spectrum of the chemically obtained
polymer was also recorded in DCM and given in Figure 3.18 (b) together with its
absorption spectrum. As it is seen from the figure, PP(TPD-EtHex)P-C exhibits an

emission band at around 690 nm with a red color emission when excited at 510 nm.

10 10 350
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Figure 3.18. (a) Electronic absorption spectra of PP(TPD-EtHex)P film on ITO and
both chemically and electrochemically obtained PP(TPD-EtHex)P polymers in
DCM (b) Electronic absorption and emission spectra of chemically obtained

PP(TPD-EtHex)P-C polymer in DCM.

The chromic properties of solution-processable PP(TPD-EtHex)P-C polymer can
also be changed via chemical methods. The polymer solution can be chemically
oxidized and reduced-reversibly via stepwise additions of SbCls and N>HsOH,
respectively. As shown in Figure 3.19, the changes observed in the absorption
spectra during chemical p-doping of the solution-processable polymer in toluene
were almost identical to the one recorded during electrochemical p-doping of
PP(TPD-EtHex)P film on ITO. As it can be seen in the figure, the intensity of n-*
transition bands at 600 nm and 655 nm starts to decline with the formation of a new

band at 900 nm as a consequence of the generation of polaron charge carriers with
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the addition of SbCls. Then, upon the addition of NoHsOH, the doped polymer

solution returns back to its neutral form.
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Figure 3.19. Changes in the absorption spectra of PP(TPD-EtHex)P-C dissolved in
toluene during chemical oxidation by using 0.05 M SbCls oxidant with 10 pL
stepwise additions. Inset: absorption spectrum after chemical reduction by using

hydrazine. Inset: Colors of polymer solution at neutral and oxidized states.

To investigate the spectroelectrochemical properties of the chemically synthesized
PP(TPD-EtHex)P-C polymer, it was spray coated on an ITO surface and the
changes in the electronic absorption spectra as a function of applied potential is
given in Figure 3.20 (a). Comparison of this figure with Figure 3.15 (c), reveals
that both chemically (PP(TPD-EtHex)P-C) and -electrochemically (PP(TPD-
EtHex)P) prepared films exhibit very similar spectroscopic changes during their
electrochemical p-doping. The E,; value was calculated from the onset of the low
energy end of m-m* transition band to be 1.76 eV. The optical contrast, switching
time for oxidation/neutralization and CE for the spray coated PP(TPD-EtHex)P-C

film were calculated as 60%, 1.0 s and 329 ¢cm?/C at 655 nm, respectively, from
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Figure 3.20 (b) and the results are also tabulated in Table 3.5 together with the E,
and L*, a*, b* values of electrochemically obtained film for comparison sake. The
highest optical contrast and shortest switching time were observed for PP(TPD-
EtHex)P among the other polymer films due to alky substituents of the ProDOT
unit, which facilitates the ion movement by increasing the distance between chains.
The longer switching time observed for spray coated counterpart of PP(TPD-
EtHex)P film can be explained by film quality, which is mainly based on the type
of coating. On the other hand, among all polymer films, the lowest band gap and

the highest CE were observed for PE(TPD-EtHex)E polymer film.
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Figure 3.20. (a) The changes in electronic absorption spectra of spray coated
PP(TPD-EtHex)P-C film on ITO recorded at various applied potentials between 0.0
V and +1.4 V in 0.1 M TBAPF¢/MeCN. Inset: The colors of the films at neutral
and oxidized states. (b) Chronoabsoptometry experiments for PP(TPD-EtHex)P-C
film when switched for 10 s intervals between 0.0 and +1.6 V at 600 and 655 nm).

The long-term stability of spray coated PP(TPD-EtHex)P-C film was also tested
via potential cycling under the same conditions and it was found that the film
preserves its optical activity only up to 300 cycles. This also reveals the advantage

of electrochemical deposition technique over spray coating technique.
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3.2.2 D-A-D Monomers Based on TPD-POSS Acceptor Unit

In this part, the focus of study is directed on the modification of TPD acceptor unit
by appending a new kind of substituent, propyl isobutyl POSS through bridging
nitrogen atom to obtain a new TPD derivative named as TPD-POSS. This new
acceptor unit was coupled with thiophene, EDOT and didecyl-ProDOT donor units
to obtain new D-A-D systems, namely T(TPD-POSS)T, E(TPD-POSS)E and
P(TPD-POSS)P. The synthetic route for the synthesis is given in Scheme 3.4.
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Scheme 3.4. Synthetic route for the synthesis of T(TPD-POSS)T, E(TPD-POSS)E

and P(TPD-POSS)P.
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3.2.2.1 Optical Properties of the Monomers

In order to enlighten the effect of both donor units and POSS substituent attached
on the TPD acceptor unit on the optical characteristics of monomers, the electronic
absorption spectra of three monomers were recorded in DCM and the resulting
spectra are depicted in Figure 3.21 (a). All the monomers display similar
absorption spectra with two characteristic peaks. The higher energy band attributed
to the localized n-n* transitions were detected at 269 nm for T(TPD-POSS)T, 275
nm for E(TPD-POSS)E and 276 nm for P(TPD-POSS)P and the lower energy band
assigned to strong ICT interactions, characteristics of D-A-D type monomers, were
observed at 383 nm for T(TPD-POSS)T, 398 nm for E(TPD-POSS)E and 393 nm
for P(TPD-POSS)P. The slight red shift noted in both higher- and lower-energy
bands when going from thiophene to EDOT might be due to enhanced ICT
interactions between the donor and acceptor units since EDOT has a higher donor
strength as compared to thiophene. The fluorescence emission spectra of the
monomers, recorded in DCM, displayed luminescence maxima at 460 nm for
T(TPD-POSS)T, 480 nm for E(TPD-POSS)E and 477 nm for P(TPD-POSS)P upon
excitation at 340 nm (see Figure 3.21 (b)). The observed absorption and emission
maxima are also listed in Table 3.6. A comparison of tabulated absorption and
emission maxima for POSS bearing monomers with that of ethylhexyl bearing
monomers indicates that substituent on the acceptor unit has no appreciable effect

on the photo physical properties of the monomers.

Furthermore, comparison of absorption and emission maxima of the spectra
exhibited relatively large Stoke’s shift around 80 nm (from 77 nm to 84 nm),
implying the conformational changes occuring in the molecules upon

excitation'4>'%3,
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Figure 3.21. (a) Absorption and (b) emission spectra of monomers in DCM. Inset:

the color of the monomers (a) in daylight and (b) under UV lamp at 365 nm.

Moreover, fluorescence quantum yields of the monomers in THF were determined

by using the following equation:
The eqn: QYx = QYsr (Gradx/Gradst)(nx*/nst? )
where

QYx: Fluorescence quantum yield

Grad: gradient from the plot of integrated fluorescence intensity vs

absorbance
n: refractive index

Quinine sulfate in 0.1 M H2SOs solution (QYq= 0.546) was used as a standard and
QY values of the monomers were calculated as 0.112 for T(TPD-POSS)T, 0.074
for E(TPD-POSS)E and 0.075 for P(TPD-POSS)P. Furthermore, the higher QY
values were noted for the POSS-substituted monomers as compared to their ethyl
hexyl bearing counterparts, which shows that the existence of the POSS unit has an
enhancing effect on QY values. All the results obtained for the photophysical

properties of the monomers are listed in Table 3.6.
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3.2.2.2 Electrochemical Properties of the Monomers

In order to evaluate the electrochemical characteristics of the monomers, both CV
and DPV measurements were conducted in DCM involving 0.1 M TBAPFs as a
supporting electrolyte. The CVs recorded at room temperature are shown in Figure
3.22 (a). As it is seen, the CVs of three monomers consist of an irreversible
oxidation peak during the anodic scans. On the other hand, during the cathodic
scans, T(TPD-POSS)T monomer reveals quasi-reversible reduction peak while the
other monomers show irreversible reduction peaks. The observed oxidation and
reduction peak potentials are also tabulated in Table 3.6 together with their onset

potentials estimated from DPV measurements (see Figure 3.22 (b)).

A more careful inspection of Table 3.6 shows that the oxidation peak and onset
potentials of the monomer sharply decrease with a magnitude of at least 400 mV
when thiophene donor unit is replaced with EDOT unit, which can be explained by
the higher donating ability of EDOT unit as compared to thiophene. On the
contrary, a much smaller decrease was observed in their reduction peaks and onset
potentials as compared to their oxidation potentials. This is because the reduction
potentials are associated with the LUMO energy levels of the acceptor unit.
Therefore, the reduction potentials do not alter much since the same acceptor unit
is involved in all three monomers. The HOMO and LUMO energy levels of the
monomers estimated from the onset redox potentials are also listed in Table 3.6. A
careful examination of the table apparently reveals that optoelectronic properties of
the monomers show alterations depending on the type of donor unit rather than the

substituent on the acceptor unit.
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Figure 3.22. (a) Cyclic and (b) differential pulse voltammograms for full scan of
T(TPD-POSS)T, E(TPD-POSS)E and P(TPD-POSS)P monomers on Pt electrode
in 0.1 M TBAPF; dissolved in DCM at a scan rate of 100 mVs™! vs. Ag/AgCl.
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Table 3.6 Optical and electrochemical properties of T(TPD-POSS)T, E(TPD-

POSS)E and P(TPD-POSS)P monomers

Monomer T(TPD-POSS)T | E(TPD-POSS)E | P(TPD-POSS)P
Amax,abs (NM) 269, 383 275, 398 276, 393
Amax,em (NM) 460 480 477
Eoxm (V) 1.62 1.15 1.37
Eredm (V) -1.72 -1.89 -1.85
Eox,onset,m (V) 1.38 0.98 1.06
Ered,onset,m (V) -1.47 -1.63 -1.65
HOMO (eV) -6.09 -5.69 -5.77
LUMO (eV) -3.24 -3.08 -3.06
Eglectro (eV) 2.85 2.61 2.71
Eg°P' (eV) 2.88 2.79 2.81
QY 0.112 0.074 0.075

3.2.2.3 Electrochemical Polymerization and Spectroelectrochemical

Properties

Firstly, all the three monomers were electrochemically polymerized on Pt disc
electrode via potentiodynamic method in 0.1 M TBAPFs dissolved in a
DCM/MeCN mixture. The structure for the polymer films is depicted in Figure
3.23. The electropolymerization for each monomer was carried out in the potential
range from 0.0 V to +1.55 V, +1.15 V and +1.20 V versus Ag/AgCl for T(TPD-
POSS)T, E(TPD-POSS)E and P(TPD-POSS)P, respectively. The obtained
voltammograms during repetitive potential cycling are given in Figure 3.24. After

observing the first irreversible oxidation peak, which is responsible for the

electropolymerization, new redox couples start to appear at about +1.2 V for
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PT(TPD-POSS)T, from +0.3 V to +0.9 V for PE(TPD-POSS)E and at about +0.8 V
for PP(TPD-POSS)P as shown in Figure 3.24 (a), (c) and (e). After each successive
scan, the current intensifies steadily due to the formation of an electroactive
polymer film on the surface of Pt disc working electrode. After completion of the
polymer formation, the electrode surface was washed with MeCN to remove all

other species on the polymer film for further investigation.

0 N0
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o) Q
S S
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PT(TPD-POSS)T PE(TPD-POSS)E PP(TPD-POSS)P

Figure 3.23. The chemical structure of polymer films.
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Figure 3.24. Repetitive cyclic voltammograms of (a) T(TPD-POSS)T, (¢) E(TPD-
POSS)E and (e) P(TPD-POSS)P monomer recorded in 0.1 M TBAPF; dissolved in
MeCN/DCM ((1/1: v/v) and cycling voltammograms of their corresponding
polymer films (b) PT(TPD-POSS)T, (d) PE(TPD-POSS)E and (f) PP(TPD-POSS)P
polymer films recorded in 0.1 M TBAPFs dissolved in MeCN/DCM ((1:1, v:v) for
PT(TPD-POSS)T), (2:1, v:v) for PE(TPD-POSS)E and PP(TPD-POSS)P) on Pt
disc electrode vs. Ag/AgCl at a scan rate of 100 mVs™.
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To gain more insight into the redox behaviors of the polymer films, their CVs and
DPVs are recorded in a monomer free electrolyte solution during doping and de-
doping of polymer films in both anodic and cathodic regions. The resulting
voltammograms are given in Figure 3.24 (b), (d) and (f). As shown in the figure, all
the films present reversible redox peaks during both anodic and cathodic scans.
Furthermore, the scan rate dependency study was carried out at different scan rates
from 25 mVs! to 200 mVs™! with an increment of 25 mVs™'. The linear dependency
of the current density on the scan rate reveals a non-diffusion controlled redox
process taking place on well-adhered polymer films on the electrode surface as

depicted in Figure 3.25.
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Figure 3.25. Scan rate dependence of polymer films on Pt disc electrode recorded
in 0.1 M TBAPFs solution (a) PT(TPD-POSS)T in MeCN:DCM (1:1, v:v), (¢)
PE(TPD-POSS)E and (e) PP(TPD-POSS)P in MeCN:DCM (2:1, v:v) at different
scan rates from 25 mVs™! to 200 mVs™! with 25 mVs™! increments. The relationship
of anodic and cathodic peak currents as a function of scan rate for (b) PT(TPD-

POSS)T, (d) PE(TPD-POSS)E and (f) PP(TPD-POSS)P polymer films.
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Table 3.7 Electrochemical properties of the polymer films

Polymer | PT(TPD-POSS)T | PE(TPD-POSS)E | PP(TPD-POSS)P
Eoxp (V) 1.16 0.51 0.85

Eredp (V) 1.32/-1.21 -1.73/-1.43 -1.68/-1.41
Eoxonsetp (V) .12 0.16 0.72
Ered.onsetp (V) 1.17 -1.39 134
Egl°c (eV) 2.29 1.55 2.06

E (eV) 1.79 1.64 1.78
HOMO (eV) -5.83 -4.87 -5.43
LUMO (eV) -3.54 332 337

The electrochemical band gap values of the polymer films are estimated from the
onset potentials obtained from DPV measurements depicted in Figure 3.26. These
onset potentials of the films are also tabulated in Table 3.7 together with
electrochemical E; values. A detailed inspection of the table indicates that
PE(TPD-POSS)E has the lowest onset potentials and lowest E; value among the
three polymers. These results are in accordance with the ones obtained from their
corresponding monomers. It is also noteworthy that the trend observed in E; values
of the polymers (Egperpp-poss)e < Egpp(rpp-poss)p < Egpr(tpp-Poss)r) 1s the same as
the one observed for their ethylhexyl appended analogues®. When all of these
results are taken into account, it can be safely concluded that the effect of the
pendant group on the acceptor unit is quite negligible, most probably due to the
lack of conjugation between the TPD acceptor unit and POSS substituent. In such
cases, the optical and electrochemical properties of the monomers and their

corresponding polymers are only related to the strength of donor units.

