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CHAPTER I

INTRODUCTION

During the last few decades, much attention has been paid to the filed of
organic electronics. Electrical devices made out of plastic materials provide great
advantages due to their special chemical a{d’ r;.;lectrlcal behavior as compared with
standard semiconductors. Organic light Bmlttmg dlodes (OLED:s), plastic solar cells or
organic field effect trans,lsteors (OFETS%) are some of the new devices in this area.

Great progress has be /de’ 10 /Ainve tlgate understand, improve and utilize their
]

unique physical featu Com ercial products are entering the consumer

markets and show the p il off thlS néw technology The foundation of the field of

organic electronics was established b_ack&n'the seventies with the discovery that the

.. . i )
conductivity of polyacetylene films can bgj—changed over several orders of magnitude
s i

by chemical doping. For thei groggdbrealﬁr_ﬁ_ﬂg work in this area, MacDiarmid, Heeger
and Shirakawa were awarded"v ‘the Nobé‘i'.Tﬂi‘F’,rize in Chemistry 2000. Excellent
introductions into the field of: orgamc elecjronl.qs are their Nobel lectures. Intrinsic

conducting plastic . mhterlals and semiconductors, bothf “electron (n-type) and hole

transport (p-type) nTat/erlals with band-like structures, co“trl’ld now be made. Since the
early work, many innovative materials in pure form have been developed and
characterized for the uSage. in electronic“applications [3-4]. An overview of the
conductivity of different materials from insulators to metals and the span organic

materials cover is shown in Figure 1¢1.

-1 1
w i\ Conjugated polymers / -
I
insulators semi- migtals
conductors
‘Ulm | |c' v | 1|:: w | 1t‘|: e | 16 | 10 16" |
107" 107" 10" 0 10° 10" 10t
Conductivity | | | (! | |
& ﬁ”b o & ¢
& & £ o g
-y o $\£ [ "@é

Figure 1.1 Conductivity of different materials



1.1 Applications of organic conducting polymers

According to the attractive and tunable properties of organic conducting

polymers, this facilitates the use of conducting polymers in many applications such

as:

1)

2)

3)
4)

5)

6)

7

8)

9)

Applications utilizing the inherent conductivity of polymer
Antistatic coating (metal and polymer), microelectronic devices,
stealth material for providing a minimum radar profile for military
aircrafts and naval vessels

Electrochemieal switching, energy storage and conversion

New rechargeable battery, redox supercapacitors

Polymer phetoyoltaics (light-induce charge separation)

Display technologies .

Light esftting diode (LEDY, flat panel displays

Electromechanical actual;izras'

Artificial muscles; window's;-wipers in spacecrafts, rehabilitation gloves
electronic Braille screen, blcﬁrc ears for deaf patients.

Separation technolbgies T ; J.j

Novel smart-membrane, seléét"i';?é'molecular recognition
Cellular-communication

Growtlrand control of biological cell cultures

Controlled release devices '

Ideal hostiforithe/contralledaelease of chentical:substances

Corrosion protection

New-generation Corrosion protective coatings

1.2 Conjugated polymers [5-7]

Conjugated polymers (CPs) are organic semiconductors. These polymers

consist of alternating single and double bonds, creating an extended p-network.

Electron movement within this p-framework is the source of conductivity, with

respect to electronic energy levels, hardly differs from inorganic semiconductors.

Both have their electrons organized in bands rather than in discrete levels and their

ground state energy bands are either completely filled or completely empty. The band



structure of a conjugated polymer originates from the interaction of the m-orbital of
the repeating units throughout the chain. Figure 1.2 shows commonly known

conjugated polymers that are conductive.

polyphenylene polypyrole
O ) ()1
S S S

polyaniline 4 polythiophene

Figure 1.2 Conjugated polymers

r

Analogous to semicondugtors, the":llhighest occupied band (originating from the
HOMO of a single thiopheng unit) is ’c_:!a_}lleJd the valence band, while the lowest
unoccupied band (originating from the LUMQ of a single thiophene unit) is called the
conduction band. The difference’in energy béti\a;}.een these energy band levels is called
the band gap energy or simply, band gTapq (Eg). Generally speaking, because
conducting polymers posses delocalized electrons in #-counjugated system along the
whole polymeric chaih, their conductivity is much higherthan that of other polymers
with no conjugated system. These latter non-conjugated-polymers are usually known

to be insulators.

A in semiconductors, the band gap is small enough that
thermal energy can bridge the gap for a small fraction
of the'electrons. In conductors, there is no band gap

Conduction band The large energy E singe the valence band oyerlaps the conduction band.
gap between the
> valence and A E
oo conduction bands A
= - that at ordinary Conduction band .
a3 Fermi level temperatures, no ¥ Fermi level

eletrons can reach ~ f-—=—=--—---—---— — Conduction band

the conduction Overlap
Valance band band. Valance band Valance band

a. Insulator b. Semiconductor c. Conductor

Figure 1.3 Energy band gaps in materials [8]



The different between m-conjugated polymers and metals is that in metals, the
orbitals of the atoms overlap with the equivalent orbitals of their neighboring atoms in
all directions to form molecular orbitals similar to those of isolated molecules. With N
numbers of interacting atomic orbitals, there would be N molecular orbitals. In the
metals or any continuous solid-state structures, N will be a very large number
(typically 1022 for 1 cm’ metal piece). With so many molecular orbitals spaced
together in a given range of energies, they form an apparently continuous band of
energies

In insulators, the-eleetrons in the valence band are separated by a large gap
from the conduction band. However; in conductors like metals, the valence band
overlaps with the conduction band: ‘/And in semiconductors, there is a small enough
gap between the valence and conduction bands that thermal of other excitations can
bridge the gap. With such a'small gap; thg presence of a small percentage of a doping
material can increase conductivity dramatfgaily.

The conductivity jof /the mictal ls due either to partly-filled valence or
conduction band, or to the band g'é[p beiné{%qa,r zero, so that with any weak electric
field the electrons easily redistributé. Electré;i‘r?fére excited to the higher energy bands
and leave unfilled bands or “holes™ at lowéff'éﬁ*é_rgy. Metals and conducting polymers
exhibit opposite direetions of conducting behavior as a-function of temperature as
shown in Figure 1.4. COnductivity generally increases With decreasing temperature for
metallic materials, (some of which become superconducting below certain critical

temperature, To) while'it genetally decreases withilowered teniperature for polymeric

semiconductorsgand 1nsulators.
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Figure 1.4 The conductivity of cefiducting Jpf‘(_)fl-y!rners decreases with falling
J 4 oo s :'j‘g
temperature in contrast to that of metals {8}

Since 7-conjugatedpolymiers allow virtually e‘nd}éss manipulation of their
chemical structures; the control of the band gap of these sémiconductors is a research
issue of ongoing interéét. This “band gap engineering”t may give the polymer to its
desired electrical and optical properties. Reduction of thé-band gap to approximately
zero is expectéd to afford an intrinsic conductor like metals. Example of them

n-conjugatedypolymersbeingdntensively studied are shownjin-Figuresl;5.
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from the interaction of the m-orbitals of the repeating units throughout the chain. This
is illustrated in Figure 1.6 where the calculated energy levels of oligothiophenes with
n = 1-4 and polythiophene are shown as a function of oligomer length. Addition of
each new thiophene unit causes rehybridization of the energy levels yielding more and
more sublevels until a point reached at which there are bands rather than discrete
levels. The interaction between the m-electrons of neighboring molecules lead to a

three-dimensional band structure.
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1.3 Theoretical aspects of charge transfell'T__ll-_]

Electron or charge tréhéfer in conjhéz-lqtéc.i polymeérs determines whether the
polymer is conducﬁveﬁ or insulating. How the charge is fransported determines the
performance of the devices fabricated from the polymer. Oxidation or reduction of a
conjugated polymer leads to the introduction,of positive or negative charges into the
polymer chaing® giving-rise to ‘an increased conductivity. The term doping can be
misleading as what occurs is best viewed as a redox process. The insulating neutral
polymer i§ (€otiyetfed finto «a; salt \consisting yof jalpolycation. (or” polyanion) and
counterigns, which are the reduced forms of the oxidizing agent (or the oxidized
forms of the reducing agent). From a chemical point of view, the “doped” polymers
are actually new compounds — carbocations or carbanions of the original compound.

Using solid-state physics language, however, oxidation corresponds to p-type
doping and reduction to n-type doping. P-doping occurs with a positive applied
voltage, under which conditions the polymer chain is oxidized. Electrons move from

the chain to the electrode giving rise to polarons (partially delocalized radical cations;

see Figure 1.7) and bipolarons (polaron with a second electron removed) in the chain.



Polarons and bipolarons may be viewed as electron holes, which can move along the
chain to produce an electrical current. Anions become incorporated into the polymer
matrix to compensate the positively charged polymer backbone. N-doping occurs
when a negative applied potential is applied to the polymer, under which conditions
negative charges are created in the chain as electrons move from the electrode to the
polymer. Consequently, cations from the solution become incorporated into the
polymer structure to compensate for the megatively charged polymer backbone.

Electrons serve as charge carriers in this case.

Figure 1.7 Depictions'of a) neutral (undoped chain), b) pelaron, and c) bipolaron

Overall conductivity in a polymer is determined by both its intramolecular and
intermolecular: conductivities.. Chain! length' plays the 'mOst important role in
intramolecular conductivity. The longer the comjugated m-system, the greater the
conductivity'will be. Intérmoleculatr conductivity,returns us to'the electron/hopping
discussion which first arose when making a distinction between redox and conjugated
polymers. Intermolecular conductivity is due to the same phenomenon as one finds in
redox polymers (hopping). Because conjugated polymers are normally constructed of
layered planar conjugated molecules, the attractive interactions between m-electron
clouds enhance electron hopping between layers. This has been labeled m-dimeri-

zation.



The doping level is a measure of to what degree the polymer is oxidized or
reduced. The electrically conducting form is obtained when the polymer is doped. For
example, the polymer polyacetylene exhibits a conductivity of 10 Q'em™ in its
undoped form while achieving conductivities of 10° Q'cm™ and higher in the doped
form. The electrical conductivity is strongly dependent upon the polymer’s doping
level. Polymers may be doped either chemically or electrochemically. The doping
level is normally higher for electrochemically. doped polymers than for chemically
doped polymers. With chemical doping, electton acceptors (p-doping) or electron
donors (n-doping) need to-be added to the solution in order to make the doping
reaction take place. Some.examples are oxygen, I, and arsenic pentafluoride. A
polymer can be doped eleetroghemically by simply applying an appropriate potential
across the film in the presence©t counterions.

