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ABSTRACT

SYNTHESIS AND POLYMERIZATION OF NEW D-A-D TYPE
MONOMERS BEARING FLUORINATED BENZOTHIADIAZOLE
ACCEPTORS AND THEIR OPTOELECTRONIC APPLICATIONS

Boztas, Yal¢in
Master of Science, Chemistry.
Supervisor : Prof. Dr. Ahmet M. Onal

May 2022, 47 pages

In this study, a new series of alkylenedioxythiophene (ProDOT) type monomers
bearing substituted and unsubstituted benzothiadiazole acceptor units was
synthesized, and the resulting derivatives were characterized by using NMR
spectroscopy, elemental analysis and HRMS techniques. The monomers were
polymerized by electrochemical polymerization method. The electrochemical and
optical properties of monomers and their corresponding polymers were thoroughly
investigated in detail to elucidate how the number of fluorine atoms in the
benzothiadiazole acceptor unit affects them. For the electrochemical investigations
both differential pulse and cyclic voltammetry methods were used. In addition, the

spectroelectrochemical properties of newly synthesized polymers were investigated.

Keywords: Fluorinated Benzothiadiazole, ProDOT, Donor-Acceptor-Donor,

Electrochromic Polymers



0z

FLOR SUBSTITUE EDILMIiS BENZOTiYADIAZOL ALICI GRUBU
ICEREN YENI V-A-V (VERICI-ALICI-VERICI) TIPI MONOMERLERIN
SENTEZI, POLIMERIZASYONU VE OPTOELEKTRONIK
UYGULAMALARI

Boztas, Yalgin
Yuksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Ahmet M. Onal

Mayis 2022, 47 sayfa

Bu ¢alismada, flor siibstitiie edilmis ve edilmemis benzotiyadiazol alic1 grubu igeren
yeni alkilendioksitiyofen (ProDOT) tipindeki monomerler sentezlendi ve elde edilen
monomerler NMR, elemental analiz ve HRMS teknikleri kullanilarak karakterize
edildi. Sonrasinda, elde edilen monomerler elektrokimyasal ydntemlerle
polimerlestirildi. Benzotiyadiazol alici grubundaki farkli sayidaki flor atomunun
monomer ve polimerlerin elektrokimyasal ve optik Ozelliklerine etkileri detayli
olarak incelendi. Elektrokimyasal ¢alismalarda dongiisel voltametri ve diferansiyel
puls voltametri teknikleri kullanildi. Ayrica, sentezlenmis yeni polimerlerin

spektroelektrokimyasal 6zellikleri de incelendi.

Anahtar Kelimeler: Benzotiyadiazol, ProDOT, Verici-Alici-Verici, Elektrokromik

Polimerler
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CHAPTER 1

INTRODUCTION

Although there was no knowledge of polymers or macromolecules among people
prior to the 1920s, polymers have always found a place in human life throughout
history, beginning with natural polymers such as cotton, wool, silk, and so on. In the
1920s, Hermann Staudinger proposed a ground-breaking chain theory, and he
suggested that polymers are the long chains that result from the combination of the
small repeating units.! Throughout the following decades, all polymer researches
focused on the development of physical properties of polymers. However, In 1977,
Heeger, McDiarmid and Shirakawa found that polymers could also be electrically
conductive via doping process.? This serendipitous discovery, awarded by Nobel
Prize in 2000, was a benchmark which started a new era in polymer science and led

to novel applications.

1.1  Conductive/Conjugated Polymers

Until Alan Heeger, Hideki Shirakawa, and Alan MacDiarmid found that
polyacetylene (PA) could conduct electricity when doped, all carbon-based polymers
were believed to be insulators. In recent decades, such compounds have drawn
substantial attention for a wide range of applications such as light-emitting diodes?,
photovoltaics?, transistors®, and molecular electronics® because of their economic
feasibility, suitability, and tunable chemical nature (electronic, optical, conductivity,
and stability) provided by the structural design of the precursors. As a result of their
potential advantages over the first inorganic electrochromes’, they have been

recognized as one of the most popular electrochromes for usage in devices®, optical



displays®, smart windows®°, mirrors'!, and camouflage materials'?, among other
applications. Additional properties include a high optical contrast ratio, multicolor
printing with the same material, exceptional redox stability, and a long cycle life with
minimal response time. A considerable amount of time and effort has been devoted
to the design and manufacture of polymeric electrochromics (PECs) based on
organic n-conjugated materials as a result of these developments.

The most crucial criteria for being a conducting polymer is the existence of the
conjugation through aliphatic backbone. The alternation of single and double bonds
between carbon atoms that is responsible for the formation of the backbone of
conjugated polymers. When two carbon atoms are linked together in a conjugated
polymer chain, one electron per carbon atom is left in the p; orbital, resulting in three
connections with the adjacent atoms. The bilateral overlap of these orbitals provokes
electrons to be delocalized all through the conjugation path, leading to the formation
of © bonds. As a result of the delocalized electrons filling up the whole band gap,
conjugated polymers exhibit intrinsic semiconductor properties.

