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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF NEW
DITHIENOSILOLE BASED CHROMIC POLYMERS

Al-Jumaili, Mohammed
M.S., Chemical Engineering and Applied Chemistry
Supervisor: Prof. Dr. Atilla Cihaner

April 2015, 51 pages

2-Ethylhexyl substituted dithienosilole based soluble polymers including
thiophene (P1) and bithiophene (P2) units were synthesized via Stille Coupling
reaction. The polymers were characterized by using nuclear magnetic resonance
(NMR), gel permeation chromatography (GPC), scanning electron microscopy
(SEM) and thermal gravimetric analysis (TGA) techniques. The presence of 2-
ethylhexyl substituents on the silole ring gave solubility property to the polymers in
common solvents. According to GPC measurements, weight average molecular
weights of the polymers P1 and P2 were found to be as 70977 with a polydispersity
index (PDI) of 2.30 and 110439 with a PDI of 1.42, respectively. Fluorescent
polymers in toluene solution have maximum emisssion bands at 634 nm for P1 and
613 for P2. Chemical and electrochemical doping of the polymers in solution and
film forms were monitored by using ultraviolet-visible (Uv-vis) spectroscopic
technique. The polymers exhibited chromic (chemochromic and electrochromic)
properties. While the colors of the neutral polymer films are purple for P1 and
reddish brown for P2, both polymers are transparent sky blue at their oxidized states.
The band gaps of polymers in film forms were calculated as 1.81 eV for P1 and 1.92
eV for P2. Also, electrochromic device applications of the polymers were done.
Electrochemical and optical behaviors of the polymer demonstrated that they can be
good candidates for optoelectronic applications.
Keywords: Chemical Polymerization, Stille Coupling, Chromism, Dithienosilole,

Thiophene.



0z
YENI DITIYENOSILOL ESASLI KROMIiK POLIMERLERIN
SENTEZi VE KARAKTERIZASYONU

Al-Jumaili, Mohammed
Yiiksek Lisans, Kimya Miihendisligi ve Uygulamali Kimya Bolimii
Tez Yoneticisi: Prof. Dr. Atilla Cihaner

Nisan 2015, 51 pages

Stille kenetlenme tepkimesi ile tiyofen (P1) ve bitiyofen (P2) iceren 2-
etilhekzil slbstitleli ditiyenosilol esasli ¢0Oziiniir polimerler sentezlenmistir.
Polimerler niikleer magnetik rezonans (NMR), jel gecirgenlik kromotografisi (GPC),
taramali elektron mikroskobu (SEM) ve termal gravimetrik analiz (TGA) teknikleri
kullanilarak  karakterize edilmistir. ~ Silol halkast iizerindeki 2-etilhekzil
stibstitlientlerinin varli§i polimerlerin yaygin ¢dziiciilerde ¢oziinmesini saglamistir.
GPC olglmlerine gore, polimerler P1 ve P2’nin agirlik ortalama molekiler
agirliklar sirasiyla 2.30 ¢ok dagilimlilik belirtesi (PDI) ile 70977 ve 1.42 PDI ile
110439 bulunmustur. Toltien ¢ozeltisi iceresindeki floresans polimerlerin maksimum
1s1ma bantlart P1 i¢in 634 nm ve P2 i¢in 613 nm’dir. Polimerlerin ¢ozelti ve film
formlarindaki kimyasal ve elektrokimyasal katkilandirilmalart mordtesi-gérinir
(UV-vis) spektroskopi teknigi ile goriintiilenmistir. Polimerler kromik (kemokromik
ve elektrokromik) 6zellik gostermektedirler. Notr polimer filmlerinin renkleri P1 igin
mor ve P2 igin kizilims1 kahverengi iken her iki polimer yiikseltgen hallerinde
gecirgen gokylizli mavisine sahiptirler. Polimerlerin film formunda band araliklari
P1 icin 1.81 eV ve P2 icin 1.92 eV olarak hesaplanmistir. Ayrica, polimerlerin
elektrokromik cihaz uygulamalar1 yapilmistir. Polimerlerin elektrokimyasal ve optik
Ozellikleri ilgili polimerlerin optoelektronik uygulamalar igin 1yi birer aday
olabilecegini gostermistir.

Anahtar Kelimeler: Kimyasal Polimerizasyon, Stille Kenetlenmesi, Kromizm,
Ditiyenosilol, Tiyofen.
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CHAPTER 1

INTRODUCTION

The conducting (conductive, conjugated) polymers such as polyacetylenes,

polyanilines, polypyrroles and polythiophenes (Figure 1.1) are studied extensively in

industrial and academic areas. Of all the top categories, polyaniline is one of the

oldest known conductive polymers. Letheby had been prepared polyaniline firstly in

1862 by the anodic oxidation of aniline in sulfuric acid [1].

polyacetylene polypyrrole polyfuran

O Dy Dy
n S 'n S 'n
polyaniline polythiophene  poly(3,4-ethylenedioxythiophene)

Figure 1.1 Some examples of conducting polymers.

After the pioneering work of Shirikawa, MacDiarmid and Heeger in 1977 [2],

conjugated polymers have attracted the interest of many scientists in academic and

industrial areas since they are promising candidates for use in the fields of organic

light emitting diodes [3-6], organic photovoltaic devices [7-10], electrochromic

displays and devices [11-13], smart windows [14, 15], chemical sensors [16-18],

transistors [19, 20] and so forth.



1.1 Preparation of Conjugated Polymers via Chemical Polymerization Method

Among all the synthetic methods, chemical polymerization is the most
effective and useful technique for the preparation of huge amounts of conjugated
polymers. In chemical polymerization method, for example, by the help of chemical
oxidant the monomers are oxidized and radical cations are formed. By the coupling
of the monomers oligomeric species are formed and during proceeding
polymerization long polymer chains are obtained. Conjugated polymers are
synthesized by various kinds of cross-coupling reactions such as Suzuki coupling and

Stille coupling [21].

The Stille coupling reaction is a very good route to form carbon—carbon bonds

which connects sp?-sp® bonds containing molecules [22] (Figure 1.2).