125



L 98 —— PT(TPD-POSS)T

b= 1 —— PE(TPD-POSS)E

g 04 —— PP(TPD-POSS)P

E £

> 0.2 1

£ ]

S 0.0- |

a

g -0.2 4

E

=

O -0.44

-0.6 4
T T T T T T T T T T u L) 3 L)
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E/V

Figure 3.26. DPVs of polymer films recorded in 0.1 M TBAPFs dissolved in
MeCN/DCM ((1:1, v:v) for PT(TPD-POSS)T), (2:1, v:v) for PE(TPD-POSS)E and
PP(TPD-POSS)P) on Pt disc electrode vs. Ag/AgCl.

In order to investigate the electrochromic features, PT(TPD-POSS)T, PE(TPD-
POSS)E and PP(TPD-POSS)P polymer films were deposited on ITO glass
electrodes via potential cycling. The spectroelectrochemical measurements were
carried out by monitoring the changes in the electronic absorption spectra under
applied external potentials. In their neutral states, the absorption maxima due to m-
n* transitions for PT(TPD-POSS)T, PE(TPD-POSS)E and PP(TPD-POSS)P were
found to be 525 nm, 545 nm and 585 nm, respectively (see Figure 3.27). In the case
of PE(TPD-POSS)E and PP(TPD-POSS)P, the splitting in the n-n* transition bands
shows the existence of a concrete vibronic shoulder especially for PP(TPD-
POSS)P, indicating the increased m-m stacking in the polymer backbone'>"!>°. The
optical Eg values of polymer films were calculated from the onsets of m-m*
transition bands and the results are listed in Table 3.8. Taking the results into

account, the identical trend is observed in the the variation of optical E; values as
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in the case of electrochemical Eg values albeit all the optical values are somehow

lower than the electrochemical ones.
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Figure 3.27. Neutral state absorption spectra of PT(TPD-POSS)T, PE(TPD-
POSS)E and PP(TPD-POSS)P films coated on ITO electrode in 0.1 M
TBAPFs/MeCN.

For the three polymer films, the recorded spectra during their potential scanning
from 0.0 V to +1.3 V for PT(TPD-POSS)T, from 0.0 V to +1.0 V for PE(TPD-
POSS)E and from 0.0 V to +1.2 V for PP(TPD-POSS)P are given in Figure 3.28. A
careful examination of the spectroelectrochemical measurements reveals that w-m*
transition bands loose their intensities during p-doping, whereas new bands are
formed at 740 nm, 846 nm and 872 nm for PT(TPD-POSS)T, PE(TPD-POSS)E
and PP(TPD-POSS)P, respectively. The appearance of new bands shows the
formation of polaron charge carriers during p-doping of the polymer films. Upon

further oxidation, these bands undergo blue shift by the emergence of another new
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band beyond 950 nm. These spectroelectrochemical changes are also followed by
color changes: reddish pink, dark blue and blue in their colored states and grey,
light blue and colorless in their bleached states for PT(TPD-POSS)T, PE(TPD-
POSS)E and PP(TPD-POSS)P, respectively. The color cordinates of the films in
their colored and bleached states are represented by L*, a*, b* values and tabulated

in Table 3.8.
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Figure 3.28. The changes in electronic absorption spectra of electrochemically
deposited (a) PT(TPD-POSS)T, (b) PE(TPD-POSS)E and (c) PP(TPD-POSS)P
films on ITO recorded at various applied potentials in 0.1 M TBAPF¢«/MeCN.
Insets: CVs of the films recorded with a scan rate of 20 mVs™.. Inset: The colors of

the films at neutral and oxidized states.

In order to obtain the electrochromic data for the polymer films, they are switched
repeatedly between two extreme (neutral and oxidized) states with a switching time
of 10 s via square wave potential technique (see Figure 3.29) and the resulting data
is presented in Table 3.8. The electrochromic contrasts are found to be 18% at 525
nm for PT(TPD-POSS)T, 46% at 545 and 33% at 600 nm for PE(TPD-POSS)E and
50% at 585 nm and 52% at 640 nm for PP(TPD-POSS)P. The oxidation response
time, neutralization response time and CE to reach 95% full contrast were
calculated as 0.6 s, 0.5 s and 204 cm?/C at 525 nm for PT(TPD-POSS)T, 0.6 s, 0.6
s and 472 cm?/C at 545 nm for PE(TPD-POSS)E, 0.4 s, 0.3 s and 522 cm?/C at 585
nm for PP(TPD-POSS)P, respectively. A more careful comparison of the
spectroelectrochemical data clearly indicates that both electrochromic contrast and
CE values are enhanced when going from thiophene bearing polymer to ProDOT
bearing polymer. Moreover, the shortest switching time is observed for ProDOT
containing polymer film since long alky chains provide interchain separation and
thereby facilitates ion movement during switching. Furthermore, the POSS
appended PT(TPD-POSS)T film exhibits quite fast switching time as compared to
its ethylhexyl appended counterpart. This result indicates that the bulky POSS

cages can also contribute to interchain separation for the fast ion movement.
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Figure 3.29. Chronoabsoptometry experiments for the polymer films on ITO in 0.1
M TBAPF¢/MeCN when the films were switched between redox states with an
interval time of 10 s for (a) PT(TPD-POSS)T (between 0.0 V and +1.3 V at 525
nm), (b) PE(TPD-POSS)E (between 0.0 V and +1.0 V at 545 nm and 600 nm) and
(c) PP(TPD-POSS)P (between 0.0 V and +1.2 V at 585 nm and 640 nm).

Table 3.8 Optoelectronic properties of the polymer films on ITO in 0.1 M

TBAPF¢/MeCN

Polymer PT(TPD-POSS)T | PE(TPD-POSS)E | PP(TPD-POSS)P
Amax (Nm) 525 545, 600 585, 640
E:°Pt (eV) 1.79 1.64 1.78
A%T 18 46, 33 50, 52
CE (cm?/C) 204 472,387 522,550
ts,0x” (5) 0.6 0.6,0.6 04,04
ts,red® (S) 0.5 0.6,0.7 03,03
Color at
neutral state | 75.18, 8.23,-2.09 | 53.60, 8.07,-35.27 | 71.71, -7.54, -24.3
L*, a*, b*
Color at
oxidized state | 82.76, 5.36, 4.90 81.05,-7.54,-7.55 | 90.98, -0.18, 0.91
L*, a*, b*

2959% of full switch from colored to bleached states.
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3.2.24 Chemical Polymerization and Spectroelectrochemical Properties

It is worth noting that when POSS appendages are used instead of ethylhexyl unit,
all the electrochemically obtained POSS-substituted polymers exhibit solubility in
common organic solvents unlike ethylhexyl-substituted ones. This result reveals
that POSS unit can easily imparts solubility to the polymers. This property makes
the POSS bearing conjugated polymers a good candidate for various applications.
Therefore, in order to obtain the solution processable polymers in larger quantities,
PE(TPD-POSS)E and PP(TPD-POSS)P polymers were also polymerized via
oxidative chemical polymerization by using FeCls. Characterization of PE(TPD-
POSS)E-C and PP(TPD-POSS)P-C were conducted by 'H NMR and GPC. When
'H NMR spectra of the polymers are compared with the corresponding monomer
spectra, it is seen that the peaks in polymer spectra are broadened as compared to
those of the monomers. Additionally, the disappearance of the peak attributed to H
atom at oa-position of both E(TPD-POSS)E and P(TPD-POSS)P monomers
indicates that polymerization takes place at this position (see Appendix Figure
A.31 and Figure A.34 for the 'H NMR of PE(TPD-POSS)E-C and PP(TPD-
POSS)P-C, respectively).

From GPC analysis, the number average molecular weights of PE(TPD-POSS)E-C
and PP(TPD-POSS)P-C polymers were found to be 31,039 Da and 18,950 Da,
respectively (see Appendix Figure C.2 and Figure C.3 for GPC chromatogram of
PE(TPD-POSS)E-C and PP(TPD-POSS)P-C, respectively). After structural
characterization, in order to investigate the optoelectronic features of the
chemically obtained polymers, the spectroelectrochemical studies were conducted
in both solution and film form. Firstly, the soluble polymers obtained via chemical
method were dissolved in DCM and their absorption spectra were recorded for
comparison sake. The resulting spectra are given in Figure 3.30. As seen in the
figure, it was found that the optical bandgap of PE(TPD-POSS)E-C polymer,

calculated from low energy onset of polymer solution, is lower than that of
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PP(TPD-POSS)-C. The same trend was observed as in the case of polymer films

obtained via electrochemical polymerization of the monomers.
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Figure 3.30. Neutral state absorption spectra of chemically obtained PE(TPD-
POSS)E-C and PP(TPD-POSS)P-C polymers dissolved in DCM.

The emission characteristics of chemically obtained polymers were also
investigated in DCM and it was found that only PP(TPD-POSS)P-C polymer
displays appreciable fluorescence emission. The recorded emission spectrum in
DCM is depicted in Figure 3.31 together with its absorption spectrum. As seen
from the figure, the two emission peaks are observed for PP(TPD-POSS)P-C at 615

nm and 670 nm corresponding to red color emission (see inset photos of Figure
3.31)
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Figure 3.31. Electronic absorption and emission spectra of chemically obtained

PP(TPD-POSS)P-C polymer in DCM.

It is worth mentioning that solutions of PE(TPD-POSS)E and PP(TPD-POSS)P in
toluene can be reversibly oxidized and reduced via stepwise additions of SbCls and
N2HsOH, respectively. The changes recorded in the electronic absorption spectra,
depicted in Figure 3.32, during the chemical oxidation of the polymer solutions
were almost the same as the one recorded during in-situ electrochemical oxidation
of polymer films on ITO (see Figure 3.28 (c) for comparison). In each case, upon
addition of SbCls or the potential applied, the n-n* transition bands start to decline
simultaneously with the emergence of concomitant absorption bands beyond n-m*
transition bands. In the case of chemical doping, the reduction of the polymer
solutions is achived by stepwise addition of 0.2 M N>HsOH to obtain the

absorption spectra in their neutral forms.
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Figure 3.32. Changes in the absorption spectra of (a) PE(TPD-POSS)E-C and (b)
PP(TPD-POSS)P-C dissolved in toluene during chemical oxidation by using 0.05
M SbCls oxidant with 10 pL stepwise additions. Inset: absorption spectrum after
chemical reduction by using hydrazine. Inset: Colors of polymer solution at neutral

and oxidized states.

In order to investigate the spectroelectrochemical features of the chemically
obtained PE(TPD-POSS)E-C and PP(TPD-POSS)P-C polymers, they were coated
on the ITO working electrode surface by spray coating. The spectroelectrochemical
studies of the resulting spray coated films were conducted in 0.1 M TBAPFs
/MeCN and the related data is given in Table 3.9 for comparison purpose with
those of electrochemically coated ones. Firstly, the neutral absorption spectra of the
spray coated polymer films on ITO were recorded and given in Figure 3.33. The
absorption maxima of the spray coated films were detected at about 632 nm and
585 nm with a vibronic shoulder at 640 nm for PE(TPD-POSS)E-C and PP(TPD-
POSS)P-C, respectively. As it can also be seen from the figure, contrary to the
electrochemically coated films on ITO, PE(TPD-POSS)E-C film exhibits a red
shift as compared to that of PP(TPD-POSS)P-C. This result may be attributed to
the extended conjugation length of chemically obtained PE(TPD-POSS)E-C film as
compared to the electrochemically obtained one. The optical Eg values for

chemically obtained PE(TPD-POSS)E-C and PP(TPD-POSS)P-C solid films were
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calculated from the absorption band edge of the UV-Vis spectra as 1.52 eV and
1.80 eV, respectively. Among the solid films, the lowest Eg is detected in PE(TPD-
POSS)E polymer film for both chemically and electrochemically obtained forms,
which is most probably due to the higher donor ability of EDOT as compared to
ProDOT.
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Figure 3.33. Neutral state electronic absorption spectra of spray coated PE(TPD-
POSS)E-C and PP(TPD-POSS)P-C films on ITO electrode in 0.1 M
TBAPF¢/MeCN.

The changes in the absorption spectra of spray coated films under various applied
external potentials are depicted in Figure 3.34 together with its
chronoabsoptometry study. The electrochromic properties such as transmittance
change, CE, oxidation switching time and neutralization switching time of the
spray coated films were found to be 30%, 954 cm?/C, 0.7 s and 2.0 s for PE(TPD-
POSS)E-C and 23%, 995 c¢cm?/C, 1.0 s and 6.4 s for PP(TPD-POSS)P-C,
respectively and these results are also listed in Table 3.9. The close examination of

these results reveals that while the CE is improved for spray coated film, optical
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contrast and switching time values are not as high as the electrochemically
obtained one which may be attributed to the quality of coating and film
morphology. Also, the higher switching time was observed for neutralization of
spray coated films as compared to oxidation of them due to the slow movement of

counter ions outside of polymer backbone.
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Figure 3.34. The changes in electronic absorption spectra of spray coated (a)
PE(TPD-POSS)E-C and (c) PP(TPD-POSS)P-C film on ITO recorded at various
applied potentials in 0.1 M TBAPF¢/MeCN. Insets: CVs of the films recorded with
a scan rate of 20 mVs!. Insets: The colors of the films at neutral and oxidized
states. (b) Chronoabsoptometry experiments for polymer films when switched with
an inteerval of 10 s for (b) PE(TPD-POSS)E-C (between -0.2 V and +1.2 V at 632
nm) and (d) PP(TPD-POSS)P-C (between 0.0 V and +1.3 V at 585 nm and 640

nm).
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Table 3.9 Optoelectronic properties of the polymer

films on ITO in 0.1 M

TBAPFs/MeCN
Polymer PE(TPD-POSS)E-C PP(TPD-POSS)P-C
Amax (Nm) 632 585, 640
Eg°Pt (eV) 1.52 1.80
A%T 30 23,17
CE (cm?/C) 954 995, 720
ts,0x” (S) 0.7 1.3,1.0
ts,red® (5) 2.0 6.4,6.0
Color at neutral state
77.33,-3.41, -18.46 70.78, 3.15, -23.42
L*, a*, b*
Color at oxidized state
87.51,1.10, -5.98 84.91,2.95,-5.10
L*, a*, b*

295% of full switch from colored to bleached states.

