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NANOSTRUCTURED MATERIALS BASED ON CARBAZOLE 

COPOLYMERS 

SUMMARY 

The interaction between the components of  composites have generated a new 

domain to materials with uncommon properties. The composites are prepared by 

various nanostructured components such as inorganic oxides, organically modified 

clays, carbon nanotubes and graphite. 

Clays are composed of layered silicates. The more commonly used layered silicates 

(montmorillonite, hectorite, and saponite) are tetrahedrally substituted. Organically 

modified clays are produced from natural smectite clays consisting of two fused 

silicate tetrahedral sheets sandwiching between octahedral sheet of either magnesium 

or aluminium hydroxide, by substituting the alkali and alkaline earth cations situated 

inside  the layers with organic ammonium or quaternized ammonium salts 

Carbon nanotubes (CNTs) have received much attention for their many potential 

applications such as nanoelectronic and photovoltaic devices, superconductors, 

electromechanical actuators, electrochemical capacitors, nanowires and 

nanocomposite materials.  

Graphite is like CNT,  a carbon allotrop used to improve conductivity. Pristine 

graphite is composed of carbon sheets separated by layers such as smectite clays. 

Poly(N-vinyl carbazole) PNVCz is a well known photoconductive polymer with high 

Tg (227
o
C) and low conductivity in the insulating state (~10

-15
 S/cm).   

In this  thesis, we have mainly tried to improve the conductive properties of PNVCZ, 

by using nanostructured materials such as montmorillonite (MMT), multiwall 

carbonnanotube (MWCNT) and graphite and so by synthesizing copolymers and/or 

composites. 

 

Figure 1: Free radical polymerization of N-vinyl carbazole with monocetyl 

itaconate. 

The copolymers of NVCz with acrylic acid(AA), itaconic acid (IA), N-

isopropylacrylamide (NIPAAm) and monocetyl itaconate (MCeI) as hydrophilic , 
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hydrophobic and hydrophilic / hydrophobic comonomers having different 

composition were synthesized by free radical solution polymerization in 1,4-Dioxane 

with AIBN (1.0 x 10
-3

 mol / L) at 50
o
C under nitrogen atmosphere (Figure 1). The 

total monomer concentration of 1.0 mol / L was kept constant while the feed ratio of 

the monomers was varied. 

The compositions of these copolymers were determined by Ultraviolet (UV) and 

Fourier transform infrared (FTIR) spectroscopies (Figure 2).  

The monomer reactivity ratios were computed by application of extended Kelen-

Tüdós (EKT) method at high conversion, which is one of the conventional 

linearization methods, and found to be rNVCz = 0.29 and rNIPAAm = 0.12, rNVCz = 0.84 

and rIA = 0.12, rNVCz = 0.86 and rAA = 0.31 by UV, rNVCz = 0.32 and rNIPAAm = 0.07 by 

FTIR, respectively (Figure 3). 

                       

Figure 2: NVCz/IA kopolimerlerine 

ait UV spektrumları % 

(a)20.0, (b)40.0, (c)60.0 

and (d) 80.0  IA mol 

içeriğinde. (λmax = 295 

nm.). 

 

Figure 3:EKT Method for 

determining monomer 

reactivity ratios in the 

copolymerization of 

NVCz (1) and IA (2) by 

using UV spectroscopy 

data (α = 0.3106). 

Polymer modified electrodes having electroactive, ionic and hydrophobic properties 

were prepared by electrooxidation using PNVCz, NVCz/NIPAAm and NVCz/IA 

copolymers and  tested as sensor electrodes to dopamine (DA). 

 

Figure 4:  The CVs of 9.0x10
-4

 mol/L of DA on the PNVCz, NVCz/NIPAAm and 

NVCz/IA  modified electrodes in phosphate buffer solution ( pH 7.0) at 

50 mV / s scan rate. 

It can be said that the electrochemical responses of DA were remarkably enhanced in 

the cases of copolymers coated electrodes. It is probably due to the adsorption, 
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resulting from the hydrophobic isopropyl group of NIPAAm or hydrophilic carboxyl 

groups of IA. 

The composites of P(N-vinyl carbazole-co-monocetyl itaconate) P(NVCz-co-MCeI) 

copolymer with multi walled carbon nanotube (MWCNT) were prepared by solution 

blending process. 

In a beaker, 10 ml of THF and a certain amount of MWCNTs ( to yield the desired 

loading of MWCNTs from 0.5 to 2.0 wt % in 100 mg of PNVCz and P(NVCz-co-

MCeI)) were mixed and dispersed by sonication. Then, 0,1 g of PNVCz and its 

copolymers,  P(NVCz-co-MCeI)  were dissolved in the MWCNT/THF dispersions 

and stirred using magnetic stirrer for 1 h. After that, PNVCz/MWCNT/THF and 

P(NVCz-co-MCeI)/MWCNT/THF mixtures were  transferred into  glass petri dishes. 

Remaining THF was first evaporated in the petri dishes at room temperature for 1 d 

and then in a vacuum oven at 25
o
 C for 2 d to yield  PNVCz /carbon nanotube 

composites prepared by solution blending process. 

                      

Figure 5: XRD patterns for, P(NVCz-

co-MCeI) (a), 

MWCNT/P(NVCz-co-MCeI) 

composites for  1.0 (b) and 

15.0 wt % (c) filler and 

MWCNT (d) prepared by 

solution blending in THF. 

 

 

 

Figure 6: DSC thermograms of 

PNVCz initiated with 

AIBN and  PNVCz/ 

MWCNT composite (a,b), 

P(NVCz-co-MCeI) 

initiated with AIBN and 

P(NVCz-co-MCeI)/ 

MWCNT composite (c, d), 

(preparation method = 

solution blending in THF; 

filler content = 1.0 wt %). 

XRD patterns for MWCNT, P(NVCz-co-MCeI) and their composites prepared by 

solution blending in THF ( carbon nanotube content = 1.0 and 15.0 wt %, based on 

polymer) are shown in Figure 5.  
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The copolymer of NVCz clearly illustrated two diffraction peaks at 2θ = 7.5° and 

23.5
o
, while the MWCNT demonstrated the diffraction peak at 2θ = 26°. The three 

peaks appeared at different locations (2θ = 12.5°, 17.5° and 22.5°) in the P(NVCz-

co-MCeI)/MWCNT composite (Figure5) clearly support that the introduction of 

PNVCz-co-MCeI affects the structure of both MWCNTs and PNVCz-co-MCeI 

chains. These three diffraction peaks may be an indication of the crystalline behavior 

of PNVCz-co-MCeI.  

Figure 6 shows the DSC curves of PNVCz/MWCNT composites prepared by 

solution blending process in THF. It was found that the Tgs  of PNVCz after being 

added a 1.0 wt % of MWCNTs strongly decreased comparing with pristine polymer 

whereas the Tg of the composite based on the copolymer of NVCz with monocetyl 

itaconate slightly increased. These results were attributed to the characteristics of the 

composites and indicated that the quality of dispersion shifted Tg but the direction of 

shifts were dependent on the intermolecular interactions between the MWCNTs and 

polymer chains. As to the DSC thermograms in Figure 6, the compatibility between 

PNVCz and MWCNT were highly improved by the addition of 5.0 mol % of MCeI, 

bearing a long hydrophobic chain and a hydrophilic group, to the PNVCz chains. 

The conductivity at room temperature of the PNVCz/MWCNT composites prepared 

by solution blending  is shown in Figure 7 as a function of the weight fraction of the 

MWCNTs. The conductivities of  PNVCz initiated with N,N‘- azobisisobutyronitrile  

(AIBN) (a) and cerium ammonium nitrate (CAN) (c), and P(NVCz-co-MCeI) 

initiated with AIBN (b) are  2.1×10
-13

, 2.3 × 10
-11

 and 3.2 × 10
-10

 S/cm, respectively. 

According to the percolation theory, the percolation threshold corresponds to the 

onset of the transition from an insulator to a semi-conductor .  At low MWCNT 

content less than 0.12 vol %, the conductivities resemble to that of an insulator. 

