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both ! conductors and plastics, it may also have other
characteristics such as electro-activity and non-linear
optical properties . Such a material may avoid problems
with metal and inorganic semiconductor and find extensive
application in the electronic industries. Some of these

conductive plastics are already under development for



practical applications, such as rechargeable batteries,
electrolytic capacitors and "smart windows" that absorb

sunlight in summer [1].
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carbon backbone composed of an array of alternating single

conventional

and double bonds. However , pristine polyacetylene is an
insulating or semiconducting material, but its electrical
conductivity increases to the matallic regime simply by
electron-acceptor or electron-donor doping. It is the doping

reactivity of the T-electron conjugated system which induces



such unique electronic conductivity in polyacetylene. Since
the conjugated backbone holds the key to higher conductivity,
therefore, based on similar fundamentals, a large number of
organic conducting polymers have been generated in the 1980s.
Organic polymers which have been looked upon for decades as

insulators in the eiectr cp industries have emerged as a

new class of electsC Some of the important

polymers of the _are polyacestylene ,

polyaniline , po poly(p-phenylene),

poly(p-phenylene, wlene vinylene),
heteroaromatic The electrical
conductivity of Anic polymers can be
varied over a ver} \ \ or zlectrochemical
doping, thus maki consider them for a

variety of electron f,f;"':-‘f,,"n,,f, ca

However, polyacetylene

is the most "-A'.-.-,'f;'fti*@_-if"-’“'":z";’-'-'-‘-'—'-'-"—-:" lacks practical
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potential ﬂuewn

in particular gngpyrrule a.ni, polythiophene are another
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appra nate chemical médifications, . Furthem these
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switched between conducting (oxidizing) and nonconducting

e -IF’:J A mbient condition,
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(neutral) state; therefore, it is "straight-forward"” and
easy to control their electrical and optical properties.
The electrical behavior of these polymers is strongly
influenced by the presence of counter-anion , solvent etc.,

in the conducting state [2].



High electrical conductivity and the stability of
conducting polymers seem especially important for
applications of the material [3]. It has been discovered,
however, that most of the reported conducting polymers are
unstable in air except those containing nitrogen or sulphur

atoms in the polymer backbone, such as doped polypyrrole ,

polythiophene and polyanilin sf'well as their substituted
ndicated that the

hetercatoms in : bonds with carbon

atoms in the on-bonded electron

pairs in p-orH ld 4lso interact with

T bonds of the ly , heteroatoms

such as N orff \. the stabilization

of doped conjugated e other hand,polypyrrole,

polythiophene and polyanis " show some basic behaviour

because of | the ggbatoms, and the

effective .U’ =re’ correspondingly
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ectronic acceptors). Th -"J doped conducting
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Therefore, Y it appears ts be apprnpnate to chor.}se an

AR AT B AT AR B

stab conducting polymer complex. The carriers generated

lewis acid (E

by the doping of polymer result from charge transfer.
Charge transfer occurs from polymer to acceptor, with
polymer chain acting as a polycation in the presence of A~
species. For a donor, the polymer chain acts as a polyanion

in the presence of D' species. The A~ or D' ion called




"counterion" that resides between polymer chains [4-5].

A counterion (in this case an anion , A™, typically
termed a dopant anion) stabilizes the charge on the polymer
but is not very mobile within the dry material. The

conductivity of these oxidized organic polymers is p-type,

when compared with semi gtgrs, indicating that the
mobile species 3 " cAvtaE Similar processes can
occur upon c‘he:. ca : sligmical reduction . The
anions on the

dre now mobile, and

the polymer is aff n#tupal £lectrical condietor [6].
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movef] along polymer chain and thro materials because of
the lack of charged carriers and also the different bond
lengths along the polymer chain. The unsaturated bonds which
characterize the polymers have an important effect on their

electronic structure and the corresponding electronic

properties. In a polyene (Scheme 1.1) three of the four



carbon valence electrons are in Epz hybridized orbital; two
of the é-type bonds are links in the backbone chain while
the third froms a bond with some side group ( e.g. H in
Scheme 1.1). The remaining valence electron has symmetry of
the 2P, orbital and forms a bond in which the charge

density is perpendicula to the plane of the molecule. In

term of an enecgy-band A jption , The 6 bonds form
low-laying compl@teds : éﬂe the ¥ bonds would
correspond 1'. i e T bond could be

metallic providec ari i -_ _x- e distortion of the

chain , and aff dndependent pa cle model proved to be

satisfactory.