4. reductive elimination Pd(0) 1 .oxidative addition

RX
R—R' /
! L
R—Pd—L ]
| R—Pd X
R |
L
R'SNR"3
3. cis/trans isomerisation 'I- ( 2. transmetallation
R—Fl’d R XSnR",

Figure 1.2 Mechanism of the Stille coupling [23,24].

The Stille coupling has generally high selectivity and broad scope. Its buffering
feature towards most functional groups allows the Stille coupling specially effective
for transformations of highly functionalized molecules. Thus, it has been
successfully applied in the synthesis of a variety of ring systems including delicate

functional groups.



1.2 Preparation of Conjugated Polymers via Electrochemical Polymerization

Method

When the electrode substrate is immersed in monomer solution and subjected
to electrochemical treatment, the process is called electrochemical polymerization
(Figure 1.3). The monomers are oxidized or reduced to an activated form which
polymerizes on electrode surface. If the polymer is intended to be used as a polymer
film electrode, thin layer sensor, in micro technology etc., electrochemical
polymerization method is mostly preferred to chemical polymerization since the
potential control is critically needed for the production of good-quality material and

the polymer film is formed at the desirable spot [25].

@3—"3'» @H(@;—»k? N QH

2 2 )H 3 & &

N o+ N TN ozewt N N
& & @ @

/..\ /..\ N w —> —— Polymer

Figure 1.3 Electrochemical polymerization of thiophene [26].



1.3 Characterisation of Conducting Polymers

Electrochemical,

chemical and physical characterization of conducting

polymers have been carried out by various techniques. Table 1.1 shows the variety

of characterisation techniques that can be used.

Table 1.1 Techniques used for the characterisation of conducting polymers.

Composition and

Structure

(NMR)
Raman Spectroscopy
Spectroelectrochemistry

UV-VIS Spectroscopy

Type Characterisation Techniques | Information Obtained
Electrochemical Cyclic Voltammetry Polymerisation
Methods Pulse Voltammetry Mechanism
Chronoamperometry Electrochemical
Chronopotentiometry Properties
Chemical Nuclear Magnetic Resonance Polymer Composition

Electronic Structure

Counterion Effect

Physical Properties

Scanning Electronic
Microscopy
(SEM)

Atomic Force Microscopy
(AFM)
Thermogravimetric Analysis
(TGA)

Morphology and Porous
Structure
Mechanical Properties

and Thermal Studies




1.4 Conductivity in Conjugated Polymers

To understand the electrical properties of the materials and how electrical
conductivity takes place, it is necessary to know more about the doping and band gap
theory. Electricity is the movement of charged particles called charge carriers
(polarons and bipolarons) that are target to the effect of different potential (Figure
1.4). These particles are the electrons and holes of the matter in the solid state or its
ions in the liquid and gas states, As electricity is transferring in solid matters by the
movement of electrons, it is hopeful that the electrical properties of matters basically
depend on the electronic configuration of the matter [27].

polaron

bipolaron

Figure 1.4 Doping of polythiophene [28].



1.5 Band Gap Theory

Band gap can be defined as the energy required to transport electrons from
valence band to conductive band. Metals have zero band gap which makes them
conductive, while insulators (such as polyethylene) have large band gaps, that means
a lot of energy needed for pushing an electron into the conductive band (Figure 1.5).
On the other hand, semiconductors are between 0.1 and 3 eV, they have small band
gaps which make electron transfer possible from valence band to conductive band by

applying a little potential energy [29].

Control and adjustment of the band gap in conjugated polymers involve at least
six parameters: the length of the bond, alternation of monomer, aromaticity, length of

©- coupling conjugation, inter molecular interaction and inter-chain transfer [30].

The highest occupied molecular orbital (HOMO) is filled with the n-electrons
in the conjugated polymers and this 7 system can undergo all kinds of optical and

electronic transitions and interactions.

LUMO

LUMO

E,>3.0eV
LUMO g
. Y I N :

Metals Semiconductors Insulators

Figure 1.5 Band gaps for metals, semiconductors and insulators, where HOMO is
the highest occupied molecular orbital and LUMO is the lowest unoccupied

molecular orbital [31].



1.6 Silole-Based Polymers

Among the members of the conjugated polymers, silole-containing conjugated
polymers have been started to expand considerably since silole ring has strong
electron affinity, small band gap [32-36] and chemical stability [37]. If these
properties are transferred to the corressponding polymer chain, a new door would be

opened up to a new member of conjugated polymers.

Experimental and theoretical studies showed that silole ring containing
conjugated polymers have low-lying LUMO levels due to their ¢ -x  conjugation
characteristic of the silole ring [38-43]. Also, the LUMO level of the silole ring is
lower than those of other heterocyclopentadienes, such as furan, pyrrole and
thiophene [44,45]. Low LUMO value can result in the small band gap and high
electron affinity, which are desired properties in conjugated compounds for being
useful in some industrial applications such as electrochromic and electroluminescent
devices [46-56], organic field effect transistors (OFETSs) [57-69] and organic solar
cells [70-83].

1.6.1 Dithienosilole-Based polymers

Ohshita et al. reported a detailed study about silicon-bridged dithienosiloles 1
and demonstrated the decreasing in the LUMO levels (1.75eV) in comparison to

methylene bridge analogue 2 which is 2.34 eV [84].
H__.H H. _H
Si C
I\ N\ I\ \
S S S S
1 2

On the other hand, Yang et al. published a study about the synthesis and
application of the copolymers 3 including dithienosilole moiety. In this study, 2-
ethylhexyl side chains were used to ensure the solubility of the polymer. The

polymer 3 was prepared by a Stille coupling reaction. The number average molecular

7



weight and the PDI of the polymer 3 were found to be as 18 KDa and 1.2,
respectively.

The corresponding polymer has fine properties including reversible n- and p-
doping processes. It also has reasonable HOMO and LUMO energy levels, which
allows application of photovoltaic cell. The resulting photovoltaic device has a
power conversion effciency (PCE) of 5.1 % and in terms of the response range, all
the visible region is covered. Moreover, the hole mobility of the dithienosilole based

polymer is 3x10° cm?V* which is three times higher than its carbon analogue [85].

On the other hand, Marks and his colleagues investigated the properties of the
copolymers 4 bearing thiophene and dithienosilole units with linear hexyl chains on
silicon atom. The related processable polymers were synthesized via Stille coupling

reactions and the polymers are promising candidate for use in OFETs [86].