Between 0.24 and 0.95 vol % of filler, the composites exhibit  smooth transition from 

insulator state to semi-conducting region and then at higher concentrations than 0.95 

vol %, their conductivities  reach  10
-6

-10
-5  

 S /cm and steady-state region occurs, 

which are consistent with that of a semi-conductor.  

 

Figure 7: Electrical conductivities plotted as a function of MWCNT weight fraction: 

(a) PNVCz (initiator: AIBN) /MWCNT, (b) P(NVCz-co-MCeI) (initiator: 

AIBN)/MWCNT and  (c) PNVCz (initiator: CAN) /MWCNT composites 

prepared by solution blending method in THF. 
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The oxidative polymerization process was as follows: NVCz monomer with a known 

weight was dissolved in ACN. Then, CAN as an oxidizing agent was added into the 

NVCz/ACN solution to initiate the polymerization. The mol ratio of monomer to 

oxidizing agent was kept at 200:1. 1.0 mol /L concentration of NVCz was used. The 

synthesis was carried out at 25
o
C under atmospheric conditions.  

The oxidized graphite is a strongly oxygenated, highly hydrophilic layered material. 

In this part of the thesis, it was dispersed in ACN/water mixture containing sodium 

dodecyl sulphate (SDS). NVCz monomer and o-GLs/ACN/water/SDS(10 wt %) 

dispersion at room temperature produced PNVCz/o-GLs composite by in situ 

polymerization method without CAN (Figure 8).  

The polymerization mechanism between the dispersion of o-GLs and NVCz in the 

presence of 10.0 wt % of SDS is not clear. It is assumed that during sonication, SDS 

molecules help to disperse o-GLs, and afterwards they are adsorbed on the surfaces 

of o-GLs and prevent the aggregation of graphite layers by repulsive forces and then, 

the direct interaction of NVCz, being an electron donor molecule with the graphite 

layers  (sonicated and so strongly activated, and decorated with functional groups) 

creates charge transfer between them (Figure 9). 

 

Figure 8: Proposed mechanism for the in situ polymerization of NVCz without CAN 

by sonicated o-GLs in ACN/water/SDS (10.0 wt % of NVCz) mixture at 

room temperature. 

In the FTIR spectra of the composites,  the presence of  characteristic bands of 

PNVCz (1600 –1450 cm
-1 

for aromatic stretching and aromatic –CH in plane 

bending,  and 750 cm
-1 

for aromatic -CH out of plane bending), together  with  the 

peaks around 1750 cm
-1

 and 3450 cm
-1

, which are attributed to  the o-GLs also 

confirms the formation of  PNVCz/o-GLs composite without CAN.  

PNVCz / MMT composites were also prepared by the heterogeneous solution 

polymerization. First, Na+MMT, octadecylamine-MMT (ODA-MMT) and trimethyl 

stearyl ammonium-MMT (TMSA-MMT) with known weight were dispersed into 

ACN using magnetic stirrer, homogenizator ( GN 125, 230V/50/60 Hz, 8000-30000 

rpm) and high-power sonic tip ( Sonopuls HD 2200, 200W/20kHz ). Then, the 

monomer was added into these dispersions before the polymerization in the presence 

of CAN. After completed reaction period, the precipitate was santrifugated and 

washed with ACN at least 3 times to remove any unreacted NVCz and dried under 

vacuum at room temperature. The same process was used to prepare the PNVCz 

homopolymer. 
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Their morphologies and electrochemical / electrical properties were characterized by 

Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffractometer (XRD), 

Differential Scanning Calorimetry (DSC), Polarized Optical Microscope (POM), 

Scanning Electron Microscope (SEM), Electrochemical Impedance Spectroscopy 

(EIS) and Cyclic Voltammetry (CV).  

The chemically polymerized PNVCz and its composites with layered silicates were 

deposited at 1.2 V by electrooxidation in ACN containing 0.1 mol/L NaClO4 on 

platinum (Pt) and glassy carbon (GC) disc electrodes. Cyclic voltammograms (CVs) 

of the working electrodes were obtained between 0.5 to 1.5 V at the scan rate 50 

mV/s by using a Gamry Reference 600 potentiostat. A three-electrode cell containing 

Pt or GC disc electrodes that have diameters 1.6 and 3.0 mm, respectively, as 

working electrode, a Pt wire as the counter electrode, and a silver (Ag) wire as the 

pseudo-reference electrode were used for all electrochemical characterizations.  

The electrochemical activity of the PNVCz/MMT composites was evaluated from 

the current–voltage curves obtained by cyclic voltammetry. After 6 scans, GC and Pt 

disc electrodes coated with composite films were taken out of electrochemical cell, 

washed with ACN, and placed in a monomer free solution.  CVs of PNVCz and 

PNVCz/MMT composites in ACN+0.1 mol/L NaClO4 system were recorded in 0.5 – 

1.5 V potential range at three different scan rate. 

EIS is an effective method to study the interfacial properties of surface-modified 

electrodes. Bode and Nyquist plots are constructed, and appropriate equivalent 

circuit model is used to correlate the impedance measurements with the capacitance 

and the resistance of the film. Special attention is paid to obtain a relationship 

between the type of conductivity (electronic and/or ionic) and the shape of 

impedance spectra.  

 

Figure 9: Nyquist plots of  PNVCz / ODA-MMT composites containing 15.0 (a), 5.0 

(b) and 1.0 (c) wt % of layered silicate coated on Pt and their polarized 

optic micrographs. 

Nyquist plots of PNVCz/ODA-MMT composites prepared using sonicator with three 

different clay content (1.0, 5.0 and 15.0 wt % of ODA-MMT based on NVCz 

concentration in the feed) at room temperature are shown in Figure 9. All three plots 

exhibit a semicircular arc in the high frequency region and an oblique line in the low 

frequency region. In another word, these Nyquist plots are characterized by two 

regions: a semicircle at high frequencies associated with charge transfer (Rdl) at the 

polymer/solution interface and an oblique line indicating a diffusion-controlled 

process at the electrode, i.e., Rpol (or Rb). The interactions between solution - 
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PNVCz/ODA-MMT - Pt interfaces were modelled as an equivalent circuit consisting 

of the parallel combination of the double-layer constant phase element (CPE-Qdl) and 

charge transfer resistance (Rct), in series with parallel circuit of bulk-polymer 

constant phase element (CPE-Qpol), the bulk-polymer resistance (Rpol) and Warburg 

impedance (W). 

The morphological images of the composites containing 15.0 and 1.0 wt %  clay 

show more ordered  morphology for PNVCz/ODA-MMT composites. The addition 

of the inorganic particles into the polymer matrix promoted not only an improvement 

on the morphological properties but also contributed to the increase in the 

conductivity of PNVCz. From EIS and DC-measurements, it has been shown that the 

conductivity of PNVCz in the presence of ODA-MMT between 15.0 and 1.0 wt % at 

room temperature increased from 10
-13

 S/cm to 10
-5 

S/cm. 

Poly(N-vinyl carbazole) / Poly(dimethylsiloxane) (PNVCz/PDMS) composite 

electrodes were also prepared by electrochemical polymerization of NVCz monomer 

onto PDMS coated  platinum (Pt) and glassy carbon (GC)  electrode surfaces to 

investigate the influence of the insulating constituent, PDMS and process 

temperature on the capacitive performance of the coated layers. The electrochemical 

properties of the bilayer coatings were studied by electrochemical impedance 

spectroscopy and UV-vis spectroelectrochemistry measurements. The specific 

capacitance values of composite electrodes indicated that the capacitive behaviors of 

the composites decreased with increasing PDMS content in coating solutions (from 

5.0 to 10.0; in wt/v %)  and with decreasing coating temperatures of PDMS and 

PNVCz (from 25
o
C to -15

o
C)  and,  more resist PDMS/PNVCz layers are formed 

(Figure 10). 

