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Abstract 

Conducting polymers emerged as a new class of materials by the end of 

the s ixties . ince then many efforts have been made to put these materials to 

industrIal use. Among the ach ievements are their appl ications in the 

semiconductor mdustry medical field, chemical and biological sensors, etc. A 

d ifferent track that al leviated the prospects of the appl ication of conducting 

polymers i s  the modification of the polymer fi lm, namely through the inclusion 

of meta l l ic moieties for specific target usage. In this thesis the candidate aimed 

to synthesis wel l  establ i shed and extensively stud ied class_ of electrical ly 

conductive polymer 3-methylth iophene. The polymer was then subjected to a 

modification by an inorganic  component. The work was intended to examine 

the evolut ion of  several properties upon the inorganic component inclusion 

withi n  the polymer fi lm matrix .  Basical ly, one of the achieved goals is the 

hybridisation of the two phases in a semi-quantitative protoco l .  Conducti ng 

polymer fi lms were e lectro-synthesized and the fi lm thickness was varied 

depending on the amount of charge used . The modification of the polymer 

fi lms was achieved by the appl ication of an i norganic l ayer by d ip-coating the 

fi lm-covered substrate in an electrolyte prepared via sol- gel process. 

The e lectrica l  properties of the prepared fi lms were examined by 

runnmg electrochemical impedance spectroscopy experiments. The 

experimental data, thus obtained were then fitted using numerical/graphical 

methods of some equivalent circuits. The fi lms were tested in contact with 

organic and aqueous med ium. The data were compared and analysed using the 
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suggested equivalent circuit models . The inorganic film material, the polymer 

fi lms and the "mod ified" organ ic- inorgan ic film hybrids were further 

mvestigated usmg thenno-gravimetric Fourier Transfonn infrared 

spectroscopic scanning e lectron microscopy, and x-ray d iffraction analyses .  

The hybrid fi lms possessed improved electrical properties, namely 

increased capacitance .  The fi lm hydrophi l ic property affected the 

electroniclionic conduction when examin ing the film in water vs. acetonitri le .  

A proposed model in which the inorganic layer provides a surplus of charge 

storage at the fi l m/electrolyte boundaries to h igh capacitance ' inner" organ ic 

layer is suggested . This model is more accepted especial ly in the case where 

the polymer fi lm is less conduct ive and when the ionic d iffusion is restricted . 

Unique hybrid fi lm  morphologies were found to depend on the thickness of the 

polymer fi lm and the time needed to deposit the inorganic layer. Phase 

separation between the o rganic polymer fi lm and the inorganic l ayer was 

real ized when i norganic deposit ion t ime was min imum. I norganic particle size 

ranged between 20 nm  and few Ilm. Thennal gravimetric analysis proved that 

the inclusion of  the inorganic l ayer stab i l ized the thermal degradation of the 

fi lm .  The presence of the i ron-doped s i l ica based i norganic moieties was 

confumed from the EDXA and XRD measurements. On the molecular level ,  

infrared spectroscopy data showed s i l icon and iron oxide vibrations and 

confirming the inclusion of the i norgan ic layer with in  the polymer matrix. 
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INTRODUCTION 



1.1 Gene ral Introd uct ion 

Interest in n-conj ugated polymers has continued during the last decades [ 1 -

7] Th extensive delocal ization of n-electrons is wel l  known to be responsible for 

th rang of remarkable characteristics that these polymers tend to exh ibit .  These 

propert Ies inc lude non-l inear optical behaviour, electronic conductivity, and 

exceptional mechan ical propert ies [8 ,9, 1 0] such as tens i le strength and resistance 

to evere environments. Polymers composed of aromatic and heteroaromatic ring 

structures have been part icu larly outstanding from a materials perspective [4]. 

Appitcat ions in advanced aerospace technology have provided a powerful impetus 

for the development of special ized polyheteroaromatics . For instance, the United 

States Air Force Wright Laboratory has for nearly th irty years been engaged in an 

intense effort to develop polymers and molecular composites sui table for ai rcraft 

structure [ 1 ] . Much of their early work was based on fused heteroaromatic 

polymers, known as "ladder polymers ." Later investigations were directed to rigid 

rod polymers based on the polybenzobisazole fami ly [ 1 1 - 1 5 ] ,  for example the 

poly-[benzobi sazole-phenylene] structures shown in Figure 1 .  

Figure 1. Poly-[benzobisazole-phenylene] 
(X = NH, 0, S .) 
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The most important a pect of conjugated polymers from an electrochemical 

perspective is the i r  abi l i ty to act as electron ic conductors . Not surpri singly 1t

electron pol mers have been the focus of extensive research [ 1 6] ,  ranging from 

appl ications of "conventional" po lymers (e.g., poly (thiophene) poly (an i l ine), 

poly (pyrrole)) in charge storage devices such as batteries and super-capacitors, to 

new polymers with specia l ized conduct iv ity properties such as low band-gap and 

intrinsical l conducting polymers . Moreover, many successful commercial 

appl ications of these polymers have been a ai lable for more than fifteen years, 

including electrolyt ic capacitors, 'coin" batteries, magnetic storage media 

electrostat ic loudspeakers, and ant i-static bags . It has been estimated [6] that the 

annual global sales of conducting polymers in the year 2000 wi l l  surpass one 

b i l l ion US dol lars . Therefore, these materials have considerable commercial 

potential both from the continued development of wel l-establ ished technologies to 

the introduction of other generations that includes, but not l imited to, conducting 

organ ic polymer/inorgan ic hybrids presented in this thesis .  

1.2 Theory of Electron ic Con d uction 

The first polymer capable of conducting e lectric ity, poly (acetylene), was first 

reported by Sh irakawa [ 1 7 ] ,  who reported i ts preparation accidental ly. Heeger and 

Chiang [ 1 8 ] d iscovered that the polymer would undergo an increase in 

conductivi ty by twelve orders of magnitude upon oxidative doping. This  

important discovery attracted the attent ion of polymer and electrochemical 

scienti sts and engineers . S ince then, extens ive and intens ive work started in 
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different disciplines and the strive was, and continues to be, a material that 

poces es the processibility, environmental stability, and weight advantages of a 

fu l l organic pol mer with the useful electrical properties of a metal . 

The essential structural characteristic of al l conjugated polymers is their quasi-

infinite 7t-system e tending over a large number of recurring monomer units . This 

feature results in materials with directional conductivity, strongest along the axis 

of the chain [ 1 9 ] .  The simplest possible form is of course the archetype poly 

(acety lene) -( -CH- )x- shown in Figure 2 .  Poly (acetylene) is unstable to be of any 

practical value, however, its structure is the foundation for al l conj ugated 

polymers. Owing to its structural and electronic simplicity, poly (acetylene) is 

wel l  suited to ab initio and semi-empirical calculations and has therefore p layed a 

critical role in the elucidation of the theoretical aspects of conducting polymers . 

a 

f\/n 
Ls)�s� 

() , 

b 

F ig u re 2. Conjugated Polymer Structure: (a) trans- and (b) cis-p01yacety1ene, and 
(�) -pelyth�Re 
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EI ctron lcal l conducting pol mers are extensively conj ugated molecules and it is 

belie ed that they possess a spatially delocalized band-l ike electronic structure [7, 

20] .  These bands originated from the spl itting of interacting molecular orbitals of 

the constituent monomer units in a manner evocative of the band structure of 

solid-state semiconductors (cf. Figure 3 ) . 

Energy 

Conduction Band LUMO 
�-----.�------------� . . . . . . • • • • • • • . . . .  � 

Band Gap 

I ... __ V_a _l _en _c _ e _B _an _

d __ 
... I . .  ��:v:� ..... 

Figu re 3. Band structure in electron ical ly conducting polymer 

It is wel l  establ ished [ 1 6, 2 1 ]  that, the mechanism of conduction in this class of 

polymers is based on the motion of charge defects within the conj ugated 

framework. The charge carriers are either p-type (positive) or n-type (negative), 

and resulted of oxidizing or reducing the polymer, respectively. The fol lowing 

overview describes these processes in the context of p-type carriers bearing in 

m ind that simi lar concepts are equally appl icable to n-type carriers . 
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a 

b 

Figu re 4. Pos itively Charged Defects on Poly (p-phenyiene). a: polaron, b :  

b ipolaron 

Oxidation of the polymer in it ia l ly generates rad ical cation that pocesses both spin 

and charge. Accord ing to sol id-state phys ics term inology, this species is referred 

to as polaron and comprises both the hole-s i te and the structural d i stortion that 

accompanies i t .  This  i l lustration i s  depicted in Figure 4a. The cation and radical 

are a bound species . Further increase in  the d istance between the cation and 

radical would necess itate the creation of addi t ional h igher energy species that has 

a quinoid configuration. Theoretical analyses [22 , 23] have demonstrated that two 

nearby polarons combine to form the lower energy bipolaron shown in  Figure 4b. 

One bipolaron is more stable than two polarons despite the coulombic repuls ion of 

the two ions. S ince the defect is s imply a boundary between two moieties of equal 

energy, the infin i te conj ugat ion chain on e i ther side, it can migrate in either 

d i rection without affecting the energy of the backbone, provided that there is no 

s ign ificant energy barrier to the process .  I t is this charge carrier mob i l ity that 

leads to the h igh conduct ivity of these polymers. 
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The conductivity 0-, of a conduct ing polymer is related to the number of charge 

carriers, n, and their mobi l ity, /-l, according to the re lat ion : 

(1) 

Becaus the band gap of conj ugated polymers is usual ly fai rly large, n is very 

small under ambient cond itions. Consequently, conjugated polymers are 

insulators i n  their neutral state and no intr insical ly conducting organic polymer 

would be identified. A polymer can be made conductive by oxidation (p-doping) 

and/or, less frequently, reduction (n-doping) of the polymer either by chemical or 

electrochemical means, generating the mobi le charge carriers descri bed earl ier. 

1.3 C hem ically Mod ified S u rfaces and Catalysis 

The interest in these polymers has been prompted by thei r  appl icabil ity in the area 

of chemically mod ified e lectrodes [24-26] . One goal of coating e lectrodes with 

electroactive polymers is the development of new materials with enhanced 

catalyt ic  propert ies . Most of the work publ ished to date has been devoted to 

systems where the polymer itself i s  inert and serves only as a support for the 

electrocatalyti c  metal s ites [27 ] .  The electrocatalyst s i te acted as mediator that 

faci l i tated the transfer of electrons across the polymer/substrate interface. 

Electrocatalysis in general is of great economic importance and the aim of these 

modified electrodes is to drive electrochemical reactions selectively and/or at 

modest potential s .  The electrocatalytic reduction of O2 i s  one example that has 

been of part icular interest [28-32] for fuel cel l  appl ications. Embedding 

electrocatalytic trans it ion metal species in  a polymer modified e lectrode matrix is 
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a m ans to endow the electrode with the chemical, e lectrochemical, optical, and 

other properties of the immobi l ized molecule [26] .  Additional advantages include: 

( i )  control of the reaction rat b the appl ied potential or current, ( i i )  close 

pro imity of electrocatalyt ic sites to the electrode, ( i i i )  h igh concentration of 

act ive centers despite low amount of material requ i red, ( iv) cooperat ive effects due 

to the pro im ity of other catalytic sites, and (v) easy removal of the catalyst from 

the substrate. 

The rate of e lectron exchange between the sol id substrate, at wh ich the polymeric 

film is grown, and the catalyst s i tes is important with respect to electrocatalys is .  

Thus, as the e lectron transfer rate increases the reaction rate increases. As 

indicated i n  the precedi ng sections that e lectron ical ly conducting polymers exh ibit 

rapid electron transport through i ts unique delocal ized electronic  structure, on the 

other hand redox polymers have a somewhat s low rate of electron transport by 

self-exchange through a potent ial gradient. Polymer fi lms that combine the 

aforementioned properties would be des i rable. Deronzier and Moutet [33] 

combined redox-active centers with conjugated polymeric systems. S imi lar 

attempts were also c i ted in the l iterature [34] with l ittle success in noticeably 

improving the rate of charge transfer. The present work embodies the i ntroduction 

of an inorgan ic moiety within the extended 7t-system of the conjugated organic 

polymer fi lm .  Th i s  system could be described as  an organ ic-conjugated

polymerlinorganic hybrid .  Recent review art ic les i l lustrated the concept of 

polymer hybrids through the attachment of a redox s ite to the organic moiety [35-
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38 ]  and the inorganic nano-s ize inclusion within the conducting polymer backbone 

[39 ] . 

Impedance spectroscopy has lately proven a valuable techn ique for 

deterrmn ing important characteri st ics of electrochemical ly act ive polymer 

materials, such as polyacetylene ( PA), polypyrrole (PPy), and the l ike [40] .  

Indeed, analys i s  of impedance data affords to obtain, in a single experiment, 

information on charge transfer res istances, double layer and l imit ing (at low 

frequenc ) capac itances , d iffusion coefficients and, provided the reaction 

mechan ism is  known, exchange current densit ies . Th is techn ique has 

demonstrated its capabi l i ty on many instances. I t has been appl ied in many fields 

ranging from metal or semiconductor, electrode- electrolyte interface, electrode 

Ilayerl electrolyte system, porous e lectrodes, sol id electrolytes [4 1 ] . 

Conducting polymers are fasc inat ing new materials having a lot of 

propert ies of scientific and technological interest [42] . They have been formed 

from acetylene, pyrrole, th iophene, and various benzene derivatives [43 ] .  

E lectrical ly conducting polymers are attracti ng considerable attention at present i n  

view of  the poss ib i l ity of  exploit ing these materials i n  appl icat ions [44] such as 

rechargeable batteries, photovoltaic devices, electrochromic l ight modulators, and 

polymer l ight-emitt ing diodes [45 ] .  Polypyrrole, polythiophene and polyan i l ine 

were uti l i zed for construction of d ifferent sensor devices [46] . Polyacetylene 

represents the fi rst synthesized electronical ly conductive polymer. However, 

metal l i c  conductivity in th is polymer has been reported only in 1977 when it was 
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doped wIth Iod ine and other molecular acceptors [40 ] .  Conducting polymers can 

be prepared ei ther by chemical or electrochemical polymerisat ion from a monomer 

sol utLOn contain ing one of the aforement ioned compounds. 

Pol mer modified electrodes have been the subject of considerable interest. 

The combinat ion of d ifferent materials may take the form of part iculates in a 

pol mer matrix metal/polymer/metal sandwiches, compos ites of one polymer 

with in another or bi layers of two segregated polymers [47 ] .  Sargent et al . [48 ]  

found that the  electrochemical modificat ion of  conducting polymer electrodes 

usmg biochemical reagents is a simple step that can be used to generate useful 

analyt ical s ignals. The bas is for using conducting polymers for sensing purposes 

l ies in their abi l ity to be reversibly oxidized and/or reduced through the appl ication 

of electrical potentia l .  Several techn iques have been used to protect metals from 

corrosion . Among them, polymer coat ings may be the most widely used method . 

I n  general , good corrosion protection requires that the coatings have good 

adhesion to the metal substrates. The present work embodies : 

The preparation of the polymer. 

I ts mod ification with an in organic material (towards the formation of an 

organiclinorganic composi te) . 

The characterization of the result ing composi te material usmg 

electrochemical, spectroscopic, surface and thermal techniques. 

And i ts possible appl ications as a catalytic surface. 
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1.4 E lec t roc hem ical synt he is of cond ucting polymers 

Electropolymerization has proved to be of great uti l ity in the production of 

conduct) e aromatic polymers [49]. The fi rst conducting po lymer, ( SN);" was 

proposed in  1 973 by Walatka [50] . Since then, new materials have been 

chemicall synthes ized l ike :  [50] polyacetylene poly-p-phenylene, polypyrrole, 

pol an i l ine, polyth iophene, polyazulene, polypyrene, polycarbazole polyindole, 

polyisoth ianaphthalene, etc . Electrochemically synthesized aromatic conducting 

polymers are mostly amorphous. The amorphous form may be caused by wide 

distributIOns of pol mer length and standard potentials of the redox sites. I t  does 

not mean that there i s  no structure :  Teragishi et a l .  reported that polyan i l ine fi lms 

frequently show morphological features such as fibri ls, granules and powder, 

depending on the th ickness and the electrochemical and solution conditions [5 1 ] . 

A lso, Arbizzani et aI, reported that the polymers electrosynthesized start ing from 

3-methylthiophene and 3,3' -bithiophene show different optical properties owing to 

their d ifferent conjugation length [52 ] .  It is wel l  known that electrochemically 

synthes ized conj ugated polymers can be transformed into highly conductive 

polyions by oxidizing or reducing reactions, which by analogy with the common 

semiconductor terminology are somet imes referred to as p-doping or n-doping 

processes [ 53 ] .  S i nce these processes can be driven e lectrochemically, conjugated 

polymers such as polythiophene, polypyrrole and their derivatives may find 

appl ications as revers ible posit ive electrodes in  rechargeable l i thium batteries. 

The e lectrochemical reactions imply that the charge that is removed from the 
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polymer chain is balanced by a dopant counterion from the electrolyt ic solution. 

Doping can be achleved either by exposure to dopant vapour or solution, e.g. 

pota s ium naphthal ide solution, or electrochem ically [49 ] .  

The general reaction pathway involves successive addit ions of monomer radical

cat ions to ol igomer rad ical-cat ions, deprotonation to form a neutral (n+ 1 )  o l igomer 

and reoxidation back to a rad ical cation. The overall react ion involves the removal 

of 2 .25 to 2 . 5  e lectrons per repeat unit, giving an oxidized polymer with a cationic 

centre for every 2-4 repeat units and counter-ions included from the electrolyte to 

ach ieve charge neutral ity. Thus, the depos ited layer is conductive and 

polymerisation can proceed even when the anode is covered with polymer. The 

oxidized polymer can be reduced to the neutral state with loss of the counter-ion. 

On reoxidation either the same or different counter-ions can be inc luded . Thus 

these polymers display both e lectronic and ionic conduct ion effects [49] . 