For the investigation of thermal features of the chemically obtained polymers, the

thermogravimetric analysis (TGA) technique was used. For this aim, TGA

measurements were recorded for POSS appended PE(TPD-POSS)E-C and

PP(TPD-POSS)P-C polymers and their ethylhexyl appended analogues to elucidate

the effect of POSS appendage on thermal stability (see Appendix Figure D.1,
Figure D.2, Figure D.3 and Figure D.4 for TGA thermograms of PE(TPD-
EtHex)E-C, PP(TPD-EtHex)P-C, PE(TPD-POSS)E-C and PP(TPD-POSS)P-C,

respectively). All the measurements were carried out at the same conditions with a

heating rate of 10 °C under nitrogen atmosphere and the resulting TGA

thermograms are depicted together in Figure 3.35. As it can be seen from the
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thermograms, the onset temperatures for 5% weight-loss were observed at 439 °C,
406 °C, 329 °C and 230 °C for PE(TPD-POSS)E-C, PP(TPD-POSS)P-C, PE(TPD-
EtHex)E-C and PP(TPD-EtHex)P-C polymers, respectively. These results show
that POSS appended polymers exhibit the higher onset temperatures as compared
to their ethylhexyl appended analogues. It can be clearly stated that POSS
substituents impart thermal stability to the polymer film, which is very crucial and

desired function for photovoltaic and optoelectronic device applications.
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Figure 3.35. TGA thermograms of chemically obtained polymers.

Since PP(TPD-POSS)P was found to be a fluorescence emitter, the sensing ability
of the chemically obtained PP(TPD-POSS)P polymer and its corresponding
monomer, P(TPD-POSS)P was investigated by monitoring the changes in the
emission spectra upon addition of different metal ions. First of all, the binding
affinity of the monomer was investigated towards Fe?*, Fe**, Cu**, Li*, Ni**, Zn*",
Hg?", Pb*>" and Cd*" ions and the results are given in the from of Stern-Volmer plot

in Figure 3.36 (a). As it can be seen from the plot, P(TPD-POSS)P exhibits binding
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affinity only towards Fe?*, Fe*" and Cu®** metal ions. The inset (a) and (b) of Figure
3.36 (a) indicates the steady decrease in fluorescence intensity with stepwise
addition of Fe** and Fe*" metal ions due to electron or energy transfer between
metal ion and P(TPD-POSS)P fluorophore. Unlike stronger affinity of P(TPD-
POSS)P towards Fe?" and Fe’" ions, quite smaller affinity was observed towards
Cu?" ion as it can be grasped from the Ky, values depicted in Figure 3.36 (b). The
figure also shows that Ky value for Fe*" ion (3.9x10%) is higher than that of Fe*"

ion (2.3x10%). This might be assigned to higher charge density of Fe*" ion.
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Figure 3.36. (a) The Stern-Volmer plots of P(TPD-POSS)P (1x10* M) in the

presence of various metal ions (0.02 mM - 0.14 mM). Metal ions FeCl>.4H>O,
Fe(NO3)3.9H,0, Cu(NO3)2.3H20, LiClOs4,
Hg(NO3)2, Pb(NO3)2, Cd(NO3)2.4H20O in DMF. Insets: The fluorescence emission
spectra of P(TPD-POSS)P in DMF with successive addition of 0.02 mM - 0.14 Mm
(a) Fe?" and (b) Fe** when excited at 340 nm. (b) Ky values of P(TPD-POSS)P in
the presence of Fe?", Fe*", Cu®", Li*, Ni**, Zn?*, Hg?", Pb*" and Cd*".
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Since the monomer shows strong binding affinity only towards Fe?" and Fe** ions,
the binding affinity of the polymer was also investigated only for these ions. The
changes in the fluorescence intenstiy for PP(TPD-POSS)P-C polymer were
recorded in THF upon stepwise addition of Fe?" and Fe*" ions and the obtained
results are depicted in the form of Stern-Volmer plot in Figure 3.37 (a) together
with inset figures corresponding to the recorded spectra during Fe?" and Fe**
additions. Moreover, Ky values estimated from the slope of Stern-Volmer plots are
given in Figure 3.37 (b) for both monomer and polymer solutions. As seen from the
figure, Ksv values obtained for Fe?" (6.64x10° M) and Fe** (9.31x10° M) ions in
polymer solution increase more than two-fold as compared to that in monomer.
This strong binding affinity of the polymer towards Fe’" and Fe** ions can also be
seen by naked eye under UV light (see Inset photo in Figure 3.37 (a)). The
observed ion sensing behaviour of PP(TPD-POSS)P-C makes the polymer highly

desired for sensor applications.
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Figure 3.37. (a) The Stern-Volmer plots of PP(TPD-POSS)P-C (1 mg in 10 mL
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3.23 D-A-D Monomers Based on TPD-Azo Acceptor Unit

In this part, azobenzene-substituted TPD moiety is synthesized as a new type of
TPD-based acceptor units. This new type of acceptor is utilized for the synthesis of
novel D-A-D systems, namely, T(TPD-Azo)T, E(TPD-Azo)E and P(TPD-Azo)P
by coupling with thiophene, EDOT and didecyl-ProDOT donors. The
photoswitching properties of the monomers were investigated as well as their

electrochromic properties.
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3.2.3.1 Optical Properties of the Monomers

In order to understand the structure-property relationships in this new D-A-D type
monomers, where a new substituent, azobenzene is attached to TPD core unit, the
optical properties were investigated. For this aim, their electronic absorption and
emission spectra are recorded in DCM and the resulting spectra are depicted in
Figure 3.38 (a) and (b), respectively. As seen from the Figure 3.38 (a), the weak
absorption band is observed at 265 nm in high energy region for all three
monomers. The main absorption bands observed in the middle energy region at 343
nm for T(TPD-Azo)T, 335 nm for E(TPD-Azo)E and 333 nm for P(TPD-Azo)P
refer to m-m* transition band of trans-azobenzene resulting from azobenzene
appendage on the TPD acceptor unit'>®. Moreover, a third absorption bands in the
low energy region is observed in the case of E(TPD-Azo)E and P(TPD-Azo)P at
405 nm and 400 nm, respectively, which is most probably due to ICT. However,
this band is not obviously observed is the case of T(TPD-Azo)T monomer since it
is not well-separated from n-n* transition band of azobenzene. Therefore, the low
energy band onsets were compared instead of the low energy band maxima and it
was noted that the low energy onset at 439 nm for T(TPD-Azo)T was shifted to
longer wavelengths for E(TPD-Azo)E and P(TPD-Azo)P at 456 nm and 451 nm,
respectively. In order to confirm the presence of ICT bands in these monomers,
UV-Vis absorption spectrum of P(TPD-Azo)P monomer was recorded in solvents
of different polarities as a representative example and depicted in Figure 3.39. A
slight red shift from 440 nm to 452 nm in the onset of low energy band was noted
with increasing solvent polarity. On the other hand, no such a red shift was noted
for the n-n* transition band attributed to azobenzene. These observations indicate
that ICT is responsible for the lower energy band. This can be explained by the
poor donor nature of thiophene unit as compared to the other two units. The
fluorescence emission spectra of the monomers were given in Figure 3.38 (b). As
seen from the figure, all three monomers have a very low emission intensity, which

is practically imperceptible to the human eye (see inset photo of Figure 3.38 (b)).
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This confirms that azobenzene substituent has a quencing effect on the conjugated
D-A-D system. Albeit that, these low emission bands are observable from the
recorded spectra and their maxima are noted in Table 3.10. As seen from the table,
the emission band maximum at 472 nm for T(TPD-Azo)T is slightly red shifted to
479 nm for E(TPD-Azo)E and to 475 nm for P(TPD-Azo)P. From the low energy
shoulder maxima, a significant Stoke’s shift is observed at around 70 nm, which

indicates the conformational changes occuring in the molecules when excited'#>!%,
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Figure 3.38. (a) Absorption and (b) emission spectra of the monomers in DCM.
Inset: the color of the monomers (a) in daylight and (b) under UV lamp at 365 nm.
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Figure 3.39. Normalized UV-Vis absorption spectra of P(TPD-Azo)P in different

solvents.

3.2.3.2 Electrochemical Properties of the Monomers

In order to examine the effect of different electron donating groups on the redox
behaviors of synthesized monomers, both CVs and DPVs of the monomers were
recorded in an electrolyte solution containing 0.1 M TBAPFs dissolved in DCM vs
Ag/AgCl and the resulting voltammograms are presented in Figure 3.40. As shown
in Figure 3.40 (a), the monomers, T(TPD-Azo)T, E(TPD-Azo)E and P(TPD-Azo)P
exhibit one irreversible oxidation peak at 1.53 V, 1.11 V and 1.20 V vs Ag/AgCl
during the anodic scan and one quasi-reversible reduction peak at -1.29 V, -1.36 V
and -1.38 V vs Ag/AgCl during the cathodic scan, respectively. The
electrochemical data obtained from CV measurements are listed in Table 3.10
together with the corresponding electrochemical data obtained from the DPV
measurements (Figure 3.40 (b)). The detailed examination of Table 3.10 reveals

that among the three monomers, E(TPD-Azo)E exhibits the lowest oxidation and
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onset potentials due to stronger electron donating nature of EDOT which increases
the HOMO energy level and makes removal of electron easier. The reduction
potentials of the monomers, on the other hand, were found to be nearly identical
regardless of the donor unit. This is not surprising since the acceptor units that
determine the LUMO energy levels are the same for all three monomers.
Moreover, the trend observed in the oxidation potentials for the three monomers
synthesized in this work (EoxT(rPp-Azo)T > Eox.p(TPD-Azo)p > EoxE(TPD-Azo)E ) are in
good agreement with that of previously synthesized ethlyhexyl- and POSS-
substituted analogs. By taking all these results into account, it can be concluded
that the trend observed in the oxidation potentials is solely determined by donor
groups of the monomers. On the other hand, detailed inspection and comparison of
reduction potential of the TPD-based monomers revealed that the reduction
potentials show variations depending on aryl or alky substituents on the acceptor
unit. The reduction potentials of all azobenzene-substituted monomers are
drastically shifted to more positive values with a magnitude of about 400 mV. This
shift clearly originates from the substituent effect on the acceptor unit. Azobenzene
as an electron withdrawing substituent increases the electron deficiency of the
acceptor unit and as a result reduction potentials become more positive compared

to ethylhexyl- and POSS-substituted analogs.

The HOMO and LUMO energy levels of the azobenzene-substituted monomers
were calculated from the redox onset potentials obtained from DPV measurements
and the results are listed in Table 3.10 together with electrochemical Eg values
obtained from HOMO-LUMO energy levels. The E values were calculated as 2.53
eV for T(TPD-Azo)T, 2.18 eV for E(TPD-Azo)E and 2.28 eV for P(TPD-Azo)P.
Among the three monomers, as expected, E(TPD-Azo)E monomer was found to
have the lowest Eg due to higher donor strength of EDOT unit, which is most
probably due to effective ICT between donor and acceptor units. This proves the
effective HOMO-LUMO interaction of EDOT containing monomers which is in

accordance with our previous results®.
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Figure 3.40. (a) Full scan cyclic voltammograms of the monomers on Pt electrode
vs. Ag/AgCl in 0.1 M TBAPF; dissolved in DCM at a scan rate of 100 mVs™ and
(b) differential pulse voltammograms of the monomers on Pt electrode vs.

Ag/AgCl in 0.1 M TBAPF; dissolved in DCM.
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Table 3.10 Optical and electrochemical properties of T(TPD-Azo)T, E(TPD-Azo)E

and P(TPD-Azo)P monomers

Monomer T(TPD-Azo)T | E(TPD-Azo)E | P(TPD-Azo)P
Amax,abs (nm) 265, 343, - 265, 335, 405 265, 333, 400
Amaxem (n0) 472 475 479
(0%

Eoxm (V) 1.53 1.11 1.20
Eredm (V) -1.29 -1.36 -1.38
Eoxonsetm (V) 1.42 0.99 1.09
Ered.onsetm (V) -1.16 -1.24 -1.25
HOMO (V) 6.13 -5.70 -5.80
LUMO (eV) -3.55 -3.47 -3.46
Egtlectro (eV)) 2.58 2.23 2.34
DPV

Eoxm (V) 1.50 1.09 1.15
Eredm (V) -1.23 -1.31 -1.31
Eoxonsetm (V) 1.40 0.96 1.06
Ered.onsetm (V) -1.13 -1.22 122
HOMO (V) -6.11 -5.67 -5.77
LUMO (eV) -3.58 -3.49 -3.49
Egtlectro (eV)) 2.53 2.18 2.28
E¢" (eV) 2.83 2.72 2.75

152




3.2.33 Electrochemical Polymerization and Spectroelectrochemical

Properties

The electrochemical characteristics of the polymers were examined to better
understand the influence of different donor units azobenzene appendages on the
TPD unit. As mentioned above all the monomers exhibit one irreversible oxidation
peak during the anodic scan. The irreversible nature of the oxidation process arises
from the fact that the radical cation formed after the one electron oxidation
undergoes rapid coupling reactions (either radical-radical or radical-monomer
couplings) which results in the deposition of an insoluble polymer film on the
working electrode surface. Thus, the monomers synthesized in this work are
electrochemically polymerized on Pt disc electrode via repetitive potential cycling
from 0.0 V to +1.65 V for T(TPD-Azo0)T, from 0.0 V to +1.25 V for E(TPD-Azo)E
and from 0.0 V to +1.30 V for P(TPD-Azo)P. After the first anodic scan, the
electroactive polymer films start to grow on the electrode surface with the
formation of new reversible redox couples. The redox couples gradually intensify
during successive scans, resulting in an increase in film thickness (see Figure 3.41
for the polymer repeat units). The recorded CVs during electropolymerization is
given in Figure 3.42. After the deposition of the polymer films on the working
electrode, the films were washed with MeCN to remove all other species such as
residual monomers and electrolyte. Following that, CV and DPV measurements
were performed in both the anodic and cathodic regions to elucidate the
electrochemical features of the polymer films. Full scan cyclic voltammograms,
which are measured in a monomer free electrolyte solution are depicted separately
in Figure 3.42 (b), (d) and (f), while the corresponding stacked DPVs are shown in
Figure 3.43. The examination of cyclic voltammograms reveals that a quasi-
reversible oxidation peak is observed for each polymer film during p-doping,
whereas a quasi-reversible reduction peak is observed only in the case of PE(TPD-
Azo)E and PP(TPD-Azo)P unlike PT(TPD-Azo)T during n-doping. The

irreversible reduction peak observed in the case of PT(TPD-Azo)T indicates that n-
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doping process for this polymer film is irreversible. Furthermore, the more close
inspection of the recorded cyclic voltammogram during p-doping demonstrates that
PT(TPD-Azo)T and PP(TPD-Azo)P films exhibit one redox couple at around
+1.30 V and +0.95 V, respectively, whereas PE(TPD-Azo)E film presents a very
broad and multi-step redox couple between +0.1 V to +0.9 V. These features could

be associated with slow doping process due to well-packed polymer backbone.
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Figure 3.41. The structure of polymers.
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Figure 3.42. Repetitive cyclic voltammograms of the monomers recorded in 0.1 M
TBAPFs solution (a) T(TPD-Azo)T, (c) E(TPD-Azo)E in DCM and (e) P(TPD-
Azo0)P in MeCN/DCM ((1/1: v/v) and the corresponding cycling voltammograms
of polymer films recorded in 0.1 M TBAPFs solution (b) PT(TPD-Azo)T, (d)
PE(TPD-Azo0)E in DCM and (f) PP(TPD-Azo)P in MeCN on Pt disc electrode vs.
Ag/AgCl at a scan rate of 100 mVs™'.
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Figure 3.43. DPVs of the polymer films on Pt disc electrode vs. Ag/AgCl recorded
in 0.1 M TBAPF dissolved in DCM for PT(TPD-Azo)T and PE(TPD-Azo)E, in
MeCN for PP(TPD-Azo)P.