 

Figure 10:Bode phase plots of (a) Pt and (b) Pt/PNVCz ,  (c) Pt/PDMS (5.0 wt/v %; 

25
o
C)/PNVCz (25

o
C), (d) Pt/PDMS (5.0 wt/v % ; 25

o
C)/PNVCz (0

o
C), 

(e) Pt/PDMS(5.0 wt/v %; 25
o
C)/PNVCz (-15

o
C) and (f) Pt/PDMS(5.0 

wt/v %; -15
o
C)/PNVCz (-15

o
C)  composite electrodes  in ACN 

containing 0.1 mol/L NaClO4. 
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KARBAZOL KOPOLĠMERLERĠNE DAYALI NANOYAPILI 

MALZEMELER 

ÖZET 

Kompozitleri oluĢturan bileĢenler arasındaki etkileĢimler farklı özelliklere  sahip yeni 

malzemelerin olduğu bir alan yaratmıĢtır. Kompozitler inorganik oksitler, organik 

modifiye killer, karbon nanotüpler ve grafit gibi birçok farklı nanoyapılı bileĢen 

kullanılarak elde edilirler. 

Killer tabakalı silikatlardan oluĢmaktadır. En sık kullanılan tabakalı silikatlar 

(montmorillonite, hektorit ve saponite) tetrahedral yapıdadır. Organik olarak 

değiĢtirilmiĢ killer tetrahedral yapıdaki iki silikat tabakası arasındaki oktahedral  

yapıdaki magnezyum veya alüminyum hidroksit içeren tabakadaki alkali ve toprak 

alkali katyonlarının  organik amonyum veya kuaterner amonyum tuzları ile sübstitüe 

edilmesiyle elde edilir. 

Karbon nanotüpler (CNT) nanoelektronik ve fotovoltaik malzemeler, süperiletkenler, 

elektrokimyasal kapasitörler, nanokablolar ve nanokompozit malzemeler gibi birçok 

potansiyel uygulamayla dikkat çekmiĢtir. 

CNT gibi bir karbon allotropu olan grafit de iletkenliği iyileĢtirmede kullanılır. 

Ayrıca grafit de kile benzer Ģekilde tabakalı bir yapıdan oluĢmaktadir.  

Yüksek camsı geçiĢ sıcaklığına, Tg (227
o
C) sahip olan Poli(N-vinil karbazol) 

(PNVCz) yalıtkan haldeyken düĢük iletkenliğe (~10
-15

 S/cm) sahip fotoiletken bir 

polimerdir. 

Bu tezde, PNVCz‘ün elektriksel özelliklerinin iyileĢtirilebilmesi için kimyasal ve 

elektrokimyasal yöntemlerle MMT, çok katmanlı karbon nanotüp ve grafit gibi 

nanoyapılı malzemeler ve PNVCz‘ün kopolimerleri kullanılarak kompozitleri 

sentezlendi.  

 

ġekil 1: NVCz ile Monosetil itakonat (MCeI)‘ın serbest radikal polimerizasyonu. 



xxviii 
 

PNVCz ve kopolimerleri, NVCz ile hidrofilik, hidrofobik   ve hidrofilik/hidrofobik 

yapıdaki itakonik asit(IA), akrilik asit (AA), N-izopropilakrilamid (NIPAAm) ve 

Monosetil itakonat (MCeI) komonomerleri (ġekil 1) kullanılarak çözelti 

polimerizasyonu ile 1,4 dioksanda ve baĢlatıcı olarak AIBN(1.0 x 10
-3

 mol / L) 

kullanılarak 50
o
C‘de ve azot atmosferinde, sentezlendi. Monomer oranı değiĢmekle 

birlikte toplam monomer konsantrasyonu1.0 mol / L olarak tutuldu. 

Kopolimer kompozisyonu morötesi (UV) ve Fourier dönüĢümlü kızılötesi (FTIR) 

spektroskopisi ile tespit edildi (ġekil 2).  

Yüksek dönüĢümler için sıkça kullanılan  geniĢletilmiĢ Kelen Tüdos (EKT) yöntemi 

ile hesaplanaan  monomer reaktiflik oranları,  FTIR için rNVCz = 0.29 ve rNIPAAm = 

0.12, rNVCz = 0.84 ve rIA = 0.12, rNVCz = 0.86 ve rAA = 0.31 ve  UV için rNVCz = 0.32 

ve rNIPAAm = 0.07 olarak bulundu (ġekil 3). 

    

ġekil 2: (a)%20.0, (b)%40.0, (c)%60.0 

ve (d) %80.0 mol  IA içeren 

NVCz/IA kopolimerlerine ait 

UV spektrumları. (λmax = 295 

nm.).  

ġekil 3:  UV spektroskopi verileri ve 

EKT yöntemi kullanılarak 

NVCz (1) ve IA (2) monomer 

reaktivite oranlarının 

belirlenmesi (α = 0.3106). 

Elektroaktif, iyonik ve hidrofobik özellikleri PNVCz, NVCz/NIPAAm ve NVCz/IA 

kopolimerleri ile modifiye edilmiĢ elektrotlar dopamin‘e karĢı sensor elektrot olarak 

test edildi. 

 

ġekil 4:  PNVCz, NVCz/NIPAAm ve NVCz/IA  modifiye elektrotlar ile fosfat tampon 

çözeltide (pH=7) ve 50mV /s tarama hızındaelde edilen, 9.0x10
-4

 mol/L DA‘e ait 

CV‘ler.  
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Kopolimer kaplı elektrotlar durumunda DA‘e karĢı elektrokimyasal duyarlılığın 

önemli ölçüde değiĢtiği, ve bu değiĢimin NIPAAm‘a ait hidrofobik izopropil veya 

IA‘e ait hidrofilik karboksil gupları ile DA moleküllerine ait etkileĢimden 

kaynaklandığı söylenebilir. 

P(N-vinil karbazol-ko-monosetil itakonat) kopolimerinin MWCNT ile kompoziti 

çözelti karıĢtırma yöntemi ile hazırlandı. 

Bir behere, 10 ml THF ve belli miktarda MWCNT  karıĢtırıldı ve sonikatör ile 

dispers edildi. Daha sonra 10 mg PNVCz veya kopolimeri P(NVCz-ko-MCeI) , 

MWCNT/THF dispersiyonu içinde çözüldü ve 1 saat manyetik karıĢtırıcı ile 

karıĢtırıldı. Sonrasında PNVCz/MWCNT/THF ve P(NVCz-co-MCeI)/MWCNT/THF 

karıĢımları petri kaplarına aktarıldı ve kalan THF oda sıcaklığında 1 gün, 25
o
C 

sıcaklıkta vakum etüvünde bekletilerek ve 2 gün bekletilerek uçuruldu ve çözelti 

karıĢtırma yöntemiyle hazırlanan PNVCz/MWCNT kompozitleri elde edildi. 

       

ġekil 5: Çözelti karıĢtırma yöntemi ile 

THF‘de hazırlanan P(NVCz-ko-

MCeI)‘a (a), P(NVCz-ko-MCeI) 

/ MWCNT kompozitlerine. 

MWCNT miktarı = polimere 

göre ağırlıkça %1.0 (b) ve %15.0 

(c), ve MWCNT (d)‘e ait XRD 

grafikleri.  

 

 

 

ġekil 6: AIBN baĢlatıcısı ile sentezlenen 

PNVCz‘ün ve PNVCz/MWCNT 

kompozitinin (a,b), AIBN 

baĢlatıcısı ile sentezlenen 

P(NVCz-co-MCeI)‘ın ve P(NVCz-

co-MCeI)/MWCNT kompozitine 

(c, d) ait DSC termogramları, 

(kompozit hazırlama yöntemi = 

THF varlığında çözelti karıĢtırma 

ile; MWCNT miktarı = %1.0, 

ağırlıkça). 