Because of their numerous advantages over conjugated polymeric materials with an
aliphatic backbone, conjugated polymeric materials with an aromatic backbone are
far more desired. The stability is the most significant benefit of a conductive polymer
with an aromatic backbone. Because of the challenges that scientists and
industrialists have had with polyacetylene, along with its poor stability and
processability, they have begun to investigate conjugated polymers having an
aromatic backbone®®. Structure of some common conjugated polymers are shown in

Figure 1.1.



trans-Polyacetylene Palypyrrole (NH), Palythiophene (S) Polyphenylene Vinylene
X=NH,S
cis-Polyacetylene Poly(para-phenylene) Polyaniline (NH), Payphenylene sulfide (S)

Figure 1.1. Some Common Conjugated Polymers

1.2 Band Gap Theory

There are two discrete energy bands in conjugated polymers: the valence band (VB)
and the conduction band (CB). Both optical and electronical properties of conjugated
polymers such as color, conductivity, etc. are all affected by the difference in energy
between the CB and the VB. The band gap is influenced by a number of factors that
can be modified and adjusted. To regulate it, several strategies such as changes in
planarity, bond length alternation, resonance effects, and the donor-acceptor
approach can be taken into account*>, Tuning the band gap of conducting polymers
allows for changes in emission wavelength, absorption in the visible region, and the
type of charge carrier produced after doping®®. It is possible to determine the band
gap of conductive polymers by the use of a variety of techniques, such as
electroanalytical methods i.e. cyclic voltammetry and differential pulse voltammetry
for electronic band gap, as well as spectroelectrochemical techniques for the optical

band gap.



1.3 Conductivity and Conduction Mechanism of Conjugated Polymers

Materials can be listed in three categories with respect to their conductivities; metals
(conductors), semiconductors and insulators. With a band gap value of less than 3
eV, conducting polymers fall into the semiconductor class, while metals have a zero

band gap and insulators have a band gap value greater than 3 eV,

g

CONDUCTOR SEMICONDUCTOR INSULATOR

Figure 1.2. Valence Bands and Conduction Bands of Conducting, Semiconducting
and Insulating Materials

The intended conductivity of the polymer is typically determined by the area in
which it will be used by altering various characteristics of the polymer, primarily the
bandgap, of the polymer. Polymers with a low bandgap, for illustration, are

particularly well suited for solar cell applications®’.



1.4 Donor-Acceptor Approach

Utilizing a donor acceptor approach is one of the most common methods for
lowering the band gap of conductive polymers. A polymer having a delocalized =-
electron system that is consisting of repeating electron-rich donor units and electron-
deficient acceptor units alternatingly is what is meant by the notion of the donor-
acceptor (D-A) approach. The polymer as a whole exhibits a smaller band gap as a
consequence of the presence of high-lying HOMO levels of the donor unit in
conjunction with low-lying LUMO levels of the acceptor unit(See Figure 1.3). The
magnitude of the band gap energy of the polymer may be regulated, and its width

can be reduced, depending on the donor and acceptor units that are used®®.

_..' 3
LUMO, ™,
— LUMO,
g LUMO
QD
= =
o HOMO
5 HOMO, —H—
. HOMO,
Donor (A) D-A Acceptor (A)

Figure 1.3. Molecular Orbital Interactions of D-A Units

15 Solvatochromism

In the field of chemistry, the phenomenon known as solvatochromism refers to the

observation that a solute may exhibit more than one color when it is dissolved in a



variety of solvents®®. When the solvatochromic effect is taken into consideration, the
most significant characteristics of the solvent are its dielectric constant and its H
bonding capacity. The electronic ground state and excited state of the solute are both
affected differently by the different solvents, which is why the magnitude of the
energy gap that exists between the two states varies depending on the solvent. This
may be seen as variances in the location, intensity, and shape of the spectroscopic
bands when looking at both absorption and emission spectra of the solute dissolved
in corresponding solvents. Solvatochromism is noticed as a color shift if the
spectroscopic band appears in the visible region of the spectrum (See Figure
1.4). If solvents with the increasing polarity leads to a hypsochromic shift, often
known as a blue shift, in the absorption or emission spectra, then the negative

solvatochromism is corresponded?.

pEEsee

MeOH, EtOH, i-PrOH, MeCN, -BuOH, Me,CO, CHCl3, C¢Hg

Figure 1.4. Reichardt's Dye Dissolved in Solvents with Different Polarities

1.6 Electrochromism

Electrochromism is the redox driven process by which an external voltage may cause
a material to change color in a reversible manner?2. It is not a requirement that the
change in color take place inside the visible spectrum. Moreover, not only the color
change but opacity change, transmittance/reflectance change between the redox

states also can be taken into the consideration in electrochromism.