E lectrochemical polymerization process i s  normal ly carried out in a s ingle 

compartment electrochemical cell by adopting a standard three e lectrodes 

configuration typical electrochemical bath cons ists of a monomer and a supporting 

electrolyte dissolved in appropriate solvent. Electrochemical polymerisation 

process can be carried out e ither potentiostatica l ly ( i .e .  constant voltage condit ion) 

or galvanostatical ly ( i .e .  constant current condit ion) by using a su itable power 

supply. Potentiostati c  conditions are recommended to obta in  thin fi lms whi le  

galvanostatic conditions are recommended to obtain thick films [54]. 
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When using e lectrochem ical polymerization process, three th ings must be 

taken into account: ( i )  choice of monomers, ( i i )  choice of the solvent and 

upportmg electolyte, and ( i i  i )  electrodes. The compounds that possess relatively 

lower anodic oxidation potential and are suscept ible to electroph i l ic subst itution 

reaction can produce conduct ing polymers by electrochemical technique. S ince 

the electrochemical polymerization react ion proceeds via rad ical cation 

intermed iates, nucleop i l i c  character of the solvent and electrolyte imposes certain 

restrict ions on thei r choice. Aprotic solvents (such as aceton itri le, benzon itri le, 

etc . )  with poor nucleoph i l ic character are preferably used for th is reason. The 

choice of supporting electrolyte depends upon the solubi l ity, degree of 

dissociation and nucleophi l ic ity criteria. Quaternary ammoni um salts of the type 

�NX (where R=Alkyl ,AryI radical and x=cr, B(, r, CI04-, BF4-, PF6-, CF3S03-, 

CH3C6H.tS03-) are soluble in  aprotic solvent and are h igh ly d issoc iated in them. 

Such salts are, therefore, commonly used as supporting electrolytes in 

electrochemical polymerisation of conduct ing polymers. 

A standard three electrodes system compnses of a working electrode, 

counter electrode and reference electrode. The working e lectrode acts as a 

substrate for electro-deposit ion of polymers . It is necessary that the electrode 

should not oxidi se concurrently with the aromatic monomer. For th is reason, inert 

electrodes such as Pt, Au, Sn02 substrates, ITO and stain less substrates are used. 

A counter electrode that i s  a metal l i c  foi l  of Pt, Au and Ni ,  i s  used sometimes. A 

reference electrode l i ke saturated calomel e lectrode (SCE), Ag/ AgCI electrode etc, 
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can be used . The electrochemical polymerizat ion technique has several features 

that can be mentioned as follows : ( i )  s imple and a s ingle-stage process, ( i i )  the 

re ult ing polymer is self-doped and the bas ic structure is not isolated, ( i i i )  

re lative ly low cost . 

I t  was reported by Bul l et al . [ 55 ]  that polypyrrole could be conveniently 

synthes ized using plat inum and tantalum as electrodes . The results indicate that 

pol ( pyrrole) fi lms are porous to solvent and electrolyte ions, and this porosity i s  

responsible for the apparent revers ible electrochemical behavior previously 

observed with many redox couples at poly (pyrrole) on Pt . These 

electrochemical ly conduct ing fi lms do exhibit electron transfer reactions with 

solution species although less reversibly than that" at naked or fi lm-covered Pt . 

The fi lms are unstable to oxidative conditions such as potentials >0 .6 vs. SCE or 

the presence of halogens. 

1.5 Prope rt ies o f  con d ucting polyme rs 

The results described by Bri l las et al . [42] ,  Cordruwisch et at. [46] ,  Bul l  et 

al . [ 5 5 ] ,  Athawale et al . [56] ,  Ch idsey et al . [57 ] ,  and Kelaidopoulou et a l .  [ 58 ]  

proved that the electrical properties and the morphology of the prepared 

conducting polymer fi lm are affected by the nature of e lectrolyte employed, the 

type of the solvent used, the concentration of monomer, the amount of current or 

potent ial appl ied to the cel l , and the temperature maintained during the course of 

the electro-synthesis .  
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Pol ( - In lcarbazole) (PVCz), that d isp lays interesting electrical propert ies has 

al read been i ntens ively studied mainly due to i ts wide field of appl ications. The 

switching mechan ism of polymer fi lms from a non-conducting to a conductmg 

state is of primary important in all cases, so that the fi lm oxidation process is a 

fundamental quest ion. Indeed, the oxidat ion of the polymer produces cationic 

radicals in the fi lm that generates an electronic conduct ivity ins ide the polymer 

matrix. The displacement of ions across the polymer/solution interface ensures 

global electro-neutral i ty .  Anions have to migrate with in the polymer fi lm due to 

the change in the redox state of the PVCz fi lm .  So it is wel l  known that the anions 

play a main role in the fonnation of a conduct ing polymer s ince they contribute to 

the electro-act ivity level [ 59] . The results or' Lee et al [60] i ndicate that p

terphenyl i s  polymerized more efficiently than biphenyl and the poly (phenylene) 

(PPP) fi lm  prepared from p-terphenyl shows more reversible doping and dedoping 

properties than that from bipheny l .  

Among the conduct i ng c lass of polymers, polyani l i ne (Pan) i s  umque 

because of its h igh electrical conductivity and good environmental stabi l i ty and 

also that it can be synthesized with relative ease. As a result poly (an i l ine) has 

been studied extensively. However, it was found to exh ibit l imited solubi l ity i n  

common organ ic solvents .  This problem has been overcome to  some extent by 

using substi tuted derivatives of an i l i ne such as an is idine, tolu id ine, N-methyl or N

ethyl an i l ine, etc . The polymers of the substi tuted derivat ives of ani l ine exh ibit 

greater solub i l i ty but the conductivity is found to be s l ightly lower than that of 
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pure pol an i l i ne. Hence the conductivity in these polymers can be varied e i ther 

by changing the oxidat ion state by applying potential or by doping it with different 

ac id [ 56a] . Athawale et al. [56b] found that the substituted derivatives of poly 

(an l lme) have certain advantages i .e .  they are eas i ly processible and bear good 

mechan ical strength compared to pure poly (an i l ine) . Among the substituted 

derivat ives two types are observed; one is r ing substituted and the other are N

alkyl and aryl substituted derivatives . The N-substituted derivatives exh ibit an 

addit ional property of having conductivity comparable to that observed for poly 

(ani l i ne) .  These -aryl substituted polymers represent a new class of conduct ing 

polymers intermediate between poly (an i l ine) and poly (phenylene). Usual ly, they 

are synthesized in aqueous media using proton ic acids such as HCI04, H2S04, HCI 

etc. However, such a media poses a serious problem of over oxidation of the 

polymer or i ts decomposition. These l imitations can be overcome to a certa in 

extent by synthesizing the polymer in a nonaqueous media, also, the processibi l i ty 

of the polymer is enhanced . Fiord iporti and P istoia [40] reported that charge 

transfer resi stances are rather low at intermediate PAn oxidation levels i n  

agreement with the  metal l i c  behavior reported at these potentials when an 

impedance study has been carried out in aqueous ac idic and in neutral organic 

solutions on PAn fl lms prepared with the cycl ic voltammetry technique .  For the 

capacitance assoc iated with the polymer, large values have been found which vary 

as a function of the fi lm potential and the electrolyte used. Polymer degradation 
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does not occur at h igh potentials in organic solutions, th is test ifying that such a 

reaction i caused by aqueous electrolytes. 

witch Ing pol ( pyrrole) from its reduced ( insulating) state to its oxidized 

(e lectron ical ly conducting) state s impl istical ly involves the removal of electrons 

from a delocalized 7t-system and some research groups [6 1 ] have suggested that 

conductance is due to the movement of polarons and bipolarons (a polaron is a 

radical cat ion and the assoc iated local modifications in the geometry of the poly 

(pyrrole) chain ). The fonnulat ion of any theory for the conduction mechanism 

requires informat ion about the number of electrons required for the switching 

process (along with other phys ical-chem ical properties ) . 

Amongst the conj ugated polymers, the poly (thiophene), ( PTh ), and their 

derivatives are wel l-known candidates for their good electronic conductivity and 

stab i l ity. In order to obtain su i table physicochemical properties of PTh, different 

chemical and e lectrochemical methods are employed [49] . Most of the conducting 

polymers produced so far by electrochemical technique exhibit poor mechanical 

strength that unfortunately forbids their usage in commercial products . It has been 

experimental ly demonstrated that the co-polymerization is one of the most 

effective methods to impart the mechanical strength to the known brittle polymers . 

1.6 Chem ically mod i fied elect rodes 

A chemical ly modified electrode (CME) is one whose surface is purposely 

altered with material that reacts selectively and reversibly with a chosen analyte. 

Such a material might be an adsorbed l igand with which a metal ion binds [62 ] .  
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The electrochemical modification of conduct ing polymer electrodes USlOg 

blO hemical reagents is a simple step that can be used to generate useful analytical 

ignals The bas is for using conduct ing polymers for sens ing purposes l ies in their 

abi l Ity to be reversibly oxid ized andJor reduced through the appl icat ion of 

lectrical potent ial . Conducting electro-act ive polymers (CEPs) that contain 

bioact ive molecules e.g . enzymes, antibodies, cells, and DNA have been used 

extensi el i n  biosensor appl ications [48 ] .  In another study [58 ] ,  it was found that 

platinum part ic les dispersed in a poly (2-hydroxy-3-aminophenazine) fi lm 

(pHAPhlPt) provide a better catalyst than smooth Pt for the electro-oxidation of 

methanol and formic acid in perchloric acid aqueous solutions. The catalytic 

act ivity of the Pt part icles i s  further enhanced when Sn is co-deposited in the 

polymer fi lm.  Polymer coatings on electrode surface have been employed : ( 1 )  to 

incorporate electro-catalysts, (2)  to stabi l ize the substrate from attack, (3 )  and as 

analytical probes and reference electrodes [55 ] .  

The corrosion o f  metals i s  an enormous problem throughout the world. Several 

techniques have been used to protect metals from corros ion. Among them, 

polymer coatings may be the most widely used method. I n  general, good 

corrosion protection requ i res that the coatings have good adhesion to the metal 

substrates [63 ] .  

I n  the early period of  the research on  CPEs, i t  has been real ized that the 

electrochemical behavior of redox, ion exchange and conducting polymers may 

cons iderably depend on the phys iochemical properties of the polymer phase . 
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Man e perimental observat ions on polymer modified electrodes, such as the 

variation of the rate of charge transport, c cl ic voltammetric peak-shape effects, 

the non-Nemstian thermod namics, ion-e 'change propert ies have been explai ned 

in terms of polymer-po!yelectrolyte models [64]. 

Catalys is of electrochemical reactions is one of the major motivations for the 

rapidl increasi ng interest in mod ified electrodes . Comparing monolayer 

derivat ized electrodes covered by a redox polymer fi lm equ ivalent to several 

monola ers of active catalyst, it was antici pated that the second could be more 

effect i e than the fi rst for the same attached catalytic system. This should be val id 

for redox as wel l  as for chemical catalys is , one result of th i s  being the possib i l ity 

of redox catalysi s  at redox polymer film electrode, whi le th i s  type of process is 

l ikely to be of low efficiency, if any, at mono- layer derivatized electrodes. Th is  

prediction was based on a model of electro-catalyti c  reactions at  redox polymer 

electrodes in which the rate- l imit ing process was assumed to be the electro

catalytic reaction itself, rather than e i ther the diffusion of the substrate in the fi lm 

from the solut ion toward the e lectrode or the propagation of e lectrons through the 

fi lm from the electrode toward the solution [65] . 

1 .7 C haracterization of the con d uct i ng polymer film 

There are a number of very d ifferent features about polymers that make 

their characterization d ifferent from that of smal l molecules. When a newly 

synthes ized polymer requ i res character ization or laboratory wants to characterize a 

competit ive polymeric product, there are a number of steps that should be 
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fol lowed. f irst, the viscos ity, the molecu lar weight, and perhaps the molecular 

weight d i stribution should be obtai ned on a newly synthes ized material to 

detenn ine if in fact the material is polymeric. Then an infra-red e l R) spectrum and 

pos ibl a nuclear magnetic resonance (NMR) spectrum are obtained in order to 

Ident IfY functional groups or make a complete identificat ion i n  the case of a 

known polymer. Thermal analytical data can also aid in the identification and 

characterizat ion of the materiaL DTA or DSC can be used to obtain a melting 

point, a glass transit ion temperature (T g) and a measure of the thermal stab i l i ty of 

the polymer. Thermogravimetric analysis (TGA) can also yield information on the 

thermal stabi l i ty of the polymer as wel l  as determine the presence of volat i le 

components such as solvents, res idual monomers, or ol igomers . X-ray d iffraction 

(XRD) can be used to help identifY the chemical structure of the polymer as wel l 

as provide information on the preferred conformation of the polymer chains in  the 

crystal l  ine regions [66 ] .  

There are many physical properties and tests that can be conducted on  polymers. 

The tests are usually designed to obtain fundamental property information or 

information about the final end-use performance or behavior of the product . 

Important special properties of coatings are thei r  abi l i ty to adhere to a surface and 

their surface smoothness .  M icroscopy and surface energy techniques are helpful 

in characterizing these properties [66 ] .  

When used to  study electrochemical systems, electrochemical impedance 

spectroscopy ( ElS )  can give accurate, error-free kinetic, and mechanistic 
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I n formation using a variety of Techniques and output formats. For this reason, 

E IS is becoming a powerful tool in the study of corrosion, semiconductors 

batteries, e lectroplating, and electro-organ ic synthes is. Tanguy et a1 .  [67 ] reported 

that Impedance spectroscopy was used to study the redox mechanism of poly (3-

methylth iophene). I t has been demonstrated that, l ike other conduct ing polymers, 

the redox process involves two types of doping. A fast doping occurs at the 

surface of aggregates of compact chains and it does not require the penetrat ion of 

counter-ions between the chains . The second type of doping is a bulk 

phenomenon being equally important as the fi rst but its kinetic is l imited by the 

diffusion of counter- iorrs between the- chains and,- as- a Tesuit, it -appears slower 

than the capacit ive phenomenon . Sargent et al . [48 ]  used the same technique as 

well to study the mechanisms of antibody-antigen (Ab-Ag) interactions at 

conduct ing poly ( pyrrole) electrodes. The effect of the variation in ion exchange, 

solution composit ion, and the condition of the synthesis have been used to study 

the capacit ive behavior of antibody-contain ing poly (pyrrole) electrodes in the 

presence of the antigen . The theory of charge generation and transportation in the 

heterogenous polymeric domains is proposed as the predominant basis for the 

analytical s ignals observed at these electrodes . The significant difference in the 

impedance response at d ifferent potentials confirmed that the Ab-Ag interaction 

was largely influenced by the appl ied potential .  

I n  cyc l ic voltammetry the appl ied potential is varied with t ime in  a symmetrical 

saw-tooth wave form, whi le the result ing current is detected and recorded over the 
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entire cycle of forward and reverse sweeps [62 ] .  Panero et al . [ 53 ]  detennined the 

ki netic parameters of the process of oxidat ion (p-doping) of polypyrrole in 

electrochemical cells contain ing a solution of l ithium perchlorate in propylene 

carbonate using cyc l ic voltamrnetry, frequency response analys is, and 

gal anostat ic pulse trans ients. The results are interpreted on the basis of models 

developed for intercalation electrodes, and the val idity of the three techniques is 

d iscussed in relat ion to the geometry and morphology of the polymer electrode 

[53 ] .  Nunziante and Pistoia [68 ]  used repeated cyc l ic voltammetry scans between 

-0 .2 and + 0 . 8  V vs SeE to study po ly (an i l i ne) fi lms in ac idic solut ions on Pt 

substrates . The polymer yield (fi lm thickness )  depends on several factors, such as : 

an i l ine (An) and ac id concentration, nature of the ac id and scan rate . 

1 .8 Applications of con d uct i ng polymers 

The investigations on electro-polymerized conducting polymers during the 

l ast years have shown the possib i l ities for various appl ications of these new 

materials [46] including appl ications as photo-refracti ve materials, as 

chemosensory materials, and in electro-Iuminenscent devices. In al l  of these 

appl ications, the nature of the e lectronic interaction between the metal and the 

conj ugated backbone is of central importance that is influenced by the bonding 

between the metal and the backbone [69 ] .  

1 . 8. 1 Elect roc h ro m ic d isplay 

Owing to their environmental stabi l ity ,  low cost and eaS leness of 

preparation, conducting polymers have played the major role in  electronics and 
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opto-el ctron ic . Among the opto-electron ic appl ications is the fabrication of 

large area electrochromic devices ( ECD' s). ECD' s are used in commerc ial s ign 

boards, arrI val/departure t ime tables in ai rports and rai lway stat ions, calcu lators, 

computers clocks, electrochrom ic windows to control solar energy and any other 

piece of equipment that ut i l izes the l iquid crystal display ( LCD) [54]. 

1. 8.2 The sol id-state electroc h romic cel l  

A sol id-state electro-chrom ic cel l  s imi lar to that used for character izing 

conduct ing polymers is appl icable for commerc ial purposes . The large area of 

laminated ol id state electro-chromic devices were fabricated from poly (an i l ine) 

and solid polymer electrolytes prepared by mixing protonic acids or alkali metal 

salts with either PEO or PEl and PAN based membrane [54] .  

Pinto et  al .  [47]  reported that the performance of pyrrole and th iophene polymer 

electrodes in l i th ium cells has been examined in l ithium perchlorate-propylene 

carbonate e lectrolyte by cycl ic voltammetry. However, polypyrrole has worse 

mechan ical properties (toughness, adherence) than other polymers such as PTh 

that, on the other hand, may be a prospective candidate as a posit ive e lectrode in 

l i th i um batteries . The lower price of the monomer as wel l  as the higher redox 

potential , are advantages i n  comparison with ppy. Arbizzan i et a l .  [52]  found that 

the d ifferences in the optical propert ies of 3-methylth iophene-based polymers 

make it possible to design a variable l ight transmission electro-chromic device 

with two regio-chemically and conformat ionally d ifferent polymers, poly(3-
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meth Ith iophene) and poJy(3)'  -dimethyl-2,2' -bithiophene), operat ing In 

complem ntary mode in the vis ible region. 