P(NVCz-ko-MCeI), MWCNT‘e ve bu bileĢenlerin THF içinde çözeli karıĢtırma 

yöntemi ile hazırlanan kompozitlerine ait XRD‘leri ġekil 5‘de gösterilmiĢtir. (karbon 

nanotüp içeriği: polimere göre ağırlıkça %1.0 ve %15.0). 
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NVCz kopolimeri iki (2θ = 7.5° ve 23.5
o
), MWCNT tek bir pik (2θ = 26°) 

gösterirken, P(NVCz-ko-MCeI)/MWCNT kompoziti için gözlenen üç ayrı pik (2θ = 

12.5°, 17.5° ve 22.5°), PNVCz-ko-MCeI ilavesinin hem MWCNT‘ün hem de 

PNVCz-ko-MCeI zincir yapısını etkilediğini göstermektedir. Kompozit durumunda 

piklerin kayması ve üçüncü bir pikin gözlenmesi PNVCz-co-MceI  kristallenmesine 

ait bir bulgu olarak değerlendirilebilir. 

ġekil 6 THF içinde çözelti karıĢtırma yöntemiyle hazırlanan PNVCz/MWCNT 

kompozitlerine ait DSC termogramlarını göstermektedir.  

Ağırlıkça %1.0 MWCNT ilavesi ile PNVCz‘ün ait camsı geçiĢ sıcaklığı (Tg)‘nın 

azaldığı, MCeI içeren kopolimeri ile hazırlanan kompozitin, Tg‘sinin ise yükseldiği 

gözlendi. Bu sonuçlar dispersiyon kalitesinin Tg kaymasına etkide bulunduğunu ve, 

kaymanın yönünün MWCNT ile polimer zincirleri arasındaki etkileĢime bağlı olduğu 

göstermektedir. ġekil 6‘deki DSC termogramları incelendiğinde, NVCz birimleri ile 

MWCNT‘ler arasındaki uyumluluğun, uzun hidrofobik bir zincir ve hidrofilik bir 

grup taĢıyan MceI‘ın (%5 mol) ilavesiyle iyileĢtiği gözlendi. 

ġekil 7‘de, çözelti karıĢtırma yöntemi ile hazırlanan PNVCz/MWCNT 

kompozitlerinin oda sıcaklığında, MWCNT ağırlık mikarına bağlı olarak ölçülen 

iletkenlikleri  görülmektedir. 

AIBN ve seryum amonyum nitrat baĢlatıcısı (CAN) ile sentezlenen PNVCz‘ lerin ve 

AIBN baĢlatıcısı ile sentezlenen P(NVCz-co-MCeI) ‗ın iletkenlikleri, sırasıyla, 

2.1×10
-13

, 2.3 × 10
-11

 ve 3.2 × 10
-10

 S.cm
-1

‘dir.  

Perkolasyon teorisine göre, perkolasyon eĢiği yalıtkan bir yapıdan iletken yapıya 

geçiĢi tanımlar. Hacimce %0.12‘den daha düĢük miktarda MWCNT içeren 

kompozitlerin iletkenliği yalıtkan seviyesindedir. Hacimce %0.24 ile %0.95 

aralığında iletken katkı maddesi içeren kompozitlerinse yalıtkandan yarı-iletken 

yapıya geçiĢ gösterdiği, hacimce %0.95 ve üzeri konsantrasyonda ise 

iletkenliklerinin 10
-6

-10
-5  

 S.cm
-1

 seviyesine ulaĢtığı gözlendi. 

 

ġekil 7: THF‘de,  çözelti karıĢtırma yöntemi ile  hazırlanan kompozitlerinin 

MWCNT ağırlık kesrine bağlı elektriksel iletkenlikleri: (a) PNVCz 

(baĢlatıcı: AIBN) /MWCNT, (b) P(NVCz-co-MCeI) (baĢlatıcı: 

AIBN)/MWCNT and  (c) PNVCz (baĢlatıcı: CAN) /MWCNT. 
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NVCz‘ün oksidatif polimerizasyonu ACN‘de CAN varlığında gerçekleĢti. 

Monomerin oksidana oranı 200:1ve NVCz konsantrasyonu 1.0 mol/L olarak alındı. 

Sentez 25
o
C ve atmosfer koĢulları altında yapıldı. 

OksitlenmiĢ grafit hidrofilik yapıda tabakalı bir malzemedir. Tezin bu kısmında, o-

GL, sodyum dodesil sülfat içeren ACN/su karıĢımında dispers edildi. Daha sonra, 

NVCz monomeri ve o-GL/ACN/su/SDS(10 wt %) dispersiyonunda, oda sıcaklığında 

CAN baĢlatıcısı kullanılmadan polimerleĢtirilerek PNVCz/o-GL kompoziti 

sentezlendi (ġekil 8). Sonik karıĢtırma iĢlemi esnasında, SDS molekülleri o-GL 

dispersiyonuna katkıda bulunmakta, sonrasında ise o-GL yüzeyine adsorbe olmakta, 

itme kuvvetleriyle grafit tabakalarının yığıĢımını önlemekte ve sonuçta elektron 

verici NVCz molekülleri ile hem sonik karıĢma ile aktive edilmiĢ, hem de  

fonksiyonel gruplara sahip, grafit tabakaları arasında yük transferine imkan tanıdığı 

düĢünülmektedir (ġekil 8).  

 

ġekil 8: CAN yokluğunda ACN/su/SDS (NVCz‘e göre ağ % 10.0) karıĢımında oda 

sıcaklığında in situ polimerizasyonu için önerilen mekanizma.  

Kompozitin FTIR spektrumu, karakteristik PNVCz bantları (aromatik gerilme ve 

aromatik  –CH düzlemiçi bükülme için 1600 –1450 cm
-1

, ve  aromatik -CH 

düzlemdıĢı bükülme için ise 750 cm
-1

) ile 1750 cm
-1

 ve 3450 cm
-1

‘de o-GL‘e ait 

olduğu bilinen piklerin gözlenmesi PNVCz/o-GL kompozitinin oluĢtuğunu 

göstermektedir. 

PNVCz/MMT kompozitleri de benzer Ģekilde, heterojen çözelti polimerizasyonuyla 

hazırlandı. Ġlk olarak, ağırlığı bilinen Na
+
MMT, ODA-MMT ve TMSA-MMT 

örnekleri ACN içinde üç farklı yöntem kullanılarak (manyetik karıĢtırıcı, 

homojenizatör (GN 125, 230V/50/60 hz, 8000-30000 rpm) ve yüksek güçlü sonik uç 

(Sonopuls HD 2200, 200W/20kHz)) dispers edildi. Dispers edilen kil örneklerine 

NVCz ilave edilerek CAN varlığında polimerizasyonu gerçekleĢtirildi. Reaksiyon 

sonunda elde edilen ürün, monomerinin giderilmesi için, birkaç kez ACN ile 

yıkanarak santrifüjlenmiĢ ve sabit tartıma gelene kadar oda sıcaklığında, vakumda 

kurutulmuĢtur. PNVCz homopolimeri için de benzer yönem uygulanmıĢtır. 

Morfolojik yapıları ve elektrokimyasal/elektriksel özellikleri Fourier dönüĢümlü 

Kızılötesi Spektroskopisi (FTIR), X-ıĢını kırılımı (XRD), Diferansiyel Taramalı 

Kalorimetre (DSC), Polarize Optik Mikroskop (POM), Taramalı Elektron 

Mikroskopu (SEM), Elektrokimyasal Empedans Spektroskopisi (EIS) ve Döngülü 

Voltametri (CV) ile incelendi. 
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Kimyasal polimerizasyonla elde edilen PNVCz ve tabakalı silikat kompozitleri 0.1 

mol/L NaClO4 destek elektrolit varlığında ACN içinde 1.2 V‘da elekrokimyasal 

olarak oksitlenerek platin (Pt) ve camsı karbon (GC) disk elektrotlara kaplandı. 0.5 

ile 1.5V aralığında 50mV/s tarama hızında Gamry Reference 600 potansiyostat 

kullanılarak döngülü voltamogramları alındı. Elektrokimyasal ölçümlerde, çalıĢma 

elektrodu olarak Pt (ø:1.6mm) ve GC (ø:3.0mm) disk elektrotlar, karĢıt elektrot 

olarak Pt tel ve referans elektrot olarak gümüĢ (Ag) tel elektrot kullanıldı. 

