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ABSTRACT

CHARACTERIZATION OF CONDUCTING POLYMERS OF ESTER LINKAGE
CONTAINING THIOPHENE DERIVATIVES
VIA MASS SPECTROSCOPY

Aslan, Evren
M.Sc., Department of Chemistry
Supervisor: Prof. Dr. Levent Toppare

Co-Supervisor: Prof.Dr. Jale Hacaloglu

December 2004, 86 pages

In order to investigate the thermal and structural characteristics of terepthalic acid bis-
(2-thiophen-3-yl-ethyl)ester (TATE), decanedioic acid bis-(2-thiophen-3-yl- ethyl) ester
(DATE) and octanoic acid 2-thiophen-3-yl-ethyl ester (OTE), their corresponding
homopolymers, copolymers with thiophene and polythiophene, pyrolysis mass
spectrometry technique was utilized. The results were discussed in detail considering the
effects of spacer group in between ester linkages. Thermal Gravimetry Analysis was
used to investigate the weight loss for polymers and monomers. Conductivities of

samples were measured by four-probe technique.
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It was found that when the ester linkages contain hydrocarbon chains, the growth of
polymer occurred through both 2 and 5 positions. On the other hand, when the ester
linkages contain more rigid groups such as phenyl, steric hindrance inhibited the growth
of the polymer through 2- position and polymerization proceeded via coupling of
thiophene moieties mainly at 5-position yielding a polymer with lower conductivity.
Though the structure of P(OTE) is inherently different than P(DATE) and P(TATE)

extent of network structure is also quite low for this polymer compared to PTh.

Similar thermal characterizations were recorded indicating that thermal units were not
significantly affected by the presence of TATE, DATE or OTE for all copolymer

samples.

Keywords: electropolymerization, pyrolysis, polythiophene, thermal degradation, mass

spectrometry
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ESTER BAGI ICEREN TIYOFEN TUREVI ILETKEN POLIMERLERIN KUTLE
SPEKTROKOPISI ILE KARAKTERIZASYONU

Aslan, Evren
Yiksek Lisans, Kimya Bolumu
Tez Yoneticisi: Prof. Dr. Levent Toppare

Ortak Tez Yoneticisi: Prof.Dr. Jale Hacaloglu

Aralik 2004, 86 sayfa

Terefitalik asit bis-(2-tiyofen-3-il-etil)ester (TATE), dekandioik asit bis-(2-tiyofen-3-il-
etil) ester (DATE), oktanoik asit 2-tiyofen-3-il-etil ester (OTE) ve bunlarin
homopolimerleri ve tiyofen ile kopolimerlerinin ve politiyofenin 1sil ve yapisal
Ozelliklerini arastirmak icin piroliz kutle spektrometresi kullanilmistir. Bitiin 6rnekler
icin, ¢Oziici ve reaksiyona girmemis Ornegin ustiine tutunmus monomerin atilimi
100°C’nin altinda gézlenmistir. Sonuglar, ester baglarinin arasinda bulunan ara grubun
etkileri g6z Ontine alinarak detaylt bir sekilde tartisilmistir. Polimer ve monometlerin
agirlik kaybini arastirmak igin termal gravimetre analiz yontemi kullanilmistir. Orneklerin

iletkenlikleri, d6rt- prob teknigi ile Slgtlmustiir.

Ester baglart hidrokarbon zincirleri igerdigi zaman polimerin 2 ve 5 pozisyonlarindan
polimerlestigi gbzlenmistir. Diger taraftan, ester gruplart fenil gibi daha siki gruplara
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sahip oldugunda sterik engellemenin polimerizasyonun ikinci  pozisyondan
gerceklesmesini engelledigi, polimerizasyonun tiyofen grubu ustiindeki 5 pozisyonundan
ilerledigi ve olusan polimerin daha dusiik iletkenlige sahip oldugu gozlenmistir. P(OTE)
icin agsal yapt P(DATE) ve P(TATE) den oldukga farkli olup PTh kiyasla olduk¢a

distktir.
Kopolimer orneklerinde TATE, DATE veya OTE’nin varhginda sl bozunum

trtnlerinin ¢ok fazla etkilenmedigini gosteren benzer 1sil davranim karakterizasyonu

gozlenmistir.

Anahtar Kelimeler : elektropolimerizasyon, piroliz, politiyofen, 1sil bozunum, kitle

spektrometri
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CHAPTER1

INTRODUCTION

1.1 Conducting Polymers

Conducting polymer research has roots back to the 1960s where Pohl, Katon and others

first synthesized and characterized semiconducting [1-3] and conjugated polymers [4].

The discovery of the high conductivity of poly(sulfurnitride) (SN), , a polymeric
inorganic explosive [5] and its interesting electrical properties [6,7] were a step towards

conducting polymers as they are known today.

In 1862 Letheby reported the anodic oxidation of aniline in a solution of diluted sulfuric
acid, and that the blue-black, shiny powder deposited on a platinum electrode was
insoluble. After that, Goppelsroeder in 1876 suggested that anodically oxidized aniline
had a chain-like, cyclic structure. In addition, this system could be electrochemically

charged and discharged [8].

Conducting polymer research began when films of polyacetylene were found to exhibit
profound increases in electrical conductivity when exposed to iodine vapor. The
procedure for synthesizing polyacetylene was based upon a route discovered in 1974 by

Shirikawa and coworkers through addition of 1000 times the normal amount of catalyst



during polymerization of acetylene [9]. The term “conducting polymers” was coined
after the American scientists Heeger and MacDiarmid discovered the doping the
“Shirakawa” polyacetylene with iodine in 1977 [10,11]. The successful doping of PA- in
electrochemical terminology the equivalent of oxidation or reduction- encouraged the
same scientists to test PA as a rechargeable active battery electrode [12]. Their promising
results stimulated worldwide efforts to construct a polymer battery. In the course of
these studies conducting polymers with similar to PA were discovered or rediscovered,
such as polyparaphenylene, polypyrrole, polythiophene and, last but least, polyaniline
(Figure 1.1). However, it soon become apparent that the pathway from inspiration to
practical realization can be long and thorny, that much basic research on a broad,

interdisciplinary basis still has to be done [13].

polyacetylene Ve Y Vo Vo Vo Ve Ve We Wa N

ﬂ H H
N N,
polypyrrole
H H
polythiophene >
4 s
polyphenylene

Figure 1.1 Some common conducting polymers



1.1.1 Basic Principles

Conducting polymers can be prepared via chemical or electrochemical polymerization
[14]. The latter is generally preferred since it provides a better control of film thickness
and morphology, and cleaner polymers when compared to chemical oxidation. Films of
electronically conducting polymers are generally deposited onto a supporting electrode
surface by anodic oxidation (electropolymerization) of the corresponding monomer
species such as pyrrole [15], thiophene [16] or aniline [17] in the presence of an

electrolyte solution.

Different electrochemical techniques can be used including potentiostatic (constant-
potential), galvanostatic (constant-current) and potentiodynamic (potential scanning i.e.
cyclic voltammetry) methods. Electrical conductivity is achieved in the film of
conducting polymer by oxidation (p-doping) or reduction (n-doping), followed
respectively by the insertion of anionic or cationic species. Due to the double bond
alternation in the conjugated polymer backbone, the charged species formed upon
doping are able to move along the carbon chain (delocalization) allowing electron

transport and thus giving an electronically conductive material [18].

1.1.2 Electropolymerization

In an electrochemical polymerization, the monomer, dissolved in an appropriate solvent
containing the desired anionic doping salt, is oxidized at the surface of an electrode by
application of an anodic potential (oxidation). The choice of the solvent and electrolyte
is of particular importance in electrochemistry since both solvent and electrolyte should
be stable at the oxidation potential of the monomer and provide an ionically conductive
medium [19]. Organic solvents like acetonitrile and propylene carbonate have very large

potential windows, and high relative permitivities, which allow a good dissociation of



the electrolyte and thus a good ionic conductivity. As a result of the initial oxidation,
the radical cation of the monomer is formed and reacts with other monomers present in
the solution to form oligomeric products and then the polymer. The extended
conjugation in the polymer results in a lowering of the oxidation potential compared to
the monomer. Therefore, the synthesis and doping of the polymer are generally done
simultaneously. The anion is incorporated into the polymer to ensure the electrical
neutrality of the film and, at the end of the reaction; polymeric film of controllable
thickness is formed at the anode. The anode can be made of a variety of materials
including platinum, gold, glassy carbon, and tin or indium-tin oxide ITO) coated glass.
The electropolymerization is generally achieved by potentiostaic (constant potential) or

galvanostatic (constant current) methods.

The electropolymerizaton mechanism is a controversial subject as there have been a
number of mechanisms proposed to date. One of the principal difficulties encountered
in the determination of the different stages of reaction is the rapidity of the
polymerization. In addition, the insolubility of the polymers coupled with its non-
crystalline nature makes structure characterization and analysis of physical properties
exceedingly difficult. As a result, there has not been unanimous agreement among

researchers concerning this mechanism.

The mechanism described by Diaz and his colleagues [20] is the mechanism
encountered most often in the literature. Waltman and Bargon [21] have confirmed this
mechanism by theoretical studies based on the correlation between the reactivity and the

unpaired electron density of the radical cations.

This mechanism begins by electron transfer (E) followed by a succession of chemical
reactions ( C ) and electron transfer reactions. The term E(CE), which is an extension

of the term ECE is often used to describe all the reactions involved in the formation of
the film. This mechanism can be illustrated as shown in Figure 1.2 and the pathway is as

the following:



(1)Oxidation of the monomer to a radical cation by loss of electron from the monomer.
The oxidation of the thiophene is irreversible which shows that the cation radical
formed in the first step is extremely reactive. (2) Coupling of two radicals to produce a
dihydro dimer dication and rearomatization. This rearomatization constitutes the driving
force of the chemical step. (3) Proton loss occurs to yield a neutral dimer and
rearomatization. (4) Oxidation of the dimer to its radical cation. Due to the applied
potential, the dimer, which is more easily oxidized than the monomer, occurs in its
radical form. (5) Reaction of the dimer radical cation with another radical cation.
(6)Electrochemical polymerization proceeds then through successive electrochemical
and chemical steps until the oligomer becomes insoluble in the electrolytic medium and
precipitates onto the electrode surface. The electrochemically prepared polymer film is

already doped and contains the counterion.

X [ X

_...H-!r
,@____*%____/\ X, ot
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T X% F %

/N x_ 4N

+

Figure 1.2 Electrochemical polymerization mechanism



1.1.3 Doping Process

A central point of electrochemical research is the analysis of doping mechanism. In the
electrochemical terminology the doping process (Figure 1.3) corresponds to a redox

reaction.