In Figure 1.8, UV VIS spectroelectrochemlcal curves recorded for different
electrode potential ares shown for regloregular poly(3,4-ethylenedioxythiophene)
prepared using the method "~ of Kvarnstrom and coworkers [12]. Cyclic
voltammograms of poly(3,4- ethernedloxytﬁlophene) unambiguously indicate that
oxidative doping of this polymer is a tWOiStep phenomenon since two overlapping
redox couples are clearly seen. This two- step 0X1dat10n ig-also manifested in UV-vis
spectroelectrochemlcal" studies. The spectra recorded forr: increasing doping levels
show gradual bleaching of the m-rt* transition with simultaneous growth of two peaks

at 580 nm and 700 nm, usually ascribed to the formation of bipolaron sub-gap states.
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Figure 1.8 UV-VIS absorption spectra’'of PEDOT film on ITO during the oxidation process
in 0.1 M TBAPFs-acetonitrile: The potential fange 1S -1.0-+0.6 V, scan rate 100 mV/s
e

1.4 Effect of doping [13]

The doping process is an addltlon of a dopmg agent into the polymer expecting to

y, ¥/

enhance the conductivity of the poelymer. Th_e modlflcatlon of electrical conductivity
of conducting polymers from_insulator to metal can be accomplished either by
chemical doping or by ‘electrochemical doping. Both n-type‘ (electron donating) and p-

type (electron acceptlng) dopants have been used to induce an insulator-to-conductor
transition in electronic polymers. Familiar to inorganic semlconductors these dopants
remove or addscharges to' the polymers. Howeyver, unlike substitutional doping that
occurs in conventional semiconductors, the dopant atomic or molecular ions are
interstitiallyspositioned between.ar-conjugated-polymers chainy and donate charges to
or accept charges from the polymer backbone. In this ‘case, the' counter ion is not
covalently bound to the polymer, but only attracted to it by the Coulombic force. In
self-doping cases, these dopants are covalently bound to the polymer backbone [14].
Initially added charges during doping process do not simply start to fill the conduction
band to have metallic behavior immediately. The strong coupling between electrons
and phonons near the doped charges causes distortions of the bond lengths. For
degenerate ground state polymers such as trans-polyacetylene, doped charges at low

doping levels are stored in charged solitons whereas nondegenerate systems they are
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stored as charged polarons or bipolarons [15-18]. High doping for the non-degenerate
polymers results in polarons interacting to form a polaron lattice or electrically
conducting partially filled energy band [19-20]. Bipolarons or the pairs of polarons
are formed in less ordered regions of doped polymers [21].

Simultaneous with the doping, the electrochemical potential (the Fermi level)
(Figure 1.3) is moved either by a redox reaction or an acid-base reaction into a region
of energy where there is a high density of electronic states; charge neutrality is
maintained by the introduction of counter<ions. The electrical conductivity results
from the existence of charge carriers through charge doping and from the ability of
those charge carriers t0 mowve along the m-bonds; however, disorder restricts the
carrier mobility and ™ Tinats «he elecirical conductivity in the metallic state.
Accordingly, electrical’ Conductivity of deped conjugated polymers is improved due to
two reasons: -

1) Doping process introduces céi;riérs into the electronic structure. Since
every repeating unit is a poten§i31 redox site, conjugated polymers can be
doped n-type (reduced) or p—typé r(gxidized) to a relatively high density of
charge carriers. - J

2) The attraction of an electron in one‘ unit-to the nuclei in the neighboring
units leads-to-carrier-detocahization-atong the polymer chain and to charge
carrier mobility, which i1s extended into thrée dimensions through inter-
chain electron transfer.

Charge“injéction Jor‘doping” onto=conjugated conducting polymers leads to

the wide variety of interesting and important phenomena which define the field. The

doping can be accomplished in.a number of ways:

1.4.1 Chemical doping by charge transfer
The first discovery of the ability to dope conjugated polymers involved charge
transfer redox chemistry; oxidation (p-type doping) or reduction (n-type doping), as

demonstrated with the following examples:

1. p-type

(n-polymer), + 3 ny (I) — [(x-polymer)™*(Iy)y,
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2. n-type
(n-polymer), + [Na + (naphthalide)’]y—[(Na"),(n-polymer)~], + (naphthalene)’

When the doping level is sufficiently high, the electronic structure of

conjugated polymers approached to that of a metal.

1.4.2 Electrochemical doping

Although chemieal*(chaige transfer) doping is-an efficient and straightforward
process, it is normally” difficult  fo ‘control. Complete doping to the highest
concentrations yields zeasonably high q%;a}jty materials; however, attempts to obtain
intermediate doping leyels often rés:ult :1;1 mmhomogeneous doping. Electrochemical
doping was originated to8olye this problém’."' In electrochemical doping, the electrode
supplies the redox charge to the _.cqnducti';;g polymer, while ions diffuse into (or out
of) the polymer structure from the nearBSaf-electrolyte to compensate the electronic
charge. The doping level i1s ‘detérmined _Ey”fhe voltage between the conducting

polymer and the counter-electrode; at eleéﬁ:}dchemical equilibrium the doping level

can be achieved by §éttin2 the electrochemical cell at a fixed applied voltage and
simply waiting as 10hg as necessary for the system to "come to electrochemical
equilibrium as  indicated by the current through® the cell going to Zero.

Electrochemical doping is illustrated by the following examples:

1. pstype
(m-polymier) i+ L BE) lloitod +5 [(7t—polymer)+y(BE{)y]rl + Li (electrode)
2. n-type

(n-polymer), + Li(electrode) — [(Li*)y(m-polymer)™], + [Li + (BF4)lsotution
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1.5 Effective conjugation length (ECL)

Ideal conducting polymers should have its m electrons in the conjugated
unsaturated bonds even by distributing throughout the whole chain. This requirement
usually does not hold due to the following:

1) Formation of defects in polymer

ii) Twisting of planar structure out of conjugation in the polymer.

Examples of the two reasons above are exemplified in Figure 1.9. Formation
of a defect in polyacetylene as a saturdiéd”sp<hybridized methylene caused the
disruptive effect in the flow-of electrons on polymer-chain. In another case, the steric
incumbent between adjacent” R groups on HH thienyl units in irregular poly
(3-alkylthiophene) brought about the twisting of the thienyl ring planes out of
coplanarity, causing an ingrease dn the energy needed to allow the flow of electrons

through the polymer chain, hence making the polymer chain less conductive.

PR

polyacetylene poly(3-alkylthiophene)

Figure 1.9 A defect im polyacetylene and steric induced structural twisting in

poly(3-alkylthiophéene)

Anotherpogsible reason wouldibe the twisting of polymer chaini, which occurs
randomly at the single bonds and divided the polymer into separated sections with
their own coplanarity (Figure 1.10). Twisting of polymer chain would also cause the

reduction of conjugation in the polymer.

78Ny
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Figure 1.10 Twisting of polythiophene
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1.6 Poly(3,4-ethylenedioxythiophene) (PEDOT) [22-27]

Chemical modifications of polythiophene have been widely carried out in
recent years to satisfy different application requirements. The most familiar and
important one is regioregular poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT is
also one of the few examples within the conjugated polymer family which is both p-
and n-dopable. It is well known that upon electrochemical p-doping (n-doping)
conducting polymers undergo oxidation (reduction) of the polymer backbone
resulting not only in an increase of their elecironie conductivity but also in structural

transitions which give riseto-spectral changes.

5 o o

Figure 1.11 3,4-Ethylenedioxythiophene (EDOT) (a) and Poly(3,4-ethylenedioxythio
phene) (PEDOT) (b) A

PEDOT has bgen developed into one of the most successful materials from
both fundamental and practical perspective. It possesses several advantageous
properties as compared .with other polythiophene derivatives: it combines a low
oxidation potential and moderate band gap with good stability in the oxidized state.
Also, by blocking the B-positions of the heterocyclic ring, the formation of o-3
linkagesy, during’ polymerization<is prevented;yresultingpin +a, moresregiochemically
defined material. In addition to a high conductivity (550"S/cm in the electrochemical
doped state), PEDOT is found to be highly transparent in thin, oxidized films. As a
result, PEDOT derivatives are now utilized in several industrial applications including
antistatic coatings for photographic films, electrode material in solid-state capacitors,
substrates for electroless metal deposition in printed circuit boards, indium tin oxide
(ITO) electrode-replacement material in inorganic electroluminescent lamps, and hole

conducting material in organic/polymer-based light-emitting diodes (OLEDs/PLEDs).
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3,4-Ethylenedioxythiophene (EDOT) is a commercially available, oxidatively
polymerizable monomer which polymerizes at relatively low applied potentials (+1.0
V vs Ag/Ag+). Jonas and Heywang [24] first polymerized EDOT to poly(3.4-
ethylenedioxythiophene), (PEDOT), and found the polymer to be useful for antistatic
coatings. Inganas and co-workers [26] showed the usefulness of PEDOT as a potential
material for electrochromic devices due to its ability to cycle between an opaque blue-
black in the reduced (undoped) state and a transmissive sky blue in the oxidized
(doped) state. Conductivities reported for PEDOT prepared electrochemically range
from 10 to 100 S/cm, and these conduetivites have -been found to be stable for up to
1000 h at 120 °C in a laboratory atmosphere.

1.7 Excellent characteristics of PEDOT [28-36]

PEDOT is one'of the most promféing materials for practical applications due

to its following charactefisties: A

e Reversible doping stafe

PEDOT can be' repeatedly dop_eq and undoped. PEDOT is almost
transparent and light blue in the oxidized staﬁ_e, z;nd can be easily changed into opaque
and dark blue appearance in fhé neutral staté;-'-ljl-llis 1ts color changes visibly when its
doped state change$’ and may be suitable for opticral applications, such as
electrochromic displays [28].

e Excellent stability

PEDOT  has-improved chemicall and thermal stability. Thermal studies
show that a continuous degradation occurs above 150 °C and complete decomposition
above 3905 € [29]4BleCtrical‘conducting properties dppeat to tedidin almost unaltered
after aging in environmental conditions. Its high stability is attributed to favorable
ring geometry and the electron-donating effect of the oxygen atoms at the 3,4-
positions stabilizing the positive charge in the polymer backbone [30].

e Regular structure

Due to the structure of the monomer, competing polymerizations through 3-

and 4- positions as in thiophene are avoided. Thus, only the 2,5-couplings of the 3,4-



16

ethylenedioxythiophene are expected. Therefore, PEDOT is expected to have fewer
defects than the thiophene analogues.

e Low band-gap (High conductivity)

PEDOT has a low band gap of 1.5-1.6 eV [31]. The lower band-gap relative
to polythiophene is thought to originate from the influence of the electron-donor
ethylenedioxy groups on the energies of the frontier levels of the m system [32].
Experimental results show that after doping; PEDOT exhibits reduced absorption in
the visible: the oscillator strength shifts from around 1.5 eV (lowest n-n* transition) to
below 1 eV in the metallie-state {33]. Thus it shows-a high electrical conductivity (up
to 550 S/cm) in the doped staie:

e Electrochemieal properties |

Compared 10 gther” conducting polymers, clectrochemically synthesized
films of PEDOT have a low redox potential 9nd excellent stability in their doped state
[34]. Studied by cyclic yvoltammetry, i";_it’ was found that the redox peaks at
approximately 0 mV (oxidation)-and -400 ﬁiV"(reduction) remained almost unaffected
during cycling. However, only usider an aﬁi‘)ﬁ_ed negative potential of -700 mV were
the neutral films found to be stabie. Open cm:ujlt potential measurements showed that

the neutral films were rapidly oxidized 351 Y

1.8 Synthesis of PEDOT Solid state polymerization [37-39]

Polymerization of PEDOT by traditional oxidative polymerization with FeCls
in organic solyents gives anlinsoluble'blue-black polymet powder. The limitations of
traditional polymerization methods can be a serious problem for PEDOT applications
as well-as forin-depth inyestigation,of meleculat-order, in, this, conducting polymer. It
is generally ‘not possible ‘to“obtain “a” well-defined polymer ‘strueture, unless the
synthesis of conducting polymers is carried out via pure chemical polymerization
routes, without adding any catalysts. A possible solution for this lies in a solid-state
polymerization of a structurally pre-organized crystalline monomer.