two  structure forms,

trans and cis . s is thermodynamically more

stable. Whes #s highest along the

(7 Y ]

Any ;I - -f; be maintained at low
{

temperature , Put complete xsumerlzatmn from cis-to-trans-
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film t temperature above 150 °E for a mnutes to

el BTl AN wsm@»&a in pure

trans form at room temperature [4].

chain.
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polyacetylene o ”;5  1snlato -{ a good conductor is
ordinary oxidatic ‘p‘-:'91 i e>\‘ doping. This means that
the electrical prap-~~-- 3 lyacetylene and other similar
polymers J;;. 1 : € -fv, Reductive doping
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called n-COR ~{_‘ sing, for example,
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alkali meta‘if But it has been fodund that the resulting

~fAUPIMBNTHYINT =

conducMvities decay féster with tlmE [7].
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In the doped form , the polymer backbone is
either positively or negatively charged , and the small
counterion , "dopants", such as I3 or Na®, act as simple
bystanders that do not directly influence the electrical
properties (Scheme 1.2) [1]. The radical ions, on the other

hand, are delocalized over a certain portion of the
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(b)

Scheme 1.2 (a) n-doping of polyacetylene with sodium
napthalide

(b) p-doping of polyacetylene with iodene



polymer backbones . These radical ions are the charge
carriers for the conduction process . The electrical
conductivity of polyacetylene can be varied over 15 orders

of magnitude through chemical or electrochemical doping [4].
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1.2.2 Polypyrrole

Among the conducting polyheterocyclics, the
most intensively studied polymers are polypyrrole [8-9],
polythiophene and their derivatives. Polypyrrole as shown to

be a conducting polymer in 1968 [4]. It was prepared by

oxidation of pyrcel ' ,:?"i@c acid. The synthesized

éith room temperature

. Polyhet®Focyclics are another

polypyrrole
conductivity
class of eleg n are thermally and
environmentallyf five membered ring
heterncyéleﬁ y | ) ::<'l i ot ne polymerize through
o, o' —coupling both polymers are
structurally simila 354--f_ p structures are shown in
Scheme 1.4 .
S
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Scheme 1.4 Polypyrrole ; X = NH and Polythiophene ; X = §

The electrophysical properties of these
polyheterocyclics are determined by a variety of factors
such as the degree of polymerization, nature of dopants

and the heteroatom which incorporated into the ¥-conjugated
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" system of carbon atoms . By changing the heteroatom from
X =S (polythiophene) to X = NH (polypyrrole), the band gap
changes from 2.0 eV to 3.2 eV respectively. However, the
effect of heteroatom on electrical properties of these
polyheterocyclics may not be of that significance because
electrical behavior of these highly conjugated polymers

i
5 | / G#*€arbon atoms [10].
.ﬂ‘.

was governed by the pol in length since defect occur

along the Tv-coniig
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X = NH, polypyrrole and X = S, polythiophene

Scheme 1.5 (a) Chemical structure diagram of the polymer

(b) Two inequivalent structures of the polymer
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Pnlynersﬁ such as polfpyrrﬂle , polythiophene
are of current theoretical interest since the two structures
sketched in Scheme 1.5 (b) are not energetically equivalent.
Thus, the coupling of electronic excitations to chain
distortions (inherent in such linear conjugated polymers)

will lead to polarons and bipolarons as the dominant

charged species.

7 ung . spyrrole, the optimized
geometry and Rafofs . c“\n :\M\‘atnms are given in

Scheme 1.6 .

he s larger (1.474 ©A)
than those in€idg ings, r'-..; w2 an AC—~@ or C-N bond-length
difference is®™ OF114." ' L et ‘clidrges per ring are

negligibly smal
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(bond lengths in ©A, bond angles in degree) and

121.1 N

carbon , nitrogen atomic charge

In undoped polypyrrole, electrons cannot

move along polymer chain because of the lacking of charged
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carriers. We must introduce mobile charge carriers to make

these polymers electrically conductive.