In order to elucidate the electrochemical E; values of the polymer films, the onset
potential values are determined from the CV measurements and listed in Table 3.11
together with Eg values. Among three polymers, as expected, PE(TPD-Azo)E was
found to have the lowest electrochemical Eg value with a magnitude of 1.51 eV.
The trend in the Eg values of the polymer films is determined as Egpg(rpp-azo)E <
Eg pp(1PD-Azo)p < Egp1(TPD-AZ0)T. This trend is expected and it is in accordance with
our previous results obtained from ethylhexyl and POSS appended analogs.
Moreover, the scan rate dependency study was performed by recording their CVs
in the anodic region at different scan rates changing from 25 mVs™! to 200 mVs!
with 25 mV increments and the resulting voltammograms are given in Figure 3.44
together with their linearity curves. As shown in Figure 3.44 (b), (d) and (f), the
linear dependency of the peak current on the scan rate confirms that the reversible
redox processes occurring on the well-adhered polymer film surfaces are not

diffusion-controlled.
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Figure 3.44. Scan rate dependence of the polymer films on Pt disc electrode
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(f) PP(TPD-Azo)P polymer films.

157



Table 3.11 Electrochemical properties of the polymer films

Polymer | PT(TPD-Azo)T | PE(TPD-Azo)E | PP(TPD-Azo)P
Eoxp (V) 1.32 0.92 0.97
Eredp (V) -1.61 171 -1.55
Eoxonsetp (V) 1.13 -0.09 0.72
Eredonsetp (V) -1.37 142 “1.44
Egelectro (eV) 2.50 1.51 2.16
E¢" (eV) 1.71 1.54 1.68
HOMO (eV) -5.84 4.62 -5.43
LUMO (eV) -3.34 -3.29 327

The spectroelectrochemistry is the best way of elucidating the electrochromic
properties of the obtained polymers by applying a voltage change. For this purpose,
the polymers were deposited on ITO working electrode via potentiodynamic
method and firstly their electronic absorption spectra were recorded in their neutral
states. The obtained spectra are depicted in Figure 3.45 and the dual band
characteristic is observed for each film. The higher energy bands appear at 337 nm,
333 nm and 344 nm and the lower energy bands at 505 nm, 630 nm and 612 nm for
PT(TPD-Azo)T, PE(TPD-Azo)E and PP(TPD-Azo)P films, respectively. A
vibronic shoulder at about 672 was observed in the case of PP(TPD-Azo)P, which
demonstrates the high degree of molecular ordering in polymer backbone due to
effective interchain n-m stacking. The observed higher energy bands at around 300
nm are most probably due to the azobenzene substituent present on the TPD unit
while the low energy bands are assigned to m-n* transition bands of the polymer
films. The optical Eg values of the polymer films are estimated to be 1.71 eV for
PT(TPD-Azo)T, 1.54 eV for PE(TPD-Azo)E and 1.68 eV for PP(TPD-Azo)P by

using the low energy onset of the m-n* transition. These results are listed in Table
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3.12 together with electrochemical Eg values. The same trend can be seen in the

table for the variation of optical and electrochemical E; values.
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Figure 3.45. Neutral state absorption spectra of PT(TPD-Azo)T, PE(TPD-Azo)E
and PP(TPD-Azo)P films coated on ITO electrode in 0.1 M TBAPF¢s/MeCN.

The changes in optoelectronic properties of the polymer films were examined as a
function of externally applied potential during p-type doping and the results are
shown in Figure 3.46. As expected from an electrochromic polymer, during the
anodic scan, the intensity of m-n* transition bands for each polymer film decreases
simultaneously with the generation of new bands beyond 800 nm because of the
formation of polaron charge carriers. Further electrochemical oxidation reduces -
n* transition bands to a minimum as polaron absorption bands shift to a shorter
wavelength. This is accompanied by the emergence of another absorption band
beyond 1000 nm. The formation of this higher wavelength absorption band is
associated with the generation of bipolaron charge carriers. The voltammograms
measured during the anodic scan are also shown in the inset of Figure 3.46. These

spectral changes in the polymer films are reflected as a color change and their color
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coordinates are expressed with L*, a*, b* values as reported in Table 3.12. Upon
electrochemical oxidation, the colors of the PT(TPD-Azo)T, PE(TPD-Azo)E and
PP(TPD-Azo)P polymer films are turned from brick red to gray, blue to gray, and

blue to gray, respectively.
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Figure 3.46. The changes in electronic absorption spectra of electrochemically
deposited (a) PT(TPD-Azo)T, (b) PE(TPD-Azo0)E and (c) PP(TPD-Azo)P films on
ITO recorded at various applied potentials in 0.1 M TBAPFs/MeCN. Insets: CVs of
the films recorded with a scan rate of 20 mVs'!. Inset: The colors of the films at

neutral and oxidized states.

The changes in optical spectra of the films, PE(TPD-Azo)E and PP(TPD-Azo)P
were also recorded during the cathodic scan to prove that the films are also n-
dopable (see Figure 3.47). Since PT(TPD-Azo)T was not stable during n-doping as
compared to its EDOT and ProDOT analogs, it is not involved in
spectroelectrochemistry studies. Similar changes were also noted during n-type
doping of the polymer films. Upon electrochemical reduction, n-n* absorption
bands are bleached out whereas a new lower energy band centered at 800 nm for
PE(TPD-Azo)E and 850 nm for PP(TPD-Azo)P emerges. The formation of these
new bands is associated with the generation of negative charge carriers. This
clearly demonstrates that PE(TPD-Azo)E and PP(TPD-Azo)P polymers are n-type
dopable, which is confirmed by reversible redox couple recorded at negative
potential (see Inset of Figure 3.47 (a) and (b)). During n-doping, the changes in the
absorption spectra are represented by a color change from blue to gray for
PE(TPD-Azo)E and from blue to tranmissive light gray for PP(TPD-Azo)P in their
neutral and reduced states, respectively. The L*, a*, b* values corresponding to
these color changes were also noted in Table 3.12. In literature, the number of n-
dopable conjugated polymers is quite limited, therefore the development of

efficient n-dopable materials has a great priority for future studies'>”-!%,

162



.

Neutral Reduced
state state

Absorbance / a.u.

0.4 -
0.2 -
v ] v ] v ] o ] v ] v ] v ]
300 400 500 600 700 800 900 1000
Wavelength / nm
1.0

'
o o

0.8 -

0.6 -

Neutral Reduced
state state

0.4

Absorbance / a.u.

0.2 4

0.0

300 ' 4('10 ' 5(')0 ' 6(')0 ' 7(')0 ' 8(')0 ' 9(')0 ' 10'00
Wavelength / nm

Figure 3.47. The changes in electronic absorption spectra of electrochemically

deposited (a) PT(TPD-Azo)T, (b) PE(TPD-Azo)E and (c) PP(TPD-Azo)P films on

ITO recorded at various applied potentials during n-doping in 0.1 M

TBAPFs/MeCN. Insets: CVs of the films recorded with a scan rate of 20 mVs™.

Inset: The colors of the films at neutral and reduced states.
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It is noteworthy that PP(TPD-Azo)P polymer is completely soluble in common
organic solvents thanks to the long alkyl chains of ProDOT unit. By the help of this
property, chromic behavior of the polymer was also investigated via chemical
oxidation method by using 0.05 M SbCls solution as an oxidizing agent. The
chemical doping process of the polymer in solution was investigated by recording
the changes in electronic absorption spectra upon stepwise additions of SbCls
solution, as illustrated in Figure 3.48 and very similar changes were observed as in
the electrochemical p-doping. The n-n* transition band of the polymer centered at
602 nm started to diminish. This change is accompanied by the formation of a new
absorption band centered at 850 nm, which is originated from polaronic charge
carriers. Moreover, PP(TPD-Azo)P dissolved in DCM exhibits fluorescence

emission at about 610 and 715 nm (see Figure 3.49) corresponding to red light.
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Figure 3.48. The changes in the absorption spectra of PP(TPD-Azo)P polymer
dissolved in toluene during chemical oxidation by using 0.05 M SbCls oxidant with
3 uL stepwise additions. Inset: Colors of the polymer solution at neutral and

oxidized states.
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Figure 3.49. Electronic absorption and emission spectra of electrochemically

obtained PP(TPD-Azo)P polymer in toluene.

The electrochromic properties (i.e. optical contrast, switching time and CE of the
polymer films were determined by chronoabsorptometry study. For this aim, the
electrochemically coated films repeatedly switched from their neutral states to fully
oxidized states with a switching time of 10 s via square wave potential method (see
Figure 3.50). The resulting data are listed in Table 3.12. As shown in the table, the
optical contrast was calculated as 12% at 505 nm for PT(TPD-Azo)T, 32% at 630
nm for PE(TPD-Azo)E and 41% at 612 nm and 42% at 672 for PP(TPD-Azo)P.
The oxidation switching time and CE to reach 95% of full contrast for the polymer
films were found to be 0.7 s and 129 ¢cm?/C for PT(TPD-Azo)T, 0.4 s and 454
cm?/C for PE(TPD-Azo)E and 0.4 s and 726 cm?C for PP(TPD-Azo)P,
respectively. A careful examination of the Table 3.12 reveals that when switching
from thiophene bearing polymer film to didecyl-ProDOT bearing polymer film, all
electrochromic properties improve, indicating the interchain separation effect of the

ProDOT unit due to long alkyl chains. Increased chain distance facilitates ion
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transport through the polymer structure during the doping process, resulting in
higher optical contrast and shorter response time, making them promising
candidates for electrochromic applications.The neutralization switching time of the
polymer films was not too different from oxidation switching time and found to be

0.3 s, 04 s and 0.4 s for PT(TPD-Azo)T, PE(TPD-Azo)E and PP(TPD-Azo)P,

respectively.
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Figure 3.50. Chronoabsoptometry experiments for the polymer films on ITO in 0.1
M TBAPF¢/MeCN when the films were switched between redox states with an
interval time of 10 s for (a) PT(TPD-Azo)T (between 0.0 V and +1.6 V at 525 nm),
(b) PE(TPD-Azo0)E (between -0.5 V and +1.3 V at 545 nm and 600 nm) and (c)
PP(TPD-Azo)P (between 0.0 V and +1.3 V at 585 nm and 640 nm).

Table 3.12 Optoelectronic properties of the polymer films on ITO in 0.1 M
TBAPF¢/MeCN

Polymer | PT(TPD-Azo)T | PE(TPD-Azo)E | PP(TPD-Azo)P

Amax (NM) 505 630 612,672
E:°Pt (eV) 1.71 1.54 1.68
A%T 12 32 41, 44
CE (cm?/C) 129 454 750, 762
ts,ox” (S) 0.7 04 04,04
ts,rea® (S) 0.3 04 04,04
Color at
neutral
64.63, 12.49, 3.81 63.60, -3.12, -22.21 | 63.69,-10.77,-16.70
state
L*, a*, b*
Color at
oxidized
70.99, 0.65, 8.54 79.94, -1.11, -2.33 | 76.68, 0.68, -2.27
state
L*, a*, b*
Color at
reduced
- 5598, -1.21,-13.46 | 73.72, 1.41,-4.10
state
L*, a*, b*

295% of full switch from colored to bleached states.
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The stability of the electrochromic materials is one of the key parameters. For that
reason, both electrochemical and optical stability of polymer films were studied
under ambient conditions by applying an external potential between redox states.
For this purpose, PE(TPD-Azo)E and PP(TPD-Azo)P polymer films were tested
via square wave potential method within a potential range from -0.5 V to +1.1 V
and from 0.0 V to +1.1 V, respectively. The films were pre-conditioned during first
500 cycles for PE(TPD-Azo)E and 1500 cycles for PP(TPD-Azo)P to obtain
regular cyclic voltammetric behavior and the switching was manintained along
10000 cycles and 16000 cycles for PE(TPD-Azo)E and PP(TPD-Azo)P,
respectively. The recorded test results are depicted in Figure 3.51. As shown in the
figure, the stability tests revealed that both films preserved their electrochemical
activity even after thousands of switching. Furthermore, PP(TPD-Azo)P film
revealed highly stable behavior by preserving 89 % of its optical activity even after
16000 cyles, which proves its long term stability. PE(TPD-Azo)P film also showed
high optical stability by retaining 51% of its optical activity after 10000 cyles.
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Figure 3.51. Electrochemical and optical stability tests for the polymer films on
ITO in 0.1 M TBAPFs/MeCN when the films switched between redox states (-0.5
V and +1.1 V) at 630 nm for (a) PE(TPD-Azo)E and (0.0 V and +1.1 V) at 610 nm
for (b) PP(TPD-Azo)P with an interval of 1 s.
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In order to elucidate the effect of an azobenzene moiety on photo-responsive
behavior of azobenzene-substituted monomers and polymer, UV-Vis absorption
spectra of T(TPD-Azo)T, E(TPD-Azo)E, P(TPD-Azo)P and PP(TPD-Azo)P were
examined in toluene during irradiation. For comparison sake, all measurements
were performed at the same conditions under irradiation with Mercury UV lamb at
ambient temperature and changes in their UV-Vis absorption spectra depending on
irradiation time are depicted in Figure 3.52. Upon irradiation, the intensity of main
peak at around 335 nm assigned to m-n* transition of trans-azobenzene resulting
from azobenzene appendage on side group started to decline gradually in all
trimeric monomers and the polymer, indicating trans to cis photoisomerization of
azobenzene. The absorption intensity of the monomers and the polymer increase
back when exposed to day light, implying the cis to trans conversion. The
tendencies for variations of peak intensities were consistent in all monomers except
the polymer solution. The very small decrease and increase was observed in the
absorption intensity of the m-m* transition band of azobenzene moiety for the
polymer solution as compared to that of monomers contrary to prolonged
irradiation times for the PP(TPD-Azo)P solution. Additionally, the cis to trans
conversion did not go to completion in both monomers and the polymer in solution
despite the sufficiently prolonged exposure to day light. This incomplete return can
be attributed to steric and electronic configuration of rigid conjugated backbone,

which is more enhanced for the polymer!*.
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Figure 3.52. UV-Vis absorption spectra of (a) T(TPD-Azo)T, (b) E(TPD-Azo)E,
(c) P(TPD-Azo)P and (d) PP(TPD-Azo)P before and after irradiation with Mercury
UV light in toluene.