The advantages of solid-state polymerization (SSP) include low operating
temperatures, which restrain side reactions and thermal degradation of the product,

while requiring inexpensive equipment, and uncomplicated and environmentally
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sound procedures. Also by-products can be easily removed by application of vacuum
or through convection caused by passing an inert gas.

In 2003, Meng et al. [38-39] reported that the solid-state polymerization (SSP)
of DBEDOT was discovered by chance as a result of prolonged storage (2 years) of
the monomer at room temperature. The colorless crystalline DBEDOT, with time,
transformed into a black blue material without apparent change of morphology.
Surprisingly, the conductivity of this decomposition product appeared to be very high
(up to 80 S/cm) for an organic solid. Even theughethis type of non catalytic coupling
was not known in organie-chemistry; indeed, the-most likely explanation for the
observed transformation was™ polymerization with formation of bromine-doped
PEDOT. The following gharacierizations unequivocally confirmed the proposed

structure (see below).

a5 N\
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Scheme 1.1 Solid state polymerization of D]éEDOT

The room-temperature conductivity of different SSP-PEDOT samples was
measured by the four point probe method (Table 1.1). The highest conductivity
belongs to the polymer¢prepared at lowest temperature and longest reaction time,
which may reflect achievement of a higher degree of order. Indeed, heating above the
monomer’s melting point results in dramatically reduced conductivity (0.1 S/cm),
which rises up to 5.8 S/em"after doping with iodine, approaching the value of an
FeCls-synthesized PEDOT (7.6 S/cm). Not very significant, but certain increase in
conductivity of SSP-PEDOT (about 2 times) was found on exposing a sample to
iodine vapor.

From the experiment, they concluded that heating DBEDOT in the solid state
resulted in an unprecedented self-coupling reaction and gave highly conduction and
relatively well-ordered bromine-doped PEDOT. Furthermore, heating DBEDOT

above its melting point led to polymer with a lower conductivity.
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Table 1.1 Conductivity data of PEDOT polymers

o (SSP-PEDOT)/ o (FeCl;-PEDOT)/

Scm™ Scm™
Reaction Temperature (°C) 20 60 80 120 0-5
Reaction time 2years 24h 4h 24 h 24 h
“crystals”/ “fibers” 80 33 20 NA N/A
pellets as synthesized 30 18 16 0.1 N/A
pellets after I, doping - 30 L 5.8 7.6
thin films N/A 23 N/A N/A N/A
Thin films after I, doping N/A 1 48 N/A N/A N/A

N/A = Not available

1.9 Processibility /]

Poly(3,4-ethylenedioxythiophene) (PFbOT) and other conductive polymer are
convenient for oxidative polymerization byuén}g oxidizing agents such as iodine and
FeCl; and other way by electrochemical poly“m&ization. These methods yielded non
processible polymersproduct with hard, bri.t'ﬂé,-éi_néoluble i most solvent and
nonfusible even by héating up to their decomposition température.

Out of this thinking came the first exploratory polymerizations by Bayer and
AGFA of PEDOT with the intent of applying it to the fields of antistatic coatings and
photographic films. Chemical polymertization, aqueous, dispersions of PEDOT: PSS,
Baytron®, synthigsized by Inganis et al.[26], is successfully used and the fabrication
volume-oficoated photographic film) perjyear exceeds) 108 m* Poly(styrene sulfonate)
(PSS) isused as a dopant for PEDOT. The doping process of the conjugated polymer
is done by acid- rather than redox-doping. Thus, the PEDOT does not act as an
electron donor but accepts a proton from the sulfonate group of the PSS dopant. A
C=C n-bond of the EDOT opens up and the C bonds to an H" donated by the acid. As
a result, there is a net positive charge on the PEDOT chain that will strongly attract
the negative charge left on the acid. Since this happens at many points along the

polymer, PEDOT and PSS become closely intertwined. An unpaired 7m- electron
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remains on the PEDOT chain that is highly mobile along the conjugated backbone
and leads to a high conductivity. Other dopants reported in literature include Tosylate

and inorganic materials such as phosphomolybdate.

Figure 1.12 Poly(3,4—ethylenedioxythiophené)/polystyrene sulfonic acid (PEDOT/PSS)

However, PEDOT:PSS also suffers frg)m low conductivity of less than 1 S/cm,
which is lower than that of some good conc?i;_c;t_ipg polymers by one to two orders of
magnitude. Also, it 18 typically laid down ih ;n acidic svater-based solution whose
corrosive properties-cause other problems [40].

In this study, we have proposed a new way to overcome the mechanical
properties of PEDOT is#o-blend it with another insulating polymer. Composites are
formed by directly dispersing a ;soluble monomer, DBEDOT, into an insulating
polymer matrix ‘which can form solid film by electrospinning then transformed into
PEDOT/polymer composite~ by solid" state * polymerizatioti,! Polymer matrix,
poly(methyl methacrylate) are chosen as matrices because it is a polar matrix, and
easy to be electrospun into desired forms while the mechanical integrity of the matrix
is still maintained. Most of all, they can be easily mixed with DBEDOT in organic
solvent. The following literatures describe the preparation of conducting polymer
composites based on poly(methyl metharylate).

In 2000, Omastova and Simon [41] prepared conductive poly(methyl
methacylate)/polypyrrole composite by chemical modification of pyrrole in PMMA
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latex matrix resulting in a network-like structure of polypyrrole embedded in the
insulating polymer matrix. The electrical conductivity of compression-molded
samples depends on the concentration of polypyrrole and reached values of between
110 S/cm to 0.1 S/cm.

In 2007, Veluru et al. [42] determined electrical properties of electrospun
fibers of polyaniline- poly(methyl methacylate) (PANI-PMMA) composites. The
nanofibers of PANI dispersed in PMMA solution in chloroform. The conductivity of
composite fibers is estimated as 0.289 S/cme"This value is about three orders less
compared to that of the pure PANI sample (200-400-S/cm)

In 2008, M. Amritheshretal. [43] have synthesized PANI-PMMA composites
using bulk polymerized PMMA. The FTIR spectrum reveals that PANI has been
dispersed as an interprenegrating network in the PMMA' matrix. It is also observed
that the photolumineseence (PL.) intensj-ity increases with increase in the PMMA
content in the composite, pessibly due té_ éfeater chances of exciton formation and
subsequent radiative decay to the ‘ground Yéit'ate. The enhancement of PL intensity of
the composites with increasg in the aniliné':}p; PMMA feed ratio is quite comparable
with the enhancement in the DC elecirical Céﬁ(ﬁiCtiVity of these composites.

In 2008, Ji. S, et al. [44] prepared PMMA nanofibers by electrospinning and
their composites with-potyantime(PANL) by sww solution polymerization. The
coaxial composite nanofibers so prepared were then transferred to the surface of a
gold interdigitated electrode to construct a gas sensor. The electrical responses of the
gas sensor bas€d ©on] the composite Inanofibets towards triethylamine (TEA) vapors
were investigated at room temperature. It was revealed that the sensor showed a
sensing.magnitude as high.as 77 towards TEA. yapor.of 500 ppm..The responses were
linear, reversible and réproducible ‘towards TEA vapors of.20-500ppm. In addition, it
was found that the concentration of doping acids only led to changes in resistance of
the sensor, but did not affect its sensing characteristics. The gas sensor with toluene
sulfonic acid as the doping acid exhibited the highest sensing magnitude.

In 2007, Sun and Hagner [64] prepared PEDOT/poly(acrylic acid) (PAA)
composites by oxidative polymerization of EDOT with FeCls in the presence of PAA.
It was found that these composites were nanowires assembled by PAA chain acting as

a template. They exhibited excellent conductivity (0.56 S/cm). It provided a new
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water-dispersible and easily processable PEDOT dispersion. It also presented a simple
self-assembly strategy for the morphology-controlled preparation of nanocomposites
based on PEDOT and extended the use of polyelectrolyte as a template for designing
interesting nanostructures.

In 2005, Sonmez and coworkers [65] found that PEDOT/poly(2-acrylamido-2-
methyl-1-propane sulfonate) (PAMPS) composite films were electrochemically
prepared from a mixture of water and DME containing EDOT and polyelectrolyte,
PAMPS. The conductivity of PEDOT/PANMPS*fiee standing composite films reached
the value of 80 S/cm. The PEDOT/PAMPS exhibited a band gap of 1.65 eV, identical
to PEDOT doped with small iens.that could be switched rapidly between the doped and
neutral state with an excellent ¢ontrast ratio of 76%. Interesting cation-exchange
properties have also been degmonsgrated with Ru(NH3)Cl3.

In 2006, Hansen and coworker [66] prepared a new method for integration of
conducting polymer inte PMMA substra"l'@_e; by chemical oxidative polymerization,
e.g. using Fe (III) p-tolugne sulfonate (féﬁi'-’tosylate) followed by washing with a
solvent which simultaneously removes réS':iiQ'lf.El_l and spent oxidant and at the same
time dissolves the top layer of polymer éul;.é:‘trate. It was found that the surface
resistance of conducting polymer layer rérﬁiﬁfié Jlow._while the surface layer at the
same time adapts sOvie-of the-mechanical properties of-the substrate, resulting in a
highly conducting surface with very good were resistance.

In 2007, Kusonsong [62] found that the highly conductive polymer composites
of PEDOT/insulating® polymer) conipositest could ~bes prépared by solid state
polymerization (SSP) of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) in the
presence of .either polystyrene. (PS), or polybutadiene (PB) matriX. Nonetheless, the
fabrication ‘process' based on Solutiontcasting yielded the.composite-films with non-
uniform morphology and conductivity due to the inhomogeneous distribution of the
PEDOT in the matrix caused by phase incompatibility between the polar PEDOT and
the non-polar matrix.