PNVCz/MMT kompozitlerinin elektrokimyasal aktiviteleri döngülü voltametri 

sonuçlarından elde edilen akım-gerilim verileri incelenerek belirlendi. PNVCz ve 

PNVCz/MMT kompozitlerinin ACN içindeki çözeltileri Pt ve GC elektrotlara 6 

döngüde kaplandı. Kaplanan filmler, ACN ile yıkandı ve monomersiz ortamda,  

destek elektrolit varlığında (ACN+0.1 mol/L NaClO4) 50, 250 ve 500 mV/s tarama 

hızlarında, 0.5-1.5V aralığında CV ölçümleri alındı. 

Yüzey modifiye elektrotların ara yüzeylerinin incelenmesinde EIS etkin bir 

yöntemdir. Bode ve Nyquist eğrileri hazırlanarak ve empedans ölçümlerine uyumlu 

eĢdeğer devreler çizilerek,  filmlere ait kapasitans ve direnç değerleri bulunur. 

Yöntemde esas olan, filmlerdeki iletkenlik yapısı ile (elektronik ve/veya iyonik) 

empedans spektrumu arasındaki uyumun gösterilmesidir. 

 

ġekil 9: Pt elektrota kaplanan ağırlıkça % 15.0 (a), %5.0 (b) ve %1.0 (c) tabakalı 

silikat içeren PNVCz / ODA-MMT kompozitlerine ait Nyquist eğrileri ve 

polarize optik mikrografları.  

Sonik karıĢtrırma ile hazırlanmıĢ PNVCz/ODA-MMT kompozitlerinin Nyquist 

grafikleri ġekil 9‘da gösterilmektedir.Her üç eğri de yüksek frekans bölgesinde 

ydairesel ve düĢük frekans bölgesinde ise doğrusal yapıdadırlar. 

Bir baĢka deyiĢle Nyquist eğrileri iki farklı bölgeye sahiptirler. Yük transfer direncini 

(Rct) belirten yarıdairesel bölge ve elektroda ait difüzyon prosesini gösteren (Rpol 

veya Rb)  doğrusal bölgeden oluĢmaktadır. Bu çalıĢmadaki denysel verileri 

kullanarak, Çözelti-PNVCZ/ODA-MMT-Pt ara yüzeylerini modelleyen bir eĢdeğer 

devre oluĢturuldu. Devre, çift tabaka faz elemanına (CPE-Qdl) paralel yük transfer 

direnci (Rct) ve buna seri bağlı polimer direnci (Rpol)  ve Warburg elemanı (W) ile 

paralel polimer sabit faz elemanından (CPE-Qpol)oluĢmaktadır. 

Ağırlıkça %15.0 ve %1.0 kil içeren kompozitlere ait morfolojik görüntüler 

incelendiğinde PNVCz/ODA-MMT kompozitleri  daha düzenli bir yapı 

göstermektedir (ġekil 9). Polimer matrisine inorganik tanecik ilavesi sadece 

morfolojik özellikleri iyileĢtirmekle kalmayıp, aynı zamanda PNVCz‘ün iletkenliğini  
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de arttıdığı bulgulgulandı. EIS ve DC ölçümlerine göre, ağırlıkça %15.0 ve %1.0 

ODA-MMT içeren örneklerin iletkenliği 10
-13

 S/cm‘den 10
-5 

S/cm‘ye yükseldi. 

PDMS kaplı Pt ve GC elektrot yüzeylerine, NVCz monomerinin elektrokimyasal 

olarak polimerleĢtirilmesiyle elde edilen Poli(N-vinil karbazol) / Polidimetilsiloksan 

kompozit elektrotlarının kapasitifi özelliklerine, yalıtkan PDMS tabakasının ve 

kaplama sıcaklığının etkileri incelendi. 

Çift tabakalı kaplamaların elektrokimyasal özellikleri elektrokimyasal empedans 

spektroskopisi ve UV-vis spektroelektrokimya ölçümleri ile incelendi. Kompozit 

elektrotların, spesifik kapasitanslarının, artan PDMS içeriği (% 5.0‘den % ve 10.0) 

ve azalan PDMS ve PNVCz kaplama sıcaklıkları  ile (25
o
C‘den -15

o
C‘e)  azaldığı, 

ve daha dirençli bir PDMS/PNVCz tabakası oluĢtuğu görülmektedir (ġekil 10). 

 

ġekil10: (a) Pt ve (b) Pt/PNVCz ,  (c) Pt/PDMS (%5.0; 25
o
C)/PNVCz (25

o
C), (d) 

Pt/PDMS (%5.0; 25
o
C)/PNVCz (0

o
C), (e) Pt/PDMS(%5.0; 25

o
C)/PNVCz (-

15
o
C) ve (f) Pt/PDMS(%5.0; -15

o
C)/PNVCz (-15

o
C)  ACN‘de 0.1 mol/L 

NaClO4 varlığındaki Bode faz eğrileri. 
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1. INTRODUCTION  

N-vinylcarbazole (NVCz) molecules are nitrogen-containing heterocyclic 

compounds and, poly(N-vinylcarbazole) (PNVCz) is one of the number of vinyl 

polymers with aromatic pendant groups. The aromatic unit provides a better 

chemical and environmental stability while the nitrogen atom that can be easily 

substituted with a wide variety of functional groups help to tune the optical and 

electrical properties. 

 PNVCz has recently gained considerable interest as photoactive and electroactive 

systems because of its optoelectronic, photoconductive and thermal properties. Its 

composites with inorganic oxides, layered silicates and carbon nanotubes, and 

copolymers with vinyl monomers such as N-isopropylacrylamide, methyl 

methacrylate and acrylonitrile lead to materials that have improved bulk properties. 

It can be obtained by three different polymerization techniques: free radical, cationic 

and charge-transfer. Polymerization of NVCz through vinyl group gives white 

insulating PNVCz with interesting photoconducting properties while when the 

polymerization occurs through the aromatic rings, the main product is a green, cross-

linked polymer. Also, polymerization of NVCz is possible by electrochemical 

oxidation. Direct anodic oxidation leads mainly to the green conducting  form of the 

polymer. 

In this thesis, the synthesis and characterization of PNVCz and its copolymers with 

acrylic acid (AA), itaconic acid (IA)  and N-isopropylacrylamide  (NIPAAm) using 

different feed ratios are reported. The compositions of these copolymers were 

determined by Ultraviolet (UV) and Fourier transform infrared (FTIR) 

spectroscopies. The monomer reactivity ratios were computed by extended Kelen-

Tüdós method at high conversion. The present study is also concerned with the use 

of Pt electrodes coated with PNVCz, N-vinyl carbazole/itaconic acid (NVCz/IA) and 

N-vinylcarbazole/N-isopropylacrylamide) (NVCz/NIPAAm) copolymer films as 

dopamine( DA) sensors. It is expected that DA molecules are confined in these 

polymer films by electrostatic attraction and hydrophobic interaction, resulting from 

molecular structures of monomer (NVCz, hydrophobic) and comonomers (IA, 
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weakly acidic and NIPAAm, hydrophobic/hydrophilic, depending on the processing 

temperature). 

The poor mechanical strength and high processing temperature being a defect on 

proper use of NVCz as electrode material could be overcome by preparation of its 

copolymers or composites that have lower Tgs and  improved mechanical properties. 

Therefore, new types of materials that consist of  PNVCz  and inorganic (and/or 

organic) components have been designed to combine processability  and  thermal 

stability with modified electrical and optical properties. An interesting approach for 

obtaining such materials is to incorporate  PNVCz into an inorganic component at 

molecular level. Their properties are varied by changing the ratio of the inorganic 

and organic parts. 

Montmorillonite (MMT) is a natural clay mineral which has a large layer space and 

some excellent properties such as good water absorption, swelling, cation-exchange 

and drug delivery. In general, MMT, which is a hydrophilic natural clay, is treated by 

alkylammonium salts to improve hydrophobic compatibility with organic polymers. 