/\LHLJF(\U wo [N
OO} ==Y

Figure 1.3 Doping figure of anodic oxidative polymerization of thiophene

Anions, termed ‘dopants’, are incorporated into the film to maintain electroneturality.
The doping terminology of conducting polymers should be distinguished from its
conventional use in semi-conductor physics, since considerably higher concentration of
dopant is employed in the former, typically up to 33% [22]. Conducting polymers can be
cycled between the oxidized conducting state and the neutral insulating state, this

process being controlled by the diffusion of counter ions into and out of the film [20].

Due to the relatively large band gaps in conjugated polymers, the concentration of
charge carriers at low temperatures is very low. The doping of conducting polymers
generates high conductivities primarily by increasing the carrier concentration [23].
Doping is reversible to produce the original polymer with little or no degradation of the
polymer backbone. Both doping and undoping processes, involving dopant counterions
which stabilize the doped state, may be carried out chemically or electrochemically. By
controllably adjusting the doping level, conductivity anywhere between that of the non-
doped (insulating or semiconductor) and that of the fully doped (conducting) form of
the polymer is easily obtained. In the doped state, the backbone of a conducting

polymer consists of a delocalized 7 system. In the undoped state, the polymer may have



a conjugated backbone which is retained in a modified form after doping, or it may have
a non-conjugated backbone which becomes truly conjugated only after p-doping [24].
p-Doping is the partial oxidation of the 7 backbone of an organic polymer. The basic

process involves removing electrons to form a positively charged repeat unit

@) + xyA" > [PTA)L + xye
where P presents the basic monomeric repeat unit in the polymer.

Furthermore, if the polymer chain is partially reduced, the process is n type doping

@), + e + M o> [PTM)]

1.1.4 Conductivity and Electronic Structure of Conducting Polymers

The electrical conductivities of materials allow them to be classified into three groups
called conductors, semiconductors and insulators (Figure 1.4). In polymeric materials
conduction may occur through the movement of either electrons or ions. In both cases
electrical conductivity depends on a number of fundamental parameters, such as the
number density of mobile charge carriers 7, the charge ¢, and the carrier mobility 4. The

relationship between conductivity ¢ and three latter quantities is expressed by the

general relationship;, o =#nq .

The conduction mechanism can be explained by using the band theory. The atoms’
outermost shells that contain the valence electrons are said to be in the valence band
(VB). In order to provide conduction, an electron must gain sufficient energy to
promote itself to the conduction band (CB). The energy difference between the valence
and the conduction band is known as the band gap, E, the size of which determines
whether a material is an insulator, semiconductor or a conductor. In a semiconductor,

band gap, E, is narrow and the movement of electrons from the valence band to the



conduction band provides the conduction. In conductive materials, the highest energy
level of the valence band and the lowest energy level of the conduction band are of
similar energy that means there is no forbidden gap and electrons can easily pass from
the valence band to the conduction band. The high conductivity of metals comes from

partially occupied valance band or a zero band gap [25].

Wide band gap - -

Marrow band gap

Increasing
ENErgy

Insulator Semiconductor Metal
. Energy levels in conduction band

Energy levels in valance band

Figure 1.4 Schematic representation of band structure of a metal, a semiconductor and

an insulator

In a semiconductor, band gap, E, is narrow and the thermal excitation of electrons from
the valence band to the conduction band provides the conduction. Otherwise in an
insulator, the band gap E, is too wide and the electrons cannot be excited thermally at
room temperature from the valence band to the conduction band. Figure 1.5 shows the

energy diagram for metals, semiconductors and insulators.
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1.1.5 Charge Carriers in Conducting Polymers

Mechanism for the electronic conductivity and the nature of charge carriers in
conjugated polymers are still a subject of debate. A brief summary of the various

theoretical models for the electronic conductivity of the conjugated polymers, using

polyacetylene as an example, is given below (Figure 1.6).

The degeneracy of the ground state of polyacetylene produces structural defects in
polymer chains, causing a change in bond alternation. At the defect side, a single
unpaired electron exists, although the overall charge remains zero, creating a new energy
level at mid-gap (a non-bonding orbital). This neutral defect state, known as a ‘soliton’,

is singly occupied, possessing a spin of Y2, and is delocalized over about fifteen carbon

atoms [20].

N X




W

Newtral soliton

-

ARTNNF

Positive soliton

W

Negative soliton

CB

VB

H B

) - )
"’ . )

H-B

Neutral soliton Positive soliton Negative soliton
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Figure 1.6 Schematic representations of solitons

The soliton energy levels can accommodate zero, one or two electrons and thus the
soliton may also be positively or negatively charged, giving the unusual property of
separating spin and charge, with neutral solitons possessing spin, but no charge, and
charged solitons having no spin. In doped polymer, charge is localized in the mid-gap
states, since these provide the HOMO for charge removal and the LUMO for charge
injection. Since a defect can occur anywhere along the chain, there is translational
symmetry in the system, providing mobility of the soliton along the chain, offering a

mechanism for electronic conductivity.
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Two neutral solitons usually recombine eliminating structural defects although single
solitons can arise on chains with imperfections [27, 28]. In contrast, charged solitons
repel each other and lead to isolated charged defects [26]. A neutral soliton and a
charged one can however achieve a minimum energy configuration by pairing,
producing a ‘polaron’ [29], which is essentially a radical cation, and gives fise to two
states in the band gap, a bonding and an anti-bonding orbital, with symmetry placed

about the mid-gap energy (Figure 1.7).
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Figure 1.7 Formation of polaron and bipolaron for polypyrrole

1.1.6 Hopping Process

Although discussed charge carriers are responsible for electrical conductivity in
conjugated polymers, many structural imperfection are present in all polymers and thus

when discussing mechanism of bulk conductivity, these defects need to be considered.

Conductivity is not only a result of charge transfer along the chain, but is also due to
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electron hopping between chains and between different conjugated segments of the
same chain. In addition to these effects which act at a molecular level, bulk conductivity
values are also dominated by electron transfer between grain boundaries and variation in

morphology [30, 31].

1.1.7 Substituted Heterocycles

Pyrrole and thiophene substituted at the 3-(B—) position (and also the N-position for
pyrrole) can often undergo electropolymerization to produce conducting polymers,
since the 2- and 5-(o—) positions remain available for monomer coupling. The
electrochemical behavior of a wide-range of B-substituted pyrroles and thiophenes has

been investigated, although B—substituted thiophenes ate generally more suitable than
their pyrrole analogues due to their high stability and easy preparation [32]. The
products formed from electro-oxidation are highly dependent on the substituent, with
some reactions producing conducting polymers and others, insulating layers or soluble

species. This has been attributed to electronic and steric factors.

Thus, in principle, a substituent may be chosen to produce the desired electrochemical
properties. In addition to electronic effects, steric factors also influence the
electrochemical polymerization and properties of conducting polymers, where they are
formed [33]. Table 1 lists some of these polymers along with their electrical

conductivity.
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Table 1. Some polymers and their conductivity

Polymer o/ lem! | Stability Processing
(doped state) | possibilities
Polyacetylene 103-105 POOR Limited
-HC=CH-
I'nlyp]rcﬂ}fhil_lfﬂ 1000 POOR Limited
W
s Loy 100 POOR Excellent
PPV ! {:—-}_ﬂ: 1000 POOR Limited
Pnlypyn'olcftl.{:{_ A L 100 GOOD GOOD
Polythiopheng®, 100 GOOD Excellent
%
Polyaniline 10 GOOD GOOD
1_( ~§

1.1.8 Electrochemical Polymerization in Lewis Acid

Intensive efforts in the area of the electrochemical synthesis of conducting polymers are
to optimize the preparation by controlling the system and parameters. Boron flouride-
ethyl ether (BFEE) is a promising system which has been used for electrochemical
synthesis of some heterocyclics like thiophene, pyrrole and bithiophene.
Electrochemical polymerization of thiophene in BFEE yields a free standing film with
good mechanical properties [34]. High applied potentials support the degradation of the

polymer and side reactions of the electrolytes and electrodes [35]. BFEE lowers the
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aromatic resonance energy and promotes the abstraction of an electron from the a-
position of the heterocyclic ring, hence, assists the electrochemical polymerization. It is
known that BFEE exists in diethyl ether as a polar adduct and the presence of a small
amount of water results in the formation of H'[(BF;OH)], which affords a conducting
medium, where the [BF;OH)] anion serves as the dopant throughout the

polymerization.

1.1.8 Degradation of Conducting Polymers

Functional properties of polymers can be lost by degradation processes involving
chemical reactions. The presence of reactive sides in the polymer and some external

factors such as heat, oxygen, moisture and light may degrade polymer.

The instability of the conducting polymers may be caused by extrinsic degradation in
which polymer chain reacts with oxygen, moisture, solvent and supporting salt. The
instability of the conducting polymers may also be caused by intrinsic degradations,
which can alter some chemical reactions, and consequently some changes in the
structure of conducting polymers. Intrinsic degradation is affected by the reactivity of
the dopant and the polymer backbone [36,37]. Therefore, p-type doped polymers prone

to the degradations even when they are pure.

Reactions of the main chain with its counterion lead to irreversible loss of conjugation
and electrical conductivity. For example, the dopants such as ClO, with strong

oxidizing ability cause conductivity decay in the polymer.

Atmospheric moisture may be considered as another potential external degradant for
conducting polymers. The process may include electronic interaction of water with
polymer carbonium ion or heteroatom, charge transfer, proton abstraction from the
polymer chain or from water, hydroxylation of the polymer chain, protonation of the
counterion and removal of the products of the compensation reaction. The depletion of

counterion content consequently causes the loss of electrical conductivity. The
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reversibility of the electrical conductivity on redoping may be predicted in this process.

Atmospheric moisture leads degradation but conductivity can be gained by redoping.

Oxygen promotes degradation during electrooxidation and the physical properties.
Reaction of the main chain with oxygen, leads to irreversible loss of conjugation and
electrical conductivity. lonization potential plays an important role in oxidative
degradation of polymers. It should be high enough to protect polymer from transfer of

an electron to oxygen to form a stabilized ion pai.

One of the parameters affecting the stability of the polymer is the chemical reactivity of
the material itself. It is composed of linear chains with an alternation of single and
double bonds. Chemical reactions of O, with a double bond can easily occur which

break the 7 electron delocalization and the chemical structure. Thus electrical properties

are then greatly affected. The degraded films have shorter m-conjugation lengths and are

no longer dopable as a result.