3.24 D-A-D Monomers Based on TPD-Fluo Acceptor Unit

In this part, TPD core unit is functionalized with a new substituent, fluorene to
obtain a new kind acceptor unit. Then, two novel D-A-D monomers, E(TPD-
Fluo)E and P(TPD-Fluo)P having this modified acceptor unit were synthesized by
using EDOT and didecyl-ProDOT donors. Thiophene analogue was not

synthesized due to the solubility and stability problems. (Scheme 3.6).
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Scheme 3. 6. Synthesis route for the monomers.

3.24.1 Optical Properties of the Monomers

In order to investigate the optical behaviours of the monomers, firstly their
electronic absorption and fluorescence emission spectra were recorded in DCM and
the corresponding spectra are depicted in Figure 3.53. As shown in Figure 3.53 (a),
the monomers exhibit three absorption bands and the highest energy band appeared
nearly at the same wavelength (271 nm for E(TPD-Fluo)E and 272 nm for P(TPD-

Fluo)P is observed due to the existence of fluorene unit on TPD core, which
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exhibits a charasteristic absorption peak at about 270 nm'®’. The middle band in
absorption spectra is originated from m-n* transition and appear at 305 nm for both
monomers. The lowest energy bands of spectra resulted from the ICT between
donor and acceptor exhibit the absorption maxima at 402 nm and 398 nm for
E(TPD-Fluo)E and P(TPD-Fluo)P, respectively. The slight red shift in this band
display the better conjugation between the acceptor and EDOT donor unit. The
emission spectra of the monomers are depicted in Figure 3.53 (b), which exhibit
emission peaks centered at 482 nm for E(TPD-Fluo)E and 477 nm for P(TPD-
Fluo)P upon extication at 340 nm. The red shift in the emission spectrum of
E(TPD-Fluo)E as compared to P(TPD-Fluo)P is observed due to stronger donor
character of EDOT. All obtained results are given in Table 3.13.
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Figure 3.53. (a) Absorption and (b) emission spectra of the monomers in DCM.

Inset: the colors of the monomers (a) in daylight and (b) under UV lamp at 365 nm.

3.24.2 Electrochemical Properties of the Monomers

In order to gain more insight into the redox properties of monomers, CV and DPV
measurements were recorded in 0.1 M TBAPF«/DCM electrolyte solution on Pt

disc electrode and the resulting voltammograms are depicted in Figure 3.54. As
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seen from the voltammograms (Figure 3.54 (a)), both E(TPD-Fluo)E and P(TPD-
Fluo)P exhibit one irreversible oxidation peak, which is responsible from
electropolymerization, at about 1.10 V and 1.19 V vs Ag/AgCl, respectively. The
relatively lower oxidation potential of E(TPD-Fluo)E as compared to P(TPD-
Fluo)P indicates the higher donor ability of EDOT as compared to ProDOT, which
is in an agreement with previous results. On the other hand, the monomers display
pseudo-reversible reduction peaks at -1.70 V and -1.64 V vs Ag/AgCl for E(TPD-
Fluo)E and P(TPD-Fluo)P, respectively. The slight positive shift in the reduction
potential from EDOT to ProDOT is not expected since the same acceptor unit is
involved in two monomers and LUMO energy level is mainly controlled by the
acceptor unit. However, in D-A-D type systems, LUMO energy levels can be
affected in a different way from electronic nature of donor group, which is also
correlated with previously reported results. The electrochemical band gaps of
E(TPD-Fluo)E and P(TPD-Fluo)P were estimated from DPV data and found to be
2.52 eV and 2.62 eV, respectively. The lower E, observed for E(TPD-Fluo)E is in
accordance with aforementioned results obtained for the other D-A-D type
monomers and can be explained in terms of higher donating character of EDOT
unit as compared to ProDOT unit. The electrochemical data for the monomers are

also listed in Table 3.13.
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Figure 3.54. (a) Full scan cyclic voltammograms of the monomers on Pt electrode
vs. Ag/AgCl in 0.1 M TBAPFs dissolved in DCM at a scan rate of 100 mVs™! and
(b) differential pulse voltammograms of the monomers on Pt electrode vs.

Ag/AgClin 0.1 M TBAPF; dissolved in DCM.
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Table 3.13 Optical and electrochemical properties of the monomers

Monomer E(TPD-Fluo)E P(TPD-Fluo)P
Amax,abs (NM) 305, 402 305, 398
Amax,em (NM) 482 477
Cv
Eoxm (V) 1.10 1.19
Eredm (V) -1.70 -1.64
Eox,onset,m (V) 0.96 1.07
Ered,onset,m (V) -1.56 -1.55
HOMO (eV) -5.67 -5.78
LUMO (eV) -3.15 -3.16
DPV
Eoxm (V) 1.08 1.14
Eredm (V) -1.67 -1.70
Eox,onset,m (V) 0.99 1.05
Ered,onset,m (V) -1.53 -1.57
HOMO (eV) -5.70 -5.76
LUMO (eV) -3.18 -3.14
Egelectro (eV) 2.52 2.62
Eg°Pt (eV) 2.75 2.78
QY 0.0574 0.0719

3.243 Electropolymerization and Spectroelectrochemical Properties

The electrochemical polymerization of the monomers were carried out on Pt disc

electrode vs Ag/AgCl via repetitive potential cycling from 0.0 V to +1.25 V for
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E(TPD-Fluo)E and from 0.0 V to +1.3 V for P(TPD-Fluo)P to obtain their
corresponding polymers as shown in Figure 3.55. The resulting voltammograms
recorded during electropolymerization are given in Figure 3.56 (a) and (c). As seen
from the voltammograms, new redox couples appear from +0.2 V to +1.0 V for
PE(TPD-Fluo)E and at about +0.7 V for PP(TPD-Fluo)P and steadily intensify
after each consecutive scan due to the formation of an electroactive polymer film

on the working electrode surface.
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Figure 3.55. The structure of the polymer films.
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Figure 3.56. Repetitive cyclic voltammograms of (a) E(TPD-Fluo)E and (c)
P(TPD-Fluo)P monomer recorded in 0.1 M TBAPFs in DCM for E(TPD-Fluo)E, in
MeCN/DCM ((1/3: v/v) for P(TPD-Fluo)P and the cycling voltammograms of their
corresponding polymer films (b) PE(TPD-Fluo)E and (d) PP(TPD-Fluo)P polymer
films recorded in 0.1 M TBAPFs in DCM for PE(TPD-Fluo)E, in MeCN for
PP(TPD-Fluo)P) on Pt disc electrode vs. Ag/AgCl at a scan rate of 100 mVs™',

The CVs and DPVs were recorded for the polymer films deposited on Pt disc
electrode in a monomer-free electrolyte solution to comprehend electrochemical
behaviour of the polymer films. Before the investigation, the polymer films were
washed with the solvent to remove unreacted monomers and oligomeric species
from the film surface. As it can be seen from the cyclic voltammograms depicted

in Figure 3.56 (b) and (d), the polymer films exhibit reversible doping and
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dedoping in both anodic and cathodic regions. During the anodic scan of the
PE(TPD-Fluo)E, a rectangle shaped and very broad redox couple occurs between
+0.2 V to +1.0 V, which shows the slow doping process because of the well-
ordered polymer chains. In the case of PP(TPD-Fluo)P, a narrow redox couple is
observed at about +0.9 V during p-doping. Moreover, during the cathodic region,
the films exhibit a well-defined redox couple with a reduction peak at -1.71 V and -
1.59 V for PE(TPD-Fluo)E and PP(TPD-Fluo)P, respectively. All the results
together with the onset potentials obtained from both CV and DPV measurements
are tabulated in Table 3.14. The corresponding DPVs of the polymer films are also
given in Figure 3.57. HOMO/LUMO energy levels of the polymers were elucidated
by utilizing the onset potentials from DPV measurements and noted in Table 3.14
together with the electrochemical band gap values. As seen from the table, as
expected, PE(TPD-Fluo)E has a lower electrochemical band gap value than

PP(TPD-Fluo)P, in an accordance with previous results.

0.3 1
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0.0 4

-0.1 4
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-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E/V

Figure 3.57. DPVs of polymer films recorded in 0.1 M TBAPF¢ in DCM for
PE(TPD-Fluo)E, in MeCN for PP(TPD-Fluo)P on Pt disc electrode vs. Ag/AgCl.

180



Table 3.14 Electrochemical properties of the polymer films

Polymer PE(TPD-Fluo)E PP(TPD-Fluo)P
Eoxp (V) 0.14 0.90
Eredp (V) 171 -1.59
Eoxonsetp (V)-CV -0.11 0.72
Ered.onsetp (V)-CV -1.49 141
Eoxonsetp (V)-DPV -0.19 0.69
Ered.onsetp (V)-DPV -1.44 -1.38
HOMO (eV) 452 -5.40
LUMO (eV) 327 333
Egflectro (eV) 1.25 2.07
Eg (eV) 1.48 1.59

Furthermore, variations in the peak currents with the voltage scan rate during the
anodic scan were examined by recording CVs at different scan rates ranging from
25 mVs! to 200 mVs™! and the resulting voltammograms are given in Figure 3.58.
The peak current increases linearly as a function of scan rate, which explicitly

indicates the non-diffusional redox process.
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Figure 3.58. Scan rate dependence of the polymer films on Pt disc electrode
recorded in 0.1 M TBAPFs solution (a) PE(TPD-Fluo)E in DCM and (c) PP(TPD-
Fluo)P in MeCN at different scan rates from 25 mVs™! to 200 mVs™ with 25 mVs'!

increments. The relationship of anodic and cathodic current peaks as a function of

scan rate for (b) PE(TPD-Fluo)E and (d) PP(TPD-Fluo)P polymer films.

For the inspection of electro-optical features such as optical band gap, percent

transmittance change, response time and CE, etc., the polymer films were deposited

on ITO-glass electrode by potentiodynamic method. After washing the polymer

film on ITO electrode, the electronic absorption spectra of the neutral state films

were recorded in monomer-free MeCN solution containing 0.1 M TBAPFs as
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supporting electrolyte and the obtained spectra are given in Figure 3.59. As seen
from the spectra, the neutral state polymer films on ITO exhibit absorption bands
due to m-m* transitions. PE(TPD-Fluo)E exhibits one absorption band centered at
644 nm while PP(TPD-Fluo)P shows two well-seperated absorption bands at 609
nm and 668 nm as noted in Table 3.15. The vibronic coupling observed in the case
of PP(TPD-Fluo)P is considered as a fingerprint of linear polymer chains'>"!*2. The
optical band gaps of the polymer films in their neutral states were calculated from
the onsets of the low energy edge of m-n* transition and found to be 1.48 eV and
1.59 eV for PE(TPD-Fluo)E and PP(TPD-Fluo)P, respectively (see Table 3.15).
The presence of EDOT donor group in PE(TPD-Fluo)E film leads to 0.11 eV
decrease in the band gap as compared to PP(TPD-Fluo)P.

0.6
—— PE(TPD-Fluo)E
o 05- —— PP(TPD-Fluo)P
e
(1]
2 04+
o
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Figure 3.59. Neutral state absorption spectra of PE(TPD-Fluo)E and PP(TPD-
Fluo)P films coated on ITO electrode in 0.1 M TBAPFs/MeCN.
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Under the applied external potential, the alterations in electro-optical behaviors of
the polymer films on ITO were monitored and the resulting spectra are given in
Figure 3.60. During the oxidation of each film, the intensity of n-n* transition band
starts to diminish and a new absorption band, revealing the formation of polaron
charge carriers, starts to appear. Upon further oxidation, this change is followed by
a blue shift in the new absorption band, which is more pronounced in the case of
PP(TPD-Fluo)P. In its fully oxidized form, m-m* transition band diminishes
completely with a decrease in the polaron absorption band intensity. The color of
the electrochromic polymer films changes from blue to gray for PE(TPD-Fluo)E
and PP(TPD-Fluo)P upon oxidation. (see inset photos of Figure 3.60). L*, a*, b*
values corresponding to the colors in two extreme states (neutral and oxidized) are

noted in Table 3.15.
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Figure 3.60. The changes in electronic absorption spectra of electrochemically

deposited (a) PE(TPD-Fluo)E and (c¢) PP(TPD-Fluo)P films on ITO recorded at

various applied potentials in 0.1 M TBAPF¢/MeCN. Insets: CVs of the films

recorded with a scan rate of 20 mVs™!. Inset: The colors of the films at neutral and

oxidized states.
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In order to investigate whether the polymer films are n-dopable or not, the
alterations in their electronic absorption spectra were recorded under an externally
applied potential in cathodic region as shown in Figure 3.61. As seen from the
figure upon applied potential, the intensity of m-m* transition bands starts to
diminish with the formation of new charge carrier bands at around 815 nm for
PE(TPD-Fluo)E and 880 nm for PP(TPD-Fluo)P, which indicates that polymer
films are n-dopable. The color changes during cathodic scan were also recorded
and depicted in inset photos of Figure 3.61. The color coordinates of the polymer
films in their neutral and reduced states were expressed as L*, a*, b* values and

listed in Table 3.15.
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Figure 3.61. The changes in electronic absorption spectra of electrochemically
deposited (a) PE(TPD-Fluo)E and (c¢) PP(TPD-Fluo)P films on ITO recorded at
various applied potentials during n-doping in 0.1 M TBAPFs/MeCN. Insets: CVs
of the films recorded with a scan rate of 20 mVs''. Inset: The colors of the films at

neutral and reduced states.
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The chronoabsorptometry study of each polymer film was conducted by square
wave potential method by applying potential difference between its redox states
with a residence time of 10 s and depicted in Figure 3.62. The percent
transmittance change from chronoabsorptometry study was found to be 32% at 644
nm for PE(TPD-Fluo)E and 34% at 609 nm and 36% at 668 nm for PP(TPD-
Fluo)P. The corrresponding oxidation response time and CE at 95% full contrast
were calculated as 0.4 s and 407 cm?/C for PE(TPD-Fluo)E and 0.6 s and 501
cm?/C at 609 nm, 0.5 s and 606 cm?/C at 668 nm for PP(TPD-Fluo)P, respectively.
The neutralization response time was calculated to be 0.2 s for both PE(TPD-
Fluo)E and PP(TPD-Fluo)P polymer films. This fast response time for the
neutralization of polymer films shows the fast removal of counter ions during
neutralization due to electrostatic repulsion between polymer chain and counter

1ons All the results are also tabulated in Table 3.15.
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Figure 3.62. Chronoabsoptometry experiments for the polymer films on ITO in 0.1
M TBAPFs/MeCN when the films were switched between redox states with an
interval time of 10 s for (a) PE(TPD-Fluo)E (between -0.5 V and +1.2 V at 644
nm) and (b) PP(TPD-Fluo)P (between 0.0 V and +1.2 V at 609 nm and 668 nm).
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Table 3.15 Optoelectronic properties of the polymer films on ITO in 0.1 M
TBAPFs/MeCN

Polymer PE(TPD-Fluo)E PP(TPD-Fluo)P
Amax (Nm) 644 609, 668
Eg°Pt (eV) 1.48 1.59
A%T 32 34, 36
CE (cm?/C) 407 501, 606
ts,0x? (S) 04 0.6, 0.5
ts,red® (S) 0.2 0.2,0.2
Color at
neutral state 71.19, -3.69, -18.14 68.75, -4.39, -17.24
L*, a*, b*
Color at
oxidized state 84.99, -0.95, -0.73 81.69, 2.14, 0.19
L*, a*, b*
Color at
neutral state 58.40, -2.07, -25.67 66.13, -2.88, -15.04
L*, a*, b*
Color at
reduced state 68.56, -2.45, -9.31 77.22,-3.35, 0.85
L*, a*, b*

295% of full switch from colored to bleached states.