Si

I\ NN



Among the photovoltaic donor materials including high efficiency donor-
acceptor systems, dithienosilole (DTS) is a well-used donor unit. DTS unit
containing conjugated systems exhibit broader absorption in the visible region,

relatively lower HOMO energy level and greater hole mobility [87].

Development of new low-band gap p-type materials and good morphology in
donor-acceptor interpenetration systems have been brought a significant
accomplishment in this field with PCEs of 7% for solution-processed polymer solar
cells [88].

It was seen that the silole-based materials can be synthesized in high yields,
which indicated that the polymer with higher molecular weight can stack much better
due to the stronger 7-n_ interaction and was found to offer better charge transfer [89].

Under the light of this feature, those polymers have been extremely
investigated over the past decade industrially as well as in academia. According to
the target mentioned above, some novel solution-processed copolymers were

reported and compared in the literature.

Two new fluorene-containing copolymers 5 and 6 were synthesized by Suzuki
coupling reaction and then fully characterized. They are soluble in hot toluene and
chlorobenzene. Copolymer 5 showed higher melting temperature above 400 °C,
indicating a good thermal stability. The optical band gaps for copolymers 5 and 6
are calculated to be 2.4 eV and 2.5 eV, respectively. While the molecular weight of
the copolymer 5 was measured as 80 Kda with a PDI of 3.3 as well as an absorption
band at 456 nm in solution form and at 460 nm in film form, the molecular weight of
the copolymer 6 was measured to be 17 KDa with a PDI of 2.6 as well as an

absorption band at 427 nm in solution form and at 440 nm in film form. These

9



copolymers are environmentally stable, and the resulting solution-processed films act
as efficient hole transporters in field effect transistor devices.

CgH17~ CgHyz v C CgHy7 WA n

gH17

5 6

The thienosilole-based homopolymer, as well as its copolymers with mono-
and bi-thiophene sub-units (7 and 8) were reported by Usta et al. They examined the
consequences of introducing thienosilole and benzosilole structures into the
thiophene polymer backbone by making comparison of the new benzosilole-based
homopolymer and copolymers with mono- and bithiophene sub-units (9 and 10) with
their carbon analogs (5 and 6) [90].

CoHi3~g;-CoHia CoHia~g,-CoHia
I N \_J I\ N\ N\ \
S S S n S S S S /h
7 8
(:8H17/Si‘c:8H17 /7 C8H17/Si\C8Hl7 WA
9 10

Thiophene-based copolymers were synthesized by Stille coupling reactions,
while phenylene-based copolymers were prepared by Suzuki coupling reactions
which was showed that the reaction types are the best suitable ones in them. The
PDIs of thiophene-based copolymers (7 and 8) were found to be 2.9 and 3.0,
respectively, and their molecular weights are measured as 30 KDa for the copolymer
7 and 41 KDa for the copolymer 8. The absorption maxima values were given as 521
nm for the copolymer 7 and 544 nm for the copolymer 8. Also, the band gaps were
found to be as 2.0 eV for the copolymer 7 and 1.9 eV for the copolymer 8. On the

10



other hand, while the PDIs of the copolymers 9 and 10 have the values of 3.1 and
3.7, respectively, they have high molecular weights of 112 KDa for the copolymer 9
and 127 KDa for the copolymer 10. The maximum absorption wavelengths are 484
nm with a band gap of 2.5 eV for the copolymer 9 and 493 nm with a band gap of 2.3
eV for the copolymer 10. It can be easily concluded that the copolymers 9 and 10
have higher molecular weights than those of the copolymers 7 and 8.

When compared to phenylene-based copolymers, charge carrier mobilities were
found to be higher in thiophene-based copolymer 8. Non-encapsulated OFETs were
proven to be highly stable in air. This was due to the absence of alkyl side groups on
the thiophene ring in contrast to regioregular poly(3-hexylthiophene). All reported
silole-containing copolymers have excellent thermal stability. There was no significant
weight loss up to 400 °C on TGA analysis. The absorption maxima values of
benzosilole-based copolymers were red-shifted by 40-50 nm vs fluorene-based
analogues 5 and 6, confirming Si o*-orbital overlaps with the =n-conjugated

chromophore [91].

Because of its high solubility, the copolymer 3 with branched 2-ethylhexyl
silicon substituents was of specific interest for wet processing.. The copolymer is
environmentally stable up to 250 °C in air. The optical band gap of the copolymer 3

was determined as 1.45 eV, similar to its carbon analogue polymer 11.

In OFET, the hole mobility for copolymer 3 was found to be 3 X107 cm?(V s)

which is three times higher than its analogues polymer 11. The copolymer 11 has

been proven to be a useful material for organic photovoltaic devices due to its

11



characteristic behaviour. It also indicated absorption peak around 705 nm in solution
form and 730 nm in film form. In addition, the presence of two alkyl side chains
resulted in excellent solubility in commonly used solvents, which is important for the

formation of uniform films by the spin coating process [92].

As a result, the polymers with thienosilole and benzosilole building blocks are
promising classes of functional materials. Their electronic and optical properties
showed the suitability of usage in thermally and environmentally stable organic

electronic devices.

Besides, there is a valuable information that a low band gap (1.73 eV) and a
deep HOMO energy level (5.57 eV) can be obtained simultaneously from an
alternating copolymer 12. Dithienosilole unit brings some advantages over its
carbon-bridged counterpart such as a better hole-transport property and a lower
HOMO energy level. The alternating copolymer 12 was prepared by a Stille
coupling. The purified polymer has a number-average molecular weight of 28 Kda
with a PDI of 1.6 and a band gap of 1.73 eV.