1.1.9 Applications

There is a quite a large number of feasible technical applications of conducting
polymers. The most advanced developments concern the rechargeable polymer battery
[38-40]. Its attraction lies in the low weight of polymers as well as in environmental
benefits. For polypyrrole [39] and polyaniline [38] commercially available cells already

exist or are in preparation.

Another electrochemical application of conducting polymers may be their use as
electrochromic displays [40-43]. They are based on the fact that the color of a polymer
changes during electrochemical charging and discharging. Thus, polyaniline appears, to
be particularly promising, as its colors changes during oxidation from yellow, through

green, to blue and violet, and this process is reversed during discharging.
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The optical properties of conducting polymers in the doped state can also be used for
the preparation of antistatic, almost transparent materials [44]. Such a system is

polymethoxydithiophene, which absorbs in the doped state in the near IR.

In recent years further concepts have been developed for the practical use of conducting
polymers. They involve polymer based diodes and transistors [45], chemical sensors [46]

or memory devices [47].

1.1.10 Characterization of Conducting Polymers

The main problem in characterization of the electrically conductive polymers comes
from the property that gives it, its conductivity, and the conjugated backbone. Usually,
conducting polymers exist in the form of insoluble and nonprocessable films, which
prevents its analysis by conventional analytical methods. Characterization methods are
therefore restricted to surface techniques and the following methods have been used
with varying degrees of success: (i) electrochemical methods, particularly cyclic
voltammetry (CV), (ii) X-ray photoelectron spectroscopy (XPS), (iii) solid- state NMR,
typically °C NMR using cross polarization magic angle spinning (CPMAS “C NMR),
(iv) scanning electron microscopy (SEM), and (v) scanning probe microscopy (SPM).
Yet, little is known about the molecular, structural, physical properties and degradation
behavior of conducting polymers. Recently, it has been shown that a more detailed
characterization of conducting polymers can be achieved by the application of mass

spectrometry [48,49].

1.2 Mass spectrometry

Mass spectrometry (MS) is an analytical technique in which atoms or molecules from a
sample are ionized (usually positively), separated according to theit mass-to-charge (m/z),
and then recorded. The instrument used to carry out this measurement is called a mass

spectrometer.
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Mass Spectrometry (MS) is an analytical spectroscopic tool primarily concerned with the
separation of molecular (and atomic) species according to their mass. MS can be used in
the analysis of many types of sample from elemental to large proteins and polymers

Mass spectrometry had its birth in 1886 when Goldstein, a German physicist,
discovered positive ions in a low-pressure electrical discharge tube. In 1898, Wien
showed that a beam of these ions could be deflected by using electric and magnetic
filed. Between 1912 and 1919, Thompson and Aston managed to resolved ion
trajectories corresponding to mass differences of less than 10%, thus enabling them to
confirm the existence of two distinct neon isotopes. In 1922, Aston received the Nobel
Prize for his work and by 1924 he had characterized the isotopic abundances of around
fifty elements. Reliable mass spectrometers, for use in the petroleum industry, became

available in the early 1940s [50].

1.2.1 Pyrolysis Mass Spectrometry

Pyrolysis mass spectrometry is a very sensitive technique applied for structural
characterization of inorganic, organic and bioorganic compounds. Molecules have
distinctive fragmentation patterns that provide structural information to identify
structural components. Pyrolysis mass spectrometry can be utilized for investigation
thermal stability, thermal degradation mechanisms and decomposition products of
polymers. It can also be used to study the stereoregularity of the homopolymers

through tetramers or higher oligomers.

Pyrolysis is the thermal degradation of a material in an inert atmosphere or in vacuum.
It causes molecules to cleave at their weakest points to produce smaller, volatile
fragments called pyrolysate [51]. Pyrolysis products can be identified by mass

spectrometry (MS), gas chromatography (GC) and infrared spectroscopy (IR)

Among the various pyrolysis mass spectrometry techniques direct pyrolysis mass

spectrometry technique allows the thermal decomposition products of the polymer
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sample to be observed directly in the ion source of the mass spectrometer, so that the
evolving products are ionized and continuously detected by repetitive mass scans almost
simultaneously with their formation. Since pyrolysis is accomplished under high
vacuum, the thermal degradation fragments are removed from the hot zone, thus
molecular collisions have low probability the generation of secondary reactions is
reduced [52]. It is a simple and quick method for structural and thermal characterization

of polymers [53,54].

1.2.2 Direct Insertion Probe Pyrolysis Mass Spectrometry (DIP-MS)

The direct pyrolysis technique has been used for obtaining the structural information of
high molecular weight chemicals. Mass spectrometry only separates and detects gas
phase ions. Usually, ionization occurs in the gas phase. Therefore, a sample that is a
solid, liquid or part of a solution should be converted into the gas phase before
subjecting analysis by mass spectrometry. For solids, sample volatilization is achieved by
using a Direct Insertion Probe. It has the advantages of allowing a simple and a quick
analysis with a small amount of sample for structural and thermal characterization of the

polymers.

In direct insertion probe pyrolysis mass spectrometry technique; pyrolysis is carried out
inside the mass spectrometer under high vacuum conditions of the MS. Thus, besides
the low molecular weight products, relatively high molecular weight and unstable
fragments can also be analyzed since condensation is prevented. The collision of
fragments and the possibility of secondary reactions are minimized by means of high
vacuum conditions and mainly primary degradation products are detected. Furthermore,
unstable thermal degradation products can also be monitored during the pyrolysis. The
temperature is increased gradually and the degradation products as a function of

temperature can be detected continuously during the process.
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1.3 Aim of the Study

The objectives of this study are:

®= To achieve the electrochemical polymerization of terepthalic acid bis-(2-
thiophen-3-yl-ethyl)ester (TATE), decanedioic acid bis-(2-tiophen-3-yl- ethyl)
ester (DATE), octanoic acid 2-thiophen-3-yl-ethyl ester (OTE)

®= To achieve electrochemical polymerization of TATE, DATE, OTE in the

presence of thiophene to obtain the conducting copolymers

®* To determine thermal behavior, decomposition products and degradation

mechanism of BF, doped P(TATE), P(DATE), P(OTE) and polythiophene

= To investigate the effects of each component of the polymer on structural and

thermal characteristics

®= To determine the effect of substitutent group on thiophene ring via pyrolysis

methods
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

2-Thiophen-3-yl-ethanol (Aldrich), terepthaloyl chloride (Aldrich), sebacoylchloride
(Aldrich), octanoyl chloride (Aldrich), triethylamine (TEA) (Merck), dichloromethane
(DM) (Merck), methanol (Merck), acetonitrile (AN) and borontrifluoride ethylether
(Aldrich) were used without further purification. Thiophene (Aldrich) was distilled
before use. Tetrabutylammonium tetrafluoroborate (TBAFB) (Aldrich) was used as

received.

2.2 Instrumentation

2.2.1 Potentiostat

A Wenking POS 73 potentiostat was used to provide the constant potential in
electrochemical syntheses. Potentiostat keeps the voltage difference between working
electrode and reference electrode at a constant value despite the changes in the current
passing through the electrolytic cell, the concentration of the electroactive substance,
and the solution resistance. The current supplied by the potentiostat can be determined
by measuring the voltage drop across a resistance connected to the counter electrode in

series. To compensate the changes in potential of working electrode, potentiostat
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continuously checks the potential of working electrode measured with respect to
reference electrode, and changes the potential difference in between to maintain the

desired potential value that was set.

2.2.2. Electrolysis Cell

Polymerization reactions were carried out in a one-compartment cell with three-
electrode configuration. Platinum (Pt) flag electrodes (1.5 cm?®) as the working and
counter and silver (Ag) wire (pseudo reference) reference electrode were used during
electrolyses, and all potentials were reported with respect to the Ag wire. The cell has
gas inlets to pass the N, gas through the solution in order to achieve inert medium and

to prevent the oxidation during the electrolysis.

2.2.3 Thermal Gravimetry Analysis (TGA)

Du Pont 2000 Thermal Gravimetry Analyzer was used to investigate the thermal
behavior of polymers and monomers; weight loss was followed upon heating. TGA

experiments were performed by heating rate of 10 °C/min under N, atmosphere.

2.2.4 Mass Spectrometer

Direct insertion probe pyrolysis mass spectrometry (DIP-MS) system consists of a 5973
HP quadrupole mass spectrometer coupled to a JHP SIS direct insertion probe. This
system provides fast scanning; self-tuning of experimental parameters and wide mass
range. Mass spectra of the products were recorded at a scan rate of 2 scan/s in the mass

range of 10-800 amu.

The major components of mass spectrometer are vacuum system, sample inlet, ion

source, mass filter, detector and the data system (Figure 2.1).
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Figure 2.1 Block diagram of mass spectrometer

2.2.4.1 Vacuum System

The vacuum system creates the high vacuum (low pressure) required for the mass
spectrometer to operate so that it makes it possible for ions generated by electron
impact in the ion source to move from the ion source to the quadrupole analyzer where
they are separated according to their mass to charge (m/z) ratios and then to the
detector without collisions with other ions and molecules. A high vacuum is obtained by

diffusion and rotary vane pumps.
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2.2.4.2 Sample Inlet

The Direct Insertion Probe Pyrolysis technique is employed by a SIS direct inlet probe
(Figure 2.2). The heating rate can be controlled by a thermocouple attached to the probe
tip inside the probe rod and the probe tip is in direct contact with flared glass sample

vials that can be inserted and removed from the direct probe inlet easily.

Heater Coil Aared

Sample

7
%
\ il
\ Spring
Thermocouple Clip

Figure 2.2 Direct Insertion Probe (DIP) Pyrolysis Sytem
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Temperature

The heating rates are programmed with the use of the probe software. Generally,
ramping heating is applied. Direct pyrolysis experiments were performed by applying a
program which allows a heating rate of 10°C/min (Figure 2.3). In each experiment, the
temperature was increased up to 445°C, (the maximum attainable temperature) and kept
constant for an additional 10 minutes at 445°C. Each set of analysis involves 5400 mass

spectra.

445
400

300

200

100

0 10 20 30 40 50

Fun Time (minutes)

Figure 2.3 Path of Ramp Heating in Direct Insertion Probe

2.2.4.3 Ion Source

Sample molecules enter the ion source from the sample inlet. Before the ion source, the
sample molecules must be converted into the pyrolyzed form. In the ion source,

ionization and the fragmentation of the molecules are occurred.