In 2009, Keaw-on [63] prepared conducting polymer composite films
containing PEDOT by solid state polymerization (SSP) of DBEDOT in the presence
of polystyrene (PS) or sulfonated polystyrene (SPS) matrix. A thin fiber mat was first

fabricated by electrospinning a solution mixture of polymer matrix (PS or SPS) and



22

DBEDOT on glass slides. After the solvent was removed, the solid state
polymerization of the DBEDOT crystals embedded in the polymer matrix was then
induced by heating at 60-80 °C, the temperature below the glass transition
temperature of the polymer matrix and the melting temperature of DBEDOT. It was
found that compression during heating was necessary to produce well dispersed sub-
micron PEDOT in the polymer matrix. As measured by four-point probe
conductometer, the conductivity of the compeosite film can reach as high as 15 S/cm,
the value equivalent to the conductivity of thespurte PEDOT also generated by SSP in

the absence of polymer matrix.

1.10  Electrospinning process [45]

A number of processing techniques such as drawing, template synthesis, phase
separation, self-assembly. electrospinniﬁg ‘have been used to prepare polymer
nanofibers in recent years. The electrospmmng process seems to be the only method
which can be further developed for mas§ productlon of one-by-one continuous

nanofibers from various polymers. 22y

Figure 1.13 showed electrospinning p?r_eci_ess a high voltage is use to create and
electrically charged jet of polymer solution or rﬁelf, which'dries or solidifies to leave a
polymer fiber. One elgctrode is placed into the spinning solﬁtion and other attached to
a collector. Electric field is subjected to the end of a capillary tube that contains the
polymer fluid held by its'surface tension. This induces a charge on the surface of the
liquid. Mutual €harnge repulsion causes a force direetly opposite to the surface tension.
As the intensity of the electric field is increased, the hemispherical surface of the fluid
at the tip of the capillaty‘tube-clongates|to form 4 conical shapeknown as the Taylor
cone. With increasing field, a critical value is attained when the repulsive electrostatic
force overcomes the surface tension and a charged jet of fluid is ejected from the tip
of the Taylor cone. The discharged polymer solution jet undergoes a whipping
process wherein the solvent evaporates, leaving behind a charged polymer fiber,
which lays itself randomly on a grounded collecting metal screen. In the case of the
melt the discharged jet solidifies when it travels in the air and is collected on the

grounded metal screen.
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The properties of fiber obtained from this process depend on two types of
parameters, the fist is system parameters including molecular weight, molecular
weight distribution, architecture of the polymer (e.g. branched or liner chain) and
solution properties (viscosity, conductivity and surface tension). The second one is
processing parameters including electrical field strength, flow rate, solution
concentration, distance between the capillary and the collector, and ambient

parameters (temperature, humidity and air velocity in the chamber) [46].

PEDOT/PMYLIA - olufion

aid 'lr.:.-'_,
Figure 1.13 Schematic of electrospinning apparatus set up

The advantages of electrospinning process are. simple equipment, requiring a

short time, cost efféctiVe and producing a very high orien]iated fiber with very small
pore sizes. Therefore, electrospun fibers from electrospinning have regained more
attention probably due in part to interest in many appliéations such as in the field of
filtration systems [47]; medical prosthesis-mainly grafts ‘andvessels, tissue template

[48], electromagneton shielding, protective clothing [49], composite delamination.

1.11 Conductive measurement by four point probe technique {52}

The four point probe, as depicted schematically in Figure 1.14, contains four
thin collinear tungsten wires which are made to contact the sample under test. Current
I is made to flow between the outer probes, and voltage V is measured between the
two inner probes, ideally without drawing any current. If the sample is of semi-
infinite volume and if the interprobe spacings are s;= s, = s3 = s, then it can be shown

that the resistivity of the semi-infinite volume is given by
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Po = 27| — (1.1)

Figure 1.14 Schematicrépreséntation of 4-point probe eonfiguration

The subscript 0 in theé preceding é:qnuation indicates the measured value of the
resistivity and is equal to'the actual value, p, only if the sample is of semi-infinite
volume. Practical samples; of course, are -'gf (dinite size. Hence, in general, p is not
equal to po. Correction factors for,six different boundary configurations have been
derived by Valdes'. These show! that in geneirﬁi"i’f 1, the distance from any probe to the
nearest boundary, is at least-5s, 1o correction s required. For the cases when the

sample thickness is'€= 5s, we can compute the true resistivity from

V
Py &207| — | 24P (1.2)

where ,a,isythe thiekness .eorrection; factor which-is plotied ;on page, GT-2. From an
examination of the'plot, we'see that'for values of t/s >='5"the corresponding value of a
is unity. Thus, for samples whose thickness is at least 5 times the probe spacing, no
correction factor is needed. Typical probe spacings are 25-60 mils and the wafers used
in most cases are only 10-20 mils thick, so unfortunately we cannot ignore the
correction factor. Looking again at the plot, however, we see that the curve is a
straight line for values of t/s <= 0.5. Since it is a log-log plot the equation for the line

must be of the form
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l‘ nm
— K| =
(Sj (1.3)

where K is the value of a at (t/s) = 1, and m is the slope. Inspection of the plot shows
that in this case m = 1. K is determined to be 0.72 by extrapolating the linear region
up to the value at (t/s) - 1. (The exact value can be shown to be 1/(2In2).) Hence for

slices equal to or less than one half the probe spaeing

a = 072(£) (1_4)

When substituted into the basic equation we get:

A A LVATE,

-

All samples_used in the lab satisfy thé one-half. relationship so the above
formula can be used.to determine p. Resistivity measurements will be performed on
the starting material for each experiment. The value of p obtained will be referred to
as the bulk resistivity, andsthe units are Q-em. If both sides of Equation (1.5) are

divided by t we get

o, V t
Re=~=4.83p0 40r—= 0.5
15 (ij 3 (1.6)

which we refer to as sheet resistance. When the thickness t is very small, as would be
the case for a diffused layer, this is the preferred measurement quantity. Note that Rs
is independent of any geometrical dimension and is therefore a function of the
material alone. The significance of the sheet resistance can be more easily seen if we
refer to the end-to-end resistance of a rectangular sample.

Therefore, Ry may be interpreted as the resistance of a square sample, and for

this reason the units of Ry are taken to be Ohms per square or )/sq. Dimensionally,
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this is the same as Q, but this notation serves as a convenient reminder of the

geometrical significance of sheet resistance.

1.12

1.13

Objectives

To prepare of conducting polymer composite film by electrospinning.and solid

state polymerization of 2,5-dibromo-3,4-ethylenedioxythiophene in PMMA

matrix

To determine effects of temperature, iime-and polymer matrix on conductivity

of the composite.

7

Scope of the inyestigation

The stepwise investigation was-carried out as follows:

1.
2.
3.

Literature survey for relate’-c:1 research work
To synthesize 2,5—dibromoi_S,4—¢thy1endi0xythiophene (DBEDOT)
To prepare DBEDOT/pOlyIZI;ﬁrJuCOIIlpOSite films by electrospinning of
mixed solution  between DBiE];.)OT and PMMA. Parameters to be
investigated in this step are as.T_f_(_)l_l_o_w:

1 DBEDO"i“ : PMMA Wéigilt ratio (1:1, 2:1, 3:1 and 4:1)

LD Solvent type (DMF and mixed solveit of DMF and THF (1:1))
To prepare PEDOT/PMMA™ composite films by heat-activated
polymerization. Parameters to be investigated in this step are as follow:

® | Polymerization time (24, 36,48, 60, and. 72 h)

»  Polymerization temperature (70 and 80 'C)

= | «Compression during in solid state polymetrzation
To determine the conductivity of the PEDOT/PMMA composite films
To characterize PEDOT/ polymer composite films by x-ray diffraction
(XRD), FT-Raman spectroscopy, thermogravimetric analysis (TGA),
and differential scanning calorimetry (DSC)
To characterize the PEDOT that has been extracted from the composite
films by scanning electron microscope (SEM), XRD, and FT-IR

spectroscopy
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8. To investigate the effect of storage time on the conductivity of the

PEDOT/ polymer composite films.
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CHAPTER II

EXPERIMENTAL

2.1 Materials

All the chemicals and reagents used were of analytical grade.

1. Acetone : Merck

2. Acetic acid, glacial : Merck

3. Chloroform : Lab-scan

4. Dichloromethane : Fluka

5. Ethanol : Merck

6. Hexane | : Fluka

7. N-bromosuccinimide ' : Merck

8. N,N-Dimethylformamide s 4 : Carlo Erba

9. Methanol : Merck

10. Poly(methyl methacrylate) (Mw= 1.2 x {0°) : Aldrich

11. Sodium hydrogen carbonate = : Labscan

12. Tetrahydrofuran : Fisher Scientfic
2.2 Equipments

2.2.1 Nuclear Magitietic Resonancé (NMR) Spectrometer

All spectra were collected by NMR ymodel Varian Mercury plus 400. Samples
were dissolved in CDCl; and operated at 400 MHz for 'H and 100.54 MHz for "*C
nuclei.

2.2.2 Fourier-Transform Infrared Spectrophotometer (FT-IR)

IR spectra of a standard PEDOT and PEDOT extracted from the
PEDOT/polymer composite film were analyzed by FT-IR model Nicolet Impact 410.
All samples were prepared as KBr pellets.
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2.2.3 UV-visible spectrophotometer

UV-visible spectrophotometer model UV-2550 SHIMADZU was used to
investigate surface absorption spectrum of PEDOT/polymer composite film and
extracted PEDOT powder.

2.2.4 Scanning electron microscope (SEM)

The morphology of the electrospun fiber mats before and after SSP as well as
the extracted PEDOT were observed with a scanning electron microscope (SEM)
model JSM-6480LV. The scanning electrOon” images were obtained by using an
acceleration voltage of 15kv-with a magnification-of 500x and 5000x.

2.2.5 X-ray diffractometer (XRD)

Diffractograms of standard PEDOT and extracted from the PEDOT/polymer
composite film by XRD model’ Rigaku D5000 using a scan range of 5.00-50.00
degree, a scan speed 0£5.00/deg min™ ane:l*a sample width of 0.020 degree.

2.2.6 Thermogravimetric analysi‘$ (&‘GA)

The combustion stage and melting poiht were investigated by TA instruments
thermogravimetric analyser model TGA 2950 PEDOT/polymer composite film was
analyzed by heating from 30 to 666 °C usmg 20 °C.min"" heating rate under ambient
atmosphere. S

2.2.7 Differential Scanning Calorimetry (DSC)

Thermal properties, glass transition temperature (Tg) and melting
temperature (Tm) of PEDOT/polymer composite films were investigated by a Du
pont Differential Scanning ‘Calorimeter: model DSC 2910 by heating the samples
sealed in an aluminum pan from 30°C to 300 <*C using 10 C.min"" heating rate under
nitrogen, atmesphere.

2.2.8 Surface Profile Measuring System

The thickness of PEDOT/polymer composite films was determined by a
Surface Profile Measuring System model Veeco Dektak® ST using by force 1 mg and
a scanning rate of 0.625 pm.s™ for 3000 pm.