The branched alkyl chains on the dithienosilole unit gave good solubility
feature to the polymer, which is a critical parameter for applications in large-scale
device production. The copolymer 12 has an excellent solubility in a wide range of

organic solvents such as chloroform, chlorobenzene, dichlorobenzene, etc [93].
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In order to improve the properties of the synthesized conjugated molecules
(e.g., increase the visible absorption and decrease the HOMO energy level), donor-
acceptor copolymers of electron-rich (or donor) and electron-deficient (or acceptor)
aromatic units were began to be designed and synthesized in recent years. The
copolymer 13 containing bithiazole and dithienosilole units in the main chain were
the aim of study to find a new conjugated polymer for photovoltaic donor materials
by using the Pd-catalyzed Stille-coupling. The resulting polymer showed good
solubility in common organic solvents like chloroform, toluene, and chlorobenzene.
The molecular weight was determined by GPC analysis as 9.5 KDa with a PDI of
1.7. Its solution form showed an absorption band at 511 nm and the film form gave
the maximum absorbance around 558 nm. The band gap was found to be as 1.85 eV.
Thiazole unit played an important additive role since it is a well-known electron-

deficient unit of containing one electron-withdrawing nitrogen of imine (C=N) [94].

Due to the forced coplanarity of two thienyl sub-units in the chain, the
copolymer of bithiophene and cyclopenta [2,1-b:3,4-b"]dithiophene were found to be
an eminent building block for the conjugated polymers. The copolymer 14 can be
easily functionalized by alkyl groups which increased the solubility without causing
extra folding of repeating units in the resulting polymer. The copolymer showed a
number average molecular weight of 15 KDa with a band gap of 2.35 eV. Its solution
form showed a maximum absorption at 548 nm and its film displayed the strongest
absorbance band at around 554 nm. It can be concluded that the polymer films
generally have longer absorption maxima than the corresponding solutions due to

interchain involvement in their solid states [95].
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When copolymerized with dithienosilole (DTS) due to its symmetric and
coplanar structure with strong electron withdrawing properties, thieno[3, 4-c]
pyrrole-4, 6-dione has recently showed promising results as a building block for
organic solar cells. Two types of alkyl chains were chosen in order to evaluate the
effect of different side chains on copolymer 15; a branched 2-ethylhexyl and a linear
dodecyl group. Both of the copolymers were readily soluble in common organic
solvents such as chloroform and tetrahydrofuran. Number average molecular weight
and PDI values were found to be as 20 KDa and 2.58 for the polymer bearing
ethylhexyl chains and 27 KDa and 2.56 for the polymer bearing dodecyl chains,
respectively. The band gaps of both polymers were 1.7 eV. The UV-vis spectrum of

the device showed very broad absorption between 400 and 730 nm [96].
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Silole-containing conjugated polymers with suitable low-lying LUMO levels,
low band gaps, and high carrier mobilities have been designed and developed for
many years in order to meet the requirements of good polymer photovoltaic
materials. The copolymer 16 was synthesized by Stille coupling reaction, and this
material was readily dissolved in common solvents. The corresponding weight
average molecular weight of the copolymer 16 was 8.0 KDa with a narrow PDI of

1.2. The absorption bands in solution placed at 630 nm and 652 nm for solid thin
14



films. The symmetrical ethylhexyl side chains can form n—n* stacking more easily
and the polymer 16 has a stronger crystalline tendency due to less steric hindrance in
the ethylhexyl side chains. The band gap was calculated as 1.53 eV. It showed that
the development of dithienosilole units bearing different side chain lengths could
become a promising method for producing highly efficient polymer photovoltaic
materials [97].
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1.7 Aim of the Study

It can be easily concluded that the dithienosiloles have superior properties for
optoelectronic applications and by using dithienosilole units efficient materials can
be design to tune the energy levels. In this study, 4,4-di-2-ethylhexyl-dithieno[3,2-
b:2',3'-d]silole is chosen as the dithienosilole source due to its excellent electron
mobility and efficient charge transfer. The alkyl groups are added to improve

solubility and complete the overall planar structure [98].

On the other hand, thiophene is the most common basic donor units and the
electron density can be more delocalized due to its less aromatic nature which can
lower the bond length alternation and increase the conjugation. Herein, under the
light of aforementioned properties of dithienosilole based polymers, the synthesis
and electro-optical properties of processible conjugated copolymers (P1 and P2)

containing alkyl substituted dithienosilole and thiophene units were reported.

NM NM

/\/\/\ /\/\/\

The polymers were synthesized via Stille coupling reaction and the obtained
polymers were characterized via NMR, UV-vis, floresance, GPC, SEM and
electroanalytical techniques. TGA and DSC were used for thermal analsis. After the
investigation of the chromic properties of the polymers, electrochromic device

applications were performed.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Materials

All chemicals, except for 2-6-dibromo-(4,4-di-2-ethylhexyl-ithieno(3,2,b:2°,3’-
d)silole) (Lumtec Company), were purchased from Aldrich Chemical and used as

received unless otherwise noted.

2.2 Electroanalytical Studies

0.1 M tetrabutylammonium hexafluorophosphate (TBAH) dissolved in
acetonitrile was used as an electrolyte solution for cyclic voltammetric studies. A
platinum disk (0.0314 cm?) and a platinum wire were used as working and counter
electrodes, respectively, as well as a Ag/AgCl reference electrode (calibrated
externally using 1 mM solution of ferrocene/ferrocenium couple which is an internal
standard calibrated to be 400 mV in acetonitrile solution vs. Ag/AgCIl/3M NacCl).
The polymer films were formed on Pt disc electrode by dropping the polymer
solution on Pt surface and making it dry. Electro-optical properties were investigated
by using an indium tin oxide (ITO, Delta Tech. 8-12 Q, 0.7 cm x 5 cm) electrode as
well as a platinum wire as a counter electrode and an Ag wire as a pseudo-reference

electrode.

2.3 Opto-electronic Studies

For the spectroelectrochemical measurements, the polymer films were coated
on ITO substrate via a spray casting technique (Deluxe Professional Airbrush by
Aztek A4709). Electroanalytical measurements were performed using a
GamryPCl4/300 potentiostat—galvanostat. The redox behaviors of the polymer films
were equilibrated by switching between their neutral and oxidized states several
times; therefore, the electro-optical results can be obtained repeatedly. The electro-
optical spectra were monitored on a Specord S600 spectrometer. Emission

measurements were done by Thermo Lumina Florescence Spectrometer. Photographs
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of the polymer films were taken by using a Canon (PowerShot A75) digital camera.
Colorimetric measurments were recorded on Specord S600 (standard illuminator
D65, field of width 10 observer) and color space was given by the international
Commission of lllumination with luminance (L), hue (a), and intensity (b). Platinum
cobalt DIN ISO 621, iodine DIN EN 1557, and Gardner DIN ISO 6430 are the

references of colorimetric measurements.