The organic modifier may either enhance the interaction between the clay layers and 

the polymer chains, producing more exfoliated structure, or it may favour the 

intercalation of the polymer chain into the layer spaces. 

In this thesis, the effect of both the mixing methods used to prepare homogeneous 

dispersions of layered silicates in polymerization solutions and the structure of 

cationic surfactants attached to MMT layers on the morphological characteristics and 

electrochemical/electrical properties of PNVCz have also been investigated.  

The conductivity and material properties of a conducting polymer depend mainly on 

the arrangement of its chains. Therefore, the presence of MMT particles may 

influence the arrangement of PNVCz chains, as they keep within the clay layers. In 

the work reported in the present study, it is expected to obtain a useful combination 

of thermal and electrical properties in the PNVCz/MMT composites. To do so, 

PNVCz and its composites were prepared by using cerium ammonium nitrate, 

(NH4)2Ce(NO3)6 to initiate oxidative polymerization and by using magnetic stirrer, 

homogenizator and a sonic tip to disperse the three different concentrations of ODA-

MMT, TMSA-MMT and Na
+
MMT. Their morphologies and 

electrochemical/electrical properties were characterized by Fourier Transform 
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Infrared Spectroscopy (FTIR), X-Ray Diffractometer (XRD), Differential Scanning 

Calorimetry (DSC), Polarized Optical Microscope (POM), Scanning Electron 

Microscope (SEM), Electrochemical Impedance Spectroscopy (EIS) and Cyclic 

Voltammetry (CV). 

Conducting polymer composites made from carbon based electrically conductive 

fillers such as graphite particles and carbon nanotubes may have improved thermal 

properties and electrical conductivity beyond a threshold level of loading. However, 

it is difficult for a monomer to load on their surfaces because of the lack of the 

reactive groups on the natural graphite and carbon nanotubes (CNTs). Therefore, 

they are oxidized by various methods.  

Graphite platelets, which are two dimensional and layered conductive materials, are 

one of the carbon based conductive fillers for polymer composites with a low 

percolation threshold. The graphite layers (GLs) are bound by van der Waals forces 

while carbon atoms within a layer are covalently bonded. The GLs are oxidized by 

using an intercalating agent, which enter between the carbon layers. It is similar to 

the preparation of organically modified layered silicate from sodium montmorillonite 

by using alkyl ammonium salts, to form homogeneous dispersion in monomer or 

polymer  and/or to intercalate monomer or polymer into the clay layers. 

The preparation of homogeneous dispersions of CNTs in organic polymer matrix 

also is difficult and results in the aggregate formations due to both van der Waals 

attractions among CNTs and weak intermolecular interactions between polymer and 

CNT. In order to improve the dispersion of CNTs in polymer matrix, their surfaces 

are treated by strong acids. The purification/oxidation methods of CNTs create 

carboxylic groups on the tubewalls. The activation of the carboxylic groups by 

acylation and coupling reactions increases their solubility/stability in organic 

solvents. To overcome the van der Waals interactions between the CNTs/GLs, 

sonication process is also applied. It leads to stable dispersions because of the 

provided mechanical energy. 

Another procedure, which is used to incorporate CNTs and GLs into polymer 

systems, includes the addition of surfactants. To enhance the electrostatic forces and 

improve the stability of graphite / polymer and carbon nanotube / polymer 

composites, the surfaces of GLs, CNT walls, oxidized graphite layers (o-GLs) and 
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oxidized (o-CNT) walls are modified with neutral, cationic or anionic surfactants. 

The adsorption of ionic surfactant molecules, which consist of a hydrophilic head, a 

long hydrophobic tail and an ionic group, on the surfaces of  GLs, o-GLs and CNT 

walls creates a distribution of negative or positive charge and so, the repulsive forces 

between them prevent (or reduce) aggregation and produces homogeneous 

dispersions. The studies on surfactant adsorption revealed that CNTs are covered by  

surfactant layers oriented vertically on the tube surfaces. Further, it was observed 

that the sonication procedure has an important role in the dispersion of CNTs but 

surfactant alone can not be able to produce the uniform dispersions of  CNTs without 

sonication.  

Graphite particles and carbon nanotubes have been widely used as conducting fillers 

in preparing polymer composites. They can be designed using both conductive 

polymers such as polyaniline, polypyrrole and polythiophene, and  insulating 

polymers. The latter ones can be converted into the conductive forms by addition of 

carbon based conductive fillers.  

Conducting polymer composites are characterized by a limit at which the 

conductivity starts to increase as a function of filler contents.  The critical value 

which is known as percolation threshold concentration of conductive filler depends 

on its dispersion into polymer matrix and the preparation method of composites.  

The present thesis reports a comparative study of  PNVCz/graphite and 

PNVCz/carbon nanotube composites prepared with GLs and MWCNTs treated by 

acidic oxidative reagents. The composites were prepared by both solution blending 

procedure and  in situ oxidative chemical polymerization. The morphology, thermal 

stability, glass transition behavior and electrical property of the film and fine powder 

forms of the composites were characterized by Fourier transform infrared 

spectroscopy (FTIR), X-ray diffractometer (XRD), thermogravimetric analysis 

(TGA), differential scanning calorimetry (DSC), polarized optical microscope 

(POM) and direct corrent conductivity measurements. 

The physical and chemical insufficiencies of PNVCz  such as poor mechanical 

property and high glass transition temperature can be modified by using  

polydimethylsiloxane (PDMS), being an elastomer that have high chain mobility and 

lower glass transition temperature ( ≈ -130ºC). The PDMS based hybrids have not 
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only the properties such as flexibility and thermal stability but also water-repellency 

as expected from the hydrophobic nature of dimethylsiloxane units. Therefore, 

PDMS layered electrodes may be designed and integrated into many optical and 

microfluidic devices due to their hydrophobic, mechanic and optic properties.  

The last part of the thesis mainly focused on the preparation of PNVCz/PDMS 

composite electrodes by electrochemical polymerization of NVCz monomer onto 

PDMS coated electrode surface and, the investigation  their electrochemical and 

spectroelectrochemical responses by mean of electrochemical impedance 

spectroscopy (EIS)  and in situ  UV-vis spectroelectrochemistry techniques.  
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2. THEORETICAL PART 

2.1. Conductive polymers 

Although the polymers that were eventually going to be known as conducting 

polymers have been known for at least 100 years it wasn‘t until 1977 that by accident 

the high conductivity of polyacetylene was discovered after the over addition of 

iodine catalyst for the polymerization of polyacetylene [1]. While the exact manner 

in which conductive polymers (CP) conduct electricity is not fully understood, it is 

generally said to be due to the delocalization  of  π-bonded  electrons along the 

conjugated polymer chain backbone where the delocalization  can  extend over many 

monomer unit lengths [2]. Conjugated polymers spread over a wide region from 

insulators to up to metal conductivity limits (Fig 2.1.). 

 

Figure 2.1: Conductivity range of conjugated polymers.  

There are two main ways of preparing conducting polymers: chemical and 

electrochemical polymerization [3]. The principal advantage of the chemical 

methods of synthesis is that they offer possibilities of mass production at low cost. 

But, the electrochemical methods offer materials with better conducting properties in 

a form of thin film for different applications. Electrochemical experiments also offer 

a great deal of controllability during the preparation of these polymers. By 

controlling the potential or the current at the working electrode, the thermodynamics 
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of the system or the kinetics of the reaction is better controlled for specific purposes. 

These features of electrochemistry give a number of ways to control the quality of 

polymerized products. 

Polymers are generally with insulating nature. But, they can be generated with 

conductive property by doping. The doping of polymers is what transforms a 

naturally insulating polymer into a polymer capable of conducting an electric current. 

Conducting polymers are not conducting until they are doped either via oxidative 

doping (n-type doping) or protonic doping (p-type doping) where either type of 

doping will increase the number of charge carriers and in effect lowering the band 

gap therefore allowing conduction. n-type dopants introduce extra electrons to carry 

the electric current and p-type dopants use positively charged holes to carry electric 

current (Figure 2.2). 