The ion source operates by electron impact ionization (EI). Electrons are produced by
thermionic emission from a tungsten or rhenium filament. A typical filament current is

1x10™ Amps. These electrons leave the filament surface and are accelerated towards the
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ion source chamber which is held at a positive potential (equal to the accelerating
voltage). The electrons acquire energy equal to the voltage between the filament and the
source chamber - typically 70 electron volts (70 eV). The electron trap is held at a fixed
positive potential with respect to the source chamber. A proportion of the electron
beam will strike the electron trap producing the trap current. This is used as a feedback

circuit to stabilize the electron.

The positive ion repeller voltage and the negative excitation voltage work together to
produce an electric field in the source chamber such that ions will leave the source
through the ion exit slit. The ions are directed through the various focusing and
centering lenses and are focused onto the source exit slit. The ions can then be mass

analyzed.

2.2.4.4 Mass Filter

The mass filter separates ions according to their mass to charge ratio (m/z). At a given
time, only ions of a selected mass to charge ratio can pass through the filter to the

detector. The analyzer is a quadrupole mass filter (Figure 2.4).

In a quadrupole mass analyzer, only electric fields are used to separate ions according to
their m/z values. A quadrupole consists of four parallel rods or poles through which the
ions being separated are passed. The poles have a fixed DC and alternating RF voltages
applied to them. Depending on the produced electric field, only ions of a particular m/z
will be focused on the detector, all the other ions will be deflected into the rods. By
varying the strengths and frequencies of electric fields, different ions will be detected

thus making the mass spectrum.
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Figure 2.4 Schematic diagram of a quadrupole mass analyzer

2.2.4.5 Detector

The detector in the spectrometer is a high-energy conversion dynode (HED) coupled to
an electron multiplier (EM). The detector is located at the exit end of the quadrupole

mass filter. It receives the ions that have passed through the mass filter.

2.2.5 Four Probe Conductivity Measurements

Among available conductivity techniques, four-probe method is more advantageous for
measuring electrical properties of conducting polymers. This technique eliminates

errors caused by contact resistance, since the two contacts measuring the voltage drop

are different from the contacts applying the current across the sample.
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Figure 2.5 shows the simplest form of a four-point probe measurement setup. A row of
pointed electrodes touches the surface of a polymer film taped or spin cast on an
insulating substrate. A known current [ is injected at the electrode 1 and is collected at
the electrode 4, while the potential difference AV between contacts 2 and 3 is measured.

Conductivity is calculated from the following equation:

6 =1n2 / (nd x R)

o: Conductivity

R : the resistance of the sample

d: sample thickness.

Figure 2.5 Four probe conductivity

measurements
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2.3 Procedure
2.3.1 Synthesis of terepthalic acid bis-(2-thiophen-3-yl-ethyl)ester (TATE)

2-Thiophen-3-yl-ethanol (1.12 ml., 0.001 mol) was dissolved in 10 mL dichloromethane
containing 1.11 mL (0.008 mol) triethylamine (TEA). To this solution 0.81 g
terepthaloyl chloride (0.004 mol) in 10 mL of dichloromethane were added dropwise in
0.5 h, by cooling in ice bath and nitrogen atmosphere. The esterification was carried out
for overnight at 0 °C. Then the solution was washed with HCI 1% solution (three times)
and water (three times). The organic layer was dried over Na,SO, and the solvent was
removed via rotaevaporatory. Twice recrystalization from ethanol provided 1.1 g of

white crystals (yield 71%) [55]. Route for synthesis is shown in scheme (1)

S \ 0
— cl O W
S@\/\OH + >_©_< TEA (0]
© cl CHCl, Om
2-Thiophen-3-yl-ethanol ~ Terephthaloyl chloride o) <

Terephthalic acid bis-(2-thiophen-3-yl-ethyl) ester
TATE

Scheme 1. Synthesis route for TATE

2.3.2 Electrochemistry of TATE

Homopolymerization of TATE was achieved via constant potential electrolysis by
Wenking POS 73 potentiostat in a one-compartment cell. 0.01 M TATE dissolved
DM/BFEE (8:2, v/v). 0.1 M TBAFB used as the supporting electrolyte and electrolysis
performed at 1.6 V. Working and counter electrodes were Pt and reference electrode
was Ag/Ag’. For the copolymerization of TATE with thiophene, constant potential
electrolysis was carried out in DM/BFEE (8:2, v/v) solution composed of 0.01 M
TATE, 0.1 M TBAFB, 15uL. thiophene at 1.6 V in a one compartment cell where the
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working and counter electrodes were Pt and reference electrode was Ag/ Ag+. Films

were washed several times to remove the unreacted monomer and TBAFB.

2.3.3 Synthesis of decanedioic acid bis-(2-tiophen-3-yl- ethyl) ester (DATE)

2-Thiophen-3-yl-ethanol (1.1mL, 1mmol) was dissolved in 10 mL dichloromethane
containing (0.07 mL, 0.5 mmol) triethylamine (TEA). To this solution sebacoylchloride
(0.1mL, 0.5 mmol) was added dropwise in 0.5 h, by cooling in ice bath and nitrogen
atmosphere. The solution was washed with HCl 1% solution and water. The organic
layer was dried over MgSO, and the solvent was removed via rotary evaporator. DATE
was obtained as a light yellowish solid (0.184g, 0.436mmol, 87%) mp 73°C [56]. Route
for synthesis is shown in scheme (2)

The representation of synthesis is demonstrated in Scheme 2.

O O

OH
TEA
W . Cl)J\(CHZ))J\CI / \(CHZ)ZOCO(CHZ)SOCO(CHZ)U
S 8 [ S
0°C s S
2-Thiophen-3-yl-ethanol . Decanedioic acid
Sebacoylchloride bis-(2-thiophen-3-yl-ethyl) ester
(DATE)

Scheme 2. Synthesis route for DATE

2.3.4 Electrochemistry of DATE

Preparative electrochemical homopolymerization was performed under potentiostatic
conditions in a one-compartment cell. 0.01M DATE dissolved in ACN/BFEE (8:2,

v/v) solvent mixture and 0.1 M TBAFB used as the supporting electrolyte. Electrolyses
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were carried out at 1.5V equipped with Pt working and counter electrodes and Ag/ Ag+
reference electrode at room temperature for 1h. Copolymerization was achieved under
same conditions in the presence of 15 ul. of thiophene. The freestanding films were

washed with ACN several times to remove unreacted monomer and TBAFB.

2.3.5 Synthesis of octanoic acid 2-thiophen-3-yl-ethyl ester (OTE)

Stochiometric amount of 2-thiophene-3-yl ethanol, triethylamine (TEA) were dissolved
in 20 mL dichloromethane. Octanoyl chloride was added drop wise to this mixture at
0’C under inert atmosphere. The resulting liquid monomer was purified with successive

extractions and dried by anhydrous MgSO, [57]. Route for synthesis is shown in scheme

6)

2-Thiophen-3-yl-ethanol Octanoyl chloride Octanoic acid 2-thiophen-3-yi-ethyl ester

Scheme 3. Synthesis route for OTE
2.3.6 Electrochemistry of OTE

The homopolymerization of OTE via constant potential electrolysis was performed in a
single compartment cell, in the presence of 0.01M OTE, 0.1 M TBAFB in ACN/BFEE
(8:2, v/v) by application of 1.5V, equipped with Pt working and counter electrodes and
a Ag/Ag" reference electrode for 1h. Copolymetization was achieved under same
conditions in the presence of 15 uL of thiophene. The freestanding films were washed

with ACN several times to remove unteacted monomer and TBAFB.
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CHAPTER 3

RESULTS AND DISCUSSION

In order to investigate the thermal and structural characteristics of terepthalic acid bis-
(2-thiophen-3-yl-ethyl)ester (TATE), decanedioic acid bis-(2-tiophen-3-yl- ethyl) ester
(DATE) and octanoic acid 2-thiophen-3-yl-ethyl ester (OTE), their corresponding
homopolymers, copolymers with thiophene and polythiophene have been analyzed in
terms of their pyrolytic behavior. Furthermore Thermal Gravimetry Analysis was
performed to support pyrolysis data. Conductivity measurements have also been carried

out to investigate effects of structure on conductivity.

By examining the tables and figures, one may notice that the multiplication factors in the
figures and abundance ratios given in the tables do not match. The multiplication
factors in the figures are determined comparing the pyrolograms (the time-temperature
resolved ion-current curves); whereas the abundance ratios observed in the tables are
related to the mass spectral data recorded at the temperature corresponding to

maximum ion yield.
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3.1 Polythiophene

The total ion current (TIC) curve for BF 7, doped polythiophene is given in Figure 3.1.
Three peaks with maxima at 60, 250 and 440°C can be seen in the TIC curve. The mass
spectra recorded at these temperatures are also included in Figure 3.1. It is easily
noticed that the mass spectra were quite complicated as expected due to the further
dissociation of thermal degradation products during ionization in the mass
spectrometer. In order to determine the effect of dissociative ionization, the pyrolysis
experiments were repeated decreasing ionization energy from 70eV to 19eV. Both 70
and 19 eV TIC curves showed similar trends. Furthermore, both pyrolysis mass spectra

were dominated with the same product peaks.

The pyrolysis mass spectra indicated that at initial stages of pyrolysis, at temperatures
lower than 100°C, the evolution of the solvent, water, adsorbed dopant and its counter
ion Bu,N" occurred. Decomposition products of dopant started to appear in the
pyrolysis mass spectra recorded above 100°C. Evolutions of dopant based products
were observed in 120°C and 350°C. The most intense fragment is BF," (m/2z=49 Da)
and its maximum yield was observed at 250C. Peaks that can be associated with thermal
degradation of PTh were detected in the final stage of pyrolysis. Oligomer peaks up to
six monomer units were present in the spectra. Moreover, in the final stage of pyrolysis,
some peaks that can be associated with the degradation of thiophene (Th) ring such as
peaks due to C,H, (m/z=26 Da), S (m/z=32 Da), H,S (m/z=34 Da), C;H; (m/z=39
Da), HCS (m/z=45 Da), C;H;S(m/2z=71 Da), (C,H,S,), (m/z=116 Da), C,H.SCH,
(m/z=97 Da), C,H,S-C,H,S-CH, (m/z=179 Da) and C,H,S-(C,H,S),-C.H, (m/z=273)
were also recorded. The relative intensities of some of characteristics and/or intense
peaks in the 70 and 19 eV mass spectra recorded at 250 and 440°C and their

assignments are given in Table 2.
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Figure 3.1 TIC curve and mass spectra recorded at temperatures corresponding to the

maximum ion yield for PTh
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Table 2 The characteristics and/or intense peaks present in the pyrolysis mass spectra

corresponding to the maximum in the ion profiles recorded during the pyrolsis of PTh.