2.4 Other Characterization Techniques

'H NMR spectra of obtained polymers were recorded on a Bruker Spectrospin
Avance DPX-400 Spectrometer with CDCI3 and chemical shifts were given relative
to tetramethylsilane as the internal standard. Chemical shifts are reported in terms of
ppm and that of CDCls is 7.26 ppm. Molecular weight measurement was performed
via Schimadzu LC-20A/Prominence GPC according to polystyrene standarts.
Scanning electron microscope (SEM) analysis was monitored by using Quanta 200
FEG Model, Bilkent University Location: UNAM-MO03. TGA analysis performed via
Q500 Model and DSC device Model 204-F1.

2.5 Synthesis of Polymers P1 and P2

Polymerization was carried via Stille coupling reaction (Scheme 2.1). 0.2
mmol of 2,6-dibromo-(4,4-di-2-ethlyhexyl-dithieno[3,2-b:2’,3’-d]silole) (115 mg)
and 0.2 mmol of 25-bis(tributylstannyl)thiophene (132 mg) (or 5,5’-
bis(trimethylstannyl)2,2’-bithiophene (98 mg)) were placed in a mixture of 2 mL of
anhydrous dimethylformamide and 8 mL of toluene and purged with argon gas for 20
min. Then, Pd(PPhs), (10 mg) was added to the reaction flask and the mixture was
heated at reflux under argon atmosphere. The reaction was followed by thin layer
chromatography. After 16 hours, the reaction mixture was allowed to cool to room
temperature, and was poured into methanol (50 mL). The dark brown precipitate was
collected via filtration. The precipitate was further purified by a Soxhlet extractor in
order of methanol, hexane and finally chloroform to collect the soluble product. The

resulting polymer was re-precipitated in methanol and then filtrated and dried under
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vacuum. Both polymers P1 and P2 were obtained as purple solids in yields of 88.5 %
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and 67.0%, respectively.

Scheme 2.1 Synthesis of P1 and P2 via Stille coupling reaction.

2.6 Construction of Electrochromic Device

An electrochromic material is the one that changes its color by applying a
certain potential. This phenomenon is called electrochromism. Electrochromism is
the reversible and visible change in transmittance and/or reflectance that is related to
an electrochemically induced oxidation-reduction reaction. It results from the
appearance of different visible region electronic absorption bands on switching

between redox states [99].

On the other hand, an electrochromic device is the system constructed by
sandwiching two electrodes (one of two polymer films is in its oxidized state and the

other is in its neutral state) and a gel electrolyte between them.

The device was constructed using the electrochromic electrode (P1 or P2)
separated by gel electrolyte from a charge balancing counter-electrode poly(3,4-
ethylenedioxythiophene) (PEDOT) (Figure 2.1). Polymer P1 film (or P2 film ),
dissolved 10 mg sample in 1 mL of chloroform, was coated on ITO by using a spray

coating device. Gel electrolyte was prepared using TBAPFg:acetonitrile:poly(methyl
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methacrylate):propylene carbonate in the ratio of 3:70:7:20 by weight [100]. Square
wave potential method was used to investigate the switching ability of the device
between various redox states.

ITO glass —

PEDOT —

Gel
+— electrolyte

P1orP2 <+— ITO glass

Figure 2.1 Construction of an electrochromic device.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Characterization

Polymers P1 and P2 containing of ethylhexyl substituted dithienosilole and
thiophene units were synthesized chemically via Stille coupling reaction. Initial
characterization of the polymers was performed by *H NMR analysis (Figure 3.1). It
can be easily seen that while the presence of ethylhexyl alkyl chain could be
confirmed by broad peaks between 0.4 and 1.8 ppm, the broad peaks observed at a
wide range from 6.8 to 7.8 ppm could be attributed to the aromatic hydrogens of
dithienosilole and thiophene units.

(a)
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,x“/ -
N
/ ,’r_n/SIE S
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Figure 3.1 *H NMR spectra of (a) polymer P1 and (b) polymer P2 in CDCls.
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On the other hand, the molecular weights of the polymers were determined by
GPC analysis using polystyrene as a standart. In chloroform, GPC measurement
yielded about 70977 for P1 with a PDI of 2.30 and 110439 for P2 with a PDI of 1.42
as the weight average molecular weight. When compared to their linear hexyl
analogues [90,91]. The polymers P1 and P2 exhibited somewhat narrower molecular
weight distribution (see Table 3.1). This result can be mainly due to the kind of used
polymerization technique (Suzuki coupling) and the purification method of the crude
product. For example, the copolymers 7 and 8 were purified only by the precipitation
of the products in methanol after polymerization reaction, which coludn’t be enough

to remove some oligomeric species from the medium.
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Table 3.1 Some properties of polymers P1, P2 and their derivatives.

Asoln (NM) Milm (NM)
Polymer M., (PDI
\{ M y w (PDD) (Eg(eV)) (Eg(eV)
Mﬂ% 70977 (2.30) | 524 (1.90) 539 (1.81)
P1

H}/f\ﬂ/ \ 30000 (2.9) 521 (2.00) 574 (1.80)
7 [90]

\/?&%\ - 110439 (1.42) 539 (1.96) 537 (1.92)

P2

i Sy 15000 (1.6) 548 (2.35) 554 (1.4)
14 [95]

R}S;f\//\ - 41000 (3.0) 544 (1.90) 545 (1.90)
8 [91]

i\?% /”\ 1 28000 (1.6) 500 (1.83) 717 (1.73)
[93]

sug¥y 0 8000 (1.2) 630 (1.82) 652 (1.53)
[97]

3 > g, \/ 9500 (1.7) 511 (2.09) 558 (1.85)
[94]

kk\@é)\) 18000 (2.6) 670 (1.78) 740 (1.45)
3 [85]
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In electrochemically obtained conducting polymers, a ‘cauliflower’ type
morphology has generally been observed and this morphology suggests that the
polymer growth process takes place after the formation of a nucleation step. On the
other hand, chemically obtained polymers can exhibit various morphology due to the
difference in polymerization method when compared to electrochemical
polymerization. SEM studies on P1 and P2 polymers exhibited two different
morphologies shown in Figure 3.2. Interestingly, while the polymer P1 has fibers
with a diameter of about 20 um as well as the formation of sheets layer by layer,
polymer P2 has sheets layer by layer. Though not clear yet, such geometry might
probably arise from the fact that the number of used thiophene units in
polymerization, which can hinder the formation of fibers.