A new concept of hybrid super-capacitors based on both conduct ing polymers and 

activated carbons has been developed and tested with a polyth iophene derivative 

and several activated carbons by Laforgue et al . [70] . The results obtained with 4 

cm2 laboratory test cel ls have been confirmed at larger scale ( i ndustrial prototypes ) 

in terms of energy. However, the lack of pressure in the modules l imited the 

power of the devices. 

1 . 8.3 E lect rochemica l  a p pl ications o f  s i l i ca- based o rga n i c- inorga n ic hybrid 

m a te ri a ls 

Organ ic-inorganic hybrid materials represent an important class of 

synthet ic engi neeri ng materials that showed prom is ing properties. A 

comprehensive overview was presented on the impl ication of s i l ica-based organic

i norganic hybrid materials i n  electrochemical science [7 1 ] . Components of these 

materials possess unique properties and d isplay new properties as a result of the 

nature and degree of i nterfac ial interaction between them. It i nvolves composite 

materials of both class I (weak bonds between the organic and inorganic 

components) and c lass I I  ( strong chemical bonds) . Start ing with a description of 

the common des igns of electrodes modified with these hybrids, the review then 

reports their appl ications in the various fields of electrochemistry, i l l ustrating the 

divers i ty of the organ ical ly modi fied s i l icates used for th i s  purpose. The m i ld 

chemical cond it ions al lowed by the sol-gel process provide very versati le access to 
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these electrochemical devices . They have found many appl ications In 

electroanaiysis, Including preconcentration associated with voltammetric 

detectIon, permselective coati ngs, electrochemical sensors, electrocatalysis , and 

detectors for chromatography. They were also appl ied as redox and conducting 

polymers, as sol id  polymer electrolytes for batteries for the des ign of 

spectroelectrochemical and electro-chemi luminescence dev ices, and in the field of 

electrochemical biosensors. 

The sol-gel process, wh ich is mainly based on inorganic polymerization 

reactions i s  a chemical synthes is method in it ial ly used for the preparation of 

inorgan ic materials such as glass and ceramics. M i ld synthetic condit ions al low 

effect ive m ixing of the organic and i norgan ic phases that lead to new 

morphological and un ique properties. There are d ifferent methods that can be 

used for the synthes is  of hybrid materials via the sol-gel process. These methods 

are based on their macromolecular structures and phase corre lation [72 ] :  

1 - Hybrid networks synthesized by using low molecular weight 

organoalkoxysi lanes as one or more of the precursors to 

introduce the S i -C bond. 

2-

3-

Co-condensation of funct ional ized organic species with metal 

alkoxides and establ ishing covalent bonding. 

I nfi l trat ion of performed oxide gels with polymerizable 

organic monomers/polymer or vise versa, entrap organ ic 

molecules as guest with in inorganic gel matrix as host. 
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4-

5-

6-

In situ fonnation of the inorganic spec ies within a polymer 

matrix, especial ly for inorganic particles, 

Interpenetrat ing networks and s imultaneous fonnat ion of 

organ ic and inorgan ic phases. 

Direct depos ition of the sol -gel ( inorgan ic-contai ning 

component) onto a polymeri c matrix ( such as conducting 

polymer in this work). 

The propert ies of the result ing product depend on the propert ies of the individual 

components as wel l as the factors such as phase ' s  s ize, shape and interfacial 

propert ies . For instance, i norgan ic materials such as glass and ceramics are hard 

but not impact res istant, whereas organic polymers are flexible, and, conductive i n  

this present work. In this respect, two major c lasses of these materials could be 

indentified [ 73 ] :  ( i )  C lass I ;  in which organ ic and inorganic components are 

l inked through covalent bond, and ( i i )  Calss I I ;  i n  th is case the material does not 

contain covalent bond between organ ic and inorgan ic components. 

Recent work showed i nterest in exploit ing the propert ies of hybrid poly 

(an i l i ne)-si l i ca materials [74,75 ] . I n  th i s  study, the authors explored the idea of 

using the heterogeneous porosi ty of inorganic (sol-gel s i l ica) and organic (poly 

(vinyl idene fluoride)) fi lms as a template for the preparation of polyani l i ne 

composi tes .  The large s ize pore distr ibution (s imi lar to ca. 2 . 5-800 nm) in both 

template matrices resu lts i n  a part of the polyan i l ine growing more ordered than in  

fi lms synthesized without spatial restriction. Smal l-angle X-ray scattering and 
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scann ing electron microscop experiments were done to determine the extreme 

val ues of the pore diameters . Using other experimental techn iques, including 

c c1 ic oltammetry, UV-Vis-N I R  spectroscopy, electrochem ical impedance and 

chronopotentiometry, the authors concluded that the electrochemical properties of 

pol (an i l ine), such as oxidation and reduct ion charges d iffusion coefficient and 

charge-d ischarge capac ity, are improved in these compos ites. S imi lar synthesis 

work i ncluded poly(pyrrole) compos i tes as wel l  [76] . The electrochemical 

behavior of the exchange process for dopant anions in this polypyrrole (PPy)-si l ica 

glass composi te fi lm in acetonitr i le solution was analyzed by cyc l ic voltammetry .  

Several conduct ing polymers such as poly (3,4-ethylened ioxyth iophene) (PEDOT) 

have been also used to prepare novel conducting compos i te material [77 ,  78 ] .  The 

conducting compos i te material has been prepared by using conduct ing PEDOT 

and s i l ica network produced by sol-gel process. The doped PEDOT exhib i ted 

excel lent conductivi ty and transparency due to the low band-gap in nature, and 

s i l ica network provided good mechanical properties and adhes ion to the surface of 

s i l ica glass. In  order to uti l i ze the advantages of these materials as wel l  as to serve 

convenient process, the conduct ing composite of PEDOT and s i l ica were produced 

by the in-situ sol-gel process of tetraethylorthos i l icate. Physical properties were 

monitored with varying reaction conditions and the excellent conductive coating 

materials exhib i t ing: 1 00 S/cm conductivity, 80% transparency, and 9 H penci l 

hardness were prepared. 
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The advance of materials chemi stry has influenced the des ign of analyt ical 

sensors, espec ial ly those using spectroscopic or electrochemical methods for 

generat ing the s ignal . New methods of immobi l iz ing enzymes, chromophores, 

and electron-transfer catalysts have resulted from init iatives in materials science. 

S stems based on sol-gel chemistry are espec ial ly noteworthy in th i s  regard, but 

other important materials for chemical and biochem ical sensors include zeolites, 

organ ic polymers, and various conduct ing composi tes . Appl icat ions c ited include 

determ inations of 
. . 

I norgamc IOns, gases, neurotransmitters, 

carboh drates, amino acids, prote ins, and DNA [79] . 

alcohols, 

An overview is presented dea l ing with the use of pure, chemical ly modified and 

sol-gel-derived s i l i cates for des ign ing e lectrode materials that are then exploited in 

various electroanalytical appl ications [ 80] . The exploration of the potential 

consequences of such inorganic  solids when used in e lectrochemical environments 

has i ntens ified s i nce 1 995 .  Thi s  rev iew focuses on recent advances achieved with 

s i l i ca-modified electrodes (S i02-MEs )  in the fields of electroanalysi s .  After a 

descript ion of the attractive propert ies of s i l ica-based materials for the 

electrochemical community, an outl ine of the preparation methods for S i02-MEs 

i s  given, and their relevance to various areas of electroanalys is  i s  d iscussed . 
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AIM OF THESIS 



Conduct ing polymers IS sti l l  gaming an extended popu larity in terms of 

re earch and exploitation of new venues for the appl icat ion of such materials .  On 

the other hand nano-materials are counted as one of the new eras of advancement 

in sc ience and technology. Hybrid materials made of the combination of the 

above two materials constitute a cornerstone for new appl ications. However, 

several hybrid materials based on conducting polymers did not receive extensive 

attent Ion in terms of determin ing the ir electrical and physicochem ical properties . 

I n  this thesis, the candidate wi l l  attempt to ach ieve the fol lowing goals :  

To synthes is  of a known c lass of  conducting polymers, poly(3-

methylthiophene), us ing electrochemical methods . 

To change of synthesis condit ions namely, the thickness of the fi lm wil l  

also be i ntended . 

To use the sol gel techn ique to prepare an inorganic  module fi lm and to 

characterize its morphological, thermal and composi tional aspects. 

To prepare a hybrid organic-polymerlinorgan ic materials and to 

characteri ze the i r  properties using d ifferent techniques . 

To apply the electrochemical impedance spectroscopy technique to 

determine the electronic properties of the fi lms before and after 

modifi cation. 

To use surface techniques such as scanning electron microscopy coupled 

with elemental analys i s  means, such as energy dispers ive x-ray analysi s  to 
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interaction and chemical composition of the resulting film with the 

nano- inorganic partic les .  

To detennine, on the molecular leve l ,  the structure of the polymer fi lm, 

especia l !  after inorganic  particles inclusion. 

To measure the effect of  metal inclusion (basical ly sil icon and iron) on 

the thermal stabil ization imparted to the organic polymer layer. 

To use x-ray diffraction analysis to detennine the structural aspects of 

the metal oxides within the fi l m .  
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EXPERIMENTAL 
SECTION 



2. 1 Materials and Reagents 

2. 1. 1 Metal Substrates 

Experimenta l 

Two types of metal substrates were used for polymer fi lm deposit ion : 

Plat inum (99.998%, puratron ic) and graph ite rods (spectroscopic grade, 

99.9995%), both from Alfa Aesar (MA, USA) .  Plat inum has the dimension of 3 .0 

cm long and 1 .2 mm d iameter and was used for the growth of polymer fi lms 

prepared for surface measurements. The second type of plat inum was imbedded 

within Teflon housing and had an apparent surface area of 0 .3 cm2, this type of 

substrates was used for polymer fi lms characterized by electrochemical impedance 

spectroscopy . Graph ite rods were 6 . 1 5  mm in diameter and a length of 3 mm was 

used to deposi t  the polymer fi lm.  

2. 1 .2 Reagents and Solutions Preparation 

3-Methylthiophene (MT), tetra-butyl ammonIUm tetra-fluoroborate 

(TBATFB), acetonitr i le (AcN), sodi um chloride, tetra-ethyl orthosi l icate (TEOS), 

formamide, n itric acid, ethanol , and ferric n itrate used for polymer film  growth, 

sol-gel preparation and polymer characterization in th i s  study were high purity 

grade reagents. Al l  chemicals purchased were used as received and were suppl ied 

by Aldrich Chern. Co. (M i lwaukee, W I .  USA). 

Test solut ions were prepared by d issolving a pre-weighed sample or from 

stock and d i luted using dry acetonitri le or de-ionized water supply. Water was 
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fi rst d i sti l led then de- ionized using "Nano-Pure" Mi l l i pore water purification 

s stem . The conductivity of water used in this study is 1 8 .3 !-lS. 

olvents used in the electropolymerization were dist i l led, purified 

accord ing to standard methods [ 8 1 ], and kept over molecular s ieves type A4 for at 

least 48 hours prior to use. 

2. 1 .3 Electrode Mounting and Electrochemical Cells 

Electrochem ical polymerizations were carried out with three-electrode 

s 'stem cel l  where the work ing e lectrode was a platinum disc (wire or sheet, 

whene er stated) or graph ite rod . Al l  the potentials in the polymerizat ion, the 

voltammetric studies, and the electrochemical impedance spectroscopic (E lS )  

measurements were referenced to  an Ag! Agel electrode (saturated). The auxi l iary 

electrode was a 2 x 2 cm2 plat inum sheet or 1 0  cm ( length) x· 1 . 5 mm (diameter) 

plat inum wire purchased from Alfa Aesar. Al l  electrodes were pol i shed prior to 

the electropolymerization step accord ing to the fol lowing steps : the electrode was 

mechan ical ly pol i shed using metal l urgical papers of different grades 600- 1 200�m. 

Fol lowing this ,  the surface was treated by rubbing it with fi lter paper. Final ly, the 

surface was pol ished with fine t issue using a s lurry of alumina/water ( 1 0  !-lm) unti l 

no vis ib le scratches were observed. Prior to immersion in the cell, the substrate 

was r insed with dist i l led water, dried, and it was then thoroughly degreased in 

methanol . Final ly, the sol id substrate was rinsed with conductive water, solvent 

employed in the next experiment, dried, and immediately put in use. For the 

purpose of spec imens preparat ion for the scann ing electron microscope (SEM) and 
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surface reflectanc Fourier-transform infra red spectroscopy (SRFTIRS) 

e ' periments, plat inum wires or graphite rods were employed. Care was taken into 

account to avoid touching the substrate surface by hands .  

Al l  electrochemical measurements were performed in a conventional 1 00-

mL flat bottom ( Pyre ) glass cel l . It was fitted with top cover Teflon l id with five 

in let jo ints as shown in Figure 5 .  The central open ing was used to introduce the 

sol id substrate onto wh ich the polymer is depos i ted Uoint in let A). The second 

in let ( B) was used to introduce the reference electrode bridge tube. The tube t ip 

was fitted with a vicor t ip and a shri nkable Teflon tube to min imize diffusion. The 

t ip of the reference electrode bridge was always adjusted as near as possible to the 

surface of the working electrode (sol id  substrate on which polymer was depos ited) 

by manipulat ing the jo int pos it ion. The remaining in let (C) in the lid was used to 

introduce the plat inum counter e lectrode. 

(Counter electrode) C 
(Rpfp,..,nrp plP<'tm<1l') R 

(Working electrode) A n I 
n I I I 

ITI U 1:l=TI 
WI  I I  I I � I W  

1 I I  I l l \  1 1 LJ u \ 1 1 
1 � I 

Fig u re 5. Electrochem ical cell used fo r the synthesis of the polymer film 
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2. 2 Equipment, Instrumentation, and Experimental set-up 

2. 2. 1 Electrochemical Equipments 

An EG & G potentiostatlgalvanostat model 37 1 A  (Pri nceton Appl ied 

Research, USA) controlled by an IBM computer and SoftCorr software was used 

for the polymer fi 1m formation. The polymer fi lm formed was examined using a 

Gamry CMS system equ ipped with a PC and a Gamry contro!Janalysi s-software 

(Gamry, Inc . ,  USA) .  

Polymer fi lm formation was accompl ished usmg a repeated cycles 

voltammetric program. The instrument was programmed to al low the appl ication 

of an in it ial potential (E l )  at which the sol id substrate surface was maintai ned 

within a delay t ime (t l ) '  The potential was then swept to the second potential 

value (�), and fina l ly to the fi nal potential ( E3 ) .  The scan rate for the potential 

sweeps was 1 00 m V /s and the number of repeated cycles was as indicated in the 

results and d i scussion section. The n umber of cycles used to graft the polymer 

fi lm affected the thi ckness of the fi lm obtained . 

2. 2.2 Polymer film/ormation 

The electrosynthesis  of the conducting polymer fi lm was ach ieved using the 

EG & G potentiostat. The synthesis solution consisted of 0 . 1 M tetrabutyl 

ammonium hexafluorophosphate (TBAHFP), 0.05 M methyl th iophene (MT) 

d issolved i n  dry acetonitri le (AcN) .  The fol lowing potential program was used for 

the polymer grafting over the sol id substrate surface (work ing electrode): 
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Ta ble 1. E lect rochem ica l pa ram eters for polymer fi l m  fo rmation 

E, = -0. 5  V, 

E;; = 1 . 75 V, 

E3 = -0. 5  V, 

t, = 60 s, 

t2 = pass, 

t3 = pass, 

scan rate ( 1 )  = 1 00 m Vis 

scan rate (2 )  = 1 00 mV/s 

scan rate ( 3 )  = 1 00 mV/s 

The appl ied potential was modulated as a triangular wave. 

2. 2.3 Sol-gel preparation of the Fe20:lSi02 coating film 

Polymer fi lms modi fication was ach ieved using Fe203/S i02 and was carried 

out by dip coating of the substrate with i l ica sol-gel conta in ing 1 0  atom % Fe . 

Preparat ion of the 1 0% Fe203/S i02 sol was carried out from tetraethyl orthos i l icate 

(TEOS), formam ide (CH3CONH2), ethanol (C2H50H), 0. 1 N n itric acide (HN03) 

aqueous solution. The M ixing molar rat ion of TEOS : CH3CONH2 : C2H50H : 

HN03(aq) was 1 : 1 : 4 : 4 . 5 .  A calculated amount of Iron( I I I )n i trate, 

Fe(N03h6H20, was add to the above sol ution. The mixture was stirred for 2 h at 

room temperature and used for the d ip coating process. 

2. 2.3. 1 Preparation of a module film from the coating material 

S ince the physical surface areas of the test e lectrodes are very smal l ,  it i s  

rather impractical t o  carry out any bulk characterizat ion for the coating material i n  

such way. Therefore, a module fi lm was prepared by d ip  coat ing of  a glass-sl ide 

substrate with the prepared sol m ixture. The module fi lm was dried at 60°C for 24 

hours, and then was used for SEM m icroscopy. TGA sample from the module fi lm 

"coating-layer" was obtained by scratching the dry fi lm with a hard metal l ic tool .  
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A Calcmed module fi lm was obtained by calc inat ions of another module film at 

3S0°C for 60 min ,  and used for SEM microscopic i nvest igat ions .  

2.2. 3. 2 Preparation of a buLk sampLe from the coating materiaL 

Bulk sample of the 1 0% Fe203/S i02 material was obtained by al lowing a 

smal l port ion (few ml )  of the prepared coating sol - placed in a glass watch - to 

dry at room at 60°C for 24 h period . The dry bulk thus obtained was used for 

further FTIR  and TGA characterization work. 

2. 2. 4 Inorganic hybrid component application to the polymer film 

The grafting of the polymer fi lm over the substrate was then fol lowed by the 

appl ication of the i norgan ic component to the polymer. A typical reaction mixture 

for this preparation consisted of: 44.6 mL TEOS, 7 .96 mL formam ide, 1 1 .2 1  mL 

ethanol , 3 .6  mL of 0 . 1 M n itric ac id, and 4 .04 g of i ron ( I I I )  nitrate nona-hydrate . 