2.2.9 Four-Point Probe Conductometer

The conductivity values of PEDOT/polymer composite films were determined
by a four-point probe conductometer model KEITHLEY Semiconductor

Characterization System 4200. The reported conductivity is an average value
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measured from four different areas when 100 measurements for each area were

performed.

2.3 Methods

2.3.1 Synthesis of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT)

Q O Q

2:1leq NBS'1h O
2/ \g 29:1 CHCly : CH;COOH ﬂ\
S Br S Br

Scheme 2.1 Brominatien ot EDOT

To stirred a solution of 3,4—ethylenédi0xythiophene (EDOT) (0.57 g, 4 mmol)
dissolved in a 2:1 (v/v) mixture of chlorofOf}n (29 mL) and glacial acetic acid (1 mL)
was added slowly 2.1 eq N—bromosuccinin;ijae (NBS) (1.50 g, 8.4 mmol). The
reaction was carried out-at 0-5 °C under "'rﬁtfbgen atmosphere for 1 h. Then the
mixture was quenched—and-—washed—with—saturated-sodium hydrogen carbonate
solution (50 mL x 3 times). The organic layer was separated and the aqueous layer
was extracted with chloroform. The crude mixture was purified by passing through a
silica gel column,‘and elute, with 3:2 mixtures’ of hexane and dichlomethane. When
approximately 2,mL of the solution mixture was left after the solvent removal by
rotary evaporator, 3 mL of methanol was, added 10 the evaporating.flask in order to
induce crystallization of DBEDOT"which appeared as white needle-like crystals in 85
%yield.

2.3.2 Preparation of PEDOT/polymer composite film

A mixed solution of DBEDOT and poly(methyl methacrylate) was prepared
by dissolving 0.36 ¢ poly(methyl methacrylate) matrix in 2.0 mL of
dimethylformamide (DMF) and 1:1 (v/v) of dimethylformamide (DMF),
tetrahydrofuran (THF) overnight followed by an addition of 1.08 g DBEDOT and
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then stirred for 30 min. Each of the prepared solutions was then placed in a 5-mL
syringe blunt 20-gauge stainless steel hypodermic needle (i.e. outside diameter = 0.91
mm.) a nozzle was connected with the positive electrode. The tilt angle of the syringe
was set at 45° from a horizontal baseline. Fiber mats were fabricated by
electrospinning using a driving voltage of 20 kV (high voltage power supply model
Gamma High Voltage Research DES30PN/M692). A grounded metal screen covered
by a glass slide was used as the counter electrode and the distance between the needle
and the grounded metal target was 10 cm.Theé sehematic of the set-up is shown in
Figure 3.1. After spinning for 1.30 hours, the pelymer matrix/ DBEDOT fiber mats
was dried in desiccators at ambient temperature overnight. The fiber mat containing
DBEDOT deposited was pressed’ against a glass slide coated with Teflon tape and
clamped with paper clips themheated m an oven at 70 and 80 °C for a certain period
of time to induce polymerization of DBE]:BOT (Scheme 3:2)

The PEDOT/polymer combosite ﬁlm was first dissolved in chloroform. The
insoluble PEDOT were removed by centﬁfugational wash at 4,000 rpm for 40 min
with chloroform (5x). All fractionsv"of suﬁé‘_iﬁ"r__re}tfant collected after each washing were
combined under reduced pressure l;y a rotaf%e:e){;aporator. The solution containing the
matrix and the unreacted DBEDOT was;f)'iifi"fiéd by passing through a silica gel
column using 3:2 (V/v)-of-hexane-and-dichioromethane-as an eluent. The purity of the
extracted DBEDOT which appeared as transparent-white éfystal was verified by TLC.
The percentage of DBEDOT conversion was calculated based on using the following

equation, assumiing that allDBEDQT consuméd was|convented'to PEDOT.

% DBEDOT conversion = (initial weightof DBEDOT-weight of extracted DBEDOT) x100% ..(3.1)
(initial weight of DBEDOT)
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PEDOT/PMMA solution

Figure 2.1 Schematic of

Figure 2.2 Schem T J‘T'i' DBEDOT/polymer fiber
(

fug wm%’wﬁ\anj%
ammm‘mw FAENA Y

Scheme 2.2 Solid state polymerization of DBEDOT

mats




CHAPTER III

RESULTS AND DISCUSSION

The aim of this work is to,prepare polymer composites containing 3,4-
polyethylenedioxythiophene (PEDOT) by selid state polymerization of 2,5-dibromo-
3,4-ethylenedioxythiophene (DBEDOT) and«‘€lectrospinning in the matrix of
commercial polymers i.e. the relativelgl polar poly(methyl methacrylate) (PMMA).
This chapter is divided inte*3 parts. The first part involves the synthesis of DBEDOT
by bromination of ethylenédioxythiophene (EDOT). The second part is dedicated to
the preparation of PED@T/polymer composite films by electrospinning. Several
parameters that can affect physical proper?ies and conductivity of the composite films,
DBEDOT:polymer matrix weight rat1e solvent (DMF and mixed solvent
(THF:DMF)). The last ‘part 1nvest1gates the effect of polymer matrix, time,

temperature and compression during solid st;ate polymerlzatlon on the conductivity of

the composite film.

3.1 Synthesis of 2,5-dibromo-3.4-ethylenedioxythiophene (DBEDOT)

Q O

2:1eqNBS 1h
—

/ \ 29:1 CHCl; ; CHyCOOH / \
S

Scheme 3.1 Synthesis of 2,5-dibromo-3,4-ethylenedioxythiophene

DBEDOT is the monomer to be used for solid state polymerization to form
PEDOT. DBEDOT can be synthesized by bromination of EDOT as shown in Scheme

3.1. The mechanism of bromination of EDOT has been proposed into 2 possible
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pathways, the electrophilic aromatic substitution and radical based single electron

transfer (scheme 3.2-3.3) [53,54].

Scheme 3.2 Bromination n through el ilic aromatic substitution

QW']MT]‘?EM&IW]’W]EI']QEJ

Schemeq3.3 Bromination mechanism through radical-based single electron transfer

followed by aromatic substitution

Unlike the method described by Meng and coworkers [39], the bromination of
EDOT using N-bromosuccinimide (NBS) in this work is a one step process. The
quenching and neutralization were done simultaneously by washing the chloroform

layer with saturated sodium hydrogen carbonate solution (50 mL x 3 times). The
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crystallization of DBEDOT product was then induced by an addition of a small
amount of ethanol (3 mL) to the concentrated chloroform solution (containing ~ 2 mL
of chloroform). After most of chloroform was removed under reduced pressure using
a rotary evaporator, white needle-like crystals (84% yield) were recovered after
purification by column chromatography. The product was characterized by "H-NMR.
It was highly soluble in common organic solvent and has the melting temperature at
94 °C.

'H-NMR spectra of the synthesized PBEDOT and EDOT are shown in Figure
3.1. The absence of the signal-at 6.4 ppm suggested that the protons of EDOT at a
positions of the thiophene ring were substituted by bromine atoms after bromination

by NBS while the proton sighals of ethylene bridge at 4.27 ppm remained. [39]

\\\\\\\\\‘\\\\‘\\wi“l)\\‘\)\)‘)\\)‘\\ll‘\\l\‘\lll‘\\\"w\\\‘\\\\\\\\\‘\\\\‘\\\

13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1

DBEDOT

L L T O L I BB B B A O

13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1

Figure 3.1 '"H-NMR spectra of EDOT (upper) and DBEDOT (lower)
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3.2 Preparation of DBEDOT/polymer composite fiber mats

The highly conductive polymer composites containing PEDOT were proposed
to be prepared by solid state polymerization (SSP) of DBEDOT embedded in an
insulating polymer matrix film. To improve the possible inhomogeneous distribution
of PEDOT caused by phase separation between the polar PEDOT and non-polar
matrix in the previous report, [61] more polar matrix together with electrospinning
method were used.

In this research, PMMA was seleeted as the polar matrix having a glass
transition temperature (Te=100-°C) above the-meliing temperature of DBEDOT (T,
= 94 °C). The condition of - PMMA. e¢lectrospinning fiber preparations have been
investigated in various solyent We selected DMK as the solvent due to its sufficiently
high viscosity and made ghe Solution éasy to be electrospun. The polymer DMF
solution of PMMA with Towest concentraﬂon at 18 % (wlv) of polyaniline (PANI) has
been prepared by Ji and coworkers [44]*‘ The coneentration of polymer and type of
solvent has been shown (o have-a 51gn1f1cant impact on the morphology of the
electrospun fiber. The polymer soltition atI low concentration generally leads to the
formation of droplets or electrospray {55] — J.J

Figure 3.2 (asb) shows the SEM 1mages “of pure PMMA fiber mat electrospun
from DMF and 1:1 §¢fv)-FHE:DME-solation:dt-was-16und that the mixed solvent
system seemed to :gi've fibers with more homogenéity in the morphological
distribution. This observation was also found in the case of the mixed solution
between PMMA and] DBEDOT that had)also beenvelectrespuni‘into fibers (Figure 3.2
c-d).
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composite fiber mats e ctroﬁj)un f

a limxture containing 3:1 (w/w)

a- /- r)
DBEDOT/PMMA in (c) DMF and:ﬁd) = lﬁfv'fTHF/DMF
,r-__,,f'_'_;'. - -J \4—-

3.3 Preparation o

The mechanlsm) of SSP of DBEDOT has been proposed by Meng and co-
workers (Scheme 3.4). [38 39] DBEDOT molecules 1n the form of crystal pack
closely in parallel fashlon WTlﬂch facilitates polymerlzatwon process in solid state. It is
likely that the polymerlzatlon occurs along the stacks of the monomer and must be
accompamed by 51gn1f1cant rotat1on and some movement of the molecules DBEDOT
can transform to "PEDOT by condensatlon durmg lileat treatment The initiation
involves oxidation of DBEDOT by bromine (Br;) and generates DBEDOT radical
carbocation. In the propagation step, this radical carbocation first reacts with another
DBEDOT to form DBEDOT dimer, also in the form of radical carbocation. The
elimination of bromine then yields DBEDOT dimer which will go through another
propagation step and eventually forms PEDOT. The presence of bromine in the
reaction, in fact, facilitates polymerization in the initiation step and redopes the

resulting polymer at the end.



38

Q O A O O
/ ' /oy tPre
Br S Br S n
DBEDOT PEDOT

Scheme 3.4 Mechanism offsolid state polymerization of DBEDOT

_—

3.3.1 Effect of compression on thJe c;)nductivity of the composite films

The resistance of the PEDOT/PMMA composue film shown in Figure 3.3 did
not significantly decrease asithe heatmg tlme vyas extended beyond 24 h. The fact that
the conductivity values measured on the T‘Ettom side could almost align to those

measured on the topside; 1mphed that the PEDOT was dlstrlbuted evenly throughout

the matrix of the composne film.