Figure 3.2 SEM images of polymers (a)-(b) P1 and (c)-(d) P2.
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Solubility is one of the most important problems in the application of the
conjugated polymers in industrial areas. For example, the soluble and processable
electrochromic polymers have attracted more attention than their insoluble
analogues. The corresponding polymers P1 and P2 were mostly soluble in common
organic solvents such as tetrahydrofuran, chloroform and dichloromethane. Figure
3.3 showed the absorption spectra and the color of the polymers dissolved in toluene.
P1 has a maximum wavelength at 524 nm with a purple color, whereas P2 has a
maximum wavelength of 539 nm with a reddish brown color. When compared to P1,

the longer wavelength of P2 can be attributed to the longer polymer chain.
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Figure 3.3 Absorbance and emission spectra of the polymers (a) P1 and (b) P2 in
toluene. Inset: Pictures of the polymers in toluene under ambient light (left) and
handheld UV lamp (right) at 365 nm.

The fluorescence properties of the polymers were also studied in toluene. The
polymers P1 and P2 showed broad emission bands with maximum wavelengths
centered at 634 nm with a shoulder at 598 nm and 613 nm, respectively (Figure 3.3).
While the polymer P1 emits yellow color, P2 emits orange color under UV lamp. At
first sight, the observed colors of emission are not appropriate to the emission bands,
but it can be conjectured that the observed shoulder at 598 nm for P1 is dominant to
determine the color of emission. On this basis, it can be safely hoped that these
soluble polymers can be promising candidates for applications in various fields such
as organic lasers and electroluminescent materials. Also, they can be taken into

account in light emitting diodes as a yellow/orange light emitter.
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3.2 Opto-Chemical Properties of the Polymers

The color of the polymers can be tuned by chemical oxidation. For example,
P1’s color can be tuned from purple to transmissive green/blue by chemical
oxidation. Antimony pentachloride (SbCls) is a strong and colorless oxidant. The
addition of a very dilute solution of SbhCls dissolved in CH,CI, solution to the
polymer solution will change its optical spectrum as well as its color (Table 3.2). As
shown in Figure 3.4, the polymer P1 solution has a broad absorption band centered
at 524 nm attributed to the n- n* transition band. The band gap (E;) of P1 was
determined from the lowest energy end of the n-n* transitions and found as 1.90 eV,
which is somewhat smaller than its hexyl analogue (2.0 eV) in solution [90]. By the
addition of SbCls, this transition band started to lose its intensity step by step with a
concomitant increase after 700 nm due to the formation of polaron charge carriers.
After the addition of a certain amount of SbCls, the =-n* transition nearly
disappeared and shifted to 441 nm. The percent transmittance change (AT%) at 524
nm was calculated as 21%.Upon oxidation, the absorption band of the polaron
reached a maximum intensity and then decreased. During this observation, a new
charge carrier called bipolaron charges was formed and confirmed by the appearence
of a new band beyond 850 nm. The color of the polymer P1 at neutral state was
changed from purple to transmissive red, and to transmissive green/blue during
chemical oxidation (Table 3.2). On the other hand, by the use of NHj3, the polymer
couldn’t be reduced completely to its neutral state, which confirmed that NH3 has not
enough strength to reduced chemically oxidized P1 dissolved in CH,Cl, solution
(Figure 3.5 and Table 3.3). The polymer P1 could be reversibly switched many

times between its half-oxidized and oxidized states.
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Figure 3.4 Changes in optical absorption spectra of chemically obtained polymer P1

dissolved in CH,ClI; solution after the addition of 2 uL (for each spectrum) of 0.01 M

SbCls.

Table 3.2 Color changes of P1 dissolved in CH,Cl, solution after the addition of
SbCls.

Oxidation

with SbCls
L 515 64.2 70.6 75.1
a 44.0 23.2 104 3.36 0.89
b -5.20 7.36 9.18 8.11 7.03

27



1.0-

o
2]
1

Absorbance/ a.u.

<
~
1

0.2 T T Y T Y T M T M T ¥ T M

300 400 500 600 700 800 900 1000
Wavelength/ nm

Figure 3.5 Changes in optical absorption spectra of chemically oxidized P1

dissolved in CH,Cl, solution after addition of 2 pL (for each spectrum) of 0.5 M

NHs.

Table 3.3 Color changes of chemically oxidized P1 dissolved in CH,CI, solution
after the addition of NHs.

Reduction

with NH3;
L 75.8 69.8 64.0 56.2 50.3
a 0.9 8.7 16.7 25.8 28.8
b 7.0 9.2 10.2 125 13.3

On the other hand, as shown in Figure 3.6, the polymer P2 solution has a
broad n-* transition band centered at 539 nm with a band gap of 1.96 eV, which is

near to its linear hexyl analogue [91].
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As seen in Figure 3.6, by the addition of SbCls, n-n* transition band started to
decrease its intensity step by step with a concomitant increase after 700 nm due to
the formation of charge carriers. At the end of oxidation, the n-n* transition nearly
disappeared and shifted to 501 nm and the absorption band of the charge carriers
reached a maximum intensity. The percent transmittance change at 539 nm was
calculated as 28% .Upon oxidation, the color of the neutral P2 was changed from
reddish orange to orange and to transmissive reddish green/green and then to
transmissive green/blue during chemical oxidation (Table 3.4). Unlike P1, by the use
of NHjs, the polymer can be reduced completely to its neutral state (Figure 3.7 and
Table 3.5). The polymer P2 could be reversibly switched many times between its

neutral and oxidized states.

Absorbance/ a.u.

0.0 — 7777
300 400 500 600 700 800 900 1000
Wavelength/ nm

Figure 3.6 Changes in optical absorption spectra of chemically obtained P2
dissolved in CH,ClI; solution after the addition of 2 uL (for each spectrum) of 0.01 M
SbCls.