 

Figure 2.2: p- and n- doped polymers 

There is two specific methods to dope polymers. These procedures can be 

summarized as chemical or electrochemical doping. 

The chemical doping by charge transfer is as follow. Conjugated polymers were 

initially doped by a charge-transfer chemistry with a proper electron donors or 

acceptor by oxidation (p-type doping) or reduction (n-type doping). These 

procedures are illustrated by the following chemical reactions [4]. 

p-type doping: (π-polymer)n + 3/2 ny(I2) → [(π-polymer)+y(I3
−
)y]n 

n-type doping: (π-polymer)n + [Na
+
(C10H8)

−•.
]y→ [(Na

+
)y(π-polymer)

−y
]n + (C10H8)

0 

Although chemical doping (charge transfer reaction) is an efficient and 

straightforward process, it is difficult to control the degree of doping. Complete 
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doping with high charge concentrations yields to reasonably high-quality materials. 

However, attempts to obtain intermediate doping levels often result in electrically 

inhomogeneous materials. Electrochemical doping was explored to solve this 

particular problem. In the electrochemical doping, the electrode supplies the charges 

to the polymer via electron transfer reactions, in which ions diffuse into (or out of) 

the polymer matrix from the nearby electrolyte to compensate the electronic charge 

introduced. 

In contrast to the chemical doping the doping level could be determined by the 

voltage between the polymer film and the counter electrode. Electrochemical doping 

is illustrated by the following reactions [5]: 

p-type doping: (π-polymer)n + ny·[Li
+
(BF4

−
)]soln → [(π-polymer)

+y
(BF4

−
)y]n – nye

− 

n-type doping: (π-polymer)n+ ny·[Li
+
(BF4

−
)]soln + nye

−
 → [(Li

+
)y(π-polymer)

−y
]n 

By adjusting the doping level, a change in conductivity between that of the undoped 

(insulating or semiconducting) and that of the fully doped (highly conducting) form 

of the polymer can be easily obtained. 

Due to the fact that, electronically conducting polymers are electroactive materials, 

their electrochemical characterization would be a first step in describing their 

electrical properties. For this reason, the polymer films have been characterized by 

either electrochemical or electrical measurements either on the electrode surface in 

electrolyte solutions or in solid states to establish the electrochemical activity of the 

polymer films [6] or to determine its conductivity [7].  

 

Figure 2.3: Tinted windows by on-off switch. Ref. [11] 

Since their discovery, conductive polymers are used at everyday applications. 



10 
 

An example of this is the development of gas sensors. It has been shown that 

polypyrrole behaves as a quasi 'p' type material. Its resistance increases in the 

presence of a reducing gas such as ammonia, and decreases in the presence of an 

oxidizing gas such as nitrogen dioxide. 

Conducting polymers can also be used to directly convert electrical energy into 

mechanical energy. Electrochemical actuators can function by using changes in a 

dimension of a conducting polymer as microtweezers, microvalves, micropositioners 

for microscopic optical elements, and actuators for micromechanical sorting [8-10]. 

Tinting windows is the latest application of conductive polymers (Figure 2.3) [11] 

 

Figure 2.4: Old fashion electric circuits. 

But probably the most publicized and promising of the current applications are light 

weight rechargeable batteries. Some prototype cells are comparable to, or better than 

nickel-cadmium cells now on the market. The polymer battery, such as a polypyrrole 

lithium cell operates by the oxidation and reduction of the polymer backbone. During 

charging the polymer the oxidized anions in the electrolyte enter the porous polymer 

to balance the charge created [12].   

The capacitors used on computer and electronic devices were replaced for a decade 

by its polymer analogues. But new researches are intensified to fit the obtained data 

from the EIS plots for equivalent circuit‘s modeling. Then in a not distant future, it 

could be used to substitute already used circuits by its polymer analogues. This 

method will reduce the coast of electronic devices and lower the weight (fig 2.4). 
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2.2. N-vinyl carbazole 

N-vinyl carbazole (NVCz) is a white crystalline material that melts at 65
o
C. It is 

soluble in most aromatic, chlorinated and polar organic solvents. The material has to 

be handled with care since it may cause severe skin irritations. Like other aromatic 

amines NVCz, is suspected to cause cancer [13]. 

Poly (N-vinylcarbazole) (PNVCz) is a well known polymer since 1940, with high 

thermal stability but very low dc conductivity (10
-12

 to 10
-16

 S/cm) [14].  

Due to the bulkiness of the carbazole groups, main chain and side group motions are 

severely restricted in PNVCz. The chains are stiff and the polymer has a glass 

transition temperature of 227 
o
C which is among the highest known for vinyl 

polymers but depending on the molecular weight (ca.2000) lower to ca. 70
o
C. 

PNVCz exhibits an excellent thermal stability up to at least 300 
o
C [15–17]. 

Unfortunately this property has never been fully utilized because of the extreme 

brittleness of the material. Many attempts have been made to improve the mechanical 

and processing characteristics of PNVCz by plastification, orientation, blending and 

copolymerization. PNVCz is soluble in common organic solvents like benzene, 

toluene, chloroform and tetrahydrofuran. 

Considerable research attention has been paid over the past few years, after the 

discovery of its distinctive optoelectronic properties, to the modification of specialty, 

vinyl addition polymers, and condensation polymers to improve their bulk properties 

[18-21].  

2.2.1. Electrochemical Polymerization 

PNVCz gives two different products on electrochemical polymerization (Figure 2.5). 

During the direct electrolysis of NVCz a green electro conductive crosslinked 

insoluble polymer occurs, as presented in the study published by Papez et al.,[22] 

and deposits on the surface of the electrode, while the polymerization through vinyl 

groups give a non conductive white polymer which precipitate into the solution [23]. 

The non conductive polymer is photoconductive with UV light and soluble in most 

common organic solvents. Two polymerization stages are mainly observed, 

depending on the experimental setups: in the first, a thin layer of very compact 
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(PNVCz) is formed, on which, in the second stage, a polymer with a globular 

structure grows [24].  

 

Figure 2.5: Illustration of electrochemical polymerization of NVCz. 

 The cyclic voltammograms obtained for NVCz attached to a platinum electrode is as 

shown in Figure 2.6. The cyclic voltammograms and their changes during repetitive 

cycling are quite similar to those for carbazole oxidation in acetonitrile [25] or in 

mixed media [26], although no tendency towards passivation [27] was observed. A 

high, irreversible oxidation peak appears at ca. E=0.9 V vs. SCE, which is in 

connection with the formation of NVCz cation radicals, the C-C dimerization of 

these cation radicals resulting in 3,3‘-divinylcarbazyl and/or polymer of similar 

structure and the further oxidation of the dimer polymer) [25-28]. The progressively 

developing waves (Eanodic=0.4 V, Ecathodic=0.82 V,) belong to the reversible redox 

processes of the dimer or of the polymer. The formation of polymer can be assumed 

because of the permanent growth of these waves. The redox processes were 

accompanied by a color change from a pale yellow/ colorless (reduced) to a dark 

green (oxidized) form.  
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The irreversible wave at 0.9 V gradually decreases, attesting that the NVCZ attached 

to the platinum surface is transformed into dimer (polymer), and eventually the total 

amount will be consumed.  

The oxidation of NVCz can be described by an electron transfer-chemical reaction-

electron transfer (ECE) mechanism where each electrochemical step involves one 

electron per parent molecule and the coupling reaction is very rapid. Consequently, 

the primary oxidation wave is a mixture of ECE and EC processes [25].  

 

Figure 2.6:  Representative illustration of NVCz electrodeposition.ref 29. 

2.2.2. Chemical Polymerization  

NVCz polymerizes with azo compounds, peroxides and similar radical generating 

initiators in bulk, solution, suspension and emulsion methods to give high molecular 

weight [30-36] products. It also yields low molecular weight polymers with chain 

transfer agent [37].  

It was  reported recently [38] that ultrahigh molecular weight PNVCz can be 

obtained using low temperature initiation with 2,2-azobis(2,4-dimethylvaleronitrile). 