(b)

Scheme 1.7 (a) n-doping of polypyrrole with reducing agent

(b) p-doping of polypyrrole with oxidizing agent
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In the n-doping, added sodium atoms to
the polypyrrole chain, each sodium atom which located
approximately above the middle of inner ring are found
1.98 94 above the plane of an inner rings, at 2.25 %A from

the nitrogen and 2.33 ©A from the carbons. The charge

transfer is predicted e Jbg almost complete, about 0.94

electron per sodium' - 1.8 and 1.9) [8].

1.3%

1.161

1.0%0

Scheme 1 _g - Ff  oprimized ganmetry of socditim-doped polypyrrole
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1 NZ o -n.nm )
| ) -0.1507 -0.0389

latal charge:

-0.71239 tolal charge:
-0.2187

Scheme 1.9 Carbon ,nitrogen, and sodium atomic charge of

Na-doped polypyrrole
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For p-doping the optimized geometry will

be described in detail in the section 1.4 .

1.2.3 Polythiophene

Polythiophene «can be viewed as an spzpz

carbon chain in a struet Jogewhat analogous to that of

. ture by the sulfur,
’ _'-l!!IIlﬂ.

arbons to form the

cis-(CH), but stabi &
which covalentl

heterocycle. the interchain

coupling thro =reby improve the

interchain el for conductivity.

After p—doping v stable in air,

due to the -f\\ ulfur which acts to

Tt

stabilize a carboniuf -;:;;:L, e polymer chain. At the

present time 7 iophene * F : exgensively studied
RT3l substituted PRl

derivatifés with remarkable

and because il

i |
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large family polythiophene
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n1ng a lower energy band gap and possibly intrinsically
conducting polymers. However, substitution of long chains
in the polymer backbone would seriously affect its
conductivity by affecting the planarity of the backbone and

interfering with the electron transport between polymer

019378
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chains. Indeed, the conductivities of the long chain
substituted polythiophene were lower than those of the
parent polymer, but the loss in conductivity was not
dramatic and it was well compensated by the acquired
solubility. Poly(3-methylthiophene) show in Scheme 1.10

obtained by the substitution of long alkyl chains n >> & in

‘ l'{-.h - :
Scheme 1.10 Drganl{;~- it ible poly 3-alkylthiophene

ﬂumﬂﬂmﬁ Nile

remains an actlve area for
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sBlid-state physics as well as organic and polymer
synthetic chemistry. The wvariety of new conducting
polymeric solids have been continuously discovered. The

area of synthesis is extremely fast moving and competitive.
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Here, they summarize the major types of synthetic techniques

used to prepare polypyrrole [14].

i) electrochemical polymerization
ii) chemical vapor deposition (CVD)

iii) chemical polymerization

polymer_cumpnund

has a long histe are obtained by

anode oxidatio fda monomer that is

involved in ion together with

supporting electfolffe. s dte ig was for the first
. : F ee T N :

time applied to oxidation hemical synthesis of

conductive {;E}v jsll Olio et al.

in 1968. i e _f4 developed by

= :
Diaz et al. i JVQTQ to obtain po ypwrrn.ﬁ‘
¢

M1 e ) A
I LA VLA 1

elec rode. Thus, polypyrrole can be deposited successively

of much higher

on the anode to form a free-standing film.
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After these works , many investigations
were carried out to synthesize a variety of conductive
polymers electrochemically. In particular, a class of
conductive polymers, e.g., polythiophene and its derivatives
together with polypyrrole and its derivatives [17-18],

which composed of five-membered heterocycles as constituent

units have through electrochemical

polymerization pond1ng five-membered
heterocyclie ince the <-position
(2- and 5-p88 1 Lid ‘membered heterocyclic
compounds “ared higlll < te l.E o compared with other
positions, readily oxidized
eletrochemicé s are linked to one
another at lehydrogenation on these
positions “terocycles are obtained from
successive ) The resulting

polymers doping with anion

species he supportlng eleié olyte

“1*°‘FfﬁE1"WIWEI”’I’Tﬁ
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e and relatively high molecular weight polymer, but it

during the

has the major drawback of having a low yield.
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1.3.2 Chemical Vapor Deposition [19]

In 1986 , Takeaki Ojio and Seizo Miyata
synthesized the conducting composite films of polypyrrole,
which can be prepared by exposing polymeric matrix films

containing ferric chloride to pyrrole vapor. The composite

fims are, moreover, hig gent under the appropriate

preparation cund'*4w-> , n ’ _ nication , the

conductivity ands pyrrole composite

films by the gas iscussed.

sed as a polymeric

matrix. FeClj wds e polymerization.