64

—— Top side
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=]

Heating time at 70 °C (h)

Figure 3.3 Resistance measured on the top and bottom sides of the PEDOT/PMMA
composite film prepared by SSP of the electrospun 3:1 (w/w) DBEDOT/ PMMA fiber

mats heating at 70 "C for 48 h with pressing as a function of reaction time
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The color of the DBEDOT/PMMA fiber mats pressed on a glass substrate
changed from white to dark blue and turned black within 24 h by heat treatment at 70
°C. Without pressing, the heated sample only turned to gray because it was not
completely polymerized (Figure 3.4b). The heat treatment of the DBEDOT/PMMA
fiber mats completely destroyed their fibrous feature as visualized from SEM images
shown in Figure 3.3d and e. The blue color could primarily be used as an indication of
the SSP and the formation of PEDOT. The compression of the DBEDOT/PMMA
fiber mats during the heat tieatment was found to be critical to the effectiveness of
SSP process. If the compiession was applied during the heat treatment, the resulting
PEDOT/PMMA composite «film (Figure 3.4e) became smoother and more
homogeneous than that obtained without the compression (Figure 3.4d). The PEDOT
could be well dispersed infthe compresjsion case. The morphology of the extracted
PEDOT from PEDOT/PMM A compos1te’ f11m shown in Figure 3.4 (f and g) could
indicate possible interacgions between PE‘DOT and PMMA matrix. The conductivity
as high as 40.33 S/cm was found from tll_le compressed PEDOT/PMMA composite
film at 4:1 weight ratio, while without cdr{_;pljession, the weight ratio 4:1 composite
film gave the conductivity at ‘om& 0.46 S%emﬂ The difference of these values was
supported by the fact that the 'c‘ompression;féi';s’ed'the percentage of the conversion of

PEDOT in the matrix=from-38 % to 71 %:
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Pressing

Figure 3.4 SEM micrographs‘geltég(_mx) @Qmposite fiber mats electrospun from
a mixture containing 3:1 (w/w) DBEDOT/PMMA in DME before SSP (a), after SSP
at 70 °C for 48 h w;t'b?z_a}lt (b) and with pressingé (bmgﬁqicrographs (at 5,000x) of
PEDOT/PMMA compggite film obtained after SSP at 7Q;°C for 48 h without (d), with
pressing (e), PEDOT extracted from PEDOT/PMMA comp031te film prepared by SSP
of the 3:1 (w/w) DBEDOT/PMMA flber mats at 70 C[ for 48 h without pressing (f)

and with pressmg (2).

FT-IR spectra of PMMA and PEDOT/PMMA composite film fiber mats are
shown in Figure A-2 (Appendix A). The peak at 1726 cm™' was assigned to C=0O
stretching of the carbonyl group of PMMA. The decrease of the intensity of the peak
at 1726 cm™ ' indicated the degradation of PMMA moiety in the blend [59]. The signal
of C= O stretching was also found in the PEDOT/PMMA composite film prepared by
SSP of the electrospun DBEDOT/PMMA fiber mat heated for 48 h as shown in

Figure 3.5. Full spectra of these samples are illustrated in Figure A-3 to A-6
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(Appendix A). Data outlined in Table 3.1 indicate that the signals of the composite
films prepared from 3:1 and 4:1 weight ratio appeared at higher frequency when the
films were pressed. The slight shift of the signal might indicate some type of
interactions between the polymer chains of PEDOT and PMMA.

(b)

©

(d)

1900 850 1800 1?3'] ﬁr[]d 1650 1600 1550 1500

R N

Figure 3.5 FT-IR spectra of= PEDOT/PMMA composite film prepared without
pressing of (a) 3:1 and (b) 4:1 (w/w) DBEDOT/PMMA ﬁber mats, PEDOT/PMMA
composite film prepared with pressing of (c) 3:1 and (d)-4: 1 (w/w) DBEDOT/PMMA

fiber mats d ~

Table 3.1 FT-IR €=0.strétching.signalstof the . PEDOT/PMMA composite films
prepared by SSP of the electrospun DBEDOT/PMMA fiber mats heated for 48 h

DBEDOT:PMMA weight C= O stretching signals (cm™)
ratio of composite film Non-pressing Pressing
3:1 1724 1744

4:1 1722 1737
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Plain PEDOT was prepared by SSP of DBEDOT in the absence of the
polymer matrix, which is called “controlled PEDOT”. Its IR spectrum (Figure 3.6)
was compared to that of PEDOT extracted from PEDOT/polymer composite film,
which is called “extracted PEDOT”. Both spectra exhibited the relatively similar
fingerprints which confirmed the success of SSP in the PMMA matrix. The peak
assignments of PEDOT corresponded well to that from the literature [60]. The peaks
at 1510.9 and 1410.0 cm™' originated from/the asymmetric stretching of C=C and
symmetric stretching of C=C, respectively. The peak at 1355.7 cm™ ' was assigned to
C—C inter-ring stretching..Fhe peak from C—-C antisymmetric stretching could be seen
at 978.6 cm™'. The péak at-90i.1 em ' corresponded to the ethylenedioxy ring
deformation. The peaks ae"1079.3 and 746.1 cm™ ' were assigned to the =C-O
stretching and C-S—C'bending; respectively.

3000 2500 2000 1500 1000

=1
Wayvenumbers|(cm ')

Figure 3.6 ET-IR spectra of (a) controlled PEDOT and.(b) extracted PEDOT

It was found that the major weight loss of PMMA appeared at the temperature
range of 350-400 'C which corresponded to the degradation of PMMA (Figure 3.7
(b)). The weight loss at 150-180 °C and ~370 "C were found in the controlled PEDOT
(Figure 3.7 (a)). PEDOT/PMMA composite film at weight ratio 3:1 and 4:1 without
pressing (Figure A-9 and A-10 Appendix A) showed weight loss in both regions
indicating the coexistence of PEDOT and PMMA in the composites regardless of the

compression. However, the lower peak area in the region of 150-180 C (belonging to
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the degradation of PEDOT) of the composite film prepared without pressing indicated
that there was smaller content of the PEDOT in the composite in comparison with
those prepared with pressing. This fact coincides with the evidence from the
percentage of DBEDOT conversion. An additional peak in a temperature range of
500-560 °C suggested that there was a portion of composites that possessed greater
thermal decomposition. This result also supported the idea that there were some
interactions between PEDOT and PMMA ¢hains. This speculation can be verified by
the fact that such thermal transition is absent in the - manually mixed pure PEDOT and
PMMA shown in Figure 3.8(a) indicating that this-additional signal only appeared in
the PEDOT/PMMA composites prepared by SSP

40

25
Controlled PEDOT

PhMA(repeat) bt
PEDOT+PMMA (3-1) non-pressed.bd
PEDOT+PMMA (3-1) pressed bt
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Figure 3.7 TGA thermogramis-of-(a) controlled PEDQT, (b) elecitospun PMMA fiber
mat, (c) PEDOT/PMMA (3:1) composite film, non-pressing and (d) PEDOT/PMMA

(3:1) composite film, pressing
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--—-- Extracted PEDOT bt
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Figure 3.8 TGA thermograms of (a) manually mixed pure PEDOT and PMMA at 3:1
weight ratio and (b) extragted PEDOT '

3.3.2 Effect of temperature and reaction time used for SSP

Figure 3.9 shows the merphology of ‘H‘PEDOT/PMMA film heated without
pressing at 60-80°C.. It was found that.only at the temperature 60 °C, the composite

could still retain its texture; indicating fittle progress in-polymerization. (Figure 3.9
a,b)

The temperature range of 70-80 °C_was chosen to be used for inducing SSP
mainly becausevit 1s below the melting temperatures of the composite (T,, of PMMA
>140 C [57]) and DBEDOT (T, = 94 OC). It should be emphasized that heating above
80 "C wasound 0 catise thé-coimposité filin to turn frafisparent. and melt during the
heat treatment whereas the temperature below 70 C was found to be ineffective to
induce SSP. The observation on color change of the film from white to dark blue
which led to the extent of SSP as a function of temperature could be quantitatively
correlated to the conductivity values as outlined in Table 3.2. Using the same heating
time of 48 h, the 70 °C seemed to be the suitable temperature for heat treatment as
indicated by the highest conductivity obtained. The temperature at 80 °C gave the
lower value might be due to the fact that it is too close to T, of PMMA and Ty, of



45

DBEDOT. The softening DBEDOT/PMMA composite was no longer in the solid
state and caused disorder within the film and obstructed the SSP. When comparing
between two compositions, the composite film became more highly conductive upon
increasing the DBEDOT:PMMA weight ratio from 3:1 to 4:1 but at weight ratio of
4:1, the resulting composite film was rather brittle and seemed to be quite difficult to

be further processed or used.

ﬂﬂﬂ’ﬁ‘lﬂﬂﬂ‘ﬁwmﬂ?

Figure 3.9 SEM' micrographs (at SOPX) and (at 2000x) of PEDOT/PMMA composite
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Table 3.2 Conductivity of the PEDOT/PMMA composite film prepared by SSP of the
electrospun DBEDOT/PMMA fiber mat heated for 48 h

DBEDOT:PMMA Heating Thickness (um) Resistance Conductivity

(%o w/w) temperature Q) (S/cm)
(C)
4.57 10.73
3:1 A4 20.43 2.50
] ’d
5 .851% 0.98 40.33
4:1 48057441 4194 2.26 19.95
The resistange data ] ak p Appendix A] shown in Figure 3.10

\\- reaction time of 48 h. After

t
48 h, the higher resistance mig -be becau )ss of doped bromine during such

suggested the lowest resiStance 0‘%1 btai «\

. 3
too long time of heat treatment. ’-G- Z
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Figure 3.10 Resistance of the PEDOT/PMMA composite film prepared by SSP of the
electrospun (a) 3:1 (w/w) DBEDOT/ PMMA fiber mats in DMF heated at 80 'C, (b)
at 70 ‘C, (c) 4:1 (w/w) DBEDOT/ PMMA f'B'er mats in DMF by heating at 80 "C and

(d)at70 C : =

3.3.3 Fifect of solvent and DBEDOT/pelyiner weight ratio

The greatest conductivity of the PEDOT/PMMA composite film was obtained
when 1:1 THE/DMEs was, useds asg thezsolvent | for «sample preparation before
electrospinning., THF helped smoothen ‘and reduce the thickness of the PEDOT/PMMA
composite film, (Table 3.3) The_conductivity, vaiues of PEDOT/PMMA composite
film prepared in 131 THF/DMFat 1y 2:1; 3:1, @:1 DBEDOT/PMMA weight ratio
were shown in Table 3.3. It was found that the conductivity of the PEDOT/PMMA film
increased with higher ratio of DBEDOT when comparing the sample from
electrospinning of DBEDOT/PMMA at 3:1 weight ratio, using 1:1 THF/DMF solvent
yielded the sample with much higher conductivity using DMF. The lower boiling
point of THF (66 "C) comparing to that of DMF (153 'C) might have induced better

distribution of the DBEDOT monomer within the composite film.
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Table 3.3 Conductivity and thickness of the PEDOT/PMMA composite film prepared
by SSP of the electrospun DBEDOT/PMMA fiber mat by heating for 48 h