CO,N,, C,H
11 28 BF, CH,=O

32 10 380 3 475 S
34 4 1000 1 1000 H,S
39 11 102 6 125 C,H,
41 71 270 23 322 CH,CN, C,H., NC,H,
44 193 435 91 644 CO,, CS
45 44 111 20 135 CHS
49 1000 101 1000 404 BF,
60 54 324 15 240 OCS
64 21 98 8 148 SO,
68 95 70 74 50 BF,
83 6 54 1 37 CH.S
84 21 117 3 74 Monomer
85 7 83 1 37 CH,C,HN
97 7 113 1 76 CH,C,H,S
101 3 23 17 FC,H,S
102 |2 18 9 FC,H,S
116 | 2 202 1 221 (C,H,S,),
118 | 4 26 4 30 FC,H,(OH)S
122 | 2 21 19 C,H,C,H.S
138 67 37 39 57 C,H,C,H,(OH)S
142 6 112 1 73 (C,H,),N=CH,, (C;H.S),
166 37 42 Dimer
179 2 22 18 C,H,SC,H,SCH,
185 3 23 10 (C,H,);N
198 16 14 C,H,S(OH)C,H,S(OH)
204 8 C,H,SC,H,SC,H,
207 | 2 13 9 C,H,SC,H,SCH,CH, CH,
242 4 (C,H,),N
248 19 30 Trimer

41 Tetramer

26 Pentamer

Hexamer I
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In Figure 3.2 and 3.3, evolution profiles of some selected products are given. The single
ion pyrograms of some dopant based products, such as HF (m/z=20 Da), BF,
(m/z=49 Da), BF, (m/z=68 Da), counter ion Bu,N" (m/z=242) and (C,H,),H=CH,
(m/z=142 Da) are shown in Figure 3.2. BF; and BF, fragments showed identical trends
and the maximum in the evolution profiles is at 250°C. Yet, HF generation was more
efficient at low temperatures. It is known that reaction of BF; with H,O yields HF.
Thus, it may be proposed that HF is mainly produced due to reactions with adsorbed
water. It is clear that the peak around 250°C in the TIC curve was due to the evolution
of dopant and the peak above 400°C was due to the decomposition of PTh chains.
Previous TGA and FTIR studies have shown that the degradation of PTh occurs in two
steps (Figure 3.23.b). The first one is the weight loss in the temperature range 150-225"C
due to the removal of dopant ion and the second one is due to the degradation of the
polymer itself [58,59]. Another point that was noted is the presence of peaks due to

counter ion NBu,".

It can be observed from Figure 3.3 that the single ion pyrograms of low molecular
weight of oligomers, dimer (m/z=166 Da), trimer (m/z=248 Da), tetramer (m/z=330
Da), pentamer (m/z=412 Da) and hexamer (m/z=494 Da) gave maximum around

445°C,
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Figure 3.2 Sigle ion pyrograms of some selected fragments recorded during pyrolysis of

PTh
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Figure 3.3 Single ion pyrograms of monomer and the oligomers at m/z 84, 166, 248,
330, 412, 494 obtained during the pyrolysis of PTh
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3.2 DATE and Its Polymers

3.2.1 DATE

Pyrolysis mass spectra of DATE indicated evolution of the fragments readily below
50°C. In Figure 3.4 the mass spectrum of the monomer is shown. The molecular ion
peak of DATE at m/2z=422 Da was weak as expected for a large molecule involving
labile bonds. The base peak was at m/z=110 Da and can directly be attributed to
C,H,SC,H; generated by the cleavage of the labile carbon oxygen bonds next to the
C=0 groups. Another high mass fragment peak was at 295 Da and was assigned to
C,H,SC,H,OCO(CH,);CO, again due to the cleavage of C-O bonds. Peaks that can
readily be assigned to products due to the ruptures of the bonds next to C=0O and f to
the thiophene ring, and those stabilized by H-abstraction reactions were also present in
the spectra. Furthermore, peaks due to decomposition of these fragments by elimination
of small molecules such as CO, CO, and H,O and peaks due to characteristic

fragmentation pattern of thiophene ring were also significant in the spectra.

110

Relative intensity

295

wlal]

| 422
100 200 300 400

m/z

Figure 3.4 Mass spectra of DATE
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Thus, the fragmentation observed in the mass spectrum is in accordance with the

expected fragmentation pattern for DATE according to the general fragmentation rules

(Scheme 4). The mass spectral data for DATE are summarized in Table 3.
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Scheme 4. Proposed degradation products of DATE
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3.2.2 Homopolymer of DATE (P(DATE))

The TGA curve of P(DATE) revealed two transitions at 232 and 433°C. Pyrolysis of
P(DATE) yielded a total ion current, (TIC) curve (the variation of the total ion yield as a
function of temperature) that also indicated a degradation mechanism involving mainly
two steps (Figure 3.5). Yet, it can be noted from Figure 3.5 that, actually, the evolution
of pyrolysis products started at initial stages of pyrolysis and continued throughout the
process. Besides the two intense peaks at 275 and 440°C, weak peaks with maxima at 40,
75°C, and shoulders at 200 and 430°C were present in the TIC curve. The mass
spectrum recorded at the maxima of the TIC curve are also included in the figure. In
Table 4, the mass spectral data related to the intense and/or characteristic peaks in the
pyrolysis mass spectra recorded at the maxima and the shoulders of the TIC curve are
given. Presence of more than one peak in the TIC curve points out either the presence
of more than one component in the sample or a multi step degradation mechanism.
Actually, due to the doping process, all conducting polymers are multicomponent

systems as they involve both the dopant ion and the matrix polymer.

The pyrolysis mass spectra recorded below 140°C involve peaks due to monomer and
solvent adsorbed on the polymer. The dopant based fragment peaks due to BF,, BF, HF
were mainly detected below 270°C. Characteristic degradation products of
polythiophene such as H,S, HCS, thiophene and its dimer and trimer were recorded at
elevated temperatures. Presence of thiophene dimer and although very weak, trimer
confirmed polymetization reaction. Furthermore, peaks at m/z= 55, 69 and 98 Da that
may readily be attributed to, C,H,, OCCH,CHCH, and C,H,SCH, were quite intense.
The fragmentation pattern recorded was drastically different than that of the monomer
as expected. In general, degradation of a polymer via depolymerization reaction yielding
mainly monomer is not likely when the monomer involves labile bonds. Thus, the
pyrolysis mass spectra similar to that of the monomer were not observed for such
polymers. Degradation of P(DATE) was observed in a broad temperature region,

starting above 230°C and reaching to the maximum product yield around 440°C.
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Figure 3.5 a .The TIC curve and the mass spectra recorded at b. 80°C, c. 170°C,
d. 230°C, e. 265°C and f. 440"C
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Table 3 The most and/or characteristic peaks of DATE and P(DATE) at some

selected temperatures, with related chemical formula

P(DATE)

Assignments

70 eV

H,O

HF

BF, CH,=O

H»S

CsH;

CO,, CS

BF,

CsH5

CHCS, C4Hy

BF,OH

BF;

OCCH,CHCH;

C4st

C4H3SCH3

C4sH3SCHCH:
C4sH3SCH,CH,
CsH;SCHCO
C4H3SCH,CO
C4H3SCH,CH,OH
C4sH3SCH,CHCO
OCOCH(CH2)sCHCH:
Thiophene dimer

(C4Ho)sN
OC(CH2)sCOOCH2CH>
C4H5;SCH2CHOCO(CH2)s
H(CH2)sOCOCHCH>C4H3S
Thiophene trimer
C4H3SCOO(CH2)5CO
OCH4C4H-SC4H-SCH4OCO
C4H3SCH.CH,COO(CH2)sCO
Monomer
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To get a better insight, in Figure 3.6 single ion pyrograms of products diagnostic to
dopant (BF, at m/z= 49 Da), monomer (monomer at m/z=422 Da) and thiophene
bearing fragments (C,H,SCH; at m/2z=97 Da, thiophene dimer at m/z=166 Da,
thiophene trimer at m/2z=248 Da ) are shown. Evolution profiles of H,S at m/z= 34
Da, CO,at m/z=44 Da and fragments involving units of the ester chain such as C,H, at

m/z=55 Da, OCCH,CHCH, at m/2z=69 Da ate also included in the figure.

Monomer, m/z=422
x60

Thiophene dimer, m/z=166
X20

—

Thiophene trimer, m/z=248
X300
}m_mm 1 LWl

C,H;SCH,; m/z=98

X6.7

OCCH,CHCH,, m/z=69
X5.5

C,H,, m/z=55

X1.9

BF,, m/z=49

X2.5
CO,. CS, miz=44 l/\

Relative intersity

H,S, m/z=34
x9.1

80 180 280 380
Temperature °C

Figure 3.6 Single ion pyrograms of some selected fragments recorded during pyrolysis
of P(DATE)
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Inspection of single ion pyrograms revealed that dopant evolution has occurred in two
regions as in the case of polythiophene. It has been proposed that physically adsorbed
dopant readily evolves below 100°C, whereas dopant leaves the polymer around 230°C.
The degradation of the polymer also occurred in two temperature regions. It is clear that
decomposition started by the cleavage of labile bonds along the ester linkages
connecting the thiophene units. Though dimer yield was high around 270°C, trimer and
low molecular weight species indicating cleavage of the thiophene ring were mainly
generated at elevated temperatures. H,S formation from thiophene itself is not detected;
yet, it is produced during the pyrolysis of polythiophene at elevated temperatures. The
high temperature evolution of H,S was related to the network structure of thiophene for
which decomposition of the thiophene ring should be more likely. Thus, it may be
proposed that due to the substitution at 3- position, chain growths from both 2 and 5
positions were inhibited to a certain extent (Scheme 5). However, as the monomer
involves two thiophene units at both ends, a thermally unstable polymer has been
produced which decomposes at around 275°C. The chains produced by the growth of
polythiophene at both 2 and 5 positions degraded around 440°C. The network structure
of these chains was confirmed by the presence of intense H,S and CS peaks. The

proposed polymerization process is in accordance with pyrolysis mass data.

electrochemical
polymerization

O
S )X\ o) N (0]
0 N o 1
O

S

Scheme 5 Proposed electrochemical polymerization route
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3.2.3 Copolymers of DATE with Thiophene

In this section, the results of direct insertion probe pyrolysis mass spectrometry analyses
of electrochemically prepared P(DATE-co-Th) films and the mechanical mixture of
PTh and P(DATE) were discussed.