In addition to the qualitative observable changes, there are also some parameters
defined to quantify the performance of the electrochromic properties. Optical
contrast, switching time and coloration efficiency are some of the quantitative
properties that measure up the suitibility of the electrochromic devices for the

optoelectronic applications.

16.1 Optical Contrast

Optical contrast or the electrochromic contrast is the difference in transmittance in
terms of percent transmittance change in between the redox states of an
electrochromic polymer. It is simply calculated by substracting the percent
transmittance value of the bleached state from the value of colored state recorded

during chronoabsorptometric experiments(Equation 1-1).

A%T = (%Teotorea) — (YoThieachea) (Equation 1-1)

1.6.2 Switching Time

Switching time is another parameter in electrcrohromism that is defined as the time
elapsed during the transitions of an electrochromic polymer between its redox states.
In the light of the fact that the human eye is capable of comprehending 95% of the
total contrast, switching time is computed by taking this information into account.
Switching time is mostly affected with application area, polymer film thickness, ion
conducting ability of the electrolyte and ease of diffusion of counter-ions across the

polymer chain.

1.6.3 Coloration Efficiency

Coloration Efficiency (1) may be expressed as the total optical density change (AOD)
for an electrochromic polymer throughout its redox process?®. This value is

calculated in terms of the density of injected or ejected charge (Qd) during



chronocoulometric  and  chronoabsorptometric ~ experiments  conducted
simultaneously using the parameters; transmittance values of colored (T¢) and
bleached(Ty) states to obtain optical density change (AOD). Following equations are
used to calculate the coloration efficiency?*.

AQOD = log bieaced (Equation 1-2)

colored

n = A0D/Qq (Equation 1-3)

1.7 Literature Survey on Fluorinated Benzothiadizole Acceptor Units

As it is well known, one of the most effective way of controlling the band gap is
alternating arrangement of electron donating (D) and electron withdrawing (A)
groups along the m-conjugated polymer backbone. In designing push-pull type of
polymers, 2,1,3-benzothiadiazole (BTD) molecule is one of the most popular
electron deficient units used in organic electronics. To date, numerous conjugated
polymers involving the BTD acceptor unit have been synthesized with superior
optical and electrochemical properties?®2’. For example, when the BTD unit is
combined with the electron rich 3,4-dioxythiophene based molecules, excellent
electrochromic materials are obtained with high optical contrast, fast switching time

and high coloration efficiencies?’?°,

Substitution on BTD units plays a crucial role in order to tune some properties of
conjugated polymers such as; band gap, molecular weight, inter- and intrachain
interactions, charge transport, etc. For example, decreasing the electron density on
the benzene ring by introducing electron withdrawing groups on the BTD unit results
in both lowering the HOMO and LUMO energy levels, and increasing the inter- and
intrachain interactions of the corresponding polymer?’3%31 Among various
substituents, fluorine atom being most electronegative smallest group is expected to

influence both inter and intra molecular interactions?®%2,



The fluorination of BTD unit causes a lowering in Frontier orbitals of a potential D-
A polymer®335, With this approach, a notable development in the field has been
made in enhancing the performance of organic electronic devices such as improving
the power conversion efficiency as well as open circuit voltage, increasing the air
stability and color stability of thin film transistors and electroluminescence
properties of organic light-emitting diodes?®*¢-#!, Therefore, fluorinated BTD

derivatives have been the focus of many research papers.

Previously, we have we have investigated the effect of fluorine substitution on BTD
acceptor unit in donor-acceptor-donor (D-A-D) type monomers and polymers. For
this purpose, monomers containing fluorine substituted benzothiadiazoles as
acceptor units and 3,4-ethylenedioxythiophene (EDOT) as donor unit was
accomplished via Stille cross-coupling reactions. A blue shift in the electronic
absorption spectra of monomers was noted with increasing fluorine atom substitution
on the BTD acceptor unit. Morover, an anodic shift was also noted in their oxidation
potentials with fluorine atom substitution. This blue shift was also reported by
Reynolds et al. and explained in terms of deviation from planarity*2. Y. Yang et al.
and H. J. Son et al. on the other hand, explained the reason of blue shift in terms of
steric hindrance between the fluorine atoms on the BTD unit and the neighboring D
units for D-A type polymers upon fluorine atom substitution®3#4, Afterwards,
Cihaner et al. investigated the effect of fluorine atom substitution on BTD unit in D-
A-D type monomers and polymers bearing thiophene donor units. It has been
observed that the addition of a fluorine atom led to a lower HOMO energy level in
the related polymers, which in turn caused a rise in the electrochemical band gap
energy®. Despite the fact that the effect of fluorine atom substitution on the BTD
unit has previously been systematically investigated, due to reported solubility issues
for the obtained polymers, in this study, didecyl substituted ProDOT donor units
were coupled with fluorinated and unfluorinated BTD units to overcome the

solubility issues.