DBEDOT:PMMA solvent Thickness (um) | Conductivity /)
(% wiw) (S/cm) Conversion
1:1 1:1 THF/DMF | 25.0418+2.6162 0.018 31.24
2:1 1:1 THF/DMF | 38.7647+3.6520 17.20 63.86
DMF 45.019815:0774 10.73 70.64
3:1 1: 1 PHF/DMEF | 35.1791%10:7332 31.69 80.76
4:1 1:1 THF/DMEF | /55.8513+£13.8211 42.96 83.11

)

Figure 3.11 displays the percentage convers10n of PEDOT extracted from the
PEDOT/polymer composite film as a functlon of DBEDOT/polymer weight ratio. In
the case of low DBEDOT/polymer welght I‘atlo especially at 1:1 of which DBEDOT
quantity is the lowest, the DBEDOT crystals ere presumably so far apart that they
could not lead to efficient SSP. The ratio ole gave rather heterogeneous distribution

of PEDOT throughoeut the compos1te fllms Wthh could be easily observed. In

contrary, the welght‘ ratio of 4:1 yielded the highest” % conversion which was
probably due to more cencentrated DBEDOT erystals close to each other and induced
efficient SSP. Anotherrﬁeffect from residual polar solvent ;Nas also believed to possess a
screening effect;between the \dopant (counter ions) ‘and chargéd,carriers of the PEDOT
main chain, which suppressed the coulomb interactions between the positively charged
PEDOF-and:the, bromine«dopant-which jusually, promoted, thescharge, transport within
the PEDOT/PMMA composites.
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e B A
RINNIUANINEIAY



50

&80
70+
B0
a0
40
30 +

Conductivity (S/cm)

20 4

1I:I T T 1
o 10 20 a0

Stt:-m'g)‘n:.l time (Day)

Figure 3.12 Conductivigy of PEDOT/PIQ/[MA composite film prepared by SSP of the
3:1 (w/w) DBEDOT/PMMA fiber mat eieétrospun from 1:1 THE/DMF solution with
pressing as a function of sgorage fime at a"_;‘h;bient temperature.
3.4 Physical characteristics of PEDOT-cbﬁEéining polymer composite films
UV-Vis spectra of ‘the PEDOT/PMMA composite films and the pellets of
PEDOT sample were shown _i_trl_Figure 3§ﬁll spectra exhibited one very broad
absorption band with-a maximum at ~550 ﬁm, corresponding to the n-m transition of
the conjugated main: chain with inter-chain interaction~and n-stacking. The band
usually appeared during the doping process of conjugated polymers and was ascribed
to polaron type carriers [393» The appearance of the absorption band from the neutral
state below 400 nmesuggested that parts of the PEDOT in the extracted PEDOT and
the PEDOT/PMMA composite film'were undoped. This could be,resulted from the
loss ofadoping bromine during the extraction process in the case -of the extracted

PEDOT.
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Figure 3.13 UV-Visible spectra of (a) PEDQTPMMA composite film obtained from
monomer preparation i DMFE (b) contrc;l;ed PEDOT, (c) extracted PEDOT and (d)
PEDOT/PMMA composite film'obtained-_i ﬁrom monomer preparation in DMF:THF
3 F"
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X-ray diffraction patféﬁis shown .‘.iﬁ--i-“'_igure 3.14 revealed the crystalline
structure of the DBEDOT, PEDOT, PMMA and PEDOT/PMMA composite film in
comparison with the controlled PEDOT directly obtained from heating of DBEDOT
in the absence of polyrher matrix. Similar to,the XRD pattern of PEDOT previously
reported [39,56], a broad peak was found in the range lof | 28 = 20-30 for both the
controlled PEDOT (Figure 3.14(f)) and PEDOT in the composite film (Figure
3.14(e)),) iidicating 'thé disordered stiucture.”The)ctystalline stilicture of DBEDOT
(Figure 3.14(b)) exhibited strong and quite sharp diffraction peaks were observed at
20 ~ 6.1°, 13.1" and 25.6 corresponding to the (100), (200), and (020) of the
orthorhombic crystal structure. The fact that the characteristic pattern of the DBEDOT
in DBEDOT/PMMA composite film (Figure 3.14(c)) closely resembled that of the
plain DBEDOT (Figure 3.14(b)) strongly suggested that the electrospinning process
did not alter the structure of the DBEDOT. The XRD pattern of the PEDOT/PMMA

composite film obtained after SSP without pressing (Figure 3.14(d)) was similar to
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that of DBEDOT/PMMA fiber mats, which evidently indicated that most of the
DBEDOT still remained unpolymerized. This is in good agreement with the

conductivity result.

Figure 3.14 )ﬂ)ﬁ%}'@i% EJ(%%?W}%J@%@)CT mat, (b) DBEDOT

crystal, (c) eleétrospun 3:1 (w/w) DBEDOT/PMMA fiber mat, (d) electrospun 3:1
peo A Y f‘mlé ANy o
PEDO% d'(f) control (ET

Thermal properties of the PEDOT/polymer composite film and electrospun
DBEDOT/polymer fiber mat in comparison to the controlled PEDOT as well as the
starting materials including PMMA pellets, electrospun PMMA fibers, were
characterized using DSC and TGA techniques. The DBEDOT/PMMA fiber mats
were electrospun from the solution of 3:1 (w/w) DBEDOT/PMMA in DMF. The
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condition used for SSP was heating the sample at 70 °C for 48 h with or without
pressing. (Figure 3.15)

The exothermic peaks appeared at ~ 90 °C in the thermogram of the pure
DBEDOT and DBEDOT/PMMA fiber mats (Figure 3.15(c,d)) signified the thermal
transitions of the DBEDOT which was in agreement with the value reported by Meng
and coworkers [39]. This also indicated that the thermal characteristic of the
DBEDOT was not affected by the electrospinning process.

The incomplete polymerization of the*DBEDOT in electrospun fiber mats
(Figure 3.15(d)) when subjected to hea?r treatment without pressing could be verified
by the unchanged thermogiam of the PEDOT/PMMA film (Figure 3.15(e)), compared to
that of the DBEDOT/PMMA fiber matsvlbefore heat treatment (Figure 3.15(d)). When
pressing was applied, the SSP of the DBEDOT into the PEDOT was much more efficient
and showed no characteristi¢ feature, of the:i)BEDOT in the thermogram (Figure 3.15(f)).
The weight ratio of the starting DBEDOT/PMMA appeared to have little or no effect on
the resulting thermograms of the polymer comp051tes (Figure 3.15 (1, g))
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€3]

Figure 3.15 DSC the | gram ¢ , (b) electrospun PMMA fiber mat,

(c) controlled DBEDOT‘ .S-d) elctrospun 3‘} DBEDOT/PMMA fiber mat, (e) 3:1

PEDOT/PMZﬁEﬁ/E@:/’%ﬂ%%,W ﬁ‘ .‘Pfﬂ’ﬁMMA composite film

pressing, (g) A composite film pressing.
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CHAPTER IV

CONCLUSION

2,5-Dibromo-3,4-ethylenedioxythiophene (DBEDOT) was synthesized by a
bromination of 3,4-ethylenedioxythiophene (EDOT) using a method modified from
the published procedure. The polymer Coneentsation that resulted in reasonably
uniform fibers and good surface coverage was 18% (w/v). DMF and 1:1 THF/DMF
were found to be the most suitable solvents for electrospinning DBEDOT/PMMA. In
mixed solvent 1:1 THF and DMF ‘gave more f{ibrous polymer film than in DMF
solution. i

The DBEDOT/PMMA fiber ma-f obtained after electrospinning could be
transformed into the condugtive PEDOT’{_PMMA composite film by heat activated
solid state polymerization (SSP): The optiqial ‘condition for SSP of the DBEDOT was
to heat at 70 'C for at least 24 h."The cdi;(ypression or pressing of the electrospun
DBEDOT/PMMA fiber mats during the hee;t treatment was found necessary to
efficiently induce SSP. If the compressi'ofﬁ'__\?iv_a's applied, the resulting dark blue
PEDOT/PMMA composite film was smoother and meore homogeneous than that
obtained without the compression, suggesting that the PEDOT could be well
dispersed in the former case. The conductivity of the composite film could reach as
high as 42.96 S/emi The fact that the conduactivity values measured on the bottom side
were comparable to those measured on the top side implied that the PEDOT
distributed, evenly.~throughout. the ,composite, film., Without pt€ssing during heat
treatment, the majority of'the DPBEDOT was left unpelymerized-as identified by
XRD, DSC and TGA analyses. The conductivity value increased when the weight
ratio of PEDOT/PMMA increased. The conductivity value that kept going up upon
storage implied that although the SSP could be accelerated by heat treatment, the
polymerization did not go to completion within a limited amount of time. The highest
conductivity of 64.95 S/cm could be obtained when the PEDOT/PMMA composite
film prepared by SSP of the 3:1 (w/w) DBEDOT/PMMA fiber mat electrospun from

1:1 THF/DMF solution with pressing was kept at room temperature for 1 month.
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FT-IR spectrum of the extracted PEDOT exhibited quite similar fingerprint of the
controlled PEDOT confirmed the success of SSP. The wavenumbers at 1724 cm™
(carbonyl group) were shift after SSP of the PEDOT/PMMA composite could be due
to some interactions of PEDOT and PMMA which conformed with TGA data. The

percentage conversion into PEDOT in the composite prepared with compression is 71

% then without pressing at 38 %.
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APPENDIX A

Characterization Techniques
FT-IR Spectroscopy (ATR)

IR spectroscopy is its ability as an analytical technique to obtain spectra from
a very wide range of solids, liquids and gases. The technique of Attenuated Total
Reflectance (ATR) has in recent years revolutionized solid and liquid sample analyses
because it combats the most challenging aspects of infrared analyses, namely sample

preparation and spectralréproducibility.

An attenuated totalerefiection accessory operates by measuring the changes
that occur in a totallyinternally reflected infrared beam when the beam comes into
contact with a sample (indi¢ated in Fi gure’ AJ_—l). An infrared beam is directed onto an
optically dense crystal with/a high refraégiVe index at a certain angle. This internal
reflectance creates an evanescent wave th@f"'e)'étends beyond the surface of the crystal
into the sample held in contact With théligfystal. It can be easier to think of this
evanescent wave as a bubble of iﬁfrared tha't;ItS on the surface of the crystal. This
evanescent wave protrudes only a few micr'(;ﬁ;s”'(i)lS - 5 1)-beyond the crystal surface
and into the sample. Consequently, there must be good.contact between the sample
and the crystal surfacé. In regions of the infrared specttim where the sample absorbs
energy, the evanescent wave will be attenuated or altered. The attenuated energy from
each evanescent wave'is passeédback to the IR beam, which-then exits the opposite

end of the crystal and is passed to the detector in the IR spectrometer. The system

then generates an infrared.spectrum.