The total ion current (TIC) curves recorded during the pyrolysis of electrochemically
prepared P(DATE-co-Th) the mechanical mixture and the corresponding
homopolymers P(DATE) and PTh are shown in Figure 3.7. Though, some changes in
the relative intensities of the peaks present in the TIC curves are recorded, for all the
samples the TIC curves show three peaks in similar temperature ranges indicating either
a multistage degradation mechanism or presence of more than one component. The
most significant point is the low intensity of the second peak in the TIC curve of
P(DATE-co-Th). To get a better insight, pyrolysis mass spectra recorded at the maxima
of the peaks in TIC curve were studied. The pyrolysis mass spectra of both P(DATE-
co-Th) and the mechanical mixture were dominated with diagnostic peaks of both PTh
and P(DATE). The pyrolysis mass spectra recorded at the maxima of the TIC curves of
P(ATE-co-Th) is shown in Figures 3.8. It is clear that pyrolysis mass spectra were
dominated with similar peaks that are diagnostic to PTh and P(DATE).
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Figure 3.7 TIC curve recorded during the pyrolysis of a. PDATE), b. PTh, c.
mechanical mixture corresponding homopolymers d. P(DATE-co-Th)
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The evolution profiles of all characteristic thermal decomposition products generated
during the pyrolysis of PIDATE-co-Th) and compared with those recorded from the
corresponding homopolymers. The single ion pyrograms of these products recorded

during the pyrolysis of P(DATE-co-Th) are given in Figure 3.9.

One of the most significant differences noticed was the decrease in the relative
intensities of dopant based peaks that are recorded at initial stages and around 225 “C.
Actually, the mole ratio of dopant/total monomer was lower during the synthesis of the
copolymer. Thus, it is reasonable to obtain a lower extent of doping for the copolymer.
The yields of thiophene trimer, H,S OCCH,CHCH, and thiophene were compared to
get a better understanding. It can be concluded that trimer / thiophene ratio increases
in the order PTh> Co >PDATE. TFurthermore, trimer yield was higher for the
copolymer with respect to OCCH,CHCH, fragment yield. These results indicated that
polythiophene chains were present in the copolymer sample. Another point recorded
was the decrease in the relative intensities of DATE based fragments around 275" C.
This may point out that low molecular weight DATE oligomers or DATE terminal
groups were decreased in the copolymer. This may further indicate growth of thiophene

on DATE confirming copolymer formation.
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function of temperature observed during pyrolysis of P(IDATE-co-Th)



Table 4 The most and/or characteristic peaks of P(DATE-co-Th) at some selected

temperatures, with related chemical formula

P(DATE-co-Th)

70 eV

Assignments

4450C
13 3 HF
5 13 BF, CH,=O
11 145 H,S
9 48 CsH3
132 663 CO,, CS
16 BF;
48 804 CHs
14 376 | CHCS, CqHs
7 22 BF,OH
11 201 BF3
27 361 OCCH:CHCH:
30 366 C4HsS
68 646 C,H;SCH;
28 112 C4H3SCHCH,
14 94 C4H5SCHCH,
11 122 C:H;SCHCO
20 126 C4H;SCH,CO
18 C4H5SCH>CH,OH
18 130 C4H3SCH,CHCO
11 OCOCH(CH2)sCHCHz,
4 88 Thiophene dimer
16 HOCCH(CH2);COOC(CHg)CO
10 42 (C4Ho)sN
2 C4H3SCH,CH>OCO(CHyz)s
4 4 Thiophene trimer
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3.2.4 Thermal Gravimetric Analysis of DATE

As shown in Figure 3.9.a, TGA curve of DATE showed single weight loss at 376°C.
The TGA curve for homopolymer revealed two transitions at 232°C and 433°C. The
former weight loss could be attributed to the removal of the dopant ion, the latter could
be due to decomposition of the polymer matrice (Figure 3.9.b). The char residue of
PTATE was 39 % after 830°C. However, 2 % of TATE remained after 630°C. In the
case of copolymer, thermogravimetry showed several patterns weight loss at 80°C due
to entrapped solvent and monomer, at 230°C due to the removal of dopant ion and at

430°C due to decomposition (Figure 3.9.c) [56].

Weight (%)

ao =30 aso &30 aso
Tempeaeratura (o)

Figure 3.9 TGA thermogram (a) DATE (b) P(DATE) (c)P(DATE-co-Th)

3.2.5 Conductivity Measurements

The conductivity of PDATE) was measured as 1.2x10° S/cm according to four probe
technique. For the copolymer with thiophene this value was determined to be 8x107

S/cm.
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3.1 TATE and Its Polymers

3.1.1. TATE

Pyrolysis mass spectra of the monomer, TATE indicated evolution of the monomer
readily below 50°C. In Figure 3.10 the mass spectrum of the monomer is shown. The
molecular ion peak of TATE at m/2z=386 Da was weak and the base peak was at
m/z=110 Da due to C,H,SC,H,. Other intense peaks due to the cleavage of labile C-O
bonds were at m/z=149, and 259 Da is assigned to C,H,OCOCH; and
C,H,SCH,CH,0COCH,CO respectively. Diagnostic peaks of thiophene ring, CO,
CO, and H,O were also present. The degradation products are shown in Scheme 6 and

the mass spectral data for TATE are summarized in Table 5.
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Figure 3.10 Mass spectra of TATE
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3.1.2 Homopolymer of TATE (P(TATE))

The total ion current (TIC) curve that is the variation of total ion intensity as a function
of temperature of P(TATE) is given in Figure 3.11. Pyrolysis of P(TATE) showed two
weak peaks at 78 and 210°C and an intense peak at 430°C and these three peaks can be
seen in the TIC curve and the related mass spectral data are collected in Table 6. No
monomer peak was detected for this polymer. The mass spectra recorded below 250°C
are mainly dominated with peaks diagnostic to dopant. Peaks that may be attributed to
polymer degradation were only detected in the final stages of pyrolysis. In Figure 3.12
evolution profiles of characteristic and/or intense fragments are shown. Again,
evolution of dopant occurred nearly in the same region with those of PTh, P(DATE)
and P(OTE). However, significant changes were observed in the degradation behavior
of P(TATE) compared to P(DATE). The degradation of polymer occurred in one step
at elevated temperatures unlike P(DATE). Again, fragments indicating the cleavage of
the ester linkage were intense. The high temperature shift can be associated with the
increase in thermal stability of ester linkage when hydrocarbon chain was replaced by
CH, group. On the other hand, presence of a single peak for polymer decomposition

may be attributed to a uniform structure.

Another point of interest was the lack of thiophene trimer peak, though the dimer yield
was significantly high. Furthermore, H,S and CS peaks were diminished drastically
indicating a pronounced decrease in the extent of network structure compared to
P(DATE). It may be thought that in the case of P(TATE), the presence of more stable
and rigid ester linkages involving phenyl group inhibits coupling of thiophenes at 2
position. If the coupling at 2 positions were inhibited, then thiophene trimer should not
be present and a network structure should be formed. Thus, it may be concluded that
the growth of P(TATE) mainly occurred through both thiophene ends by the coupling

of thiophene moieties at 5 positions (Scheme 7).
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Such a structure should bring a decrease in conductivity, as the delocalization of the
dopant anions should also be restricted. The conductivities of PDDATE) and P(TATE)
were measured as 1.2 x10” and 4x10° S.cm” respectively. The dopant and polymer
based peaks were recorded to have comparable ratios for both PIDATE) and P(TATE).
Thus, the low conductivity value for P(TATE) also supports the proposed structure for
P(TATE). The proposed polymerization process for P(TATE) in accordance with
pyrolysis data.

electrochemical
polymerization
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$ . ;
(6]

TATE PTATE

Scheme 7 Proposed electrochemical polymerization route
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Figure 3.11 a.The TIC curve and the mass spectra recorded at b. 75°C, c. 200°C, and
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Table 5 The most and/or characteristic peaks of TATE and P(TATE) at some selected

temperatures, with related chemical formula

P(TATE) TATE .
m/z Assignments
70 eV 19 eV
60°C | 2000C | 4400C 3300C | 4400C
18 588 256 329 242 49 HO
20 286 105 8 7 HF
30 22 16 3 23 1 BF, CH,=0
34 25 44 21 H.S
39 25 26 98 88 31 37 CsHs
44 78 76 83 328 39 CO,, CS
49 1000 | 1000 14 48 BF,
55 12 7 29 100 11 3 C4H
57 12 10 10 184 5 7 CHCS, C4Hy
65 58 17 266 200 231 181 CsHs
66 224 62 27 17 17 BF.OH
68 62 62 2 35 2 BF;
76 1 103 32 28 168 CeHs4
77 3 3 85 51 72 87 CsHs
83 20 26 4 26 2 7 C4HsS
84 6 6 5 57 3 71 C4H4S
93 5 5 37 40 36 27 CsH,OH
97 7 5 4 69 3 264 C4H5SCH2
104 1 27 21 232 CsH4CO
105 3 2 65 21 70 27 CesH4COH
110 3 2 6 29 3 1000 C4sH3SCHCH;
111 185 304 7 26 4 357 C4sH3SCH.CH,
121 6 4 286 246 263 221 CsHsCOOH
125 2 2 1 16 2 C4H3SCH,CO
128 18 10 3 17 1 5 C4sH;SCH,CH,OH
149 8 5 1000 1000 1000 | 490 HOCOCH4CO
166 2 8 760 880 931 5 C4H3SC4H5S
185 2 1 7 1 (C4Ho)sN
259 384 C4H3SCH>CH>COOCH5CO
386 0.5 Monomer
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Figure 3.12 The ion-temperature profiles of most intense and characteristic peaks as a

function of temperature observed during pyrolysis of P(TATE)
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3.1.3 Copolymer of TATE with Thiophene

In this section, electrochemically prepared P(TATE-co-Th) films and mechanical
mixture of PTh and P(TATE) were studied by utilizing direct insertion probe pyrolysis

mass spectrometry technique.

The total ion current (TIC) curve recorded during the pyrolysis of electrochemically
prepared P(TATE-co-Th) film is shown in Figure 3.13, together with the TIC curves
for the mechanical mixture and the corresponding homopolymers P(TATE) and PTh.
P(TATE-co-Th) shows almost an identical trend with that of P(TATE). Furthermore,
the pyrolysis mass spectrum recorded at the temperature corresponding to maximum
ion yield is also quite similar to that of P(TATE) (Figure 3.14) . In order to determine
the effect of dissociative ionization, the pyrolysis experiments were repeated while
decreasing ionization energy from 70 to 19 eV. The data for P(TATE-co-Th) products
during pyrolysis for both 19 and 70eV are included in Table 6. For both mass spectra
recorded at 70 and 19 eV TIC curves showed similar trends. Furthermote, both of the
70 and 19 eV, pyrolysis mass spectra were dominated with the same product peaks. The
relative intensities of the peaks in the TIC curve and the product peaks in the pyrolysis
mass spectra have changed significantly. Thus, it can be concluded that the dissociative
ionization in the mass spectrometer was quite important. However, fragmentation
pattern recorded at elevated temperatures are quite similar. It may be thought that
dissociative ionization in the mass spectrometer has no importance on analyses on

thermal degradation of the polymer.