The long-term stability of fluorene-substituted polymer films were examined upon

switching between their neutral and oxidized states via square wave potential
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method. For this reason, the polymer films were switched between a potential
range of -0.5 V and +1.1 V for PE(TPD-Fluo)P and 0.0 V and +1.1 V for PP(TPD-
Fluo)P under ambient conditions. The obtained stability test results were depicted
in Figure 3.63 to show the changes in optical and electrochemical activities of the
polymer films after thousands of cycles. As seen from the Figure 3.63, PE(TPD-
Fluo)P film exhibited a superior stability up to 20000 cyles by retaing 73% of its
electroactivity and 75% of its optical activity. The high stability of PE(TPD-Fluo)P
polymer film makes it very attractive for electrochromic applications. In the case of
PP(TPD-Fluo)P, the polymer film also revealed high optical stability by preserving
89% of its optical activity with the loss of half of its electrochemical activity after

8000 cycles as shown in Figure 3.63.
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Figure 3.63. Electrochemical and optical stability tests for the polymer films on
ITO in 0.1 M TBAPFs/MeCN when the films switched between redox states (-0.5
V and +1.1 V) at 630 nm for (a) PE(TPD-Fluo)E and (0.0 V and +1.1 V) at 605 nm
for (b) PP(TPD-Fluo)P with an interval of 1 s.
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33 D-A-D Monomers Based on PH Type Acceptor Unit

In this part, PH unit was employed to be acceptor unit in the synthesis of a novel
D-A-D monomer with the EDOT donor unit. The resulting trimeric monomer was
named as E(PH)E. The pathway for the synthesis of E(PH)E was given in Scheme
3.7.

HN—-NH
NHQNHz H-O
\ | CzH5OH -Dioxane (1:1)
100°C, 24 h
E(PI-EtHex)E E(PH)E

Scheme 3. 7. Synthetic route for the synthesis of E(PH)E.

3.3.1 Optical Properties of the Monomer

For the investigation of optical properties of trimeric structure, the electronic
absorption and emission spectra of the monomer was recorded in DCM and the
resulting spectrum is given in Figure 3.64. As shown in Figure 3.64 (a), one
absorption band is detected at 318 nm for E(PH)E, corresponding to m-m*
transition. Because the intramolecular interaction in this trimeric unit is negligible
due to the very poor electron withdrawing nature of the PH structure, any sign for

the formation of an ICT band cannot be observed in the case of E(PH)E.

The fluorescence emission spectrum of the monomer was also depicted in Figure

3.64 (b). As seen from the figure, E(PH)E displays characteristic emission band at
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around 440 nm upon excitation at 300 nm. However, the fluorescence intensity of
emission band is quite low as it is seen by naked eye from inset photo of Figure
3.64 (b). It is noteworthy that this trimeric monomer exhibits notably low
fluorescence quantum efficiency due to the quenching effect of core structure.
Table 3.16 tabulates all the absorption and emission maxima of the monomer.
When this system was compared with previously synthesized terthienyl analog'??,
the absorption and emission maxima of E(PH)E are shifted to a lower wavelength,
which indicates the poor acceptor strength of PH unit as compared to its thiophene

bearing analog.
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Figure 3.64. (a) Absorption and (b) emission spectra of the monomer in DCM.
Inset: The color of the monomer (a) in daylight and (b) under UV lamp at 365 nm.

3.3.2 Electrochemical Properties of the Monomer

The electrochemical behavior of E(PH)E monomer bearing EDOT was investigated
via both CV and square wave voltammetry (SWV) in order to reveal the effect of
central acceptor moiety on the trimeric system and the results are given in Figure
3.65 for comparison sake. Both voltammograms of the trimeric system were

recorded in 0.1 M TBAPF¢/MeCN solution containing 5% BF3-EtcO on Pt disc
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electrode since the monomers are insoluble in MeCN. From the square wave
voltammogram given in Figure 3.65 (b), one irreversible oxidation peak was
observed at 1.36 V vs Ag/AgCl for E(PH)E vs Ag/AgCl. However, the
voltammograms are not recorded in cathodic region due to the presence of BFs-

Et,0 in the electrolytic medium.
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Figure 3.65. Cyclic voltammogram of E(PH)E on Pt electrode vs. Ag/AgCl in 0.1
M TBAPF; dissolved in MeCN containing 5% BF3-Et2O by volume at a scan rate
of 100 mVs™! and (b) square wave voltammogram of E(PH)E on Pt electrode vs.
Ag/AgCl in 0.1 M TBAPFs dissolved in MeCN containing 5% BF3;-Et2O by

volume.
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Moreover, the studies were also conducted for electropolymerization of
electroactive E(PH)E system. Unfortunately, the electroactive E(PH)E system with
PH core unit does not afford a successful electrochemical polymerization due to the
lack of planarity in this trimeric system as observed in the case of Pl-based
systems. The computational studies revealed that the large dihedral angle at around
40° between benzene ring of PH with the adjacent EDOT unit distrupts the
coplanarity of system and limits the electron delocalization and thereby prevents
electropolymerization process. The comparison of this trimeric system with
previosly synthesized terthienyl analog indicated that electropolymerization with

the terthienyl system is possible unlike PH-based systems'?2.

Table 3.16 Optical and electrochemical properties of the monomers

Monomers E(PH)E E(PI-EtHex)E
Amax,abs (NM) 318 235, 270, 335
;\.max,em (nm) 440 506
Eoxm (V)-CV 1.38 1.39
Eoxm (V)-SWV 1.36 -

333 Chemiluminescence Properties of the Monomer

To investigate the chemiluminescence properties of E(PH)E system, two-syringes
system, which is named as rapid mix system, was utilized. One of the syringes in
the system contains oxidant and catalyst whereas the other one involves
chemiluminescent compound dissolved in proper alkaline medium. The different
type of catalysts (metal cations, blood or hemin) or oxidants (H2O2, KMnO4 and

K>Cr207) can also be used in chemiluminescence measurements. When the blood
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or hemin was used as catalyst, one of the syringes involves blood or hemin
solutions together with chemiluminescent compound while the other syringe
contains only oxidant. In chemiluminescence measurements, the concentration of
reagents has also a priority as well as the types of reagents. For chemiluminescence
measurements, the concentrations of reagents were generally adjusted to be 10° M
for the target chemiluminescent compound, 102 M for oxidant and 10> M for
catalyst. In order to understand the concentration effect on chemiluminescence
intensity, the concentration of reagents can also be varied for chemiluminescence
measurements. For this purpose, the reagents were diluted by distilled water or
NaOHaq) solution. While the chemiluminescent compound and hemin were diluted
with 0.1 M NaOHagq) solution, the blood, H>O; and metal cations were diluted with
distilled water. For comparison sake, chemiluminescence measurements were also

carried out for luminol.

In order to determine the most efficient oxidant in chemiluminescence
measurement, three different oxidizing agents, H2O,, KMnO4 and K>Cr,O7 were
tested at the same concentrations. When the chemiluminescence radiation
intensities of the oxidants were compared for both E(PH)E and luminol, it was
found that H>O; reveals the highest intensity among three oxidants as shown in
Figure 3.66. Therefore, H>O, was selected as oxidant for the following

chemiluminescence measurements.
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Figure 3.66. Chemiluminescence intensities of 1.0x10°® M (a) E(PH)E and (b)
luminol in 0.1 M NaOHq) with 1x10~ M of various oxidants.
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When taking into account the structural similarities between luminol and E(PH)E, a
similar chemiluminescence mechanism can be suggested for E(PH)E system. In
this mechanism, after the interaction of the oxidizing agent, H- O, with E(PH)E, a
bridge is formed between carbonyl groups via peroxide in pyridazine ring. This
ring is irreversibly broken down due to the stretching in the bridge and the energy
is released in the form light. Consequently, the blue-green light is emitted. The

suggested mechanism is given in Scheme 3.8.
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Scheme 3. 8. The suggested mechanism for E(PH)E.

In order to investigate the effect of H2O2 concentration on chemiluminescence
reaction, the different concentrations of H>O» was reacted with luminol in alkaline
medium and the intensity of light emitted was recorded as a function of H>O»
concentration and depicted in Figure.3.67. It was found that the chemiluminescence
intensity increases with increasing H»O: concentration. Moreover, the
chemiluminescence radiation can be detected even if the concentration of H2O> is
low as 1.0x10°° M. However, chemiluminescence intensity is quite low to be seen
by naked eye due to slow kinetics of chemiluminescence reaction in the absence of

catalyst.
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Figure 3.67. Chemiluminescence intensities of 1.0x10°® M luminol in 0.1 M

NaOH.q) with different H>O> concentrations.

The higher intensity of light can only be observed with the help of a catalyst which
fasten the chemiluminescence reaction. In order to observe the effect of catalyst on
the chemiluminescence reaction, Fe*" ion was employed as catalyst in the reaction
of E(PH)E and luminol with H>O> in alkaline medium and the results are depicted
in Figure 3.68. As it can be seen from the figure, the chemiluminescence emission
intensity of E(PH)E and luminol compounds drastically increases with the addition

of Fe’" ion indicating the effect of catalyst on chemiluminescence reaction.
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Figure 3.68. Chemiluminescence intensity of 1.0x10°® M (a) E(PH)E and (b)
luminol in 0.1 M NaOHq) with 1.0x10* M H>O: (i) in the absence and (ii) in the

presence of 1.0x10* M Fe** ion.
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The different metallic cations can also catalyze the chemiluminescence reaction
between luminol and H2O, ¢! .Thus, a variety of different metal ions (Ag’, AI**,
Cd**, Co**, Cu*', Fe*', Mg?", Mn*", Ni?*, Pb**, Zn>") were also analyzed to detect
the catalytic effect of these metal ions on chemiluminescence reaction of E(PH)E
and luminol. As shown in Figure 3.69, E(PH)E compound exhibits high selectivity
towards Cu?", Zn?>*, Pb** and Fe’" ions while luminol shows high sensitivity
towards Al**, Cu** and Fe** ions. Among these ions, the highest catalytic activity
on chemiluminescence reaction of E(PH)E and luminol was detected for Cu®** and
AI** ions, respectively. These properties of E(PH)E and luminol make them
ameable for both blood detection and ion sensing applications in the field of

analytical chemistry.
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Figure 3.69. Chemiluminescence intensity of 1.0x10°® M of (a) E(PH)E and (b)
luminol in 0.1 M NaOHgq) with 1.0x10* M H,0 in the presence of 1.0x10 M of

different metal ions.

In order to the evaluate the potential use of E(PH)E compound for ion sensing or
blood detection applications, the response of E(PH)E compound towards different
concentrations of metal ions was also investigated. Only a few metal ions were
selected for the investigation of concentration effect of metal ions on
chemiluminescence reaction. Firstly, the effect of Fe’" ion concentration was
investigated. For this purpose, five-different concentrations of Fe** were applied
for chemiluminescence reaction of E(PH)E and chemiluminescence intensity was

recorded as a function of metal ion concentration.(Figure 3.70). It was found that
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chemiluminescence intensity is still detectable at 10> M Fe**. The same study was
also conducted for Cu?* ion since it exhibits the highest catalytic activity towards
chemiluminescence reaction of E(PH)E and it was observed that
chemiluminescence radiation intensity increases as a function of increased Cu*" ion
concentration. Also, more enhanced response was observed for Cu’?’ ions as

compared to that of Fe** even at a concentration level of 10* M. (Figure 3.70)
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Figure 3.70. Chemiluminescence intensity of 1.0x10°® M of E(PH)E in 0.1 M
NaOH,q with 1.0x10* M H,0> in the presence of different concentrations of (a)

Fe** and (b).Cu®" ions.

A similar study was also conducted for hemin to reveal the effect of hemin
concentration on chemiluminescence emission intensity for both E(PH)E and
luminol and the obtained results were given in Figure 3.71. As shown in Figure
3.71 (a), hemin can catalyze the chemiluminescence reaction of E(PH)E even at a
low concentration of 10”7 M. In the case of luminol depicted in Figure 3.71 (b),
chemiluminescence intensity can be detected even at a lower hemin concentration,

which is about 10710 M.
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hemin concentrations.

The chemiluminescence emission profile of the compound E(PH)E was also
investigated in the presence of blood sample instead of Fe®" ion in order to
determine the potential use of E(PH)E for blood detection in forensic science. For
these measurements, the blood samples were diluted by water in different
proportions to determine the lowest detection limit. The obtained results were
depicted for both E(PH)E and luminol in Figure 3.72 for comparison sake. It was
observed that light intensity still can be detected even at 100,000 fold dilution level
for E(PH)E.
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CHAPTER 4

CONCLUSION

In the previous sections, an extensive study has been presented so as to reveal
optical, electronic and optoelectronic features of new D-A-D type trimeric
monomer systems and their corresponding polymers. With the goal of exploring
such kind of properties, different kinds of donors, acceptor and the substituents are
involved in this study. In order to elucidate the effect of donor, acceptor and the
substituent on the acceptor, D-A-D type sytems have been created with three series
of acceptor units involving different substituents. Thiophene and alkylene

dioxythiophene-based donor units are used for the synthesis of D-A-D monomers.