As with all FT-IR measurements, an infrared background is collected, in this
case, from the clean ATR crystal. The crystals are usually cleaned by using a solvent
soaked piece of tissue. Typically water, methanol or isopropanol are used to clean
ATR crystals. The ATR crystal must be checked for contamination and carry over

before sample presentation, this is true for all liquids and solids. [54]
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Figure A-2 FT-IR spectra of electrospun PMMA
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Figure A-3 FT-IR speefra of 3:1 PEDO’ 1A iposite film without pressing at
70 °C for 48 h. | < |
%T "I |

Figure A-4 FT-IR spectra of 4:1 PEDOT/PMMA composite film without pressing at
70 °C for 48 h.
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Figure A-5 FT-IR spectre
for 48 h.

posite film pressing at 70 °C
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Figure A-6 FT-IR spectra of 4:1 PEDOT/PMMA composite film pressing at 70 “C
for 48 h.
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Conductivity measurement by four point probe technique [52]

Four tiny electrodes are arranged in straight line separated at exactly equal
distances (d; = d, = d3) and touch the surface of the sample to be measured.(Figure A-
1) The electrodes are further connected with an electrical circuit equipped with an

Amp meter (A) and Voltmeter (V).Contacts between the four electrodes and the

sample surface must be equal. Durin measurement, the current (I) is applied

(A-2)

¢

QRN T

—

Figure A-7 Schematic representation of 4-point probe configuration
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Table A-1 Conductivity measured on the top side and the bottom side of the
PEDOT/PMMA composite film (thickness of 55.8513+13.8211 um) prepared by SSP
of the electrospun 3:1 (w/w) DBEDOT/ PMMA fiber mats by heating 70 C with

pressing as a function of reaction time.

Resistant (QQ)
Time (h) ' ‘-'" s Conductivity (S/cm)
~
12 4549 0.869
24 /// 4 ‘ \ 9.025
36 llﬁ \\\ 11.763
Vi
48 % ] 26.175
60 19.961
72 16.747
12 1.425
2131 ‘u E] ’ "ﬂg 10.135
. ) *_] 884
afasnIn A Inena
7 48 133 29718
60 178 22205
72 1.86 21.250




Example Conductivity calculation of 8 h Sample in table A-1
From Resistivity (Q.cm); p=4.53(R.1)

Conductivity (S.em™); o= 1/p
R is resistant (45.49 QQ)

DBEDOT/ PMMA fiber

ECEHCSS (5.58513 % 10° cm)

71

Time (h) m ire at. | Heating temperature at
¢ 70 °C 80 °C
‘ s
AU TR IR
4 | T3AI* IR 159.20

AU ING 1A B~

65.51

10 36.21

46.96
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Figure A-9 TGA thermograms of electrospun DBEDOT/PMMA fiber mat
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Figure A-11 TGA thermograms of PEDOT/PMMA (4:1) composite film without
pressing

73



74

Sﬂ'ﬁi PEDROT « Pyl [ 1) plivdssa o C©PECOTPEDOTEMMA (3 1) pretssa 001
Saze Sﬂ.‘lﬂq TGA Oparaton 1
Wefhcad FECOT-1 Fitan Diptw - Jan- 10 05 54
prescad Isrumaent 3050 TGA vEaA
100 12

Wsight (%4}

g [oaaliind "
'k =:d
Figure A-12 TGA themmogzas \ ) eomposite film with pressing

!

i ’
PEDCT «Faiia, [-t-'l: . . i, PEDOT Pl (il 1) pvedtnsd {ropaat) 001
m g s . o 8

P Dty 5o 10106838
insrument 2050 TGA Vida

iﬂumwﬂm “n's %

QW'W N INEIET

Tampsrature | 'C) Urwrnruad VB8 T8 ity

Figure A-13 TGA thermograms of PEDOT/PMMA (4:1) composite film with pressing
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APPENDIX B

B-1  Thel3™ Asian Chemical Congress 2009, Shanghai China.

B-2  The 35" Congress on Science and Technology of Thailand, Burapha
University, Chonburi, Thailand.

B-3  The 6" ISAMAP, Chulalongkorn University, Bangkok.
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2,5-dibromo-3,4-ethylenedioxythiophene in poly(methyl methacrylate)

Eorn University, Bangkok, 10330

66, L ulalongkom University,

The PEDOT eoy

bl polymerization of
2. 5-dibromao-3,4-cthyle e ;

b u-n Dm“";;“' ] R\ ek %

e ] - } @ 4 . % . ¥
concen y ; ot A 'y dded in the PMMA matrix
was induced at B0 ° C, I \

' at weight ratio 4:1 of
I revistance. The  values of
cCTEmc upon starage, possibly due
teation of the polymer structure in
ductive up o at least 2 months.

DREDOT:PMMA incubatelf fog |
eloctrical resistance of the PED
ta slow polymerization of the rem

{1] Meng. H.: Perepichics, DY
Ampew Chem fnt. Ed, 2000, 47, 638,

Bl Meng i mnfmmw FiPan G2 U’ Dong, W Brown, 5. Solid-state ryntheshs of
eenidneting ' B Pt % 23, 15151,
[LIFIE ST e

manofitbers d pubyemiline. -d.l.:ﬂu-w!l M.U.IH-I

H] Groenendas! ™. - fonas, F Freing, D P:WTLW‘ l}‘llw

ﬁW’Tﬁ‘\‘mmnmwmaa




80

B-2

//TIE 80 nhuRESS
oA f-"l‘*- \ “CHNOLOGY
.nf 15, u.“-. L N., \STT 35)
misUf o) I t1miéEn nnaasoxnalulagéindous:inalne
N 36OnN\35)

=00l adiweownnanddu
SCIENCE #%5-TEc+1,0GY FOR A BETTER FUTURE

R

" A Telebrat 1he 37 fnalvese  of acuity of S dence, Burapha University
T Cetibrate = 30 'Annitarsan 0" “inisiry ol Sctince and Technology




nmlsilsunaumedaneiondinlriih PEDOT/PMMA a3 Electrospinning nnz Ui
nodmelsmduluanmzvoands

CONDUCTIVE ~ PEDOT/PMAM, OMPOSITE  FILM  PREPARED  BY
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Abstract: The congd ; Tkt ot pared by electrospinning the
sotution fmiln REWPO T and PMMA i 3:1,
B e L e oA il state polymerization
(SSP) ofjgiheg RNl heated at 80 °C. The
resull shil - of DREDOT:FMMA
incubated ‘ o digee. The resistivity of this
incubated T/PMMA commRaRite Ty wis tound to decren n storage, possibly due
1o slow polyerization of the remaining monomers or mrgmw,umn of the polymeric

structure in llu

&%&%MRMM@ Dby e

m,g the materials for many apphications icluding Hght :mumg diodes, antstatic
mmrq;. gas sensor and mlccuhﬁmwr |I| Pntﬁ -

ucting polymens (3] | EDOT was mn}- Insolable SN bt el pm-cm'hh:
This shorteoming was later overcome by the incorporation of water soluble counter-amions
poly(styrene sulforate) (PSS) into PEDOT/PSS composites dispersion in water, However
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PEDOT:PSS compasites still possess quite low condoctivity less than | Sfem, which is lower
than that of some good conducting polymers by one to two orders of magnitude, Also, it W
typically laid down in an acidic water-based solution whose corrosive propertics cause olher
problems.{3] The PEDOT synihesis is g tionally confined to chemical or electrochemical
oxidation of polymer sohition. A48l i J ¥ e gl fect sites and a relatively low degree of
mtermolecular order limit the Li ’J , ications. It is generally not possible 1o
obtain 2 well-defined peg , }/‘, P vihesis of conducting polymers is
carmicd oul via pure cid it f;ﬁ-ﬁ‘? adding any catalysts. A possible

solution for this hegdas Ty st rally pre-organized crystalline
manamer. The advants st low operating temperatures,
which refrain g3 cepal (s product, while requiring
incxpensive I ] " ound procedures.  The
process was discolered Ll I iEStoas e of the DREDOT monanser
Al room temperetlie i i Pl RO T could be transformed
o a biue- U 1L R e of conductivity (20-80
Sdem).[4-5]

Methodolugy:
(M.=120000 I}
(DBEDOT) was 5 - B RS (6]
Preparation of A R

Wion 0,18 g/ml. of PMMA [7]
was prepared by diggly ' S mide (DMF) followed by
an addition of 1.0 ; b : R i, The composite film was
processed by electrospy v the voltage of 20 kV. A blunt
20-gauge stamless sig hsed a8 a nozzle was connected
with the positive electrode. d by a glass slide, was used ax the
counter clectrode and was tip of the needle. After continuous
spimning for 4 h. the thig phtained on the glass shide with

approxi Wl by y ,
¢
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AMIAIRTUURI IR E
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Sohd state polymerization

The thin film of PMMA containing DBEDOT on the glss slide was put in a petri dish
and heated 3t 80 °C in an oven o induce pnl\mnmmn of DBEDOT, The resulting fitm of
PEDOT/PMMA composite was ch ;,-, by scanning electron microscope (SEM), FT-IR
spectroscopy  and  thermogray f ICiA). The surface resistance of the

PEDOT/PMMA compositc i four-paint-probe Keithley digital
multimeter 5

Results, Discusshon
PMMA in the ™
electrospinning Wi
PMMA and DEE
Quite similar to g
the fibrous sl
exhaustively frog
appeared to
composite, (Figure

lowest concentration of
¢ bead-frec fiber mat by
pved that the fiber mat of
!tmd its fibrous appesrance,
the mats completely lost
Dy 35T, off the PMMA matrix

pipuining insoluble PEDOT
pre-extracted, heated

[EL]

S S e

—

Ly 'JJI ‘l’

N »aumuﬁ..

h 1
| gcs fn i Tl b M Aland DBEDOT,
of rht 3 * ¥ : ﬁn 2

pofiicla ' i CBON oMy being washed
uﬁ'q F".IM.*\ mmru..

Y WA ﬁﬁﬁi&iﬂ’l@%&ﬁﬁﬂ“

matrix off exhibit the same fingerprint to the Lnntm:lhd PEDOT obtained without the PMMA
matrix.[4,5] The peaks at 1510 and 1410 em” originated from the asymmetric and symmetric
stretching C=C, respectively, were clearly appeared.

ECls onjgress on Science and Technology of Thailand
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Figure 3 FI-IR o S IR @ A RN from composite film

From the TGA thy t singes of welght loss in
the PEDOT/PFMMJ Ll ] 3 TN Bospomds o the removal
of hromine gas oo i fih g oc ST | : mer as it also appears
in the controllél e it g il T O
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°C is proportiongf® ! B 0l s Wircaning the higher the
amount of FEY L & | AN Moss . From Figure Sc it was
found that decomposigih bl <8 g R RO TPMMA composite film
ot weight mtio 5:1 #¥s , , orciilie s cparation of PEDOT aml
PMMA in this sample. = .
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Figure 4 TGA ll'h':ﬂ‘mg.rnrmul'(n} MMA and (b) controlled PEDOT
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