The aforementioned chemicals were m ixed i n  I SO mL beaker and were steadi ly 

st irred for two hours. A clear solution was thus obtained. The solid substrate 

coated with polymer was then d ipped i n  the sol-gel resulted solution. The sol id 

substrate was then heated in a conventional oven for 30 minutes at 60 °C. The 

coated-polymer with a dried sol-gel layer was then inserted i nto a firing autoclave 

for 1 0- I S  minutes as stated at 3S0 0C . 

The reaction mixture described above underwent a sol- gel process with the TEOS 

inorgan ic  precursor to produce the hybrid materials as it was coated at the polymer 

fi lm.  I n  general , the sol-gel procedure cons ists of the steps shown in Figure 6 

[82] . 
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Precursors 

Hydrolysis Condensation 
----..... - Sol � Gel 

Thin Films 
Fibers 
�]lheres 
Grains 
Powders 

Fire Crystallire 
- Ceramics 

r ;t:Hl-CJ -y � tilllilL� 
• Ceramics, 

I 
� 

(Xerogels, Aerogek , . . .  ) 

Fig u rt! 6. Gt!I lt!ra i  Slt!(JS i n  l ilt!  sui-gd sy u l ut!s is u i  l:t!ra m il: l I I a kriais  

2. 3 Polymerlhybridfilm characterization 

2. 3. 1 EIS measurements 

The EIS measurements on polymerfhybrid fi lms were performed at room 

temperature in a 0 . 1 M TBAHFP test solut ion. Some experiments were carried 

out in 0 . 1 M NaCI .  A three-electrodes electrochemical cel l ,  with a saturated 

Agi AgCI reference electrode and a platinum counter electrode, was also used for 

al l  measurements. The exposed sample area was 0.282 cm2 in case of p latinum 

substrate-covered with polymer film and 1 .0 cm2 for the case of using graph ite 

substrate. 

The E IS  measurements were carried out with the (Gamry) CMS 1 00 

electrochemical impedance system. The measurements were performed under 

potentiostatic control at d ifferent appl ied potentials [ 83 ] .  The test conditions are 

l i sted in Table 2 .  
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After the determination of the open c i rcuit potential (Eopen ) from the open 

C i rcu i t  dela I that lasts for 1 200 s, s ine wave voltages ( 1 0 m Y) peak to peak, at the 

frequenc ies bet\ een 5 .0 ' 1 03 Hz to 1 .0 X 1 0-2 Hz, were superimposed on the 

appl ied d i rect (and constant) potential . Al l  the measurements were automatical ly 

control led \ ith the aid of the computer program provided by Gamry. The direct 

potential appl ied was dec ided from the cycl i c  voltammogram recorded for the fi lm 

in the gi en electrolyte i .e .  0 . 1 M TBAHFP/AcN or 0. 1 M NaCVH20. 

Ta ble 2.  E I S  test co nd it ions 

I Reference Electrode 
i Counter Electrode 
! Electrolyte 
I l Ele{:trolvte Coo{:ep.tra-t i.on 
I Tested Area 
I Frequency Range 
I AC Potential 
I DC Potential 

TBAHFP/AcN 
or NaCVH20 
O. l M 
0.282 or 1 .0 cml 

1 0 mY 
1 -0 . 5  - + 1 .2 Y 

2. 3. 2 Surface Instrumentation and Measurements 

i 
I , 
I 
! ; 
J 

Polymer and hybrid films were characterized us ing scanning electron 

m icroscope (SEM) equipped with an energy dispersive x-ray analyzer (EDXA), 

surface reflectance Fourier-transform ( infra red) spectroscopy (SRFTIRS), x-ray 

d iffraction (XRD) and x-ray photoelectron spectroscopy (XPS) . 

A Jeol Model JSM-5600 SEM equipped with EDXA capabi l i ty was used 

for surface morphological determination. The instrument is ful ly computerized 

with 1 8  - 300,000 t imes magnification power, with guaranteed resolut ion of 3 . 5  

40 



nm, acquis i t ion of both secondary and back-scattered electron images. For some 

e periment , the samples were coated with a thin fi lm of gold to el iminate the 

effect of charging during measurements. A Jeol lFC- 1 200 fine coater was used 

for th is purpose and a current of 20 rnA was appl ied for 1 50 s coat ing period. 

SRFTIRS experiments were achieved using a Nicolet Magna- IR 

spectrometer, N ic-Plan I R-microscope and a Spectra Tech stage control ler. A l l  

results were analyzed using an Omnic software and l ibrary. 

For XRD experiments, a Ph i l ips analyt ical x-ray instrument equipped with 

a d iffract meter type PW 1 840 was used. The instrument is equipped with a Cu 

anode with a generator tens ion of 40 kV, a generator current of 30 mAo The 

receiv ing s l i t  was set at 0 .2 .  Other condit ions for the experiment-setup are l isted 

in table 3 .  

The three-electrode electrochemical cel l  used for the preparation o f  samples 

for surface analys i s  was identical to that used for electrochemical 

characterizations . Saturated Ag/AgCI reference electrode and a plat inum sheet 

counter electrode were use. The working electrode was in the form of a graphite 

rod or a plat inum wire with nominal surface area about 1 .0 or 5 .0  cm2 according to 

the cell used. The electrochemical cell was a pyrex glass cyl inder with a flat 

c i rcular piece of glass fused on each end. Two small holes on the top of the 

cyl inder connected with two p lastic tubes were used to accommodate the gas 

bubbler. A platinum sheet counter electrode of large area was housed ins ide the 

chamber . A cavity was left at the top of the chamber to be fi lled with the testing 
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solution and to insert the reference electrode . The cavity is connected to the 

work ing electrode throw a Luggin capi l lary tube. Polymer fi lm formation was 

carried out in  0 .05 M MT and 0 . 1 M TBAHFP in AcN. EG & G 

potentiostatJGalvanostat was used for polymer fi lm format ion in al l  cases for 

subsequent surface measurements. 

2. 3.3 X-ray diffraction 

X-ra d iffraction analyses were performed on polymer films grafted onto 

plat inum substrates . The polymer fi lms were formed by cycl ic voltammetric 

technique for 20 c cles. E periments were performed on polymer fi lms immersed 

in the sol-gel prepared solution for 60 seconds and on as prepared fi lms (without 

si l ica coat ings) .  F i lms were then peeled out of the surface of the platinum 

substrate us ing a sharp lab kn ife, dried and introduced into the d iffractometer. 

Test condit ions are l isted as i nd icated i n  Table 3 .  

Table 3. Test cond itions for X-Ray D i ffraction experi ments 

I Diffractometer type 

I 
Tube anode 

I PW 1 840 1 

Wa�'cleru!th 0. 1  

?enerator tenSIOn l venerator current 
. y ,... 

Wavelength 0.2 
in lens i ly ral lO(u l/U2) 
Monochromator used 
Ful l  scale of recorder 
Time constant of recorder 
Start angle 

40 KV 

. - - - -

1 . 54439 AO 

0. 500 
No 
1 0  KcountJs 
0.5  
2.0 1 0° (28) 

1 
t 
I 
r 
l 
I I 
I 
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2.3. 4 Scanning electron microscopy (SEM) 

amples invest igated by SEM were prepared as prev iously described in the 

preceding section. Except that , polymer fi lms prepared with d ifferent thickness 

and d ifferent d ipping t ime in the sol-gel sol ution were examined. Thus, the 

polymer fi lm was fi rst prepared using di fferent number of cycles, ca. 5 to 20 

c c les, and d ipping t ime 1 5  - 300 seconds in the sol-gel solut ion . The fi lms were 

dried under vacuum then forwarded immed iately to the SEM chamber over the 

graphite or plat inum substrates. Information regard ing the e lemental compos ition 

of the fi lms was obtained from the EDXA measurements performed at the 

d ifferent fi lms prepared .  

2.3. 5 FT-IR spectroscopy 

The effect of load ing the polymer fi lms with inorganic s i l i con-containing 

layer was examined using I R  spectroscopic technique. Again, sample preparation 

was achieved as prev iously i nd icated for the x-ray d iffraction samples . Some 

experiments were performed on the as-grown fi lms without peel ing it from the 

sol id substrate us ing the S RFTIRS technique. Moreover, some experiments were 

also conducted using TGA coupled to FTIR measurements in order to identify the 

d ifferent thermal trans i t ions of the samples under investigat ions. 

2. 4 Thermal gravimetric analysis 

Thermal gravimetric analyses were performed using a 2950 TA instrument 

(Princeton, USA). Heating rate was typically 5- 1 0  °C/minute and i nert gas used 
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wa e i ther pun fi d n i t rogen or hel i u m The TGA l l1strument was i n terfaced with  

an FT I R  system that a l lowed mon lto n n g  the gas out let  ana lys I s  

ample for thermal  grav imetr ic  ana lyses were prepared u S i n g  the previously 

ment i oned protocols  and were scrubbed off the subst rate s u rface thoroughl y  u s i n g  

a harp l aboratory k n i fe ample were des iccated pr ior to m o u n t i ng on the TG 

i n strument pan for we i g h i n g .  T p i ca l  start up masses ranged between 8 .0 mg to 

50 0 mg for the tested samples .  F i gu re 7 ,  shows the depos i t I O n  of the mod u le fi l m  

on glass substrate that v;as used for further character izat I O n .  

Mo dule Film 

Glass SUbstrate 

F i g u re 7. Module film deposition on glass substrate 
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The resu lts and d iscuss ion section is dlvided into four sections. The first 

section d aIs with the preparation, and electrochemical characterization ( namely, 

electrochemical impedance measurements, E IS)  of poly(3-methylth iophene) 

( PMT) s nthes ized under d ifferent preparative conditions and tested in different 

environments. The second sect ion, deals with mod ification and test ing of the 

electrochemical ly prepared organ ic po lymer films by the inclusion of an 

inorganic-contain ing moiety via the sol-gel techn ique. The third phase of the 

work was devoted towards the surface and spectral characterization of the polymer 

fi lms. The fourth part of the work deals with thermal and x-ray diffraction 

analyses of the fi lms .  

3. 1 Potential dependence oJimpedance spectrum 

The potential dependence of impedance spectrum for PMT coated Pt surface is 

shown in figure 8a. The resu lts are presented in the form of Nyquist d iagrams, 

giving the imaginary part as a funct ion of the real part of the impedance . The 

value of appl ied potentials to the polymer fi lm, were selected withi n  a relatively 

wide range, ca. between -D.5 V and + 1 .2 V (vs. AglAgCI ). It is important to 

not ice that the polymer fi lm starts to develop electroniclion ic conductivity as the 

potential approaches the fi rst oxidation peak [84], ca. around 0 .6 V. The measured 

values of d irect current (d .c . )  electron ic conductivity (j in PMT clearly ind icated 

that electronic transport is fast in th i s  system [85] .  It is wel l establ ished though, 

that the main carriers for charge transport are bipolarons in poly(thiophene) 

systems [ 86, 87 ] . Moreover, it has been found that the fast electronic transport for 
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the fi lm i associated to th state of polymer at low spin content [ 88 ] .  The value of 

potential at wh ich the maximum value of cr occurs, does correspond to the 

ma · imum spin content of the polymer [ 89] . In th is consideration, the estimation 

of the pol mer res istance, R is based upon the fact that the fi lm is a semi- infin ite 

stem [90] . The EIS data of figure 8a are for a fi lm with an estimate thickness of 

1 00 - 1 50 nm if we cons ider that deposit ion takes place with 1 .0 mC .cm-2 of PMT 

hen a total depos it ion charge mounts to approximately 1 00 mC.cm-2 . In 

exam in ing the impedance spectra for th is fi lm, the electron ic resistance of PMT, 

estimated from Ohm's  law (ca. in  the order of 1 .0 x 1 0-3 0), wi l l  be neglected . 

Thus. the d ifferences in the E IS  data of PMT doped wi th PP- ( HFP), reveals 

main ly the onset of the capac itive behavior that deviates by the departure from the 

constant phase element (ePE) with a slope approximately equal to 45°, as the 

frequency decreases . Th is  observation is in good agreement with the results 

described previously in the l i terature for poly(pyrrole) in s imi lar potential ranges 

[9 1 ,  92] .  Accord i ng to the model described by Pickup [9 1 ,  92] ,  the ionic 

resistance, R1on, of the polymer fi lm was obtained from the d ifference between the 

real axi s  i ntercept of the low frequency vertical segment and the real axis  intercept 

at h igh frequency. As could be noticed the intercept of the impedance spectra with 

the real axis in the h igh frequency-region, is about the same for the potential range 

d isplayed (+0 .4 V < Eappl. :s + 1 .2 V) .  The electrolyt ic resistance, Re1ec. , is estimated 

from the h igh frequency intercept [93 ] .  The direct current res istance of the 
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pol mer, Rpol , I S re latively lower than that of the electrolytic solut ion, Re1ec. The 

later is estimated in the range 1 0  Q - 60 Q. In the potential range in which the 

fi lms acquire a h igh level of doping, Rpol, is < 1 0  Q. The presence of relatively 

smal l an ionic species. in this case PF6-. al lows their uptake by the polymeric film 

during the oXidation process [94 ] .  As the appl ied potential to the polymer fi lm, 

Eappl, sh ifts towards more posi t ive values, ionic transport vs. electronic transport 

with in the fi lm is privi leged . Th is i s  clearly not iced in the change in the slope of 

the impedance curve, cf. figure 8a. An explanat ion for this trend is caused by the 

increase in the anion uptake by the film as the appl ied potential increases. 

Moreover, the increase of charge delocal izat ion in the oxidized polymeric chai ns 

combined with a consequent d iminution of solvat ion energy for the doping anions 

adds to the previously mentioned effect. As the appl ied potential sh ifts towards 

more posit ive values (ca. Eappl > +0. 8  V) a not iceable increase in the h igh

frequency semicircle amplitude with no appearance of in i t ial capacit ive behavior 

in the low-frequency region is observed, cf. figure 8b. With the relat ively small 

number of cycles used to graft the fi lm, the surface roughness is not expected to be 

h igh for the given thickness of the fi lm .  Therefore, a depression in the semi-ci rcle 

in  the range of frequency between 1 0 Hz and 5 kHz, that represents the roughness 

at the polymer/electrolyte interface [95] ,  is not qu ite pronounced. 

Figures 8- 1 1 show characteristic diagrams obtained on four samples of PMT of 

different th ickness. Again, the diagrams shown in figures 8- 1 1 were recorded 

during the oxidation process ( i .e .  the potential at the polymer surface was 
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increased from the reduced to the ox idized state) and at each measuring step, the 

potential was mai ntai ned for some t ime, ca. for the polymer to reach equ i l ibrium 

state . It could be noticed that in al l cases, as the fi lm is oxid ized the EIS curve 

display almost vertical part. This trend is indicat ive to a predominant capacit ive 

beha ior for the fi lms [96] . The d iffusion part that is usual ly represented by a 45° 

straight line and is due to the charge transport is not ident ified when the fi lm is 

oxidized (doped) .  The E IS diagrams corresponding to the reduced state (ca. for 

appl ied potential of -0.5 V) of d ifferent polymer samples with d ifferent thickness 

are depicted in figure 1 2 . The diagrams displayed represent complex behav ior that 

is due to the superimpos it ion of a low frequency transport phenomenon on the 

capacitive effect. 

The capac itance Cjof the oxidized e lectrode can be obtained directly from the 

vert ical part of the i mpedance (cf. figures 8- 1 1 ) . Moreover, the total resistance, 

Rs, can be derived. This resi stance cons ists of a h igh frequency res istance, Ro that 

corresponds to the e lectrolyte res istance, Ru, i n  series with the polymer res istance, 

Rp (that eventually contains the charge transfer resi stance, Ret, as wi l l  be discussed 

later) .  The low frequency resi stance, Rp ', assoc iated with the capacitance, C;; can 

be deduced as fol lows : 

( 1 )  

( 2 )  

5 0  



- 6  
• +0.5 V 
0 +0.6 V 
• +0.8 V 
\J + 1 . 0 V 

-:"! • + 1 .2 V 

- -t J 

• 

-

N 

- 2  

-- 1  

o 

0.2 0.3 0.4 0.5 0.6 0 .7  0 .8  0 .9  

Z' (Re) / 103 Q 

Figure 9 
5 1  



- 1 2 
• +0.5 V 
0 +0.6 V 
T +0.8 V 
'V + 1 . 0 V 

- 1 0 • + 1 . 2 V 

I - 8 � 

-
-

N 

- 4  

- 2  

o 

0.0 0 .5  1 .0 1 .5 2 .0  2 .5 3.0 3.5 

Z' (Re) / 1 03 n 

Figure 1 0  
52 



c: 
� 

o 

-
-

N 

- 8  

- 6  

-2 

o 

• 

0 
T 

\7 

• 

0.0 0 .5  

+0.5 V 
+0.6 V 
+0.8 V 
+ 1 .0 V 
+ 1 . 2 V 

1 .0 1 .5 2 .0  2 . 5  3.0 3.5 

Z' (Re) / 1 03 n 

Figure 1 1  53  



. 5 C)cles (a ) 
8 --. . ---.. 

C 6 
.-

\0 
0 � 

" 

E 
� -t 
N . • 

I 
2 . . . . 

, 

0 1/ 
0 2 .. 6 8 1 0  1 2  1 4  1 6  1 8  

8 

• 10 Cycles I ( b) 
6 

c: 
\0 

0 
------

• -t 
E ... 

� 

N 
\ 

2 

0 

0 2 4 6 8 10  
1 .4 

1 .2 • 20 Cycles (C) 
1 .0 

C 0.8 
r--

0 -
-- 0.6 ,-.. 
E -

'-' 

N 0.4 

\ 
0.2 

0.0 

0.0 0.5 1 .0 1 .5 2.0 

Z' (Re) / 1 07 n 
Figure 1 2  54 



quation 1 is used to determine the electrolyt IC  res istance, Ru, when the fi lm is 

fu ll oxidiz d and i ts resi stance could be neglected. 