1.8  Aim of the Study

Although there are several methods to develop a semiconductor which primarily has
a low band gap, donor-acceptor approach is the major one to consider. In practice, a
donor unit with a high-lying HOMO level and an acceptor with a low-lying LUMO
level is preferred. Because the band gap is decreased, the resulting D-A-D type

trimeric monomer will have greater conductivity.

From this point of view, the first thought was that increasing the number of
electronegative fluorine atoms in the acceptor unit would result in a better electron
withdrawing ability when the donor unit remained constant. In parallel, it would
allow us to have D-A-D type trimeric monomers with decreasing band gaps as the

number of electronegative fluorine atoms in the acceptor unit increased.

Therefore, the goal of this research is to track how the number of fluorine atoms in
the acceptor units of D-A-D type trimeric monomers changes their optical,
electrochemical, and spectroelectrochemical properties. We synthesized three D-A-
D trimeric monomers for this purpose, Kkeeping the donor unit -
didecylpropylenedioxythiophene- constant. The sole alteration in the structure of the
acceptor unit -benzothiadiazole-, on the other hand, was the gradual increase in the
amount of fluorine atoms from zero. We started with the non-fluorinated
benzothiadiazole acceptor unit to get D-A-D type monomer 4,7-bis(3,3-didecyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)benzo[c][1,2,5]thiadiazole (P0), and
did proceed with mono- and di- fluorine substituted acceptor units to have two novel
derivatives 4,7-bis(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-5-
fluorobenzol[c][1,2,5]thiadiazole (P1) and 4,7-bis(3,3-didecyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)-5,6-difluorobenzo(c][1,2,5]thiadiazole (P2). (See

Figure 1.2 for the structures of monomers).

10
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CHAPTER 2

EXPERIMENTAL

It is preferable to use palladium catalyzed cross-coupling processes for the synthesis
of hybrid monomers, which is achieved by coupling two heterocyclic monomers, one
of which contains electron donor substituents and the other which has electron
withdrawing  substituents. The certain kind of cross-coupling reaction
varies depending on which reactants are used. In this study, the Stille Cross-Coupling
Reaction was employed to execute the coupling reaction between
brominated benzothiadiazole  based  acceptor  unit  derivatives  and
didecylpropylenedioxythiophene donor unit after stannylation. To achieve
successful synthesis of D-A-D type trimeric monomers via coupling reaction trans-

dichloro-bis-triphenylphosphinepalladium (Pd(PPhs).Cl2) was also used as catalyst.

2.1  Synthesis of Monomers

The monomers PO, P1 and P2 were successfully synthesized by Stille Cross
Coupling reaction between stannylated didecyl substituted ProDOT donor unit and
4,7-dibromobenzo[c][1,2,5]thiadiazole, 4,7-dibromobenzo([c][1,2,5]thiadiazole, 4,7-
dibromo-5-fluorobenzo|c] [1,2,5]thiadiazole and 4,7-dibromo-5,6-
difluorobenzo[c][1,2,5]thiadiazole acceptor units.

In order to carry out Stille Cross Coupling reaction, 1 equivalent of the acceptor was
dissolved in freshly distilled THF and refluxed half an hour. Then, 2.2 equivalent of
donor was added stepwise and refluxed for another half an hour. Lastly, 5% mole of
Pd(PPh3).Cl. catalyst was added to the mixture under nitrogen atmosphere. The final

mixture was left in reflux for 48 hours at 70°C. Progress of reaction also monitored
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with TLC regularly. Once the reaction has been completed, crude product was taken
into the room temperature for cooling. Excess THF in the reaction mixture was
evaporated after cooling. After the crude product was transferred into the DCM to
extract the organic layer and washed with saturated NaCl solution to get rid of water-
soluble impurities. Then the organic layer was dried with anhydrous MgSOs4 to
remove any leftover water. Residual product was purified with column
chromatography according to the procedures stated below for each monomer.
Synthetic pathways for the synthesis of each monomer were also given below in

Scheme 1, Scheme 2 and Scheme 3 for the monomers PO, P1 and P2 respectively.

2.1.1 4,7-bis(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-
yl)benzo[c][1,2,5]thiadiazole (P0)

CioH21 CroHa oH21 CioHa1 ¢ H,,

c
S, CioHz1 ! S
S . NN THF, Pd(PPh)Cl, F(\\O NN o
5 5 70°C, 48 h o I o}
I\ ' r | 7]