After dissolving A A ater, the solution
s

was casted on a pﬂly{esp phthalate) film substrate.
’. .
The preparatiidy : pgbsite films was
\~F iy
carried out i V Al

'I ¥
I'
¥

psing Pva films

containing Fel on the PET f11m to the pyrrole and H;0

i ﬂ"ﬁ‘ﬂ’“ﬂ ne ﬂ‘?ﬁ“ﬁﬂ e ™

polymerlz ion period ‘Fas from min to 24 h. The

DQ%’I*M Y CU A9 TR B on

rature At optimum condition , the composite film

shows about 10 Scm™ l conductivity.
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1.3.3 Chemical Polymerization in Solution

The synthesis of conducting polymer via
chemical method is less popular, even though this method
allows a simple preparation of large quantities, more

convenient and economical. The majority of the chemical

ns, for example, FeClg,
AgNO3, Fe(NOz#gCiLiNGs)3 | on GulNOmigeAlCly over more, the
use of other gaida shch as halogens and organic
electron accepidrsf Have - al 3 \r ponte [20]. Considerable
{'stoichiometries for
polypyrrole Comgleges Y rom FeCly, based on
the observed ‘~,J¥; 4 --:\_’4 s of the complex,
‘ ratio.

particularly At present time two

reaction §

\Z7

.'I
il |
[t

AE TN TNy o

+ 9 FEG].E
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n C4HsN + 2.33n FeCly —— [(C4H3N)* 0.33 C17],
+ 2.33n FeCly + 2n HC1

[14]
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Recently, polypyrrole obtained from chemical
polymerization in solution can exhibit wvery high
-electrical conductivity when a suitable solvent is
selected and the oxidation potential in the solution is

controlled.

is oxidized to its

radical ca#io 'radical cations can

N
\\ tions depending upon

their intrinsi ﬂkf, : { * is relatively stable,

undergo a

it can reset to molecular weight soluble

product. [“Kf is very u i can rapidly undergo
indiscrﬁmi’(hwv “Phe solvent or anions
I ‘ r!l

¢ us soluble, products

~Fl W’Tﬂﬁﬂ‘?ﬂ‘ﬂ’?ﬂ? o

ddpening on the nature of RT ), R+ can undergo

RIS PSR 194) 401 B

p nceed by the coupling of two radical cations. In general,

to form low mulecular Height, and

then, the polymerization reaction for a molecule can be
summarized by equation {1}-{4}. Equation {1}-{3} describe
the step by step polymerization reaction of a monomer , RHs,
while equation {4} represents the overall poymerization

reaction.
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{1} RHy — RH2+'

-2n*
{2} 2 RHpy*" ——= [HoR-RHy]Z* HR-RH
— E_
{3} HR-RH —— [HR-RH]*"
RH + LY +
—2 { HR-RH-RHy ]2+ HR-R-RH

{4}
HY + (2X+2)e
1.4.
role gives rise to
polypyrrole which e AeTome itshare linked primarily via

their e, -positio \"—based pon the high selectivity of

pyrrole unde : Subgdtitution at the o«-
R
-'I e

oligomeric adlcal cations depends‘y

positions of RY" to the

upon the wunpaired

WL LT AL LU

which %ould be dlff%{ent frcm that of the mannm&rlc '

PRI T HAY) P e
n nregular linkages may occur . Thus, only unpaired electron
distribution of monomeric RY" would be adequate for
consideration which is summarized in Table 1.1. The «-
position of the neutral monomer has the  Thighest
T-electron density. Accordingly, it would be the most

reactive at these positions. Thus, the primary reactive



Table 1.1 The w-electron density and th
and cation monomers and
Compound ¥-Electron |Primary ETE
Density
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1.703
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fLructures
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Idealized Polymer Structure
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T-Electron

Density

Primary ElecLi@s

Beactive 8

Idealized Polymer Structure

NH,

NH,

1.087
0,973

1,045

Pag W

LOYS 428
l_l@[\ 1,023

1.040 735
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sites are the e-positions.