3. 2 Effect of thickness on the impedance spectrum 

The influence of the fi lm thickness, I', expressed by the overall 

electropol, merization charge. Qc. ca. between 200 - 1 500 mC .cm-2 and with Enppl. 

= + 1 .2 V, is given in figures 1 2  and 1 3  for the reduced and oxidized fi lms , 

r spect ively. Each measurement was carried out on a freshly prepared PMT-film. 

The impedance spectra exh ibit the same characteristic shape typical for conducting 

polymer fi lm-covered surfaces for all thickness stud ied . I t  typical ly shows the 

asymmetrical metal/fi lm/electrolyte configuration. At h igh frequencies (ca. > 1 00 

Hz. ) a smal l i l l-defined capacit ive semicirc le is ident ified fol lowed by a l inear part 

of 45° phase angle, that merges into a pure capacitive l ine of 90° phase angle at a 

characteristic frequency,/, that wil l  be termed the trans it ion frequency. Medium 

and low frequency ranges are of primary importance because of their dependence 

upon different synthetic and test ing conditions. Thus, except for the fi lm prepared 

using 20 cycles, the data of figure 1 3a show that as the fi lm thickness increases, 

the trans it ion frequency,/, sh ifts towards lower values and the 45° l i ne is enlarged 

as the fi lm th ickness, t, increases. This behavior can be explained in  terms of the 

i ncrease of the fin ite d iffusion length that is due to the fi lm thickness, I. The later 

definit ion is ascri bed as the homogeneous model [97] . I n  terms of the porous 

model ,  the same behavior is expected if the pore length tp is assumed to be equal 
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or proport IOnal to the fi lm th ickness. Figure 1 3b depicts the plot of the transit ion 

frequency./, vs. l /t/ where/ was obtained graphical ly from the intercept of the 

45° and the 90° phase angle l ines of the Nyqu ist diagrams of figure 1 3a [98 ] .  

Departure from the intercept with the origi n cou ld be attri buted to the h igh level of 

inaccurac in est imating the film thickness. 

3.3 Testing the po(ymer film in different solvents/electrolytes 

The Bode- lzJ diagrams obtained for several PMT fi lms In 0. 1 M 

TBAHFP/ AcN, in 0 . 1 M NaCIIH20 with different thickness and at different 

appl ied potent ials are presented i n  Figures 1 4- 1 7 , respectively. As can be noticed 

in Figures 1 4  (a-d), at a given potent ial the impedance, Z, values gradual ly 

decrease as the fi lm thickness increases when test ing the polymer formed with 

d ifferent number of cycles i n  0 . 1 M TBAHFP. General ly, th is trend was also 

observed when comparing the effect of applying d ifferent potentials for the same 

fi lm th ickness. Thus, when the appl ied potent ial is shifted in the pos it ive 

d irect ion, a progress ive decrease in Z resulted. Faradaic impedance results for 

several conduct ing polymers as wel l ,  such as poly(pyrrole), poly(an i l ine) and 

poly(acetylene) were reported earl ier i n  the l iterature [99- 1 04] . The data obtained 

in the aforementioned l i terature have been explained in terms of d ifferent 

"equivalent c i rcuits ." The choice of the c ircuit depended on the fi lm th ickness, the 

appl ied potential and the nature of polymer. Electrochemical impedance plots 

often contain several t ime constant and usually a port ion of one or more of their 
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semIC irc les are seen ( m  a typical yqUlst diagrams) f igures 1 4  (a-d) I l lustrate arI 

unportarIt fact, the "ful ly" reduced film at ca -0 5 V and that "fully" oXidized at 

ca + I 2 V exhibited an ordered and wel l-defined log Izl vs logftrend as the film 

th Ickness mcreases However, the film at the mterst ltlal dopmg zone, i.e at Eappl 

between 0 .0 V and 0 .6 V (vs. Ag/AgCl )  showed megular behavIOr The 

voltammetnc results mdicated the presence of a dark-blue oxidIzed PMT films at 

potentials higher tharI -0 .6 V (where ful l  oxidatIOn occurs and large amounts of 

Pf6- accumulated as dopmg amons) [ 1 05 , 1 06] .  The presence of the film reddish 

color of its reduced fonn at potentials lower tharI -+-0 .6  V mdicates that the polymer 

contains a low percentage of P f6-. In the potential rarIge +0.6 V to +0. 8  V, where 

the fIlm starts to oxidize, or more correctly when the polymer is partially oxidized, 

a mixture of the film oxidized arId reduced states coexist [ 1 07 ] .  This observation 

has been previously confIrmed from cPronoamperometric measurements reported 

earlier [85 ] .  This is in agreement with the cycl ic voltarnmetric (CV) results of 

figure 1 8 . Figures 1 5  (a-d), on the other hand, show the same experiments as in 

figures 1 4  (a-d) for PMT films grafted with different thickness arId tested in 0. 1 M 

NaC1IH20 as the electrolytic medium. The following observations are concluded 

by comparing the data in figures 1 4  (a-d) with those in figures 1 5  (a-d): (i) for al l  

film thIckness studied, the log Izl vs . log f displays a peculiar behavior for films 

tested with Eapp/ =+0 .4  V, arId confIrming the presence of two time constarIts ; ( ii )  

the d iStillc t  doping leve l  for reduced arId oxidized films, when 0 .0 V >  Eappl.> +0 .6  

V displays quite similar log Izl vs .  logf curves in the case of films tested in 

5 8  
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TBAHFP, whtle films tested m NaCI showed only s imIlar behavior for highly 

reduced and oXidized fi lms, ca figure I S  ( a  & d) .  The prevIOus observatIOns can 

be explamed m terms of the followmg proposed model 

We may consider the polymer fi lm deposited onto a metal l IC substrate as a 

metalJpolymer/electrolyte as shown in figure 1 9a. The polymer in this case IS 

lOmcally conductIve and the electrolyte I S  e lectro-mactlve for both TBAHFP and 

aCI wlthm the potentIal wmdow studIed. We wil l  consider the three values of 

applied potentIal Eappl= -0 5 V vs Ag/AgCI (PMT is m the reduced, electromcally 

insulatmg state) ,  EappL= +0 6 V vs Ag/AgCl  (PMT is partIal ly oXldlZed), and 

Eappl.= + 1 2 V vs .  Ag/AgCI (the value beyond which PMT is over-oxidized) . 

M 

Meta] 

e�T+ � 
PMT x-

Polymer Electrolyte 
M+/X-

Schematic rep resentation of P'{\IIT d o p i n g  
W iUl eO tt u tcr-anioll X-

Figure 1 9a 

The electrIc potential distribution across the system (metalJpolymer/electrolyte) at 

the three potential values should also be cons idered. However, the potential drop 

across the polymer/electro lyte interface is of prime importance, if we consider the 
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metal l ic nature of the metal/polymer interface .  The system wi l l  be also cons idered 

at equi l ibrium and electron ic charge passage is negl igi ble, The potential drop, 

(E{K>/l'lIIer - Eelectrot. ) ,  is defined by the ion-exchanging equ i l ibri um between the 

polymer and the electrolyte, and is also known as "Oonan potential" LlliD [ 1 08 ] .  

The alue of LlliD i s  a function of the activit ies, a, of the exchanging ionic species i 

of charge z, in the polymer and electrolyt ic phases [ 1 09] ,  thus : 

R T  ( a folymer I 
t::.E = - I n l ' .  1 f) - I �u:d-o/ ' Zi "''' " ai " ) ( 3 )  

M etal A Polymer I Electro lyte 
� I 

£appl. = -0. 5 V - I 
Eappl. = +0. 6  V ' 

Eappl. = + 1 . 2  V 
Epolymer Eelectrol. 

'" "' . Epolymer - Eelectrol. 
double layer 

Electrical  potential  (E) distri bution across 
the MetaUPolymer/Electrolyte 

Fig u re 19 b 

In equat ion (3) ,  R, T, and F have their conventional meanings. Many factors 

contribute to the charge exchange at the polymer/electrolyte interface, and 

therefore, affect the E IS spectra (cf figures 1 4  and 1 5 ). Among those factors are 

the hydrophobic nature of the polymer, the fi lm morphology, the level of doping 
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withm the fUm, the applied potential, the S ize of ions m contact With the polymer 

surface, etc PMT can be considered as an amon exchanger in the oXldlzed state 

(cf figure 1 9a) At eqU l l ibnum, and with an electrolyte wlth adequate 

concentratlOn, the value of tJED should not exceed - 1 0 m  V The fmal establ Ished 

potentIal drop across th iS mterface would also depend on the chemIcal potentIals 

of the amons/catlOns exchange between the polymer and electrolyte Thus, a 

positive or negative mterfac ial electncal potential drop wIll be estabhshed We 

wul also conslder the electron transfer between the metall ic substrate and the 

conductmg polymer film almost constant throughout the rest of thIS mvest lgatlOn 

We will now pay more attentlOn towards the charge transport across the 

conducting polymer In the case of redox polymers, the rate-determinmg step for 

the charge transport is the transition of the electron from one redox site to a 

neighboring one [ 1 09] .  This transition i s  also known as "electron-hopping" 

process that is diffusional in nature [ 1 1 0] .  The charge diffusion coefficients are of 

the order of De � 1 O-iO -1 0-13 cm
2
.s- l . In the case of aqueous e lectrolyte (ca. 0 . 1 M 

NaCl) ,  its conductivity is in the order of � 1 0- 1 S . cm- i Thus, if the mobil ity of the 

counter-lOns in the polyffier flim is lower than in the aqueous phase by several 

orders of magnitude , the counter-ion transport coupled to the electron transport 

will not limit the charge-hopping process significantly. A "Warburg" -type 

diffuslOnal impedance is normally used to describe the charge-hopping process 

[ 1 1 0] .  In the case of PMT, a typical conducting polymer, the electronic 

conductivity is a function of the concentration of polarons and bipolarons [ 1 1 1 ] . 
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Furthermore conductivity depends to a big extent on the chemical structure of the 

polymer fi lm and it morphology. The rate-determin ing step in the case of PMT 

v ould be the electron movement from one polymer chain to another [ 1 1 2 ] .  This 

electron exchange processes between large conjugated organic systems are known 

to be fast [ 1 1 3 ] .  This clearly explains the relative h igh conductiv ity of th is c lass of 

polymers . I n  th is case we wi l l  consider the PMT as s imi lar to a redox polymer, 

but with relat ively h igh ionic and low electronic conductivities . It might be 

poss ible at this stage to separate the double layer chargi ng of the metal-polymer 

II1terface from the interfacial oxidation-reduction of the polymer redox s i tes and 

the associated d i ffus ion-type electron transport across the fi lm [ 1 1 4] .  When the 

PMT is oxidized, its electron ic conductivity wi l l  surpass that of the mobi le 

counter- ions . Therefore, electrical field i s  establ i shed with in  the polymer film, 

and the ions migrate to reach an equ i l i brium. The polymer film behaves in thi s  

case as a porous metal with pores of l imited depth and s ize [ 1 1 5 ] .  The structure of 

the double layer, nature of solvent, s ize of doping ions, and their solvation (etc . )  

should affect the electrical characteristics of  the fi lm and therefore, yield a dist inct 

behavior for the fi lm in TBAHFP/AcN vs. NaCVH20. 

Both figures 1 6  (a-d) and 1 7  (a-d) show that, at low potentials (ca. between -0 . 5  V 

and +0.2 V vs. Ag/AgCI ), the equ ivalent circuit may be related to a "modified" 

Randles circuit (ca. figures 20a and 20b), although in the low-frequency region the 

45° Warburg l ine and the fin ite-diffus ion l i ne normal to the x-axis can hardly be 

dist inguished ( i n  the corresponding Z'  vs. Z" plots of figures 1 6  and 1 7, that i s  not 
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shown ) Thicker fi lms (ca. h igher than 1 00 /-lm) display the impedance loci related 

to d i ffus ion \! i th better resol ution [ 1 1 6 ] .  As the appl ied potential reaches the 

oX idation alues for th polymer film the resi stance of PMT fi lm decreases and , 

the sem icirc les decreases in "diameter" s ince the fi lm tend to behave as a 

capacitance connected in series with a res istance. The same observat ion is noticed 

in the log IzJ s. log f plots depicted in figures 1 6  and 1 7 . Thus, the capacitive 

behavIOr of the fi lms start as the appl ied potential approaches 0.6 V - 0.8 V. Thus, 

the s lope starts to inflect at Eappl= +0.2 V and more than one t ime constant appears 

as Eappl = +0.4 V in the case of fi lms tested in TBAHPF. On the other hand, the 

fi lms tested in NaCI displayed a unique behavior at Eappl.= +0. 8  V, the onset of 

fi lm oxidat ion in aqueous med ium. It is important to notice that the impedance 

values reached by al l  fi lms for a l l  thickness studied and at a l l  the potentials used 

are relat ively lower when the electrolytic medium used was TBAHFP/ AcN when 

compared to NaCIIH20 .  Again, the later is attributed to the hydrophobic nature of 

the fi lm that would not al low adequate ion migration to the polymer matrix. 

Equivalent circuits. EIS  data is commonly analyzed by fitt ing i t  to an equivalent 

electrical c i rcu i t  model . Most of the c ircuit e lements in the model are common 

electrical elements such as res istors, capaci tors, and inductors . To be useful, the 

elements in the model should have a basis in the physical electrochemistry of the 

system . For instance, most models contain a resi stor that exempl ifies the cel l ' s  

sol ution res istance [ 1 1 7 ] .  Table 4 l ists the common circuit elements used 
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throughout the analysIs  m th iS work,  the equatIOn for thel[ current versus voltage 

relatlOnshlp, and the lf Impedance 

C o m p o n e n t  C u r r e n t  v s .  Vol tage I m p ed a n ce 

Res i sto r E = /R Z = R  

I n d u c t o r  E =  L dz dl Z = ) OJL 

C a p a c i t o r  / =  C dE dt Z =  l /jr£ 

Ta b l e  4 .  Co m mo n  E le c t r i c a l  E l e m e n ts Used in t h i s  \Vo r k 

From Table � "\ e notIce that the impedance of  a res istor IS mdependent of 

frequency and has only a real component. Be cause there IS  not lfflag mary 

lfflpedance, the current through a re sistor is always in phase with the voltage 

Whereas the impedance of an inductor increases as the frequency increases .  

Inductors have only an lfflagmary impedance comp onent. As a result, an 

inductor 's  current is phase-shifted 90° with respect to the voltage.  In general, the 

impedance versus frequency behavior (sometimes termed the Bode plot) of a 

capacitor is opposite to that of an inductor. A capacitor 's  impedance decreases as 

the frequency is raised. Capacitors also have only an imaginary impedance 

component. The current through a capacitor is phase shifte d  -90° with respect to 

the voltage. S ince no previous faradaic impedance studies have been reported for 

PMT modifie d  using the sol-gel technique to include an inorganic moiety to form 

hybnd material, this work describes the testing of several c ircuits in attempting to 

fit the experimental data obtained for its oxidized and reduced forms. This part of 
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the work starts with anal s is  of the unmodified PMT in two electrolyt ic media, as 

mentIoned prev ious ly, then compared to that of the modified PMT with a sol-gel 

la er that basical ly contains s i l icon and doped with iron . The candidate found that 

the equ ivalent c i rcu its depicted respectively in figures 20a and 20b could describe 

the beha ior of al l fi lms adequate ly. In these c i rcuits : ( i )  resi stors simulate the 

resi stIve behavior of metal substrate, polymer fi lm and electrolyt ic solution (R)' 

( i i )  capacitors s imulate the capacit ive behavior of the polymer film, metal 

substrate/fi lm i nterface, and fi lm/electrolyte interface (C); ( i i i )  transmission l ines 

s imulat ing the d iffusion impedance, also known as ' Warburg impedance" ( W)' 

( iv )  constant phase elements (CPE), as defined in equat ion (4) [ 1 1 8 ] ,  where A is 

the frequency i ndependent constant, CD the angular frequency and nCPE is a 

d imensional factor (between 0 . 5  and 1 .0 ) .  The above assignment is s imi lar to 

those mentioned previously i n  the l iterature [ 1 1 9, 1 20] .  

(4)  

The reason of us ing more than one equivalent circui t  i s  attributed to the fact that, 

the shape of the impedance diagram for PMT changed s ign ificantly from anodic to 

cathodic (Eappl ) that i s  commensurate to the variat ion of the propert ies of the 

polymers as a function of the oxidation state. A typical diagram is shown in figure 

2 1  for PMT i n  TBAHFP/AcN . Th is  representation prov ides a model to compare 

between the experimental data and the calculated fitted curve in al l cases studied . 

Experimental data are represented by dots whi le s imulated one by the sol id l ines . 
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Tables ( 5- 1 4 ) represent the values calcu lated for Ru, Rp, Cf, CPE, W. and nCPE in 

th s imulation of the impedance experiments . The candidate fol lowed a non-l inear 

complex min imum square protocol that is wel l  establi shed for studying polymeric 

systems [ 1 2 1 ] . Ru is almost ent i rely responsible for the init ial sh ift from the origin 

on the impedance real ax is  (cf. figures 8- 1 3 ) or the end of the curve at the high 

impedance end (cf. figures 1 4- 1 7 ) and is the sum of the electrolyte and substrate 

res istances . As shown i n  tables 5- 1 2, the fact that the bulk res istance of the 

polymer does expl ic it ly decrease when the potential decreases below +0 .4 V 

explaInS that the doping of the fi lm ( i  .e . at Eappl > +0 .4 V) i s  a key for the apparent 

effect of doping on i ts electrical properties . It is important to notice that the 

variat ion of the Ru values, calculated for each fi lm thickness and appl ied potential, 

shows that th i s  res i stance is not only due to the electrolyte, s ince the same 

electrolyte was used i n  al l  the measurements. Assuming that the cel l configuration 

and geometry is constant, another factor could be the variation in current 

efficiency during fi lm formation for each experiment . I n  th i s  work we wil l  

cons ider that the semic i rc le a t  h igh frequency range (cf. figures 8- 1 3 ) i s  due to  the 

interfacial effect and not to bulk effects s i nce the magni tUde of the resistance and 

capacitance values evaluated would suggest a typical interface behavior. I t was 

reported i n  the l i terature that no i nterfacial charge transfer res istance for a system 

composed of metal/polymer/metal [ 1 22 ] .  Moreover, we wi l l  consider that 

semicircle at h igh frequency is due to ion transfer at the polymer/electrolyte 

interface . Therefore, Rp, i s  the charge transfer resi stance associated with the 
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interface bet\ een pol mer and electrolyte whi le CPE is the constant phase 

element equivalent to the double layer capac itance produced by charge 

accumulation at the interface (Cj) . The later cons ideration assumes a flat 

configurat ion for the fi lm ( i .e .  surface roughness is not taken into account). I n  fact 

the value of CPE is much larger than that of Cf I n  the fitt ing calculation, it was 

poss ible to verify that there i s  a decrease in the semicircle height ( i . e . that 

corresponds to the maximum at the imaginary axis )  that leads to set nCPE � 1 . 0 .  