S SnBU3 S S

Scheme 1. Synthetic Pathway of PO

PO was obtained as an oily red orange solid with a yield of 60 % by using
Hexane:DCM (15:2) as an eluent. *H NMR (400 MHz, CDCls, § (ppm)): 8.28 (s,
2H), 6.64 (s, 2H), 4.04 (s, 4H), 3.95 (s, 4H), 1.49 — 1.40 (m, 8H), 1.35 — 1.21 (m,
64H), 0.88 (t, J = 6.8 Hz, 12H); *C NMR (100 MHz, CDCls, & (ppm)):152.71,
149.89, 147.96, 127.59, 124.32, 117.45, 106.21, 77.80, 77.64, 43.80, 32.00, 31.91,
30.51, 29.65, 29.62, 29.55, 29.34, 22.87, 22.68, 14.11.
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212 4,7-bis(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yI)-
5-fluorobenzo|c][1,2,5]thiadiazole (P1)

CioHz1 CroHa CioHa CioH21_ ¢, Hyy

S. CioHas
N" "N .S,
N THF, Pd(PPh3)Cl, 0 N\ N O

o O
* . . 70°C. 48 h o) / o)
i\ - | N 7
s nBus S S

F

Scheme 2. Synthetic Pathway of P1

P1 was obtained as an oily orange compound with a yield of 68 % by using
Hexane:DCM (15:2) as an eluent. *H NMR (400 MHz, CDCls, § (ppm)): 8.27 (d, J
=12.1 Hz, 1H), 6.71 (d, J = 10.8 Hz, 2H), 4.07 (s, 2H), 4.00 — 3.89 (m, 6H), 1.49 —
1.35 (m, 8H), 1.35 — 1.19 (m, 64H), 0.92 — 0.83 (m, 12H). ; *C NMR (100 MHz,
CDCls, 8 (ppm)): 161.63, 159.11, 154.58, 149.80, 148.96, 148.42, 126.25, 118.18,
117.85, 115.88, 110.73, 108.46, 107.86, 106.53, 77.85, 77.78, 77.58, 43.93, 43.77,
32.10, 31.93, 31.69, 30.50, 29.66, 29.64, 29.56, 29.36, 22.90, 22.80, 22.71, 14.14.
HRMS calculated for CeoHgsFN204Ss, [M]*: 1022.6438. Found for CeoHosFN204S3,
[M]*: 1022.6559.

2.1.3 4,7-bis(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-
5,6-difluorobenzo|c][1,2,5]thiadiazole (P2)

CioHz1 CoHz CioHa CioH21_ ¢, Hay

S. CioHas
N" "N S
o] N\ N O

THF, Pd(PPh,)CI
o] 0 + A/ 3)Ch
70°C, 48 h o} ! o}
/ \ Br Br | \ / E
S SnBU3 ) S

F F

Scheme 3. Synthetic Pathway of P2
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P2 was obtained as an oily greenish yellow compound with a yield of 62 % by using
Hexane:DCM (15:2) as an eluent. *H NMR (400 MHz, CDCls, § (ppm)): 6.68 (s,
2H), 3.86 (d, J = 11.6 Hz 8H), 3.94 — 3.81 (m, 4H), 1.37 - 1.26 (m, 8H), 1.23 - 1.05
(m, 64H), 0.85 — 0.70 (m, 12H) ; ¥*C NMR (100 MHz, CDCls, § (ppm)): 152.18,
150.14, 149.77, 148.99, 111.29, 109.28, 107.57, 77.84, 77.77, 43.94, 31.92, 31.81,
30.50, 29.65, 29.63, 29.55, 29.35, 22.82, 22.70, 14.12. HRMS calculated for
CeoHaaF2N204S3, [M]": 1040.6344. Found for CeoHeaF2N204S3, [M]*: 1040.6432.

2.2  Electrochemical Studies of Monomers and Corresponding Polymer

Films

Electrochemical studies of monomers were conducted in 0.1 M TBAPFs dissolved
in DCM/ACN mixture by using three-electrode system. Electrochemical studies of
monomers PO, P1 and P2 and electrochemical polymerization of PO was
accomplished using Pt-disc as working electrode, Ag/AgCIl as reference electrode
and Pt wire as counter electrode. Electrochemical polymerizaton of PO and P1 and
spectroelectrochemical studies of the corresponding polymer films pP0O and pP1
were carried out using ITO as working electrode, Ag wire as reference electrode and

Pt wire as counter electrode.
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CHAPTER 3

RESULTS AND DISCUSSION

The optical and electrochemical properties of the monomers PO, P1, and P2 were
investigated after their synthesis. Optical properties were investigated using UV-Vis
and fluorescence spectrometric methods, while electrochemical properties were
investigated using cyclic voltammetry. Then, succesfully obtained polymer films
pP0 and pP1 were also investigated spectroelectrochemically.