In the first section, two PI based acceptor units with propyl- and POSS propyl-
substituents were coupled with thiophene and EDOT donor units and four new PI
based analogues were synthesized and characterized. When the results are
examined, it is noted that the substituents have very little effect on the absorption
and emission profiles of monomers, whereas the donor group has a more
pronounced effect on absorption and emission bands that red shift with increased
donor strength. Moreover, the electrochemical data shows that the oxidation
potentials of POSS-substituted monomers were found to be slightly more positive
and the reduction potentials were found to be more negative than their propyl-
substituted analogues. The effect of POSS substituent on the oxidation potential
seems quite negligible, whereas it is more pronounced in the reduction potential.
This change is due to lowering of LUMO. Also, it was found that POSS-substituted
monomers have the potential of electrochemical polymerization unlike their
propyl-substituted analogues. Although there exist some studies based on PI
acceptor unit in the literature, there are few examples with different functional
groups. The studies based on PI acceptor unit was already reported in literature, but

with the limited number of functional groups. Our studies show that PI can be
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modified by any functional group other than common alky chains. Furthermore, it
is noteworthy that PI is a poorer acceptor unit as compared to the other acceptors in

the literature without being dependent on the type of substituent.

In the second section, a similar type of acceptor with the N-functionalization
center, TPD, was involved in the synthesis of new D-A-D type monomers. Four
series of D-A-D monomers, each containing TPD core unit with a different
substituent, have been synthesized and characterized to reveal the precise effect of
the substituent concerning optical and electrochemical properties of the monomers
and polymers synthesized in this work. In addition, both the effect of different
donor groups and structural modifications in the acceptor unit as changed from PI
to TPD have been investigated as well. Several important conclusions were drawn

according to the data presented in this section.

Firstly, the factors affecting the photophysical properties of TPD based monomers
were evaluated and it was found that alky type substitution (ethyl hexyl or POSS
propyl) on TPD acceptor unit has no appreciable effect on the photophysical
properties of the monomers, whereas aryl substituents result in a change in
electronic absorption profile of the monomers due to the absorption of aryl
substituents (azobenzene and fluorene) in the relevant range. On the contrary,
photophysical properties of the monomers were found to exhibit more pronounced
variations depending on the type of donor unit rather than the substituent. The trend
observed for varying donor units in each serie containing the same substituent was
similar. When the effects of these factors on the properties of corresponding
polymers were investigated, it was found that donor and acceptor units play key
roles on the electrochemical and optical behaviors such as band gap, neutral state
color, and electrochromic performance while the substituent does not significantly
change optoelectronic properties of polymers. Accordingly, it was found that the
optoelectronic behavior of each serie containing the same substituent was
comparable. For example, E; values evaluated from optical data follows the same
trend for each series (i.e. Eg, Thiophene > Eg, propoT > Eg, EDOT ) but each substituent

contributes its own properties into polymer backbone. For example, all POSS
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propyl appended polymer films exhibit solubility in common organic solvents and
greater thermal stability in contrast to ethyl hexyl-substituted ones. Similarly, both

azobenzene-substituted monomers and their polymers adopt photoswitching
property.

Secondly, when the effect of both alky or aryl substituents on electrochemical
behaviours of the monomers were examined, it was found that all monomers
exhibit similar pattern with one oxidation peak and one reduction peak. Detailed
examination of peak potentials from all series of TPD based monomers shows that
the substituent on the acceptor unit does not appreciably affect the oxidation
potential except for POSS propyl substituent which results in slight anodic shift in
the oxidation potential of all three POSS propyl appended monomers. This trend is
also observed in POSS propyl appended PI based monomers. The reason for this
anodic shift is not clear yet. Moreover, when the effect of donor groups on the
oxidation peak and onset potentials are examined in all TPD based monomers, it
was found that the oxidation peak and onset potentials exhibits more pronounced
variations and decrease drastically when moving from thiophene unit to EDOT
donor unit in each monomer series without being dependent on the subtituent on
the acceptor unit. This trend is explained by the strength of donor group. By taking
all these results into account, it can be concluded that the trend observed in the
oxidation potentials is solely determined by the strength of donor group. On the
other hand, detailed inspection and comparison of reduction potential of the TPD
based monomers revealed that the reduction potentials show variations depending
on aryl or alky substituents on the acceptor unit. For example, the reduction
potentials of POSS propyl-substituted D-A-D monomers were found to be more
negative than their ethyl hexyl analogues. This is because reduction potentials are
related to LUMO energy levels of the monomers and LUMO energy levels can be
tuned by any structural change in the acceptor units. Furthermore, it was found that
the reduction potentials of all azobenzene-substituted monomers are drastically
shifted to more positive values as compared to all other substituted analogs. This

drastic change in reduction potentials also originates from the substituent effect on
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the acceptor unit since azobenzene as an electron withdrawing functional group
increases the electron deficiency of the acceptor unit, thereby the D-A-D system
and as a result reduction potentials shift to more positive values. When the effect of
donor moiety on the reduction behavior of all TPD based monomers were taken
into account, the reduction potentials of EDOT derivatives were found to be more
negative due to higher electron density of D-A-D systems with the EDOT donor
unit as compared to thiophene or ProDOT analogues. This result is also correlated
for PI based D-A-D systems. When the effects of these factors on the
electrochemical properties of corresponding polymers were investigated, it was
found that the effect of donor and acceptor units on the electrochemical band gap is
concrete while the effect of substituent is quite negligible. Also, the effect of donor
units on the electrochemical and optical band gap values of polymers were
investigated, it was found that each serie follows the same trend depending on the

strength of donor unit (i.e. Eg thiophene > Eg propoT> Eg EDOT).

Lastly, in order to understand the structure-property relationships that occur with
the replacement of PI core with TPD core unit in a D-A-D system, PI based
monomers were directly compared with TPD containing ones having the same
substituent and donor units. As a result, it was found that both absorption and
emission spectra of D-A-D monomers with PI core unit are significantly blue-
shifted relative to their TPD based counterparts. This shift can be explained by
higher electron affinity of the TPD core unit than PI unit and the better coplanarity
of TPD based system than PI based ones as supported by theoretical calculations.
The better coplanarity enhances the conjugation and ICT, which explains the
bathochromic shift of TPD based system as compared to their PI based
counterparts. Moreover, the examination of electrochemical data indicated that the
oxidation potentials of the PI based monomer systems are drastically shifted to
more positive values as compared to their TPD based counterparts. This shift is
also ascribed to the strength of acceptor group which is the only variable in both D-
A-D systems. Although HOMO energy levels are independent of identity of

acceptor unit, in this case a noticeable shift was observed in HOMO energy levels
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of D-A-D systems depending on the change in acceptor unit. In literature, it was
declared that the nature of acceptor unit can lead to HOMO energy level to become
deeper. More electronegative acceptor unit can lower both the HOMO and LUMO
energy levels of a conjugated system, but not at the same level. This explains the
low lying HOMO levels of PI based systems as compared to TPD based ones, both
having the same donor unit. It can be concluded that the acceptor unit has a slight
impact on the HOMO energy level in addition to LUMO. Furthermore, when the
reduction potentials of the same monomer systems were examined, it was found
that PI based monomers exhibit less negative reduction peak and onset potentials as
compared to their TPD based counterparts. Since the reduction potentials are
directly related to the LUMO energy level, it can be stated that the monomers with
the PI acceptor unit result in a lower LUMO energy level than their TPD
counterparts. However, in literature, it was reported that a stronger acceptor unit
results in a lower LUMO energy level. According to this information, it is expected
that TPD based monomers have lower lying LUMO energy level since TPD is a
stronger electron deficient unit than PI acceptor unit. However, in our study, the
obtained results indicated that all TPD based monomers have more negative
reduction potentials, thereby higher LUMO levels as compared to PI based ones,
which is not correlated to the literature knowledge. When the effect of acceptor
units on the optoelectronic properties of corresponding polymers were investigated,
it was found that more improved results such as low band gap, high optical
contrast, fast switching time etc., were observed for TPD-based polymers as
compared to Pl-based polymer. This study also shows that both PI and TPD
acceptors can be modified by any functional group to impart new functionalities

without altering their optoelectronic properties.

In the third and last section, a novel D-A-D system with the chemiluminescent
property was synthesized in a two-step pathway. Firstly, the optical and
electrochemical properties of this PH-based system was investigated and compared
with the terthienyl analog. According to this, PH structure is not able to afford

coplanarity in this trimeric conjugated system, which explains hypsochromic shift
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and ineffective polymerization observed in the PH-based systems. This results
show that PH unit with the benzene ring is weaker acceptor unit as compared to its
thiophene bearing analog. Moreover, chemiluminescence quantum efficiency of

PH based system is not high as much as luminol.

In summary, this work experimentally evaluates the electrochemical and
optoelectronic properties of some novel D-A-D type monomers containing PI and
TPD acceptor which can be functionalized with a variety of alky or aryl groups.
The effect of substituent, donor and acceptor were directly compared to elucidate

the structure-property relationship.
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APPENDICES
A. NMR Spectra of Monomers and Polymers
NMR was recorded by Bruker Spectrospin Avance DPX-400 Spectrometer. TMS

was used as internal reference.
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Figure A.20. 'H NMR spectrum of T(TPD-EtHex)T in CDCls.
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Figure A.21. 3C NMR spectrum of T(TPD-EtHex)T in CDCl;.
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Figure A.22. "H NMR spectrum of E(TPD-EtHex)E in CDCls.
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Figure A.24. "H NMR spectrum of P(TPD-EtHex)P in CDCl;
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Figure A.25. 3C NMR spectrum of P(TPD-EtHex)P in CDCl;.
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Figure A.26. 'H NMR spectrum of PP(TPD-EtHex)P in CDCls.
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Figure A.27. "H NMR spectrum of T(TPD-POSS)T in CDCl;.
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Figure A.28. 3C NMR spectrum of T(TPD-POSS)T in CDCls.
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Figure A.29. "H NMR spectrum of E(TPD-POSS)E in CDCl;.
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Figure A.30. 3C NMR spectrum of E(TPD-POSS)E in CDCls.

250



PE(TPD-POSS)E 1H

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure A.31. "H NMR spectrum of PE(TPD-POSS)E in CDCls.
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Figure A.32. "H NMR spectrum of P(TPD-POSS)P in CDCls.
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Figure A.33. 3C NMR spectrum of P(TPD-POSS)P in CDCls.
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Figure A.34. "H NMR spectrum of PP(TPD-POSS)P in CDCls.
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Figure A.35. "H NMR spectrum of T(TPD-Azo)T in CDCls.
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Figure A.36. 3C NMR spectrum of T(TPD-Azo0)T in CDCls.
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Figure A.37.

"H NMR spectrum of E(TPD-Azo)E in CDCl;.
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Figure A.38. 'H NMR spectrum of P(TPD-Azo0)P in CDCls.
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Figure A.39. 3C NMR spectrum of P(TPD-Azo)P in CDCls.
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Figure A.40. "H NMR spectrum of E(TPD-Fluo)E in CDCls.
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Figure A.41. 'H NMR spectrum of E(TPD-Fluo)E in CDCls.
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Figure A.42. 'H NMR spectrum of P(TPD-Fluo)P in CDCls.
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Figure A.43. 3C NMR spectrum of P(TPD-Fluo)P in CDCl;.
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Figure A.44. "H NMR spectrum of E(PI-EtHex)E in CDCls.

264



E(PI-EtHex)E 13C2

=i
—~14130
\-140.08
— 13582
—10055
6437
—a167
—3.17

128.95
128.93
—111.13

—128.95
~  ~-12893

i

129.0 128.8
f1 (ppm;

(ppm)

—13.98
—1037

T T T T T T T T

T
200 190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

Figure A.45. 3C NMR spectrum of E(PI-EtHex)E in CDCl;.
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Figure A.46. "H NMR spectrum of E(PH)E in d-DMSO.
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Figure A.47. 3C NMR spectrum of E(PH)E in d-DMSO.
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B. HRMS Data of Monomers

HRMS was performed by Waters SYNAPT G1 MS System under the electron
impact mode at METU Central Laboratory.

Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

IMonoisotopic Mass, Even Electron lons

6 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:11-11 H:9-10 N: 11 0O:2-2 79Br: 0-2 81Br. 0-2

Ahmet Onal
28093_20191024_02-02 8 (0.328) Cm (1:10) 1: TOF MS ES+
2 67e+004
i 347.9058
" 345.9082 349 9056
336.1777
338.3429 VLYY
353.1882 361.0987
336.1798 -
| 3393477 340.3559342.2664 W | \ ‘ | 354.8753 3572103 3586310 [362.1010
bbbl —— — Ly L e —  miz
335.0 3375 340.0 3425 345.0 3475 350.0 3525 355.0 3575 360.0 362.5
Minimum: -5_5
Maximum: 1000.0 5000.0 1000.0
Mass Calc. Mass mDa PEM DBE 1-FIT 1i-FIT {Norm) Formula
347.90538 347.90538 0.0 0.0 6.5 359.8 0.0 cli H10 N o©2 79Br

81Bx

Figure B.1. HRMS spectrum of PI-Propyl.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

4 formula(e) evaluated with 1 results within limits (all results (up to 1000} for each mass)
Elements Used

C:18-18 H:8-10 N:3-3 0:2-2 S:1-1 79Br:0-1 81Br: 0-1
Ahmet Onal
25158_20181220_01-04 10 (0.396) Cm (5:11) 1: TOF MS ES+
4.96e+005
100 491.8828
4898856 493.8827
Yo
494 8851
485.3448
Pk st ETAASE0.  ARTOTG2 : | ‘ (| 5023766 5073289 1q p0ac  gpq331g 5233005 5293757 2
ARRRERIRRAST aRL L RERARREREESY La RARRRRE LIRS RASaE SEL L BN RARRELIEESSIEERTRRLY L RERSARERARSE AASANRAREI RN
470.0 475.0 480.0 455.0 450.0 495.0 500.0 505.0 510.0 515.0 520.0 525.0 530.0
Minimum: o
Maximum: 1000.0 5000.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT 1-FIT (Norm) Formula
491.8828 451.8840 o -2.4 14.5 475.8 0.0 018 H10 N3 02 S8 79Br
B1Br
Figure B.2. HRMS spectrum of TPD-Azo.
Single Mass Analysis
Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
7 formula(e) evaluated with 1 results within imits (all results (up to 1000) for each mass)
Elements Used
C:1919 H 910 N: 11 022 S 11 T79Br:0-2 81Br:. 0-2
Ahmet Onal
288853_20200116_04-04 9 (0.362) Cm (1:10) 1: TOF MS ES+
1.20e+004
10 4743167 4758803
473.3165
475.3065
% 471.3062 477.8786
472.8755 4792631 4805445 4836409
470.4502
| | 1 ‘ 4815516 4825273 | 484 4496
| | L | L L L pot o ||| L [y [ 1y miz
- i T vy ot s mEmama o ; ! T o i T
470.0 4720 474.0 476.0 478.0 480.0 482.0 484.0
Minimum: =5_5
Maximum: 1000.0  5000.0 1000.0
Mass Calc. Mass mDa PPM DBE i=FIT 1i-FIT (Norm) Formula
475.8803  475.8779% 2.4 5.0 14.5 182.2 0.0 013 HI0O N 02 8 79Br
B81Br