The later is cons idered as an ideal value, however, th i s  value showed a variat ion 

with the condit ion of the fi lm under consideration . 

Examination of tables 5- 1 2  would lead to the fol lowing conclusions : ( i )  the value 

of Ru d isplayed a common behavior for all "unmodified" polymeric fi lms studied. 

For fi lms stud ied with an appl ied potential, (Eappd between --0.5 V and 0.0 V, Ru 

i ncreases and then starts to decrease as the appl ied potential is ramped to more 

posit ive values . I n  this case, the fi lm is switched from a relat ive doping to a 

merely insulating one. As the appl ied potential approaches the oxidation value for 

the polymer, Ru starts to decrease indicating that the fi lm is completely switching 

to the ful l doped and conducting state. Moreover, a relative s l ight increase in the 

value of Ru is noticed as the thickness of the fi lm increases (cf. tables 5-8) . On the 

other hand, Ru values are relat ively lower for al l potential ranges studied. This 

could be explained in terms of the conduction mechan ism that involves lOnIC 

d iffusion within the fi lm that is much eas ier accessed in case of using AcN rather 

that H20 as a solvent . ( i i )  For all fits, the charge transfer resi stance that is 
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mcluded In the value of the polanzatlOn res istance, Rp, was found to be relatively 

high This indicates that a charge transfer process at the polymer/electrolyte 

mterface (that Includes the double layer) IS not s lgn tfic ant at the re latively lower 

end of the frequency It wtll be however dIfficult to obtain a full descnptlOn of the 

behavlOr of charge transfer withm the double layer at the polymeft solution 

mterface It IS  obv IOus from the above discussIOn that the electron transport 

through the polymer chams IS accompanted by IOntC mlgratlOn The transport of 

the IOns through the double layer and particularly at the po lymer/solutIOn mterface 

may be modeled as the ch arge/discharge of a capaC Itor. S ince the surface of the 

polymer IS irregular and b mdmg s ites of IOns to the po lymer possess different 

energles,  a capacItIve component and a constant phase elements are assoc iated 

with the c harge transfer resistanc e [ 1 23 - 1 27 ] .  Again the values of Rp generally 

decrease as the applied potential increases.  While no appreciable changes in the 

values of Rp were noticed in the case of ftlrns tested in TBAHFP/AcN with change 

in thickness,  films tested in aqueous solutions displayed progressive decrease in 

the Rp values with film thickness (ca. when comparing films formed with 5 or 1 0  

cyc les  with those formed with 1 5  or 20 cycles, respectively). The charge transfer 

resistance component, Ret, of the polarization resistance, Rp, IS mversely 

proportional to the rate of electron transfer. Thus, ReI can be used as a measure of 

the fac il ity of the kinetic process of the charge transfer [ 1 2 8 ] .  When ReI decreases, 

the charge transfer rate constant tends to increase.  An analysis of the data 

displayed in tables 5 - 1 2  shows initially high values of Rp that is followed by a 
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notIceable decrease that reaches Its lowest value as the film approaches Its redox 

potentIal (E"x). The fact that the max unum value of electron transfer IS reached as 

the film-potentJal approaches ItS Eox alue Indicates that a h Igh IOmc uptake 

predomInates the charge diffuSIOn and can be rather descnbed In terms ofvanatlon 

m CPE and the Warburg component for relatIvely low appl ied potentIals and 

th Icker fIlms ill the aqueous medIUm. It IS c ruc ial to mdlcate at th IS pomt that, ReI 
values cannot be cons idered solely to evaluate the fi lm conductivIty with the 

change of the appl Ied potent Ial to the film Other factors , such as Elm channelmg, 

morphology, synthes Is-electrolyte memory effect, type of  monomer, fIlm 

modIfication, etc . would affect such variation ill ReI' ( i I i )  It is c lear that the CP E 

IS aSSOC Iated with the fIlm capacitance, Cf The value of CPE, however, is 

proportional to the sample thickness .  As could be noticed from the data presented 

in tables5 - 1 2, the value of CP E increases while that of Cfdecreases with thickness. 

FIlm capacitance Cf, however, is relatively larger in the case of fi lms analyzed in 

aqueous solutions. The variation in the values of CPE and Cf is also more 

pronounced in the c ase of films tested in NaC1IH20. This is the second evidence 

to prove the effect of hydrophobicity of the film and its capacitive properties that 

has a major contribution on the applicab il ity of these films in rechargeable 

battenes . The polymer fi lm possibly reaches a maximum Cf value as its 

approaches Eor and in some cases when exceeding its redox potential value [ 1 29 ] .  

The vanation of  th e  double layer capacitance produced b y  charge accumulation at 

the polymer/solution interface is related to the charge compensation taking place 
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Ta b l e  5 . EIS  fittmg data of po lymer coated over Pt surface for 5 cycles and tested ill 
TBAHFP I AcN 

E l Y  Ru I .o. e m  2 Rp I .o.em 2 Cr l F.e mL C P E  I .o- I .sn n 
x 1 03 X 1 06 X 1 0-6 X 1 0-3 

-0 5 1 244 0 27 1  4 266 2, 0 1 4  0 ,6 1 2  
-0 2  6 23 7  6, 8 1 1 8. 1 1 2 2, 788 0 5 84 
0 0  6. 4 1 5 1 . 845 6 . 47 1 4 , 1 0 1 0. 562 
0 2  2. 3 3 2  0. 230 3 . 647 3 , 089 0. 5 5 5  
0 4  0. 303 o 1 5 1  7. 746 0. 1 3 0 0. 565 
0. 5 0. 24 1 0. 1 66 309,9 0 0 1 40 0. 643 
0 .6 0 25 1  0 .00 1 3 0 46 1 , 3 0 0205 0, 900 
0 8  0 208 0.0746 1 0, 3 8  0. 0739 0. 866 
1 0 o 1 8 7 o 1 1 4 973 9 0. 0930 0, 592 
1 2 0 1 72 0. 1 05 895 , 6  0. 1 04 0 .643 

T a b l e6 . E IS fit tmg data of polymer coated over Pt surface for 1 0  cycles and tested m 

TBAHFP I AcN 
E l Y  Ru I .o. e m  

2 R p  I .o.em 
2 Cr l F.em2 I C P E  I .o-I .sn n 

x 1 03 x 1 06 X 1 0-6 X 1 0-4 

-0. 5  1 .  57 1 5 . 1 86 0.482 1 . 257 0. 649 
-0. 2 2. 3 4 7  1 8. 94 0. 466 0. 883 0 5 5 9  

0 . 0  2.663 9. 242 2.054 0. 773 0. 562 

0 . 2  1 . 347 0 .43 1 5 . 649 0. 0 1 24 0. 63 2 

0 . 4  0. 73 1 0. 3 6 8  4. 6 1 9  0.0457 0. 5 1 2  

0. 5 0. 260 0. 1 28 1 3 . 700 0. 0209 0. 584 

0.6 0. 2 3 4  0.00584 2 1 . 1 80 0. 0867 0. 5 3 6  

0 . 8  0. 206 0. 0464 3 1 . 970 0. 00760 0. 5 5 1 

l . 0 0. 1 98 0 . 0 5 3 5  29 . 3 3 0  0. 00829 0. 790 

1 . 2 0. 1 8 3 0. 3 9 5  2 5 . 3 00 0. 00564 0. 5 3 4  

Table  7. E I S  fitting data of polymer coated over Pt  surface for 1 5  cycles and tested in 
TBAHFP I AcN 

E l Y Ru I .o . e m  
2 Rp I .o.em 

2 Cr l F.eml CPE 1 .o-1.sn n 

x 1 03 x 1 06 X 1 0-0 X 1 0-1 

-0 . 5  4. 1 05 4. 276 0. 829 0. 1 24 0. 52 1 

-0 . 2  5 . 74 1 2 1 . 1 5  0. 5 1 2  0. 344 0. 6 1 4  

0 0  6 . 443 8 . 3 2 1  1 . 278 0. 8 9 1  0. 5 5 3  

0 . 2  6 . 83 1 0. 672 3 . 3 3 1 2 . 294 0. 54 1 

0 . 4  0. 3 29 0. 1 20 1 . 3 1 6  3 . 794 0. 5 3 0  

0 5  0.28 1 0. 0794 26. 62 5 , 03 2  0. 592 

0 . 6  0 .23 8 0. 003 86 1 3 . 77 7. 759 0. 83 1 

0 . 8  0. 1 24 0 .0559 8 . 076 8. 489 0. 545 

1 . 0 0. 1 09 0. 0757 9. 667 7 .632 0. 799 

1 . 2 0. 1 47 0.072 1 2. 3 1 1  6. 273 0. 5 5 5  
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T a b l e  8. EIS  fitting data of polymer coated over Pt surface for 20 cycles and tested in 

E l Y Ru / n.cm 2 

x 1 03 

-0 5 5 305 
-0 2 5 . 866 

0 0  6 2 1 7  
0 2  6 5 5 5  
O �  0. 1 63 

0 5  0 303 
0 6  0. 23 8 

0 8  0. 1 5 7 
1 0 o 1 5 5 

I 2 I 0. 1 63 

TBAHFP I AcN 
Rp I n.cm 

X 1 06 

3 2 1 4  

1 5 47 

7 88 1 

0 3 7 1  

o 1 6 1  

0 029 1 

0. 003 86 

0 .0436 

0 0630 

0 0569 

2 Cr I F.c mL 
X 1 0-6 

2. 1 1 8 

1 . 863 

2. 3 94 

3 407 

6 527 

1 . 234 

0. 838 

4 . 8 3 3  

4. 264 

3 632 

CPE I n-I .sn n 
X 1 0-1 

0 423 0 523 
0 76 1  o 6 1 1 

0. 790 0. 5 5 6  
2. 368 0 544 
4 73 3  0 522 

9 . 448 0 525 
9 . 7 5 9  0 732 

9. 796 0 85 5  
9 965 0 83 9  

8. 932 0 93 3  

T a b l e  9.  E I S  fitt ing data o f  po lymer coated over P t  surface for 5 cycles and tested In 
NaCl / H�O 

E l Y R u l n.cm 2 R p  I n.cm 2 Cr l F.c mz C P E  I n-I .sn n \V x 1 0-1 

X 1 03 X 1 06 X 1 0-6 X 1 0-3 F.cm 2 

-0. 5 3 . 1 5 6 2. 0 1 4  - - - 8 . 82 1  
-0. 2

' 
4. 78 1 2 . 0 1 4  - - - 8. 82 1 

0. 0 5 . 498 l . 9 1 3 - - - 4. 245 
0.2 l .  5 1 9  0 .0375 1 6. 86 8. 347 0. 544 -

0.4 0 .623 0. 0593 28. 54 0.987 0. 522 -

0. 5 0 . 4 5 7  0.0404 24. 3 3  0. 67 1 0. 525 -

0 . 6  0. 242 0. 003 1 6  1 64 . 0  0. 03 1 9  0. 7 3 2  -

0 . 8  0. 2 1 0  0 .0336 4 1 0. 9  0. 0204 0. 8 5 5  -

l . 0 0. 2 1 9  0.0383 1 8 1 . 2 0. 0 1 40 0. 8 3 9  -

1 . 2 0. 1 8 8 0. 0284 1 0. 97 0. 0246 0. 93 3 -

* Used model in figure 20b. 

Table 1 0. E I S  fitting data of polymer coated over Pt surface for 1 0  cycles and tested in 
NaCI / H20 

E / V Ru l n.cm 2 Rp l n.cm 2 Cr l F.c m! CPE I n-1 .sn n 

x 1 03 X 1 05 X 1 0-6 X 1 0-3 

-0. 5 1 . 4 5 3  8 . 849 0. 25 1 2 . 7 4 1  0. 523 

-0. 2  3 . 392 5 . 3 3 1 1 . 540 2. 777 0. 5 5 8  

0.0 6. 1 08 9 . 007 2. 933 2. 004 0. 599 

0 . 2  0 . 44 8  3 . 726 1 4. 96 1 . 824 0. 63 1 

0 . 4  0 . 3 03 3 . 487 1 8 . 2 1  0. 504 0. 600 

0 . 5  0. 3 20 1 . 634 20. 7 1  6. 427 0. 593 

0.6 0. 3 0 5  0. 0 1 64 3 3 . 8 5  8 . 3 23 0. 726 

0. 8 0. 3 02 0 .0438 1 28 . 4  1 7. 03 0. 763 

1 .0 0. 208 0. 1 3 2  426 . 0  1 0. 24 0. 606 

1 . 2 0. 1 97 0. 1 2 1  3 6 . 06 1 8. 1 3  0. 527 

Cc x 1 0-0 

F.cm 2 

5 . 1 2 1  

5 . 1 2 1  

9. 007 
-

-

-
-

-

-

-

78 



T a b le 1 1 . E IS  fitt ing data of  po lymer coated over Pt surface for 1 5  cycles and tested In 
NaC1 / H2O 

E l Y I R u / n.� m 2  R p  I n.em 2 Cd F.c m1 C P E  I n-l .so W x 1 0-1 e x  1 0-6 n 
x 1 0  x 1 05 X 1 0-6 X 1 0-3 F.c m 2 F.cm2 

-0 5  3 .. n o 3 998 - - - 4 03 5  58 00 
-0 :2 1 720 6 998 - - - 1 03 5 5 800 
0 0  I 5 769 0 2 1 7  7. 363 7 482 0 524 - -
0 2  I 0. 43 2 0 0326 27 95 0 25 5  0. 506 - -

0 4  o �99 0 0309 30 09 0 428 0. 569 - -

0 5  0. 289 0 0 1 28 3 6. 7 1  0 04 89 0 657 - -

0 . 6  0 23 0  0 00748 746. 4  0 0743 0 548 - -

0 8  o 1 8 5 0 . 0979 1 936. 0 0 0706 0 5 5 1  - -

1 0  o 1 96 I 0 0739 5 1 5  6 0 0870 0 544 - -

I 2 o 1 49 0 0606 42. 6 1  0 04 1 8  0 5 73 - -

'" Used model In figure 20b 

T a b l e  1 2 . EI S fitt ing data of  polymer coated over Pt surface for 20 cycles and tested In 
NaCI / H20 

E / V R u  I n.cm 2 R p  I n.�m 2 Cr l F.c m 1 C P E  I n-l .so n \V x 1 0-1 Cc X 1 0-6 

X 1 03 X 1 0-6 X 1 0-3 F.c m 2 F.cm 2 x 1 0  

-0. 5 1 . 1 24 6 . 998 - - - 4. 03 5 5 . 800 
-0 . 2  1 . 72 9  6. 3 8 8  - - - 5 . 03 5  2 . 5 8 0  

0 0  1 . 73 4  0 . 64 1 0. 593 8 . 523 0. 549 - -

0 . 2  1 . 364 0. 270 8 .283 0 .433 0. 507 - -

0 . 4  0.469 0 . 0546 3 1 . 70 0. 654 0. 559 - -

0. 5 0. 3 5 5  0 . 03 89 2 5 . 67 0. 892 0. 6 1 2  - -

0 . 6  0. 292 0. 00569 1 9. 66 0. 924 0. 608 - -

0 . 8  0. 1 96 0 . 060 1 1 29 . 5  0. 0 1 3 1  0. 5 3 7  - -

1 . 0 0. 1 82 0. 1 3 6 9 1 . 46 0. 03 23 0. 705 - -

1 . 2 0. 1 5 8 0. 1 89 1 7.46 0. 0243 0. 592 - -

* Used model ill figure 20b. 
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With In the electncal double layer durmg the oX IdatIOn of the polymer However, 

we would expect the results reported m this work to be relatively hlgher than those 

reported m the l lterature [ 1 0  I ] , due to the re latIve thickne ss of the film and the 

dLfferent method used for film formatIOn Polymer fi lms produced by evaporatIon, 

however, possess more surface heterogeneItIes that affect the value of CPE 

Another factor that s hould have a remarkab le effect on shapmg the values obtaIned 

for CPE IS the swel lmg of th e fi lm caused by the solvent/electrolyte mterventlOn 

AgaIn, the unp edance (2) can be represented by th e CPE or the TV component 

ThIS will  depend on the app hed potentIal, the th ickness of the fIlm and polymer 

modificatIOn, Thus, In the regIOns where the sem l -c rrcle radius IS very small (i e ,  

for "fully" oXIdized films), CP E can be assoc iated to the c apacitance of  the spatial 

charge layer formed in the polymer/electrolyte interface.  We will consider the 

transmission lines represented by the Warburg element, and the 

resistance/c apacitance assembly to describe the diffusion through the polymer 

[ 1 3 0] This c ase is usually true when diffusion takes p lace in a medium where the 

mterface precludes the flow of the species and is represented by a hyperbolic 

tangent function [ 1 1 7,  1· 1 9, 1 3 1 ] . Z is estimated from equation (5 )  [ 1  1 9 ] ,  where 

the components of the hyperbolic tangent function T(Ya and B) are used to 

calculate the diffusion coefficient according to equation (6) .  The data for the 

dIffusion coefficients estimated from equations 5 and 6 are dep icted in table 1 5 , 
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( 5) 

( 6 ) 

\'Vhere , L I S  the th lckness of the film and other e lements of the equatIons as 

prevlOusl, descnbed I t  IS lffiportant to take mto account that the diffusIon 

coeffIc Ient, D, IS a combmatlOn of the IOnIC dIffusIOn coeffic Ient D, and the 

electronIC diffusion coeffIc ient component, De [ 1 3 2 ] .  Therefore, the ratIo of D,IDe 

depends on the conductive nature of the fi lm Thus, as the polymer film 

approaches ItS ' fully" conductive state (1 e when Eappl > 0 4  V) De » D,. The 

film thickness,  on the other hand, wIll stIll play a maj or role m control lmg the De 

values, namely when the morphology of the different layers of the film start to 

differ considerably The variatIOn displayed in the capacitive and constant phase 

e lement suggested that the polymer film serves the purpose of a variable capacitor. 