3.1 UV-Visand Fluorescence Spectra of Monomers

In order to investigate the optical properties of monomers, UV-Vis spectra were
recorded in CHCl3 and the resulting spectra are shown in Figure 3.1. (a). As it is seen
from the figure, the absorption spectra of the monomers PO, P1 and P2, exhibit two
different absorption bands. Higher energy bands due to n-n* transition for PO, P1
and P2 were detected at 317, 309 and 304 nm respectively. Lower energy bands due
to the intramolecular charge transfer for PO, P1 and P2 were detected at 462, 436
and 407 nm respectively*®4’. Inspection of Figure 1 (a) reveals that the whole
spectrum exhibits blue shift with fluorine substitution on the acceptor unit. The shift
is more pronounced in the case of lower energy charge transfer band (from 462 nm
for PO to 407 nm for P2).

Emission spectra of the monomers PO, P1 and P2 were also recorded in CHClI3 and
the resulting spectra were given in Figure 3.1(b). Upon excitation at 410 nm, the
maximum wavelengths for emission bands were obtained 589, 570 and 548 nm for
PO, P1 and P2 respectively. A similar blue shift trend was also observed as in the
case of absorption spectra. These unexpected blue shifts observed in both absorption
and emission spectra can be explained with the deviation of planarity due to the steric

hindrance caused by fluorine atom substitution to the acceptor unit.
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Figure 3.1 Absorption (a) and Emission (b) Spectra of the monomers PO, P1 and P2
in CHCI3 (excited at 410 nm)

In order to prove the existence of ICT band in the absorption spectra of the

monomers, fluorescence emission spectra of monomers were recorded in different
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solvents having different polarities. The measurements were recorded only for the
monomers P1 and P2 in hexane, chloroform and DMF. Moving from hexane to
DMF, red shifts from 535 nm to 585 nm for P1 and from 517 nm to 567 nm for P2
were monitored due to the increasing polarity of the solvents which proves that the
lower energy band in their absorption spectra is due to the ICT, indicating strong
interactions between donor and acceptor units. Obtained spectra were given in Figure
3.2(a) for P1 and Figure 3.2(b) for P2.

Adding fluorine to the acceptor unit results in a blue shift across the entire spectrum.
In the case of lower energy charge transfer bands, the change is more apparent.
Although one expects stronger ICT due to increasing acceptor strength upon
electronegative fluorine atom substitution to benzothiadiazole unit, this blue shift
indicates that ICT between D and A units becomes weaker with fluorine substituted
acceptor units. A similar unexpected blue shift was also reported by Reynolds et al.
and explained in terms of deviation from planarity*2. Such blue shifts have also been
observed and explained on the basis of steric hindrance between the fluorine atoms
on the A unit and the adjacent donor units for D-A type polymers following fluorine
atom substitution on the acceptor unit*>*. Onal et al. performed computer
simulations in order to gain deeper understanding into the apparent blue shift in the
electronic absorption spectra of a series of monomers similar to this study*®. When
fluorine atoms were present, it was found that the planarity of the resulting D-A-D
type trimeric monomer was deviated owing to steric hindrance and conformation of

the trimeric monomer?!,
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Figure 3.2 Emission Spectra of the monomers (a) P1 and (b) P2 in solvents with
different polarities

The overall optical properties from the absorption and emission spectra of the

monomers PO, P1 and P2 summarized Table 1.
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Table 3.1 Optical Properties of Monomers

lmax,abs(nm) Xmax,em(nm) Xmax,abs(nm) lmax,em(nm) lmax,abs(nm) )\.max,em(nm)
Monomers
Hexane Hexane CHCls CHCIs DMF DMF
PO 317, 462 589
P1 304, 435 535 309, 436 570 436, 308 585
P2 298, 407 517 304, 407 548 405, 300 567
3.2  Electrochemical Properties of Monomers

To investigate the electrochemical properties of monomers, cyclic voltammograms
of the monomers PO, P1 and P2 were recorded in both anodic and cathodic region.
The resulting voltammograms are given in Figure 3.3 for (a) PO and (b) P1 and (c)
P2. As seen in the figures, one irreversible oxidation peak and one reversible
reduction peak were noted for each monomers. Irreversible oxidation peaks were
found as 1.09 V, 1.34 V and 1.48 V for PO, P1 and P2 respectively. Reversible
reduction peaks were detected as -1.33 V, -1.39 V and -1.42 for PO, P1 and P2

respectively.

The observed anodic shifts in their oxidation potentials with the increasing number
of fluorine atoms in the acceptor unit might be attributed to the lowering of highest
occupied molecular orbital (HOMO) energy level upon highly electronegative

fluorine atom substitution.

Electrochemical properties of the monomers PO, P1 and P2 with their oxidation and

reduction potentials and onset values were summarized and given in Table 2.
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Figure 3.3 Cyclic Voltammograms of the monomers (a) PO, (b) P1 and (c) P2
recorded in 0.1 M TBAPFs dissolved in DCM/ACN mixture
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Table 3.2 The Electrochemical Properties of the Monomers

Monomers Eoxm (V) Eox,onsetm (V) Eredm (V) Ered,onset,m (V)
PO 1.09 0.96 -1.33 -1.20
P1 1.34 1.17 -1.39 -1.23
P2 1.48 1.33 -1.42 -1.24

3.3  Electrochemical Polymerization of Monomers

PO and P1 monomers were polymerized successfully by electrochemical
polymerization method using 3-electrode system. On the contrary, although there
were many attempts during electrochemical polymerization of P2 by using many
different solvent-electrolyte couples, film formation of the monomer P2 could not

be achieved.