From the molecular orbital calculations
reveal that, the delocalized pyrrole monomer radical cation
(1) has the highest unpaired electron density at its

equivalent «—positions (Scheme 1.13 ) Thus , among the

resonance forms in Scheme 1.11, (3) is the
two monomeric pyrrole

radical catigi AiGerize adicatwedupling can be expected

4 s
H H

Scheme 1.1"ﬁ4

]
ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂi
QWﬂ&ﬂWﬁWﬁWﬁHﬁﬂﬁﬁmmm

d hydrodimer di-cation (5) (Scheme 1.12) proceeds with great

ner radical cation

facility , followed by loss of two protons to yield the
neutral 2,2 dimer (6). The driving force for deprotonation
among other things is the stabilization by return to

aromaticity.
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H " H
v e Baivant
o he M= P
H

: (6)
Scheme 1.12 e «-position

g 0.0012

0.0210

(a) s N

’ 1 084

N — -0.00¢3
4 ki . 2 N
. 0.0139

-0.0048
oS3
Y |
0002% 40017
N

0.0083

-0.0043

mi,
ammmmummmaﬂ

Schame 1.13 (a) The numbering Scheme for pyrrole oligomers.
(b) Unpaired electron distribution of pyrrole.
coplanar anti 2,2 -bipyrrole,and 2,2 :5 ,2-

tri-pyrrole radical cation
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Since the loss of an electron is now
accommodated by two monomer units, the oxidation potential
of (6) is lower than that of the monomer. The unpaired
electron distribution of the coplanar anti form (7) is
given in Scheme 1.13 . As was the case with the monomer

radical cation, ~the highest unpaired electron density

remains at the <-f ely the 5.5'-positiuns.

However, on is now distributed
over two monome 1 ST ell gcal 1;. onedilutes the wunpaired
electron densilk of the e-position in
the dimer. Con have acquired more
unpaired electy of a different type of
spin distributig cation. A resulting
consequence is gfa hus decreased reactivity
of (7) in comparisiof with |

L7
f W ';|ﬁ

F’HJEI'J WEM]?WU']ﬂ?
AR1A9NT0 umﬂwmaﬂ H
_{3(3 ' x;_- xu

(8) @J (10)

b d

2

z
I—Z

Scheme 1.14 The unpaired electron distribution of the dimer
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Among the resonance -orms shown for the
dimer radical cation, (9) is the predominant structure. The
dimer radical cation can, therefore, be expected to continue
to react primarily via the «-positions. Thus, at this stage

of the polymerization reaction, The surplus of monomer

radical cation (3) < further predominance of

«,a—couping, to frotrimer di-cation (11),
that upon deprf,;- trimer. i.e., 2,2 :

5 ,2"-terpyrrg

H H
- NN N
-r* i f T o/
H H
(12)

Scheme 1.15 '5I\ Py -pyftole

ﬂl ! El iJ e mm Sl e
mﬁﬁ nmmw AR

residing at the 2,5 - 5 - and 3, 3 -Pﬂsltlﬂns It is
interesting to note that here the a-positions namely the
5.5"-pusitions, are no longer the positions with highest
unpaired electron density. They are comparable in magnitude
of their wunpaired electron density to these predicted for

the 2 ,5 - and 3,3 -position. The 2 ,5 -positions should
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sterically inacessible to monomer radical-cation attack
Conversely, the 5,5"-positions can be easily attacked by the
monomer radical cations , thereby propagating =,%-linkages
further. The 3- or 3"-positions, i.e., the p-positions, are
somewhat sterically hindered and, therefore, a monomer

radical cation would have to couple with the trimer radical

Ey{;fﬂs;"' Thus the monomer radical
o ,éthe coupl Lng reactions

iofs. (T8 o-position) or the

cation nonplanar
cations could, “Snes
at either tH

3,3"-positions hese oligomer radical
cations. Howe “:,ﬁt;, L T *R-#sitiun is somewhat
sterically  igfcg®sSible AoBualipg) th «,a -—position

coupings is sti ‘ %, PO ymerization.