4. Hybrid polymerlinorganic layer 
In th is set of  experiments, a polymer fi lm was formed using 5 or 1 0  cycles of 

an applied potential ramp to the platinum substrate and the resulting organic layer 

was dip-coated with a sol-gel solution for 1 or 5 minutes .  The resulting 

polymer/inorganic hybrid has the fol lowing suggested structure as indicated in the 

schematiC d iagram o f  figure 2 3 .  Several considerations wil l  be taken at this point, 

thus, the conducting polymeric film (P) is relatively thicker than that of the 

morganic layer (1).  The conducting polymer film is porous in nature and less 

dense compared to the inorganic layer. Figure 22 shows impedance plots for 
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polyC -methylthlOphene ) (fonned wIth rampmg the potentIal between -0 5 V and 

I - \' for 1 0  c c les)  grafted on platmum wire ( I  mm dIameter) and covered WIth 

a sol -gel la, er ( fired at 3 50 °C)  by dip-coatmg for 1 m Inute The 1 J quist 

diagrams of the polymer layer WIthout modIficatIOn did not dIsplay a well-defined 
� .. � . .  

semic Irc le when samples were analyzed up to high frequency I lmlt used (ca. 5 .0 

kHz) The occurrence of the semIc irc les depicted m figures 22(a)  and 22(b)  

suggests the posslbd lty of mter- and/or mtra-c luster lomc migratIOn A SImilar 

findIng \\ as suggested earl Ier In the lIterature for other granular systems [ 1 3 3 ]  I f  

w e  cons ider the P IT/Sol-gel mterfac e as a heterogeneous layer, where mdividual 

grams in the morganic layer are m contact with each other at the PMT/inorganic 

boundarIes Therefore, the a .c .  response may be analyzed mto two paralle l  or two 

senes e lements representing the intra- and/or the inter-granular and the 

film/electrolyte interfaces, respectively. The parallel model was assigrted in case 

of relative ly thin inorganic coating and the series one for the rather thicker layer. 

The capacitance associated with the presence of grain boundary regions is always 

larger than the bulk capacitance of the film. This is because the grain boundary 

regions are thlfiller than the organic conducting film. In most cases, migration 

across gram boundaries IS highly restricted and therefore, the mter-grain 

reS Istances are larger than the internal resistance of the film despite the fact that 

gram boundanes be ing thmner. As expected, two semicircles should be observed 

for granular containing films [ 1 3 3 ] .  The first one (at relatively high frequency) 

will be assIgned to the bulk capacitance and bulk resistance ( intra-film ionic 
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migratIOn),  and the second one expresses the capac i tance and resistance associated 

wlth the gram boundary regIOns ( I llter-c luster IOll lC migratIOn) Thus, the yqUlSt 

dlagrams obtamed at room temperature for the orgall lc c onductmg polymer ftlm 

h bndlzed \ Ith the Illorgalllc l ayer were fitted uSlllg the R(RC)(Q) or the R(RICW) 

eqUIvalent C lfCUlt 

!vi 

Figure 2 3 .  Schematic diagram representing the structure of sol-gel modified 
conducting polymer over a platinum substrate 

R, C, Q and W represent resistance, capacitance,  constant phase element, and the 

Warburg element, respectively. The candidate was not able to model the data by 

any eqUlvalent c ircuit that IS composed entirely of frequency-mdependent 

components . The CPE and W components had to be included in order to explain 

circular arcs  whose centers lay below the real axis. The CPE is generally 
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expressmg the distrIbution of the current density along the polymer swface as a 

re sult of surface non-homogeneity [ 1 "  4 ] Tab les 1 3  and 1 4  show the polanzatlon 

re slstance, Rp, the Warburg element, W, the fi lm capac itance, Cc, and the 

mterfac lal res istanc e, RII values for platmum/polymerlinorgamc system The 

results display the effect of changmg the thickness of the polymenc layer and the 

dlPpmg time used to deposIt the morgamc film The following observatIons could 

be made from the data of tables 1 3  and 1 4  ( \ )  the OhmiC resistance, R'b assoc Iated 

with the modified film/e lectrolyte mterface decreased apprecIably when compared 

to the non-modlfied film (ca a difference of one order of magmtude) Th iS 

behavIOr mdlcates that the mter-c luster lonic migratIOn was facllitated The later 

observation is because the ionic inclusIOn increases as the applIed potentIal 

approaches the oxidatIon potential of the system. It is also c lear that as the apphed 

positive potential decreases, cf. figure 22, the semicircle start to be ill  defmed, and 

the separation between inter- and/or intra-cluster ionic migration and electronic 

conductIOn could not be identified. In summary, when the inorganic phase was 

mtroduced into the polymeric matrix, notlceable changes in impedance behavior 

(ca. figures 2 8  and 29) ·and in film morphology (as will be indicated later) were 

observed. It could be noticed that the obtained diagrams do not represent perfect 

semiC irc les that is generally attributed to the frequency dispersion. They present a 

capaCitive loop that increases in diameter when the applied d .c .  potential 

decreases .  This indicates a dramatic change in the conduction mode through the 

film .  The semicircle at the high frequency region starts to be followed by a 
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Ta b l e  1 3 . EIS fittmg data of po lymer/inorgan ic layers coated over Pt surface for 
1 0  cycles (polymer)/ l mm ( morgamc layer) and te sted m TBAHFP I AcN 

E / V  I Ru I n.cm ! Rp I n.cm ! W x 1 0-l Cc x 1 0-:> 
I X 1 02 X 1 05 F . c m !  F .cm 2 

-0 5 I 1 990 0. 3 78 3 2 1 5  2 8 58 
-0 2 I 7. 1 5 1  2 . 1 28 3 . 8 56 7. 804 

,, 0. 0 6 60 1  2. 529 3 . 5 62 5 8 1 7  
0 2  1 . �95 5 . 3 86 2. 765 3 697 
0 4  I 1 474 59.93 2 . 9 5 8  8 4 80 
0 5  I 2. 1 3 8 6 429 2 . 9 5 8  84 84 
0. 6 I 1 . 027 5 429 1 . 9 5 8  8 48 5  
0 8  7 302 2. 658 1 . 5 3 5  I 1 8 . 02 
1 . 0 I 1 . 3 72 0 . 3 98 1 . 224 I 1 1  69 
1 :2 3 3 1 8  0 . 3 1 3  1 . 1 7 1 9 9'"'9 

Ta b l e  1 4. EIS fitting data of po lymerlmorgamc layers coated over Pt surface for 
1 0  cycles (polymer)/5 min ( inorganic layer) and te sted in TBAHFP I AcN 

E / V  Ru I n.cm 2 R p  I n.<:.m 2 Cr l F.cml CPE I n-l ,sn n 
X 1 02 X 1 0:' X 1 0-6 X 1 0-3 

-0. 5 1 . 098 0. 1 08 1 . 57 1  1 . 264 0. 699 
-0. 2

" 
1 .267 0. 1 70 2. 246 1 . 73 5  0. 73 1 

0. 0
' 

1 . 401 1 . 63 5  4. 499 3 . 25 6  0. 792 
0. 2 1 . 3 8 5  1 . 283 5 . 43 4  3 . 229 0. 9 1 5 

0 .4  1 . 3 29 1 0. 79 3 . 444 2. 83 0 0. 782 

0. 5 1 . 1 46 0. 925 1 . 768 1 . 3 6 7  0. 7 1 0  

0. 6 1 . 098 0. 636 1 . 63 1 1 . 28 1 0. 707 

0. 8 1 . 069 0. 675 1 .  8 1 1 8 . 5 3 2  0. 67 1 

1 . 0 1 . 1 3 1  0. 1 3 2 1 . 790 5 . 926 0. 646 

1 . 2  9 .483 0. 1 28 1 . 1 76 2. 522 0. 5 5 2  

change t o  a straight l ine for Eappl. < 1 . 2  V.  In the later case, the contribution o f  the 

bulk capacitance associated with the dielectric polarization of the polymer chains 

caused by the alternating fie ld starts to be real ized. At high frequencies, on the 

other hand, the impedance of the bulk resistance, Rp, and capacitance, Cr or Cc, 

approach the same magnitude. B oth resistance and c apacitance of the bulk 
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contnbute s lgmflcantly to the overall unpedance Therefore, for re latl ely smaller 

dIppmg tIme (ca 1 mmute) for inorganIC fi lm deposIt IOn, the eqUIvalent C lICUlt 

used IS that dlspia ed m figure 20b and that of figure 20a wdl be used to model the 

film beanng th icker morgamc layer ( l l )  At the relatIvely low frequency ranges 

jCc makes a neglIgible contnbutlOn to the unpedance and the straIght lme starts 

to develop m the complex unpedance plane The low-frequency response carries 

mformatIon on the fIlm-system/electrolyte mterface. Moreover, at any pomt from 

the stan of the development of the straIght lme (1 e at the offset of the semI

c Irc le)  

( 7 )  

Where Z" i s  the value of  the imaginary part of the impedance a t  a frequency co ,  Ru 

IS the effectIve d .c .  res istance at the so lid/liquid interface and CJCc IS  the film 

capacitance .  The h ighest values for Rp, and C/Cc were observed in the case of an 

applied potential of +0 . 4  V and +0 . 5  V, respectively .  ( i i i )  The effect of changing 

the thI ckness of the inorganic layer was reflected s l ightly on the decrease in the 

values of Ru, Rp, and C values respectively (cf. tables 1 3  & 1 4 and figures 24-27) .  

The data proves that as the thickening time for the deposition of  the inorganic 

layer mcreases the rate of charge transfer at the film/electrolyte interface increases 

and the capacitive charging of the film decreases.  Many factors would contribute 

to thIS fmdmg; the capacitIve loop increases as the film thickness decreases as 

depicted in figures 2 5  a and 25b,  the bulk and film/electrolytic frequency ranges 
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( 1  e the re latlvely large and medium frequency ranges, respectlvely as mdlcated by 

reglOns I and I I  m figures _7  a-c ) are almost Identical as depicted m figures 26a 

and _6b,  and the noticeable change was m the low frequency ends as the charge 

transfer wlthm the flim prevatls the process of conduction I t  was Important to 

notice that departure from eqUlvalency of unpedance behavlOr was noticed for 

films subjected to extreme potentials of dopmg and un-dopmg as shown m figures 

273. and 27d respective ly 

Ta b l e  1 5. Electrochemical data from s unulatlOn calculatlOns 

F i l m EappL / V CPE / .0.1 sn N 

P M T  -0 2 2 . 788  X 1 0'
J 0.6 

0 .0  4 . 1 0 1  x 1 0.3 0 .6  

+0. 6  2 .050 x 1 0.3 0 .9 

PMT + -0.2  - -

I n o rg.  0.0 - -

F i l m  +0.6 - -

Y / ill ·2 0. 5 
o em s 

2 . 77  x 1 0.3 

3 .4 5  x 1 0.3 

9 . 8 1 X 1 0.3 

2 . 88  x 1 0.3 

3 .50  X 1 0.3 

3 .00 X 1 0.3 

B (SO.:l) Di / cm2 S· l 

0 .97 6.24 x 1 O'� 

0 .84 3 . 76  x 1 0.9 

0 .80 1 . 1 7  x 1 0.8 

2 .90 1 .05 x 1 0''1 

3 . 3 8  3 . 66 x 1 0.10 

3 . 80 1 . 08 x 1 0. 10 

One unportant aspect of the utilization of thiS c lass of  materials is the charge 

storage capability and the faci l i tation of the reverslble charge/d ischarge -ability. 

Thus, the evolution of the charge-storage capacity of the modified films of this 

c lass of conducting polymers with the applied potential is shown in figure 30a. A 

c lear increase in this  capac ity as the potential becomes more anodic is observed. 
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The charge storage capac ity has ills lgmficaflt values at potentIals where the film IS 

ill a neutral (I e 'V hen the fi lm possess a re latively high resistance )  state, and at 

re latlvel h igh positive potentIals where the fi lm IS "highly" OX idized This 

vanatlOn m the capac ity With potential can be explamed quahtatlvely If we take 

mto cons ideratIOn that the capaC Itive processes are assoc iated Wlth charge 

displacements At cathodiC potentials, the PMT ftlm IS  m re latively low 

conductmg state and IS formmg polar s ites that, prevents the tranSlt of IOns across 

the films The amount of charge able to move m thiS medium IS low and the 

resultmg capac ity IS also low At more aflOdlC potentIals the polymenc medlUm IS 

more polar smce the P MT IS approaching ItS oxidized and fully doped state [85 ] ,  

afld with amons compensating the positive charges in  the polymeric chains 

Therefore, the amount of charge able to move in this polar medium is  greater afld 

the c apacity increases .  The evolution of the capacity with potential is s lffiilar to 

that observed on a voltarnmogram measured in the presence of the supporting 

electrolyte . Moreover, voltarnmograms measured with only capacitive charge 

passages taken into account [ 1 02] ,  are in good agreement with the results found in 

thiS work. A possible explanation would be that the polymer film behaves as a 

variable capacitor. The unique shape of the voltarnmogram would be due to the 

particular variation of this capacity with the doping level of the polymer that 

varies with the applied potential . A general increase in the charge storage capacity 

as the thickness of the film increases was also observed. This can be noticed as 

displayed in figure 3 0b .  When comparing the polymer flim with that modified 
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wlth an inorgan ic layer we found that the capac itive nature of the system 

Increase as ind icated in figure 30a. A possible explanation of thi s  phenomenon is 

that the inorgan ic layer composed mainly of inorgan ic cross- l inked s i l icate and 

doped with i ron, works a second level storage capacitor that forbids the saturation 

of the charge compensation at the organic polymer fi lm boundary. A model is 

proposed in figure 3 1 .  

M 

Figure 3 1 .  Schemat ic diagram representing the capacit ive nature of the sol-gel 
modified conducting polymer over a plat inum substrate 
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3. 5 Characterization of the inorganic Film material 

3. 5. 1 Thermogra vimetric analysis 

TG-DTG of the! dried gel precursor for the fi 1m materia! carr ied out in  

hel i um and a i rtlow are shown i n  Fig .  3 2  and Fig .  33,  respect ively. The 1 G curves, 

exh i bIted a total we ight loss amounts to 39.97 and 4 1 . �n% upon heatmg from 

room temperature up to 600°C i n  hel ium and ai rflow, respectively. The TGA 

curve for the analysi s  carr ied out in hel i um shows a group of peaks at 1 52, 1 9 1 ,  

267, and 395°C . The correspond ing TGA curve for the analys is carried out in air 

shows a s imi lar group of peaks at 1 5 1  1 99 26 1 ,  and 3 52°C, however. The shift ing 

of the DTG peak observed at 267°C ( i n  hel ium) to 26 1 °C ( i n  air) indicates its 

associat ion with combustion of organic species. This also reflected from the 

sharpening of the peak in the case of air (Fig. 33 )  in comparison to the case of 

hel ium (F ig. 32), respectively. The other DTG peaks observed at 1 52 and 1 9 1 °C 

( in  hel i um) or at 1 5 1  and 1 99°C ( in air), may be due to the loss of adsorbed (or 

inc luded) water and organ ics, see FTIR  results below. 

Figure 34 shows typical TG-DTG curves for a module fi lm deposi ted on a glass

s l i de ( used for l i ght microscope) and previously dried for 24 h at 60°C . The TG 

curves ( i n  a i r) exhibited a total weight loss amounts to 2 1 . 89% upon heating from 

room temperature up to 600°C . This value is much less than the value observed for 

the bulk precursor ( non-fi lm sample) .  Th is  observation ind icates that effective 

evaporation of the solvent and lor adsorbed material was achieved during drying 

of the module film at low temperature (60°C). 
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TGA c urve for the module film shows a large maXIma, which starts at 1 00°C, ends 

at � 280°C, and maX lITllZe at 1 84°C However, more than 1 7  1 2% weIght loss (out 

of 2 1  89° 0 total weight loss) occurred by the end of th is peak . In addIt IOn, other 

millor peaks were recorded at 326 and 4 1 9°C, which are assoc Iated wlth hydroxyl 

group condensatIon and cross-I mk illg of the module film matenal 

Table 1 6  shows welght loss % recorded upon heatillg of portIOns of the dried gel 

precursor matenal from room temperature up to a senes of succeSS lve 

temperatures ( 1 00, 1 5 0 ,  200, 250,  300, 3 50, 400, 500, and 600°C)  Heatmg was 

carned out at l OoC/mm up to the des rred temperature and then fo llowed by 

holdmg at that temperature Isothermally for 60 mm in flow of helium. 

T a b l e  1 6 ' weight loss % recorded upon heating of the dried precursor for the film 
material from room temperature up to a series of successive  temperatures.  

Temperature, °C Weight Loss % 

1 00 1 4 .995 

1 50 25 . 55 1 

200 30 .887 

250 34 .747 

350  34 .766 

400 3 5 . 753  

500 36. 597 

600 36. 1 32 
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The table i nd icates that, most of the recorded weight loss occurred at 300cC . In 

l I ght of the above TGA results and the FTIR  results ( see below), 

350cC calc inations temperature for the test fi lm was selected as an opt imum 

temperature, wh ich i s  h igh enough to perm it the proposed Fe203/S i02 composite 

film format ion and mi ld enough to prevent severe deformat ion of the conducting 

pol mer la er. 