Repetitive cyclic voltammograms recorded during electrochemical polymerization
of the monomers were given in Figure 3.4. for (a) PO and (b) P1. In the figures, it
can be observed that new reversible redox couples have been formed. These new
peaks became more prominent as the anodic scans progressed, and they indicate the
generation of electroactive polymer films on the working electrode surface, with the

thickness of the film rising with time.

When the polymer films were formed on ITO coated glass working electrodes, the
electrochemical behavior of the polymer films was evaluated by recording their
cyclic voltammograms in a fresh electrolyte solution in order to investigate the
function of fluorine atom substitution. In order to do this, polymer films were
deposited on the electrode surface using a potential cycling between 0.0 V to
+1.15 vs Ag/AgCl for PO, 0.0 V to +1.4 V vs Ag/AgCl for P1.
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Figure 3.4 cyclic voltammograms of (a) PO and (c) P1 monomer recorded in 0.1 M
TBAPF6 in DCM/MeCN (1/1: v/iv) on ITO electrode at a scan rate of 100 mV/s.

24



3.4  Electrochemical Properties of Polymer Films

Following the conclusion of polymer film production, the polymer
films deposited working electrodes were washed with ACN to eliminate any leftover
monomer or oligomeric species, and the cyclic voltammograms of the freshly
formed polymer films were recorded. It can be observed from the voltammograms
displayed in Figure 5 that polymer films pP0O and pP1 revealed one reversible

oxidation peak at 1.02 V and 1.22 V respectively.
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Figure 3.5 voltammograms of the corresponding polymer films pPO and pP1
recorded in 0.1 M TBAPFs in ACN on ITO electrode at a scan rate of 100 mV/s.

3.5  Scan Rate Dependence of Polymer Films

A further investigation into the scan rate dependency of anodic and cathodic peak

currents was carried out by measuring the current variations of polymer film coated
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electrodes at different scan rates ranging from 20 to 200 mV/s. As a function of
voltage scan rates, a linear increase was noted in the peak currents of the redox
couples, which not only demonstrated the presence of well-adhered polymer films
on the ITO coated glass electrodes, but also demonstrated that the redox processes

generated by doping and de-doping of polymer films are not diffusion controlled.
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Figure 3.6 Scan rate dependence of the polymer films on ITO electrode recorded in
0.1 M TBAPFs solution in ACN (a) pP0 and (c) pP1 in at different scan rates with
20 mV/s increments from 20 mV/s to 200 mV/s. The relationship of anodic and
cathodic current peaks as a function of scan rate for (b) pP0 and (d) pP1 polymer
films.
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3.6 Spectroelectrochemical Properties of Polymer Films

For the purpose of investigation of optoelectronic characteristics of the polymer
films pPO and pP1, spectroelectrochemical measurements were carried out via
simultaneous use of both cyclic voltammetry and UV-Vis spectrometry. The neutral
state absorption spectra of pP0 and pP1 films deposited on ITO-glass electrode were
compared in Figure 3.7. Following a close examination of the figure, it was observed
that both of the polymer films display dual-band absorption, which is characteristic

of D-A polymers.
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Figure 3.7 Neutral state absorption spectra of polymer films pP0 and pP1 coated on
ITO electrode in 0.1 M TBAPFs/ACN.

Two discrete absorption bands were observed at their neutral states in higher energy
and lower energy region due to n- * and ICT interactions respectively. Higher
energy bands were found to appear at 410 nm and 380 nm, while lower energy bands
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were determined as 680 nm and 610 nm for the polymer films pP1 and pP2

respectively.

We have noticed blue shifts in the electronic absorption spectra of polymer films,
similar to those found in the electronic absorption spectra of monomers, when the
number of F atoms on the acceptor units of polymer films increases. Fluorine
substituted polymers have also been shown to exhibit comparable blue shifts in the

literature32:49:°0.,

The optical band gap values (Eg) of the polymers were derived from the onset of the
low energy band and determined to be 1.48 V and 1.70 V for the polymers pP0 and
pP1 respectively (see Table 2). A number of cases have also been reported in which
the optical band gap values have increased with increasing backbone fluorination,

and this has been linked to a shorter effective conjugation length®?.