Table 3.4 Color changes of P2 dissolved in CH,Cl, solution after the addition of
SbCls.

Oxidation

with SbCls
L 62.9 68.3 74.6 76.6 78.7
a 42.8 30.6 9.8 3.6 -0.5
b 18.1 21.9 18.9 11.0 5.6
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Figure 3.7 Changes in optical absorption spectra of chemically oxidized P2
dissolved in CH,ClI; solution after the addition of 2 pL (for each spectrum) of 0.5 M

NHs.

Table 3.5 Color changes of chemically oxidized P2 dissolved in CH,CI, solution
after the addition of NHs.

Reduction

with NH;
L 78.7 74.4 71.8 70.2 67.3
a -0.5 11.3 18.4 23.4 33.2
b 5.6 17.2 21.0 23.3 24.7

Solubility and processability are one of the most important parameters for
electrochromic polymers to be amenable for use in optical devices like
electrochromic devices. Therefore, this kind of polymers can be coated on any
surfaces via spin coating or spray coating. Figure 3.8 demonstrated the coating of the
polymers P1 and P2 on ITO surfaces via a spray coating method. While the color of
thin P2 film in thin film form, for example, is light purple, the thick form is dark

purple.
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Figure 3.8 The coating of the polymers (a)-(d) P1 and (e)-(h) P2 dissolved in
CH,Cl, on ITO surfaces via spray coating method.

In order to tune the colors of the polymers P1 and P2 by chemical oxidation,
the coated polymer films on ITO via the spray coating method were also oxidized
and reduced chemically by using SbCls and NHg, respectively. As shown in Figure
3.9, P1 has a larger n-n* transition band centered at a maximum wavelength of 539
nm than its solution form (524 nm), which can be attributed to the n-n* stacking and
increasing conjugation in thin film form. As expected, the calculated band gap of P1
was found to be as 1.81 eV, also smaller than its solution form (1.90 eV). On the
other hand, the color of P1 was tuned successfuly by oxidation and the color changed
from brownish red (L=47.4, a=9.78, b=-6.96) to transmissive green/blue (L=59.3, a=
2.45, b=1.49). By the addition of SbCls, the optical spectrum of P1 film started to
change as well as its color (Table 3.2). The n-n* transition band lost its intensity by
shifting to a shorter wavelength. In the same time, the formation of charge carriers
confirmed by the appearence of the absorption band beyond 700 nm. After the
addition of a certain amount of SbCls, the polaron band reached a maximum intensity
and then decreased due to the formation of another kind of charge carriers called
bipolarons. The color of the neutral polymer was changed from purple to
transmissive blue when oxidized (Figure 3.9). On the other hand, the polymer film
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couldn’t be reduced completely to its neutral state by the use of NH3; (Figure 3.10),
which may be due to the reducing strength of NH3 or the polymer chain stacking in

film for when compared to the solution.
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Figure 3.9 Changes in optical absorption spectra of coated P1 on ITO in acetonitrile
after addition of 2 pL (for each spectrum) of 0.1 M SbCls. Inset: Colors of the film at

different oxidation states.
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Figure 3.10 Changes in optical absorption spectra of chemically oxidized P1 on ITO
in acetonitrile solution after addition of 2 pL (for each spectrum) of 0.5 M NHs.

Inset: Colors of the film at different oxidation states.
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Like P1, in order to tune the colors of the polymer film P2 by chemical
oxidation, the coated polymer film P2 on ITO was oxidized and reduced chemically
by using SbCls and NHg, respectively. P2 has a n-n* transition band at 537 nm with a
band gap of 1.92 eV, which is somewhat smaller than its solution form (1.96 eV).
The color of P2 was changed from brownish red (L=50.0, a=33.8, b=14.5) to
transmissive blue (L=62.7, a=0.82, b=8.38). By the addition of SbCls, the intensity of
the n-n* transition band started to decrease and the appearence of the absorption
band beyond 650 nm confirmed the formation of new charge carriers (Figure 3.11).
On the other hand, unlike its solution form, the polymer film P2 couldn’t be reduced
completely to its neutral state (Figure 3.12), which may be due to the polymer chain

stacking in film form when compared to the solution.
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Figure 3.11 Changes in optical absorption spectra of coated P2 on ITO in
acetonitrile after addition of 2 pL (for each spectrum) of 0.1 M SbCls. Inset: Colors

of the film at different oxidation states.
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Figure 3.12 Changes in optical absorption spectra of chemically oxidized P2 on ITO
in acetonitrile solution after addition of 2 pL (for each spectrum) of 0.5 M NHs.

Inset: Colors of the film at different oxidation states.

3.3 Opto-Electrochemical Studies

In order to study the opto-electrochemical properties of the polymer films, the
redox behaviours of the films coated on Pt electrodes by using a drop casting method
were investigated by using cyclic voltammetry in an electrolyte solution of 0.1 M
TBAH dissolved in acetonitrile. The polymer films couldn’t show any redox
behaviour during cathodic scan from 0.0 V to -1.5 V, whereas they exhibited a well-
defined oxidation peak at 1.0 V for P1 and 1.4 V for P2 during anodic scan and their
reduction peaks appeared at 0.9 V during reverse scan at a scan rate of 100 mV/s. As
shown in Figure 3.13 and Figure 3.14, the polymer films P1 and P2 are firmly
adhered to the electrode surface since the redox couple current intensified with
increasing scan rate. Also, the currents increased linearly as a function of scan rate,
which confirms that the redox behaviour of well-adhered electroactive polymer films

are nondiffusional process.
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Figure 3.13 (a) Scan rate dependence of the polymer film P1 coated on Pt electrode
in 0.1 M TBAH/acetonitrile solution at different scan rates (mV/s), a: 40, b: 60, c:
80, d: 100, e: 120, f: 140, g: 160, h: 180 and i: 200. (b) Relationship of anodic and

cathodic current peaks as a function of scan rate in 0.1 M TBAH/acetonitrile

solution.
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Figure 3.14 (a) Scan rate dependence of the polymer film P2 coated on Pt electrode
in 0.1 M TBAH/acetonitrile solution at different scan rates (mV/s), a: 40, b: 60, c:
80, d: 100, e: 120, f: 140, g: 160, h: 180 and i: 200. (b) Relationship of anodic and
cathodic current peaks as a function of scan rate in 0.1 M TBAH/acetonitrile

solution.