3. 5. 2 FTIR spectroscopy 

Figures 35a and 35b show FTIR results for the sol id produced by pyrolysis of the 

bulk precursor matenal, obtained by heat ing of the dried precursor for the film 

material from room temperature up to a series of successive temperatures ( 1 00, 

1 50, 200, 250, 300 350, 400, and 500CC), as described previously for the TGA 

analys is .  The Spectrum observed for the material heated at 1 00ce show a group of 

peaks at 450, 792, and 1 070 cm,l , these peaks posit ion are very s imi lar to the 

peaks reported for completely hydrolyzed s i l ica gel at 460, 800, 1 080 em' ! , 

respectively [ 1 3 5 1 36) . Thus, the 1 070 em'! band is assigned to Si-O-S i  

asymmetric stretching mode, the �800 cm'l peak is assoc iated with S i -O-S i  

symmetric stretch ing mode. and the 450 cm'l v ibration is ass igned to Si-O-S i  

bending mode . The absence of  any dist inct peaks in the  2800 - 3000 em'! region 

ind icate the complete hydrolys is of the TEOS and that re-esterificat ion of s i l ica gel 

during drying was not occur. 

The broad bands cenered at �3440 em' ! assigned to various i solated and hydrogen

bonded S iO-H stretching vibrat ions, the 1 628 em'! assi gned to the stretch ing mode 
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of the molecularly adsorbed H20. Other peaks observed at 1 388, 1 69 1  cm- 1 are 

ass igned to adsorbed n i trate and fonnamide species ,  respect ively. 

Upon heati ng, the adsorbed n itrate and fonnamide spec ies are effectively desorbed 

as low as 250°C see Fig 3 5a, note that fonnamide boi l ing point i s  2 1  O°e . Samples 

heated at >250°C ind icted complete desorpt ion of the nitrate and organic species .  

No much changes were observed upon heat ing the precursor material at 300°C and 

up to 500°C, see Fig 35b .  

3. 5. 3  SEM microscopy 

SEM micrograph of the dried module fi lm obtained on glass substrate is 

shown in Fig. 36 .  In spite of the observed crack ing, due to the th ickness of the 

module fi lm, it was cohesive and wel l  adhesive to the substrate. Coherent area as 

wide as 20 - 30 J.lm was observed. The fi lm thickness was observed by t i l t ing of 

the sample holder by 45° angle, Fig. 3 7, under the electron beam, a th ickness of 3 -

4 J.lm was est imated .  SEM micrograph of a module fi lm calcined at  3 50°C for 60 

min, Fig. 38 ,  showed the development of some poros i ty and the evolution of micro 

grain boundaries . 
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3. 6 Surface, spectroscopic, and thermal characterization of the 
po(vmerlinorganic hybrid/Urns 
In order to ascerta in the aforementioned suggest ions regard ing synthes ized 

film beha ior and characteristics, surface investigations were inev itable in order to 

gather further information of the structural aspects of the fi lm .  Three important 

mea urements were performed on the as-grown films, namely scanning electron 

microscopy ( SEM), energy dispersive X-ray analys is (EDXA), and Fourier 

transform infrared spectroscopy (FTIR) .  

3. 6. 1 Scanning electron microscopy of PM T and polymer/inorganic hybrid 

Scanning electron micrographs of PMT thin fi lms showed that the surface 

is regular and homogeneous and does not show the spheroid-l i ke defects of other 

conducting polymers [ 1 37 ] .  F igure 39a depicts the SEM of a PMT formed upon 

scanning the appl ied potent ial between -0.2 V and + 1 . 75  V (vs. Ag/AgCl )  for 20 

cycles . The fi lm is expected to have a thickness of about 40 !J.m, however, i t  

showed a relat ive homogeneous structure with wel l -defined defects after heating at 

350 °C for 1 5  m inutes . A porous structure was also expected for relatively th ick 

fi lms as was found earl ier with s imi lar polymeric classes [ 1 38 ] .  For the sake of 

comparison the candidate prepared three samples; for the fi rst, a polymer layer 

was deposi ted at plat inum substrate and its SEM picture is depicted in figure 39a, 

for the second an i norganic layer was depos ited at a platinum substrate and the 

coating process took 1 m inute (cf. figure 40a), the th i rd was a polymer layer 

coated with the inorgan ic layer and its SEM picture is shown in figure 4 1 a. AU 

samples were heated accord ing to the fol lowing scheme : the fi lm was fi rst washed 
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thoroughly with de-IOnized water and then subjected to drying in oven at 60 °C for 

30  mmute s, then was " fired" at 3 50 °C for 1 5  minutes . The samples were then 

des ic cated and presented for the surface measurements . As could be noticed for 

the morganic layer-covered platmum (cf. figure 40a), the film is mainly formed of 

a cracked sil icon layer forming platelets of average dlIllens ion of about 5-20 ).lm .  

The crackmg of the film i s  mainly due to the incompatibility between the thermal 

coeffiC Ients o f  the fi lm and the substrate. The film IS mainly composed of oxygen, 

SIlIcon, and iron with elemental composItIon of 1 8  3 4%, 8 .29%, and 1 42%, 

respectIvely (and the rest composition IS  platinum) It is obvious at this stage that, 

the fi lm contains iron-doped s il icon oxide . EDXA diagram for this film is given 

m figure 40b. The morphology of the resulting fIlm after modifying the polymer 

with the inorganic hybrid depended on the thi ckness of the organic layer substrate 

and the time of depo sition of the inorganic layer. Thus, as shown in figure 4 1  a for 

20 cycles organic polymer/ 1 minute inorganic layer, a one-minute coating resulted 

in nicely d ispersed particles of diameters ranging from 20 - 1 00 nm .  The maj ority 

of the particles though are in the range of 20 nm. The near perfect distribution of 

the p articles indicates iliat the nucleation of the inorganic particles takes place at 

some specific active centers at the polymer surface.  This fmding is of prime 

importance, namely for the field of surface catalysis . The structure of the film as 

revealed by the EDXA analysis (cf figure 4 1  b )  showed the incorporation of the 

inorganic particles with identical composition as that depicted in figure 40b. The 
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film composltlOn is oxygen ( 3 4 . 5 4% ), c arbon ( 1 9 3 1 % ), silicon ( 1 1 . 29%), sulfur 

(7 85%),  Iron ( 1  3 6% )  and the rest composltlOn IS platmum. L arge deposltlon tIme 

(ca 1 0  mmutes) re sulted 1fI an irregular lfIorganIc film that showed accumulatlOn 

of the partlCles m the form of chunky plates as shown in figures 42a and 42b 

Average t Ime of depos Ition (ca. 5 minutes) resulted in inorganic particle well 

lffibedded m the polymer fi lm as depicted in figure 43a I t  is obvious that the 

phases o f  the film are dlstmctly different in the three cases displaye d 1fI figures 4 1  a 

- 43a.  Thus, whlle a two phase d IscriminatlOn are Identified in SEM mIcrograph 

of figure 4 1  a for the polymer and the inorganic partic les, a thick layer of non

defmed phase separation was found for the long period dipping in the morganic 

coating e lectrolyte (cf. figures 42a and 42b), and a unique half-submerged 

inorganic particles of silica doped with iron in the organic polymer melt matrix as 

shown in figure 4 3 a. It could b e  explained at this stage that the electrical 

properties described in the previous sections of the polymer/inorganic "hybrid" are 

in good agreement with the fmdings of the S EM experiments . For instance, the 

small time of deposition resulted in the "distinct" p hase separation between the 

organic fllmJinorganic 'particles that was manifested in the relatively h igher 

polarization resistance, Rp, and capacitance, Ce, and the use of the modeling c ircuit 

that employed a "Warburg" component that expresses the charge diffusion across 

the electrolyte/film interface. The relative increase in phase homogeneity as 

shown in figure 4 3 a  b etween the organic polymer phase and inorganic phase 

resulted in a relative decrease in both Rp and Ce values .  
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3. 6. 2 Fourier transform infrared spectroscopy of PM T and 
po(}'merlinorganic hybrid 

The current infrared invest igat ions \-\'ere aimed to provide molecular-scale 

m format iOll  about the polymer fi l m  beton;; and after mod i ficat i o n .  The i norgan i c  

layer was prepared trom the s i l icate precursor, TEOS, USIng an acid-catalyzed 

process with a large excess of water in the present work . Therefore, it would be 

advisable to be guided by the assigned framework vibrations c i ted by Bertoluzza 

[ 1 39J Thorpe [ 1 40J ,  and Galeener [ 1 4 1 ] . The major features of the I R  bands were 

thus observed at 460. 800. 1 080, and 1 220 cm' l . for the s i l icate precursor, TEOS . 

Figures 44a and 44b d isplay the FTfR spectra of KEr pressed pel lets of un-

mod ified PMT and hybrid PMTlinorgan ic fi lms, respectively. The number of 

scans col lected at a resolution of 2 cm't and with an accuracy of 0 .004 cm' l , was 

48 for both samples. The fol lowing conclus ions could be withdrawn from the 

spectrum displayed in figure 44b; the sharp (and relat ively broad) band at 1 084 

cm' t is ass igned to S i-O-Si asymmetric stretch ing mode, and the 8 1 9  cm'! 

v ibration i s  assoc iated with symmetric S i-O-S i  stretch ing or vibrat ional modes of 

ring structures. The wel l-defined vibration peak at 463 cm' ! could be assigned to 

S i-O-Si  bending mode [ 1 39] .  Hydroxyl groups are eminent when correlating the 

bands at 974 cm' ! that is assigned to S i -OH stretch ing, a broad band centered at 

3304 cm'! that is assigned to i solated hydrogen-bonded S iO-H stretching 

vibrat ions and hydrogen-bonded water. We can sti l l  not ice in the same spectrum 

of figure 44b shoulders superimposed on the broad band namely at �3200 cm'! and 
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-3500 cm- I , respect ive ly. The assignments of the principal absorption bands are : 

the group of bands between 856 cm- I and 633 cm-! are characteristics of the C-H 

out-of-plane vibrat ions. the absorpt ion band at -840 cm- I is attri buted to the ring 

C- H out-of-plane bending vibration, which is spec ific for the 2,5-disubstituted 

th iophene ri ngs, the peak appearing at 1 470 cm- ! i s  attributed to the stretching 

vibration of the 2 ,3 ,5-trisubst ituted thiophene rings, and the band at 1 3 87 cm-I can 

be attributed to the deformat ion vibrat ion of the methyl group. The previous 

results are in good agreement with those ment ioned earl ier in the l i terature [ J  42] . 

The important observation is the sharpening of the fol lowing peaks in the case of 

the organ icl inorgan ic hybrid fi lm :  1 327 cm- I , 1 3 85 cm- I . and 1 686 cm- I , 

respect ively. At th is stage no further explanation can be given to explain the 

appearance of these sharp peaks, however, local Fe-Si oxide formation (Fe being 

the dopant used during the synthes is step), and the presence of the absorption peak 

at -530 cm- l is due to the FeO v ibration as i nd icated earl ier [ 1 43 ] .  Size effects of 

the nano- to m icro-scale particles hybridized with in the polymer matrix would 

have also an effect on the sharpness of these peaks. 

3. 6.3 ThermaL gravimetric anaLyses for the unmodified and modified poLymer 
films 

Thermal analyses were necessary to investigate the changes imparted to the 

as-grow11 polymer fi lms and the hybrid samples. F igures 45a and 45b display the 

thermal grav lmetnc analysis (TGA) and d itlerential thermal gravImetric (DTG) 

data for the unmodified and modified polymer fi lms, respectively. TGA curves 
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were p lotted as we Ight losses as functIon of temperature, whIle DTG curves were 

plotted as the rate of weIght change as a functIOn of temperature [ 1 42 ] . 

Companng the data of figures 45a and 45b, the followmg analyses and 

conc lusIOns could be wIthdrawn 

Both c urves dId not display a plateau at the onset of heatmg. On the other 

hand, both samples showed however, weIght loss regIOns afterwards and 

the thermal behaVIor of both samples differs notIceably onward. 

The TGNDTG behaVIor of figure 45a for PMT showed a relatIvely small 

and early mflectIOn at ca. 3 8 .24 0 c . The later is followed by a sharp and 

large inflection at ca. 92.93 0c . At this stage, about 1 8% of we Ight loss of 

PMT is noticed. This could be j ustified by the cons iderable solvent and 

electro lyte uptake of the polymer film during the synthesis step. A similar 

one-step peak of inflection at which similar trend was observed for the 

PMTfInorganic hybrid was recorded at ca. 1 3 3 . 20 ° C  as shown in 46b. The 

silica-based flim apparently stabilized the first (solvent/electrolyte) weight 

loss that resulted in such a temperature shift of ca. 40 ° C .  

" 

In figure 4 S a  a series of successive peaks appeared at 1 69. 7 1  °C,  208 .66 °C, 

3 3 5 . 82 °C,  5 96.05 °C,  and 8 1 8 . 26 °C,  respectively. The weight losses for 

these temperature transitions are : 25%, 3 8% ,  5 0% ,  80%, and 96%, 

respectively. The first weight loss could be attributed to the reorganization 

of the polymer chains that resulted in the decomposition of short superficial 
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chams The sharp Inflection at ca. 3 35  82 °C IS due to the full phase 

trans Ition of the PMT films to a glassy state . After this temperature an 

mcrease m the po lymer fi lm volume IS expected and accompanied WIth 

decompOSItion ThIS is noticed with a ca 80% of weIght loss that reaches 

near completIon (98 1 5%) at 8 1 8  26°C 

In figure 45b different thermal behaVIor of the polymer/inorganic hybrid 

could be notlced at temperatures higher than 1 3 3 20 °C. FlfSt, the rate of 

weIght loss is s lower compared to the case of PMT Second, the 

stabilization of the polymer phase change and degradation continues WIth 

the presence of the inorganic phase . A full degradation was still observed, 

however, as the temperature of ca.  8 1 8 .26 °C was reached. At this 

temperature, a total weight loss of 50.25% was reached and the formation 

of Si and Fe oxides is expected at this stage (cf. thermal behavior of pure 

inorganic phase). 

The shifts in the temperature of inflections when companng both figures is 

attributed to the phase interchange between the organic and inorganic layers . 

Cham mobility would  also be expected to be restricted in the case of modified 

polymer layers with the coating of the inorganic phase .  Two diffusion trends 

would also be suggested, thus, as two-dimens ional chain migration and 

reconstruction is expected for the organic polymeric layers, an inward three-
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dImens ional d iffusion of the inorganic layer wi th in the polymer layer is l i kely to 

take place 

3. 6. 4 X-ray diffraction anaLyses 

XRD e 'periments were performed on the organic conducting polymer and on that 

modified with inorgan ic i ron-doped s i l ica based fi lms. XRD data for the organic 

polymer film did not display any recognized feature for the presence of a semi

crystal l ine or metal l ic feature with in the film. Figure 46 depicts XRD data of an 

i ron-doped s i l ica based conduct ing polymer fi lm.  Five dist inct peaks at ca. 

36.065°, 37 . 1 30°, 39 . 565°, 42. 840°, 45 .940°, and 46.735° were observed . These 

relat ive ly strong l i nes were matched with the tetragonal systems of "cri stobal i te", 

st ishovite S i02, and "cl inoferros i l i te" FeS i03 minerals d iffraction patterns [ 1 44] . 

The 2-theta and the d-values spac ing comparison pointed to (hlcl) values of ( 1 1 2), 

(20 1 ), (0 1 1 ), (2 1 1 ), and ( 1 1 1 ) . The fact that the peak width of the relatively h igh 

intense l ine ranges in the order of 0.280 (°28) i nd icates the nano-scale d imens ion 

of the i norganic particles. 
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CONCLUSIONS 



In tius thesIs,  the candIdate were able to electrochemically synthesize 

poly(3 -methylthiophene). The electro-polymenzation was possible in presence of 

TBAHFP / Ac The th Ickness of the deposited polymer layer was controlled by 

the amount of charge passmg through the electrolytic cell .  EIS measurements 

proved that the electrIcal properties of the film depended on the applied "bias" 

potential . Thus ,  a mixed IOlllc/electroruc conductance starts to predominate as the 

polymer film approaches its oxidatIOn (doped) state. Moreover, the diffuSIOn part 

that IS  usually represented by a 45° straight line in the yquist plots and is due to 

the charge transport IS not identified when the fi lm is oxidized. On the other hand, 

the influence of the film thickness on the impedance spectrum was pronounced. 

The changes found in the resistance and capacitance of the film was attributed to 

the changes in the morphological aspects of the film . Thus, the merging of the 

flim towards pure capacitive behaviors took place at the transition frequency 

where the semicircular shape of the impedance curve changes to a l inear part of 

90° phase angle .  It was found that as the film thickness increases, the transition 

frequency shifts towards lower values and the 45° line is enlarged. This behavior 

was explained in tefID:S-. of the increase of the fmite diffusion length and was 

assigned to the homogeneous model .  Testing the film in different electrolytes 

showed dramatic differences . For instance,  the hydrophobic nature of the polymer 

flim did not favor ionic diffusion through the chains that increased the film 

resistance and lowered the intrinsic capacitance of the fi lm. The experimental data 

were compared and modeled using "electrical equivalent circuits" . The results 
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mcely fitted s unulatlOn with modified Randles C lrcUlts A constant phase e lement 

or a \Varburg element v;as used to s unulate the dlffus lOn c omponent 

Cpon modi fic ation of the orgamc polymer film With the morgamc layer, the 

mtrmslc capac itance changed remarkably A model was proposed to descnbe the 

charge accumulatIOn at the polymerlmorganlc  layer mterface The concept was 

better VisualIzed from the Eivl pictures that revealed the mc lusion of nano

pam c l es mto the polymer matrix The fonnatlOn of a hybnd organ lc!morgamc 

layer was there fore pOSSible m tills work frame The type of bondmg between the 

two phases cannot be c oncluded at th iS stage of the present work . However, FTIR 

measurements showed the presence of S i-O and Fe-O bonding along with the 

featured polymer film VIbrations . Moreover, TGA proved that the inorganic layer 

(WIth metal doping) resulted in more stab il ization in the film thennal properties .  
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