Analyses of both 70 and 19 eV pyrolysis mass spectra indicated that at initial stages of
pyrolysis, at temperature lower than 100°C, mainly, the evolution of the solvent,
acetonitrile, water and adsorbed dopant and its counter ion Bu,N" have occurred.
Evolutions of dopant based products were observed in the temperature region of 120

’C to 340°C. The most intense fragment is BF*, (m/2=49 Da), and its maximum yield
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was observed at 240°C. Peaks that can be associated with thermal degradation of

P(TATE-co-Th) were detected in the final stage of pyrolysis.

d. P(TATE-co-Th)

/\\/\

c. Mechanical Mixture

S

Intensity

b. P(Th)

a. P(TATE)

Temperature (C)

Figure 3.13 TIC curve recorded during the pyrolysis of a. P(TATE), b. P(Th), c.
mechanical mixture and d. P(TATE-co-Th)
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Figure 3.14 a. The TIC curve and the mass spectra recorded at b. 60°C, c. 200°C, and
d.445°C during the pyrolysis of P(TATE-co-Th)
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Table 6. The most and/or characteristic peaks of P(TATE-co-Th) at some selected

temperatures, with related chemical formula

P(TATE-co-Th) )
Assignments
60°C | 2000C | 4400C | 500C 2300C | 440°C
18 503 187 414 1000 283 50 HO
20 233 95 11 HF
28 47 37 179 161 1000 124 No
30 27 21 4 1 BF, CH,=0
34 1 10 51 2 90 98 H,S
39 4 4 90 14 26 CsHs
44 44 41 115 176 310 40 COy, CS
49 1000 | 1000 16 14 BF,
55 7 4 18 80 35 6 CiHy
57 7 5 9 72 58 4 CHCS, C4Hy
65 66 25 286 221 CsHs
66 260 87 30 17 BF,OH
68 59 60 2 23 2 BF;
76 1 4 114 25 CeHy
77 3 3 124 16 56 CeHs
83 4 2 2 31 20 1 C4HsS
84 2 3 7 66 44 3 C4HaS
93 4 2 39 31 C¢HsOH
97 4 6 4 31 19 3 C4H3SCH;
104 1 5 44 24 C¢H4CO
105 3 2 105 25 44 CsH4COH
110 10 74 6 47 42 5 C4sH3SCHCH:
111 7 12 4 33 13 2 C4H3;SCH,CH;,
121 3 5 291 266 CsH4,COOH
125 1 1 12 C4H;SCH,CO
128 1 1 2 18 17 C4H3SCH,CH,OH
149 6 11 1000 31 24 1000 HOCOCH4CO
166 1 774 959 C4H5SC4H5S
185 1 3 4 23 80 (C4Ho)sN
259 1 6 CsH3SCH,CH,COOCHsCO
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Actually, the analyses of pyrolysis data were quite complicated since degradation of
P(TATE-co-Th) yielded several products over a wide temperature range. Thus, the
trends in evolution profiles have to be analyzed in detail. In order to investigate the
effect of each component on the characteristics of the other, the single ion pyrograms
of characteristic thermal decomposition products of polythiophene and P(TATE)
chains generated during the pyrolysis of P(TATE-co-Th) were studied and compared

with those recorded for the corresponding homopolymers.

In Figure 3.15, the time-temperature resolved ion curves of products that are attributed
to mainly the matrice (thiophene dimer m/z=166 Da, thiophene m/z= 84 Da, H,S
m/z=34 Da, CH,CH,COOCH, m/2=149 Da, C,;H,COOH m/z= 121 Da, CO,,CS
m/z= 44 Da, BF, m/2=49 Da, HF m/z=20 Da ) and recorded at a heating rate of

10°C/min are given.

HF and BF, (m/z=20 and 49 Da respectively) due to evolution of dopant from PTh,
and the thiophene trimer (m/z=248 Da) and H,S (m/2z=34 Da) due to degradation of
polythiophene chains and cleavage of the thiophene ring recorded during the pyrolysis
of mechanical mixture and electrochemically prepared P(TATE-co-Th). When the
trends in the characteristics P(TATE) and dopant based peaks are considered, quite high
resemblance to that of P(TATE-co-Th) is observed. Identical products having identical
time-temperature resolved ion current profiles have been detected at both 19e¢V and
70eV revealing that the thermal degradation characteristics of P(TATE) and dopant are
not affected by the presence of PTh significantly. The 19eV EI pyrolysis mass
spectrometry results are in accordance with the 70eV EI results, except for the increase
in relative intensities of products H,S and H,O. When the trends of thiophene based
fragments were compared with those recorded from pure PTh, again quite similar
trends were recorded indicating that thermal characteristics of PTh was not significantly
affected by the presence of TATE. Present results reveal that polymerization of both
TATE and Th occurred during the electrochemical process, yet the data is not sufficient

to confirm copolymer formation.
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Figure 3.15 Single ion pyrograms of some selected fragments recorded during pyrolysis

of P(TATE-co-Th)
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3.1.4 Thermal Gravimetric Analysis of TATE

As shown in Figure 3.16.a, TGA curve of TATE showed single weight loss at 342°C.
The TGA curve for homopolymer revealed two transitions at 81 °C and 412 °C, which
can be attributed to the removal of solvent and decomposition respectively (Figure
3.16.b). The char residue of PTATE was 49 % after 630 °C. However, 2 % of TATE
remained after 530 °C. In the case of copolymer, thermogravimetry scan showed weight
loss at 82 °C due to entrapped solvent and monomer, at 235 °C due to the removal of

dopant ion and at 407 °C due to decomposition (Figure 3.16.c) [55].

3.1.5 Conductivities of TATE

The conductivity of P(TATE) was measured as 4x10° S/cm according to four probe

technique. For the copolymer with thiophene this value was determined to be 4x 107

S/cm.

A

4
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B0

B0~

wWeight (%)
Deriv. Weight (%/°C)

Temperature (°C)

Figure 3.16.a TGA curve of TATE
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Figure 3.16.b TGA thermogram of P(TATE)
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Figure 3.16.c TGA thermogram of P(TATE-co-Th)
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3.3 OTE and Its Polymers

3.3.10TE

The mass spectrum of the monomer, OTE, was also recorded in the temperature range
of 25°C-445°C. The peaks related to the monomer appeared in the pyrolysis mass
spectra at initial stages of pyrolysis. Figure 3.17 shows the mass spectrum of the
monomer recorded at 45°C. The intense and/or characteristic peaks observed in the

mass spectrum are summarized in Table 7.

The detailed analyses of the mass spectra indicated that the fragmentation follows the
classical ester degradation mechanism, together with long hydrocarbon chain and
thiophene fragmentation patterns. The base peak at m/z= 110 Da is due to the

McLafferty rearrangement reaction as shown in Scheme 8.

110

Relative intensity

57

il
84
] s

100 200
m/z

Figure 3.17 Mass Spectra of OTE
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Scheme 8. Proposed degradation products of OTE
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3.3.2 Homopolymer of OTE (P(OTE))

The total ion current (TIC) curve of P(OTE) shows two peaks with maxima at 40°C and
440°C. The TIC curve and the mass spectra recorded at these temperatures are given in

Figure 3.18.

Analyses pointed out that the first maximum corresponds to the evolution of low
molecular weight compounds such as H,O, BF,, C;H;, CHCO, C,H,. The mass
spectrum recorded at 440°C showed that the peaks due to C,H,, (m/z=60 Da), C,H,
(m/z =55 Da), C,H.SCH: (m/2=97 Da) were the most intense ones. Furthermore, the
monomer peak was also detectable. The characteristic and/or intense peaks in the

pyrolysis mass spectra recorded at the maxima of the TIC curve are summarized in

Table 7.

The detailed analyses of the mass spectra indicated that the fragmentation of the side
chains of the polymer follows the classical ester fragmentation pattern as in the case of
the monomer. Yet, the relative intensities of the product peaks changed significantly. In
case of the monomer, the peak at m/z=110 Da due to the cleavage at o.- position to the
CO group is the base peak. However, for the polymer, the base peak at m/2z=43 Da is
due to the alkyl fragment due to the degradation of the side chains. The peak at
m/z=110 Da is also present though relatively weak. Peaks due to H-transfer and
McLafferty rearrangement reactions are also present in the spectra. Furthermore,
thiophene peak is more intense for the POTE and weak dimer and trimer peaks are

observable.
A great degree of similarity between the mass spectrum of the monomer and pyrolysis

mass spectra of the corresponding polymer can be observed only if the thermal

degradation proceeds through a depolymerization mechanism. In our case however, the
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pyrolysis mass spectra of P(OTE) is totally different than the mass spectrum of the
monomer.

The thermal degradation of polymers involving labile side chains usually starts with the
cleavages of weak bonds substituted on the main chain. Thus, the monomer and
oligomers peaks are either weak or absent in the pyrolysis mass spectra of such polymer.

In any case we did not expect any similarity in the mass spectra of OTE and P(OTE).