Figure B.3. HRMS spectrum of TPD-Fluo.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

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

Elements Used:
C:47-47 H:77-78 N:1-1 0O:14-14 Si:8-8 S:2-2
Ahmet Onal

21799_20171128_01-04 5 (0.208) Cm (1:24) 1: TOF MS ES+
1168.3007 11002872 1.49+003
A0 1191.2909
1192.2883
1271.5490
1272 5499 1458.4082
% ’ 1459.4154
1193.2874 1274 5499 1457.4039
1061.4080 1206.2504 1287.5488 1460.3956
10204892 | 10824059 11153477 1260.2158 ' 145538981 1462 4015
bdindl m . bbby L H‘\ \Ulh 113?0-13478 . L.
O e B L L e g 11 -4
00 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500
Minimum: -5.5
Maximum: 1000.0 5000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
1168.3007 1168.3018 -1.1 -0.9 17.5 148.7 0.0 Cc47 H78 N 014 Sis8 s2
Figure B.4. HRMS spectrum of T(PI-POSS)T.
Single Mass Analysis
Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
1 formulafe) evaluated with 1 results within imits (all results {up to 1000) for each mass)
Elements Used
C:19-19 H:15-16 N:1-1 0:2-2 5:2-2
Ahmet Onal
24180_20180912_02-01 20 (0.775) Cm (1:24) 1: TOF MS ES+
9.53e+004
10 381.1323
354.0626
379.7001
9% 301.1427 A32751
355.2780

316.3232 342.3089

346.2990

302.1483

3331705

300 305 310 315 320 325 330 335 340 345 350 355 360

24560 397.2835

Minimum: =940

Maximum: 1000.0 5000.0 1000.0

Mass Ccalc. Mass mDa PPM DEE i-FIT i-FIT (Norm) Formula

354.0626 354.0622 0.4 e £ 12:5 436.3 0.0 cl% H16 N 02 32

Figure B.5. HRMS spectrum of T(PI-Propyl)T.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

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

C:51-561 H:82-83 N:1-1 0:18-18 Sii88 S:2-2

Ahmet Onal

21799_20171128_02-01 21 (0.829) Cm (1:25) 1: TOF MS ES+
2.48e+004
10 1284.3083
1286.3099
1287.3113
Yor
1288.3120
1283.3036 G
2 1312.7618
. 1258.6042 1271[5‘1%57 r‘ 1300.3128__ 1306]2‘9‘32 A 1322.2598 1331.3285 .
L e L e o e S R e R s R e e s e e ]
1260 1270 1280 1290 1300 1310 1320 1350 1360
Minimum: =5.5
Maximum: 1000.0 5000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm)
1284.3083 1284.3128 -4.5 =35 19.5 1617 0.0 N o018 sSis s2

Figure B.6. HRMS spectrum of E(PI-POSS)E.

Single Mass Analysis

Tolerance = 5000.0 PPM |/ DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

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

C:23-23 H:19-20 N:1-1 0:6-6 S:2-2

Ahmet Onal

24180_20180913_01-02 16 (0.639) Cm (1:16)

4700721

437 1935 471.0767 507.2727
421.1821%37 449.2141
4852010 |o0q 526s

1: TOF MS ES+
6.75e+004

5795300 5909506

50.2375 I: ]
- 1 - M - I

n
1

Minimum: =5.5

Maximum: 1000.0 5000.0 1000.0

Mass Calc. Mass mDa DBE i-FIT 1-FIT
470.0721 470.0732 =1.1 -2.3 14.5 378.0 0.0

Figure B.7. HRMS spectrum of E(PI-Propyl)E.
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Single Mass Analysis

Tolerance = 50.0 PPM / DBE: min = -5.5, max = 1000.0

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

Monoisotopic Mass, Even Electron lons

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

Elements Used:
C:22-22 H:10-27 N:1-2 0:1-3 Na:0-1

Figure B.9. HRMS spectrum of E(TPD-EtHex)E.
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S:33  :0-3
Ahmet Onal
22323_20180208_01-01 4 (0.172) Cm (1:11) 1: TOF MS ES+
7.19e+004
100 430 0968
%] 4290900
4311017
NTI614
432 0984 4852584
IR0 4\791540“5 ngz [ 457 051
e 4611892 458 3040 -
B T T 160 INTDY | otz i P e N SO i e N i
B3 390 395 40 405 410 415 20 4z 4230 435 440 445 40 455 400 w5 470 415 480 485 450 495 '

Minimum: =5. 5

Maximum: 1000.0 50 .0 1000.0

Mass Calc. Mass mDa PEM DBRE i=FIT i-FIT (Norm) Formula

430.0968 430.0962 =021 =02 11.5 413.6 0.0 C22 H24 N 02 53
Figure B.8. HRMS spectrum of T(TPD-EtHex)T.
Single Mass Analysis
Tolerance = 10000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
3 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:26-26 H:26-28 N:1-1 0:6-6 Na:0-1 8:3-3 K:0-1
Ahmet Onal
22223 20180122_01-04 15 (0.586) Cm (10:21) 1: TOF MS ES+

3.16e+003
o 548.1080
srazar
S 5433244
5471108
B451019
481077 57 4385
so7a007 T ss7.0008
537 8920 5 2 51 S
o [ e g e L O e N s e I A e
8340 | 5%0 530 | 5400 5420 5440 | B0 | 5480 5500 | 580 | B840 ) BGES | .oe80p T

Minimum: =58
Maszimum: 1000.0 10000.0 1000.0
Mass Calc. Mass mDa PEM DEE i=-FIT i=FIT (Norm) Formula
546.1080 546.1079 0.1 0.z 13.5 200.1 0.0 C2¢é H28 N 0& 33



Single Mass Analysis

Tolerance = 10000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

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

C:68-68 H:111-112 N:1-1

0:6-6 Na:0-1 8:3-3 K:041
Ahmet Onal
22223 _20180122_02-01 23 (0.897) Cm (17:25) 1: TOF MS ES+
3.026+003
e 11347845
11357851
e
1 }T.‘E?EE‘
Y,’JT.TESZ
10537284 P
|“1/\‘-5‘ Ta54 T-N‘ﬂl’r&‘t“ﬁ sz 0BIES | maiame EM“”‘Q u}f” s "F'L:'ﬁs': TIB0TTBY o oe 12007283 1OTSTTS 1227 8807 12378348 1247 3748
. "o 1080 | 1090 | 1100 1910 | 1120 1130 1140 | 1150 1980 1170 B 1% 1200 U e e
1000.0  10000.0 1000.0
lc. Mass mba FPM DRE 1-FIT i-FIT (Norm) Formula
1134.7645 1134.7652 -0.7 -0.6 13.5 25.0 0.0 cé8 HII2Z N 06 S3
Figure B.10. HRMS spectrum of P(TPD-EtHex)P.
Single Mass Analysis
Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:45-45 H:75-76 N:1-1 O:14-14 Sii8-8 S:3-3
Ahmet Onal
29233_20200219_01-01 16 (0.639) Cm (15:24) 1: TOF MS ES+
3.85e+003
10 1174.2827
1176.2809
o 1167.5790 1177.2838
1195.7751
1119.7.‘-’;21921 _— 1137.7682 T 1178.2776 1203.8756 1248.9211
( 1139.7719 i ‘ (1179.2799 ‘ 1204.8834 1215.8706 1245.9147. ‘
o NP Ly “uﬁ G H\“ L, H|J( L | ﬂl in ||}M‘ :
T T T T P e T R e o e e e P e P e e e P e PP e e e e MYz
1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250
Minimum: -5.5
Maximum: 1000.0 5000.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
1174.2827 1174.2582 24.5 20.9 16.5 61.2 0.0 C45 H76 N 014 Sis s3

Figure B.11. HRMS spectrum of T(TPD-POSS)T.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

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

C 49-49 H 7980 N 1-1 0:1818 8ir88 8 33

Ahmet Onal
288854_20200117_02-05 21 (0.829) Cm (16:25) 1: TOF MS ES+
2.33e+004
4i 1290.3033
1292.3070
% 1289 3015 ||| 12933104
1294.3138
1295.3153
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1250.3033 12%0.2692 34.1 26.4 K] 1 L3 oyhar 0.0 c4% HBO N 018 Si8 353

Figure B. 12.HRMS spectrum of E(TPD-POSS)E.

Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

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

C:91-91 H:162-165 N:1-1 0:18-18 Si:8-8 5&:3-3

Ahmet Onal

288854_20200117_01-03 4 (0.172) Cm (1:24) 1: TOF MS ES+
1 5504004
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.
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Minimum: -5.5
Maximum: 1000.0 5000.0 1000.0
Mass Calc. Mass mDa PEM DBE 1-FIT 1-FIT (Norm) Formula
1879.1223 1878.9265 195.8 104.2 18.5 108.8 0.0 C91 H164 N ©18 8is8 83

Figure B.13. HRMS spectrum of P(TPD-POSS)P.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within imits (all results {up to 1000) for each mass)
Elements Used:

C:26-26 H: 1516 N:3-3 0:2-2 85:3-3

Ahmet Onal

288853 _20200116_02-04 19 (0.741) Cm (1:24) 1: TOF MS ES+
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Maximum: 1000.0  5000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT 1-FIT (Norm) Formula
498.0410 498.0405 0.5 1.0 20.5 493.2 0.0 c26 Hle N3 02 83
Figure B.14. HRMS spectrum of T(TPD-Azo)T.
Single Mass Analysis
Tolerance = 5000.0 PPM / DBE: min =-55, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:30-30 H:19-20 N:3-3 0:66 S5:33
Ahmet Onal
266853_20200116_01-03 5 (0.208) Cm (1:21) 1: TOF MS ES+
3.27e+005
10 614.0526
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Mass Calc. Mass mDa PEM DEE 1-FIT i-FIT (Norm) Formula
614.0526 614.0514 12 2.0 23575 404.2 0.0 €30 H20 N3 ©6 83

Figure B.15. HRMS spectrum of E(TPD-Azo)E.
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Single Mass Analysis

Tolerance = PPM |/ DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass. Even Electron lons

1 formula(e)} evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:72-72 H:104-105 N:3-3 0:66 Na:0-1 8:33
Ahmet Onal
27908_2019001_01-02 4 (0.172) Cm (1:8) 1: TOF MS ES+
3.96e+003
it 11477578
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Mazximm: 1000.0
Mass Calc. Mass mDa PEM CBRE i-FIT PR (Norm) Formula
1202.7340 1202.7087 25.3 21.0 22.5 50.8 0.0 C22 HI104 N3 06 S3
Figure B.16. HRMS spectrum of P(TPD-Azo)P.
Single Mass Analysis
Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:31-31 H:19-20 N:1-1 0:6-6 Na:0-1 S:3-3
Ahmet Onal
29738_20200802_02-03 24 (0.931) Cm (1:25) 1: TOF MS ES+
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L B o L e 1173
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Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
598.0477 598.0453 2.4 4.0 22.5 244.9 0.0 C31 H20 N 06 S3

Figure B.17. HRMS spectrum of E(TPD-Fluo)E.
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Single Mass Analysis

Tolerance = 5000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

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

C:73-73 H:102-104 N:1-1 0:6-6 S:3-3

Ahmet Onal

266853_20200117_03-04 6 (0.260) Cm (1:9) 1: TOF MS ES+
5.60e+002

10 10996431

1100.6554 1186 7230
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1115.6208
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1085,9818 1202.8868 12309103  1243.8804
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1060 1080 1100 1120 1140 1160 1180 1200 1220 1240
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Maximum: 1000.0 5000.0 1000.0
Mass calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
1186.7230 1186.7026 20.4 1.2 22.5 82.4 0.0 c73 H104 N ©6 S3
Figure B.18. HRMS spectrum of P(TPD-Fluo)P.
Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT =3
Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:28-28 H:29-30 N:1-1 0O:66 6&:2-2
Ahmet Onal
31999_20210309_04-01 13 (0.518) Cm (12:24) 1: TOF MS ES+
1.30e+005
100 540.1513
% 541 1566
21612499 2622824 430.2419 539.1464) o 663-422[‘]* 4612
. 178.1618 e TG - 5631402 [ 955601 8001951 oas 7279 983770 1096 3365
B e e s e S B o e e
100 200 30 4 500 600 700 800 900 1000 1100
Minimum: =5.:5
Maximum: 1000.0  1000.0 1000.0
Mass Calc. Mass mDa PEM DEE i-FIT i-FIT (Norm) Formula
540.1513 540.1515 -0.2 -0.4 14.5 306.3 0.0 C28 H30 N 06 82

Figure B.19. HRMS spectrum of E(PI-EtHex)E.
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Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Manoisotopic Mass, Even Electron lons

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

C:20-20 H:14-15 N:2-2 0:86-8 S:2-2

Ahmet Onal

31145_20210106_01-03 22 (0.863) Cm (15:24) 1: TOF MS ES+
1.25e+008

100 443.0367

445.0399 564 3531 5083799

279.0932._313.2706.341.3014 6964293 7844882 72 5443 049.1416 1021 4037

133.0874

R 100 200 300 400 500 600 700 800 900 1000 11 [)g”Z
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa PEM DBE i-FIT i-FIT (NMorm) Formula
443.0367 443.0372 =0:5 o I 14.5 629.2 0.0 C20 H15 N2 06 S2

Figure B.20. HRMS spectrum of E(PH)E.
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C. GPC Data of Polymers

Gel Permeation Chromatography analysis was performed on Malvern Omnisec

GPC system.
PolyPTPOP_1_2018-02-13 12-14-23 vt Peak 1 @ 18 23 (mL) 10"
120
] | 10°
100
3 aa__: [ 10° %
Z g
g: - 10* 3
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E | 1000
203
03 . 100
14 15 16 17 18 19 20 21 22 23
Retention Volume (mL)
Figure C.1. GPC chromatogram of PP(TPD-EtHex)P-C in THF.
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Figure C.2. GPC chromatogram of PE(TPD-POSS)E-C in THF.
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Figure C.3. GPC chromatogram of PP(TPD-POSS)P-C in THF.
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D. TGA Data of Polymers

TGA measurements were performed using Perkin Elmer Pyris 1 TGA instrument.
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Figure D.1. TGA analysis of chemically obtained PE(TPD-EtHex)E-C.
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Figure D.2. TGA analysis of chemically obtained PP(TPD-EtHex)P-C.
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Figure D.3. TGA analysis of chemically obtained PE(TPD-POSS)E-C.
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Figure D.4. TGA analysis of chemically obtained PP(TPD-POSS)P-C.
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E. FTIR Spectra of Monomer and Polymer

FTIR spectra were recorded on an Thermo Scientific Nicolet iS10 FTIR

spectrometer with an attenuated total reflectance.
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Figure E.1. FTIR spectra of P(TPD-EtHex)P monomer and chemically obtained
PP(TPD-EtHex)P-C polymer.
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