! i H
N !\ N (), ?i'x
"‘ l! I L W — S— — . ¥ # \ f.'- ﬁIJ += & ‘L .l'-
¢ "‘ H
(1)

ﬂuﬂawﬂw§M81n$

Scheme 1.16 The unpaired electron distribution of the

tri-pyrrole
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@ a-attack 'ﬂ

Scheme 1.17 The. ation coupling at

‘]

1:5

ot only comparable to
inorganic comfoufds Fem ) ‘ of view of metallic

7 ‘
conduction, hut n Wity ir

,ﬂﬁﬁ,:*?w'

also impart a blend of
intersting-op
‘:ﬂ -

greater agdis 2\ I¥jders over inorganic

praperties. One of the

materials ig J heir = qra fl,,,hllxty, since they

Wﬁmﬂﬂ%ﬁﬁﬁ - i
W"Tq T‘i‘i‘ﬂmﬁf ﬁ“‘ﬂzﬂ §sz‘

énvironment stability, ease ght weight
make them most fascinating materials for electronic devices.
Recently synthetic capabilities as well as the instrumental
techniques have developed to such an extent that electronic
device based on conducting polymer can be designed and

fabricated down to their molecular level; thereby an
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evolution of even more sophisticated technology in the field
of microelectronics can be foreseen. The electroactive
materials cover a broad spectrum of applications from solid-
state technology to biotechnology. The first major area of
application includes solid-state rechargeable polymer

batteries. Because of the versatility of polymeric systems,

they can be easily shapé Oiinz to the regquirement of a
device.

gated polymer can
easily be ting regime by

controlling e various fields

of industries technology,
photography, prin#fing S {;{ mmense danger of electrical
shocks, fire, and expls ,_;4__§ due to the generation of

high static e can easily

3l yirers
'y

dissipate eléct &) faster rate and

] | |
can  serve ;_J the antie ectrustaticlﬁ~gents in these

md“mﬂ 187 'VIEJWﬁW g1N3
QRN TIETINTI N YE

could be use as fillers instead of carbon black, graphite,
and metals. These can also replace other materials as
conductive adhesives . the electrical conductivities,
chemical structures, and possible applications of some of
the important conducting polymers which are frequently

mentioned in the text are listed in Tabel 1.2 .



Table 1.2 Some important conducti P BAtymers, ﬁssiﬁla applications [23]

i pplications

Chemical Structure / p
P 3

1 ,
A\
- W

£

Polymer
Polyacety- B T e P g
lene rens
Polypyrrole

Yig=pat h\\ tumltaics,gas sensors,chemical
onfdetectors,Schottky diode, antielec-

ation,biotechnology,solar cell.

crs —— -

o ,, denser, printed circuit boards,

W ﬁjystnslurs.pﬂntimtric glucose sensor,electroplating,
! 1 1 t:El ‘
. " Y : t ﬂzldj. weﬂr:]:ﬂsﬁc device, fillers,adhesive,
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physiological implantations, conductive textiles.

43




Polymer Chemical Structu aSsable Applications

Polythio- ) : . “ display device, field effect

' s . \ !
phiing N gt gt W gi&tcry@ehot ty Uiode, gas sensor, photocatalysts.
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1.6 Objective for this research

1. Synthesis of polypyrrole by chemical
polymerization in FeCly solution , using methanol and

chlorofrom as a solvent. Various chemical conditions must be

to yield high coRgduCtai A1 s, he major conditions

that influence thewdfiilsty of the.cof ive polymers which

for synthesis of

gl S N FNEAR

determined imilarly to tl:p.t of pnl:.rpyrmle

ammﬂimum'aﬂmaﬂ

2. Study the stability of the conductivity of

optimum condition

synthesised polypyrrole conducting polymers in various

conditions , such as

- Temperature
- Acid-base solution

- Various atmosphere
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It is hoped that the results from these studies
will provide some insight as to the potential applications
of these conductive polymer and accelerate the use of the

conducting polymer as a new function materials.
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