In order to investigate the optoelectronic behavior of polymer films, it was necessary
to follow the changes in their electronic absorption spectra as a function of applied
voltage, and the resultant spectra recorded for pP0O and pP1, are shown in Figure
3.8(a) and (b) respectively. Detailed examination of Figure 3.8 revealed that the
intensity of the z-m* transition bands pPO and pP1 polymer films decreased
concurrently, with corresponding absorption bands forming at around 900 nm for
both pP1 and pP2, respectively, during p-doping of the pPO and pP1 films,
suggesting the generation of charge carriers. The presence of clear isosbestic spots
at 805 nm and 700 nm during the early phases of oxidation of pPO and pP1 films,
respectively, shows that polymer films were being interconverted between their
neutral and oxidized states during this time period. On the other hand, with further
oxidation of pP0 and pP1, these points change with the introduction of additional
absorption bands beyond 1000 nm for both pP0O and pP1, which is most likely a

result of bipolaron production?®52,
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Figure 3.8 The changes in electronic absorption spectra of electrochemically
deposited (a) pP0 and (b) pP1 films on ITO recorded at various applied potentials in
0.1 M TBAPFs/ACN. Inset: The colors of the films at neutral and oxidized states.

Polymer films pPO and pP1 show aqua green and navy blue in their neutral states

and transparent gray and less transparent gray respectively when oxidized.
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3.7 Kinetic Studies of Polymer Films

The percent transmittance change also known as the optical contrast of polymer
films pP0 and pP1 was investigated using the square wave potential technique. For
this aim, the polymer films were first neutralized, then oxidized repetitively, with
each step taking 10 seconds. Corresponding spectra of the polymer films pP0 and
pP1 are given in Figure 3.9. pP0 and pP1 polymer films exhibited optical contrast
values of 38% and 26% for lower energy absorption bands and 25% and 14% for
higher energy absorption bands.
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Figure 3.9 Chronoabsorptometry experiments for the polymer films pP0 and pP1 on
ITOin0.1 M TBAPFs/ACN when the films were switched between redox states with
an interval time of 10 s for pPO0 at (a) 680 nm and (b) 410 nm, for pP1 at (c) 610 nm
and (d) 380 nm.
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Table 3.3 The Electrochemical and Optical Properties of the Polymers

Color
CE . at Color at
POIymerS on,p on,p,onset Amax A%T Eg ts oxidized
) V) | (nm) (cm2/C) | €V) | (3) | neutral
state
state
410, | 25 207 0.6 %
1 ] ’ Uy o —
PO |1.02| 037 1.48 S g & &
680 | 38 385 0.7 | < & é O}
=
g |5
380, | 14, 114, 10,| = (o
PL |122| 001 1.70 m |88
610 | 26 205 14 S 2 O
[3+] [
z -

& Optical band gap.

b 959 of full switch from colored to bleached states.

Moreover, the switching time (ts), which is the time required to achieve 95 % of the

maximum change in optical contrast upon application of a potential, was determined

to be 0.6 and 1.0 s for the higher energy absorption band and 0.7 and 1.4 s for the

lower energy absorption band for the pP0 and pP1 films, respectively.

The coloration efficiencies (CEs) of the polymer films were also calculated and
found to be 207 cm?/C at 410 nm and 385 cm?/C at 680 nm for pP0 and 114 cm?/C
at 380 nm and 205 cm?/C at 610 nm for pP1.
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CHAPTER 4

CONCLUSION

In this thesis study, three trimeric monomers in D-A-D configuration was
synthesized using non-, mono- and di-fluorinated benzothiadiazole acceptor units to
investigate the effect of number of fluorine atoms attached on the acceptor unit.
Didecylpropylenedioxythiophene donor unit was chosen to obtain soluble polymers.
In an effort to inspect the electronegative fluorine atom substitution on the
benzothiadiazole unit, optical and electrochemical properties of the monomers were
investigated. Deviation from planarity possibly caused by the steric hindrance due to
the increasing number of fluorine atoms on the acceptor unit led to a blue shift in
both absorption and emission spectra of the monomers P1 and P2 when compared
to non-fluorinated analogue, PO. Fluorine atom substitution was observed to lower
the HOMO levels of monomers, thereby, resulting in an increase in monomer
oxidation potential. Aside from significant variances in the optical and
electrochemical properties of the monomers, respective corresponding polymer
films also exhibited noteworthy variations in their optoelectronic properties. A blue
shift was observed with increased addition of F atoms onto the polymer backbone,
similar to what had been noticed in the electronic absorption spectra of
monomers(i.e. 462 nm for PO, 436 nm for P1 in CHCIs). This is also accompanied
by a broadening of the band gap(i.e. 1.48 eV and 1.70 eV for pP0 and pP1l
respectively). Even though the electrochromic polymer films were found to have
comparable and reasonably short switching times, the CEs of the films decreased

when the number of F atoms added to the polymer backbone was increased.
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APPENDICES

A. NMR Spectra of Monomers
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Figure A.2 1*C NMR Spectrum of PO in CDCl3
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B. HRMS Spectra of Monomers
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Figure B.1 HRMS Spectrum of P1
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Figure B.2 HRMS Spectrum of P2
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