After the determination of working potential range for the polymer films, the
optical changes in the spectra were determined under applied external potentials.
Figure 3.15 exhibited the changes in the absorption spectrum of the polymer P1. As
expected, upon moving from 0.0 V to 1.5 V, the n-n* transition band started to lose

its intensity with a concomitant appearence of a new broad band centered at 800 nm,
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which could be attributed to the formation of polaron charge carriers. During further
oxidation, the transition band nearly disappeared and beyond 950 nm a new
absorption band begins to intensify, indicating the formation of bipolaron charge
carriers. These absorbance variations occured around an isosbestic point at 649 nm,
indicating the coexistence of only two phases. The application of even more anodic
potentials couldn’t change the position of the isosbestic point. The color of the thin
polymer film is dark purple (L=54.2, a=5.94, b=-12.4) when neutralized and
transmissive blue (L=65.5, a=3.08, b=0.40) when oxidized. Inset of Figure 3.15
exhibited the color changes of P1 film during p-doping.
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Figure 3.15 Optical absorption spectra of P1 film on ITO in 01 M

TBAH/acetonitrile at various applied potentials upon moving from 0.0 Vto 1.5 V.

On the other hand, as shown in Figure 3.16, the n-n* transition band of P2
film at 537 nm disappeared completely at the end of oxidation. During oxidation
upon moving from 0.0 V to 1.5 V, like P1 film, the formation of charge carriers was
confirmed by the appearence of a new broad band centered at 800 nm and also
towards at the end of oxidation the appearence of a new band beyond 950 nm
confirmed the formation of bipolaron charge carriers. In addition, P2 exhibited a
multichromic behaviour upon oxidation: brownish red, brown, light brown,
transmissive gray and transmissive blue. Inset of Figure 3.16 exhibited the color

changes of P2 film upon oxidation.
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Figure 3.16 Optical absorption spectra of P2 film on ITO in 01 M

TBAH/acetonitrile at various applied potentials upon moving from 0.0 Vto 1.5 V.

3.4 Thermal Properties

The thermal stabilities of the polymers were investigated by the TGA analysis.
The TGA thermograms of the polymers are shown in Figure 3.17. First of all, the
polymers P1 and P2 started to lost their weights slowly and continuously after 100
and 200 °C, respectively. The maximum decomposition temperatures are at 406 °C
for P1 and 466 °C for P2, these losts can be attributed to the alkyl chains and the
polymers retained 53.4% and 38.7% of their weights at 900 °C, respectively.

On the other hand, DSC thermograms of polymers P1 and P2 did not show
any glass transition temperature and crystallization/melting transitions.
Unfortunately, the DSC thermograms showed nearly flat line with no changes and as
a result no glass transition temperatures of polymers were observed in the measured
temperature from 25 °C to 200 °C.
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Figure 3.17 TGA thermograms of (a) P1 and (b) P2.

3.5 Electrochromic Devices

Electrochromic device based on P1 showed a reversible response between a
potential range from -1.8 to +1.8 V (Figure 3.18). The device has a maximum
oxidation wave at 0.70 V and a maximum reduction wave at 0.34 V at a scan rate of
100 mV/s. At -1.8V, the color of the device was dark blue/violet and it changed to
dark brown upon moving from -1.8 V to +1.8 V (Figure 3.19). Upon oxidation, the
intensity of the absorption band at 555 nm, attributed the neutral PEDOT, was
decreased and a new band beyond 700 nm appeared due to the reduced state of P1

layer.
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Figure 3.18 Cyclic voltammogram of PEDOT/P1 based electrochromic device at a

scan rate of 100 mV/s between -1.8 VV and 1.8 V.
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Figure 3.19 Optical characterization of PEDOT/P1 electrochromic device by
applying different potentials between -0.1 V and 1.8 V. The colors of device at -1.0

V and 1.8 V. PEDOT was used as a cathode electrode.

On the other hand, like P1, the electrochromic device based on P2 showed a
reversible response between a potential range from -1.8 to +1.8 V (Figure 3.20).
While the device exhibited two oxidation peak at 0.91 V and 1.51 V, a maximum
reduction wave was appeared at 0.72 V with a shoulder at 1.34 V. The color of the
device was dark blue/violet at -1.8 V, and the color was changed to dark brown at
+1.8 V (Figure 3.21). During electrochemical study, the absorption band at 505 nm
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preserved its intensity, but a new band beyond 700 nm appeared and intensified by
increasing applied potential, which can be attributed to the reduced state of P2 layer.
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Figure 3.20 Cyclic voltammogram of PEDOT/P2 based electrochromic device at a

scan rate of 100 mV/s between -1.8 VV and 1.8 V.
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Figure 3.21 Optical characterization of PEDOT/P2 electrochromic device by
applying different potentials between -1.8 V and 1.8 V. The colors of device at -1.0
V and 1.8 V. PEDOT was used as a cathode electrode.
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CHAPTER 4

CONCLUSION

Two new thienosilole based soluble polymers bearing thiophene (P1) and
bithiophene (P2) units were successfully synthesized via Stille Coupling reaction.
The presence of 2-ethylhexyl alkyl chain on the thienosilole ring in the
corresponding polymers resulted in solubility in commonly used solvents. The
polymers were characterized by using NMR, GPC, SEM and TGA techniques. The
weight average molecular weights of the polymers P1 and P2 were found to be as
70977 with a PDI of 2.30 and 110439 with a PDI of 1.42, respectively. The band
gaps of polymers were found to be as 1.81 eV for P1 and 1.92 eV for P2.

On the other hand, the polymers exhibited fluorescent property. The polymers
dissolved in toluene have maximum emisssion bands at 634 nm for P1 and 613 for
P2. On this basis, it can be easily concluded that these polymers can be amenable for
use in various fields such as light emitting diodes, organic lasers and

electroluminescent materials.

The polymers exhibited both chemochromic and electrochromic properties.
While the colors of the neutral polymer films are purple for P1 and reddish brown for
P2, both polymers are transparent sky blue at their oxidized states. Also, the
electrochromic device applications showed that they can be good candidates for

optoelectronic applications.
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