60
c.440°C
41
83 101
127
2
é Ly 145191 250
E 60 120 180 240 300 360
% h s
b.40°C
49
73
01 127
149 218
1 o o7 236
60 120 180 240 300 360
m/z
a.TiIcC
2
g
80 180 280 380

Temperature °C

Figure 3.18 a. The TIC curve and the mass spectra recorded at b. 400C, c. 440 °C
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Table 7 The most and/or charactetistic peaks of OTE and P(OTE) at some selected

temperatures, with related chemical formula

P(OTE) )
Assighments
400C 4450C 400C 4450C
18 1000 27 525 9 1 HO
28 125 92 100 39 127 N>, CO, CoH,
29 103 276 77 102 150 C:H;s
30 17 11 20 11 4 BF, CH,=NH, CH,=O
34 17 20 H.S
39 o4 237 14 13 98 GsHs
41 168 540 202 258 197 CH3;CN, CsHs
43 212 532 632 655 132 CsHs
44 106 75 186 79 77 CO,, CS
49 546 1 728 1 BF,
55 150 495 330 455 70 CHs
57 119 200 486 286 139 CHCS, C4Hy
60 177 1000 1000 1000 5 OCS, OHCOHCH:
68 45 21 95 22 BF;
73 140 816 732 889 3 CsHsS
84 64 297 364 417 31 C4HsS
97 32 48 92 77 78 C4H3SCH>
101 48 360 303 508 2 FC4H-S
110 11 5 40 7 1000 C,4H3SCHCH,
127 69 47 542 60 32 OC(CH2)sCHj3
138 5 2 24 2 3 C3;H3C4HL(OH)S
142 4 8 424 13 1 (C4H9)2N=CHa, (C3H3S)2
143 5 5 69 6 1 OCO(CH)sCHj3
155 6 1 13 1 5 OCOCH(CH2)sCHCH:
166 2 1 14 1 2 C4H3SC4H5S
171 5 1 50 1 1 C4H3S(CH,),OCOHCH>
179 3 1 4 1 1 C4H5SC4H.SCH»
185 6 1 54 1 (C4Ho)sN
207 2 1 1 6 C4H3SC4H,SCH,CH,CH>
242 1 72 (C4sHo)aN
254 1 3 4 Monomer
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The single ion current temperature profiles of important fragments of P(OTE) are
shown in Figure 3.19. The peaks related to the anion of the supporting electrolyte such
as BF;, BF,, BFF and HF appeared at the first stage of pyrolysis. Therefore, the evolution
of the supporting electrolyte was considered at this region. The peaks at m/z=83, 73, 60
and 57 Da due to thiophene, CH,OC(OH)=CH,, HOC(OH)=CH, and CH, appeared
respectively in pyrolysis mass spectra in the same temperature ranges and their evolution
profiles were quite similar. Similar fragments to PTh were recorded; polymerization
through the thiophene moieties was concluded to be successful. The relative yield of
H,S was quite low. Previous studies showed that H,S evolution, indicating cleavage of
the thiophene ring is more likely when a network structure exists. Thus, it may be

concluded that extent of network structure is quite low [60].

In order to limit the further dissociation of degradation products in the mass
spectrometer, the pyrolysis experiments were also performed decreasing ionization
energy to 19 eV. Yet, no significant change in fragmentation pattern was observed.

Thus, it can be concluded that secondary ionization was not very important.
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Figure 3.19 The ion-temperature profiles of most intense and characteristic peaks as a

function of temperature observed during pyrolysis of P(OTE)

73



3.3.3 Copolymer of OTE with Thiophene (P(OTE-co-Th))

The decomposition of P(OTE-co-Th) occurred in a broad temperature range as shown
in Figure 3.21. Two weak low temperature peaks and a broad intense peak were
observed in the total ion current (TIC) curve. This type of a profile indicates either a
multi step degradation mechanism or presence of many components in the sample
under investigation. In Figure 3.20 the TIC curves for POTE, PTh, mechanic mixture
of POTE and PTh and P(OTE-co-Th) are shown for comparison. It is observed from
Figure 3.18 that the TIC curves of all the samples show different trends. Analyses of the
pyrolysis mass spectra recorded at the maximum of the peaks in the TIC curve of
P(OTE-co-Th) pointed out that the first two maxima correspond to the evolution of
low molecular weight compounds such as H,O, BF;, C,H; and C;H.. In the temperature
range 200-300°C peaks due to TBAFB were also observed. In the last stage of the
pyrolysis, the monomer and low molecular weight oligomer peaks appeared in the mass
spectra. The characteristic and/or intense peaks in the pyrolysis mass spectra recorded

at the maxima of the TIC curve are summarized in Table 8.
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Figure 3.20 TIC curve recorded during the pyrolysis of a. P(OTE), b. P(Th), c.
mechanical mixture and d. P(OTE-co-Th)

75



d. 425°C

101
83

127

145

217

il

60

41
18
4
18
31 85 101
127
115 |
o o) 1as 185 213 227
18 60
b. 35°C
41
ga 101
] | 127 149 .. 213
50 0 350 200 250

1
M
10 150 200 250 300

c. 60°C

Relative intensity

m/z

a. TIC

Intensity

80 180 280 380

Temperature °C

Figure 3.21 a. The TIC curve and the mass spectra recorded at b. 35 "C, c. 60 "C, d.
425'C

76



The time-temperature resolved evolution profiles of P(OTE-co-Th) based ions are
given in Figure 3.22. As shown in Figure 3.20, the evolution profiles of P(OTE) based
fragments followed almost the same trends when generated from the copolymer. The
relative intensity of dopant based peaks was stronger in the pyrolysis mass spectra of the
copolymer compared to POTE but weaker compared to PTh. Again, the intensities of
the peaks due to PTh based products especially H,S were higher in the pyrolysis spectra
of the copolymer compared to POTE. This indicates the cleavages of the thiophene
rings of polymer chains involving a crosslinked structure. However, the main
degradation products of P(OTE-co-Th) due to loss of side chains confirms the presence

of both P(OTE) and PTh units in the copolymer.

All these results confirm that the P(OTE-co-Th) sample contains chains showing
characteristic thermal degradation patterns of PTh and POTE , no direct support for

copolymerization can be determined.

77



%ol

Thiophene dimet]

m/z=166

x 468
C,H,SCHCH
m/z=110 x 125
Thiophene, x3
m/z=84

CHO,,
m/z=60
AV el N
o /\/\ X8

H,S, m/z=34 x30

HF, m/z=20 x 25

80 180 280 380

Temperature °C

Figure 3.22 Single ion pyrograms of some selected fragments recorded during pyrolysis

of P(OTE-co-Th)
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Table 8 The most and/or characteristic peaks of P(OTE-co-Th) at some selected

temperatures, with related chemical formula

P(OTE-co-Th)

Assignments

300C 700C 4250C 500C 2750C 425 0C
18 964 411 19 393 3 9 HO
28 192 179 87 77 8 34 N, CO, C,Ha4
29 304 321 237 54 15 71 C2Hs
30 41 42 12 146 12 7 BF, CH,=NH, CH,=0
39 209 225 235 25 6 22 CsH;
41 513 577 520 138 55 226 CH3CN, CsHs
43 961 726 521 690 52 480 CsHy
44 337 182 86 344 58 61 COg, CS
49 146 1000 1 12 751 1 BF»
55 375 461 590 215 40 396 C4Hy
57 147 254 205 375 51 204 CHCS, C4Hy
60 1000 998 1000 599 120 1000 OCS, OHCOHCH,
68 25 87 33 119 3 20 BF;
73 807 743 868 529 89 806 CsHsS
84 255 292 359 289 45 313 C4HsS
97 37 55 74 117 6 61 C4H5SCH;
101 303 295 427 207 59 365 FC4HS
110 14 19 8 123 2 8 C4H3SCHCH:
115 123 136 198 103 16 153
127 33 176 59 465 5 48 OC(CH2)sCH3
138 3 4 3 33 1 3 CsHsC4H2(OH)S
142 2 5 5 118 1000 17 (C4Ho),N=CHp,, (C3H3S),
143 3 8 5 47 120 5 OCO(CH2)sCHj3
155 1 3 2 22 1 1 OCOCH(CH2)s;CHCH:
166 1 2 2 20 1 2 C4H5SC4H;3S
171 3 5 2 89 2 1 C4H5S(CH2):OCOHCH:
179 1 2 2 16 1 2 C4H5S8C4H-SCH,
185 3 2 1 17 86 1 (C4Ho)sN
191 1 2 2 9 1 1 C4H5SC4H,SCoH,
242 1 1 1 27 1 (C4Hg)4N
254 1 8 1 1 Monomer
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3.3.4 Thermal Gravimetric Analysis of OTE

The homopolymer of OTE showed single step decomposition at 415 'C, leaving
23.05% residue. Since degree of doping was too low, removal of the dopant anions
from the matrice, leading to a significant weight loss might not be observed (Figure
3.23.c). TGA thermogram of the copolymer P(OTE-co-Th) revealed two weight losses
at 203°C and 414°C , which could be attributed to the removal of dopant anion from
the matrice and decomposition of the polymer itself respectively (Figure 3.23.a).
Although both the PTh and P(OTE-co-Th) exhibited two step decomposition, both the
dopant removal and decomposition of the polymer matrice were very different from

each other [57].

Weight (X)

o
o

30 230 a30 &30 830
Temperature (°C)

Figure 3.23 TGA thermogram of potentiostatically synthesized (a) P(OTE-co-Th) (b)
P(Th) (c) P(OTE)

3.3.5 Conductivity Measurements of OTE
Conductivity of POTE) and P(OTE-co-Th) were 3.2 10*, 9.1x10” S/cm respectively.
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CHAPTER 4

CONCLUSIONS

In this study, terepthalic acid bis-(2-thiophen-3-yl-ethyl)ester (TATE), decanedioic acid
bis-(2-thiophen-3-yl- ethyl) ester (DATE) and octanoic acid 2-thiophen-3-yl-ethyl ester
(OTE), their corresponding homopolymers have been prepared electrochemically.
Electrochemical polymerizations of TATE, DATE and OTE have been performed in

solutions containing thiophene to prepare copolymers of these thiophene derivatives.

e Direct pyrolysis mass spectrometry analyses of electrochemically polymerized
P(DATE) revealed that the growth of polymer occurred through both 2 and 5
positions. On the other hand, it is determined that P(TATE) polymerized

though 5 position yields a polymer with a lower conductivity.

e For all the polymers under investigation, evolution of dopant occurred at two
temperature ranges. Evolution of BF; at initial stages below 100°C was
attributed to adsorbed supporting electrolyte whereas dopant leaves the polymer
matrix at around 230°C. For the samples, the relative intensities of dopant based
peaks were low compare to that of polythiophene based peaks. Furthermore,
the relative yield of H,S was quite low for these polymers. Previous studies
shown that H,S evolution, indicating cleavage of the thiophene ring is more
likely when there exits a network structure. Thus, it may be concluded that the

extent of network structure is quite low for the derivatives.

81



Pyrolysis of all the samples prepared by electrochemical oxidation of DATE,
TATE or OTE in the presence of Th, yielded characteristic fragments of both

homopolymers and polythiophene units confirming copolymerization.

Similar thermal characterization were recorded indicating that thermal units
were not significantly affected by the presence of TATE, DATE or OTE.
Present results reveal that polymerization of OTE or TATE with Th occurred
during the electrochemical process, yet the data is not sufficient to confirm

copolymer formation.

Pyrolysis of the polymer sample prepared by electrochemical oxidation of
DATE and Th indicated the presence of low molecular weight DATE
oligomers. This may be attributed to growth of thiophene through DATE

confirming copolymer formation.
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