The weight average molecular weight and the polydispersity index of the polymer 

obtained were 3x10
6
g/mol and 2.4, respectively. o-Chlorohexaphenylbis-imidazole 

[39], 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)butanone-1 [40] and other 

photoinitiators were used as initiators for the radical photopolymerization of NVCz. 

Besides of the bulk polymerization which is carried out as a technical process, 
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PNVCz can also be obtained in solution [41] or by precipitation polymerization 

[42,43], suspension polymerization [44–46] as well as by photopolymerization [47].  

Wang et al. [48] reports that ceric ammonium nitrate, ferric nitrate and cupric nitrate 

are capable of polymerizing NVCz in methanol solution and also of polymerizing 

completely the mixture of NVCz and styrene. Such metal salts can accept electrons 

leading to oxidation of NVCz during which radical ion might be formed as an 

intermediate. The polymerization of NVCz in ethylene dichloride, acetone, benzene 

and dioxane with cupric nitrate, ferric nitrate, and ceric ammonium nitrate catalysts 

were also studied [49]. In all of these cases, polymerization seemed to be cationic in 

type and yields are around 20%-50% for ceric ammonium nitrate (CAN) in 2 hours.  

NVCz monomer, which exhibits base character, give cationic polymerization in the 

presence of protonic acids, Lewis bases and carbocations. Initiation is relatively high, 

and propagation rate constant was found to be five times higher. The polydispersity 

index is high (Mw/Mn>3) [50] 

The cationic polymerization of N-vinyl carbazole, initiated by Ph3C
+
 AsF6

−
 and 

Ph3C
+
 PF6

−
 in methylene dichloride is an example for this polymerization [51] So 

NVCz can be polymerized by hydrochloric acid [52], perchloric acid [53] and several 

other Brönsted acids [54]. 

Probably the most obvious method for the cationic polymerization of NVCz involves 

the treatment of the monomer with acids. So NVCz can be polymerized by 

hydrochloric acid [55], perchloric acid [56] and several other Brönsted acids [57]. 

Due to the nucleophilicity of NVCz even relatively weak carboxylic acids cause 

polymerization [58]. Cationic polymerization of NVCz is also initiated by carbon 

whiskers (vapor–grown carbon fibers) [59] and by g-poly(glutamic acid) [60].  

These polymerizations are heterogeneous processes during which carboxylic groups 

on the surface of the carbon whiskers and g-poly (glutamic acid) particles are 

responsible for the initiation of NVCz polymerization. 

2.3. Itaconic Acid and its Ester Derivatives 

Itaconic acid (IA) is an unsaturated dicarboxylic acid with one carboxyl attached to 

methylene group.  
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Itaconic acid and its derivatives polymerizes by various methods. Bulk, suspension 

and emulsion are techniques used for polymerization of its esters. High melting point 

and isomerization compromise the use of emulsion and solution methods for acids 

[62]. 

CH2C

CO

OH

CO

O

CH2

CH3
n

CH2

 

Figure 2.7: Mono Itaconate derivatives. 

Mono and dialkyl itaconates (Figure 2.7) were mainly prepared by esterification of 

IA with different alcohols such as, butyl, octyl and cetyl using acetyl chloride as a 

catalyst to ensure slightly acidic conditions, according to the general methods 

previously reported by Gargallo and coworkers [63]. 

Work on polymerization of diester derivatives with side chains lengths from methyl 

to hexyl [64], dibenzyl itaconates [65], diitaconate esters containing 

methylterminated poly(ethyleneoxide) side chains [ 66], dialkylitaconic acid esters 

with side chain lengths C7 to C20 [ 67] were synthesized.  

Although monoester derivatives were found to polymerize more rapidly than the 

corresponding diesters, they were less investigated [68]. Since, the radical 

polymerization of monoitaconate esters is known to be very sensitive to steric effects 

due to the influence of the side group [69]. 

Filler such as CNT and Graphite have hydrophobic character. Although natural 

graphite is hydrophobic, the oxidized graphite layers (o-GL) prepared from the 

oxidation of graphite shows hydrophilic properties due to polar groups such as; -

COOH, -OH etc [70].    

This new property facilitates the dispersion of graphite but lowers the interaction 

with polymers. So, polymers with hydrophilic and hydrophobic side groups could 

enhance the homogeneity of the composite. 
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2.3.2. N-isopropylacrylamide  

N-isopropylacrylamide (NIPAAm) is the most prominent member of the N-alkyl 

acrylamides used to prepare temperature responsive hydrogel.  

NIPAAm molecule is composed of two strictly opposite groups. While the 

hydrophilic group enhance the interaction with hydrogen bondings, the hydrophobic 

counterpart enhance the interaction with organic matrix. This property was in great 

part used to synthesis pH and thermo sensitive hydrogels. Its pH and temperature 

dependent swelling-shrinking behavior offers many potential applications such as 

biotechnological devices, immobilization of enzymes, etc [71-74].  

Further, it is reported that the amphiphilic property of NIPAAm resulting from the 

hydrophobic and hydrophilic groups, enhance the interaction with inorganic fillers 

(i.e. montmorillonite, CNT, etc) and improve the physical properties [75]. 

2.4. Monomer Reactivity Ratios 

The copolymerization with various monomers lead the possibility to enrole the 

properties of each component on the same polymer backbone. The synthesis of those 

new polymers has lead to another problem. Determine the composition and the 

activity of each monomer to be part on the copolymer backbone.  

The estimation of copolymerization reactivity ratios is an area of interest to both 

academia and industry. 

The terminal unit modeling [76] assumes that the reactivity of the propagating 

species depends only to the monomer unit at the end of chain. The propagating chain 

that ends in MA· can either add a monomer of type MA or of type MB. Also, the 

propagating chain that ends in MB· can add a monomer unit of type MB or of type 

MA.  

The rate constant for the reaction of the propagating chain that ends in MA and adds 

another MA to the end of the chain is kAA, and the rate constant for the reaction of the 

propagating chain that ends in MB and adds MA to the end of the chain is kBA, and so 

on. 

The copolymerization composition equation is given as (2.1) 
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As, FA and FB are the mole fractions of MA and MB in the copolymer, and fA and 

fB are the mole fractions of monomers MA and MB in the feed. Therefore: 

fA = 1 – fB = 
    

         
 (2.2) 

FA = 1 – FB = 
     

           
 (2.3) 

Then, by combining the equations gives [76]: 

    
    

      
    

            
  (2.4) 

A perfectly random copolymerization is achieved when the rA and rB values are both 

equal to one. On this type the monomer show the exact same preference for the 

addition of each type of monomer. In other words, the growing radical chains do not 

prefer to add one of the monomers more than the other monomer, which results in 

perfectly random incorporation into the copolymer. 

An alternating copolymerization is defined as rA = rB = 0. The polymer product in 

this type of copolymerization shows a non-random equimolar amount of each 

comonomer that is incorporated into the copolymer. This may occur because the 

growing radical chains will not add to its own monomer. Therefore, the opposite 

monomer will have to be added to produce a growing chain and a perfectly 

alternating chain. 

When rA > 1 and rB > 1, both of the monomers want to add to themselves and in 

theory could produce block copolymers. But in actuality, because of the short 

lifetime of the propagating radical, the product of such copolymerizations produces 

very undesirable heterogeneous products that include homopolymers. Therefore, 

macroscopic phase separation could occur and desirable physical properties such as 

transparency would not be achieved. 

Most existing procedures for calculating rA and rB can be classified as linear least-

squares (LLS), and non-linear least-squares (NLLS) methods. It is accepted that LLS 

methods such as those proposed by Finemann and Ross [77], and by Kelen and 

Tudos [78], can only be applied to experimental data at sufficiently low conversion, 
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because the calculation is based on the differential copolymerization equation [79]. 

The only LLS method, as an exception, is the extended Kelen-Tudos method [80], 

which involves a rather more complex calculation. It could be applied to medium-

high conversion experimental data (40% conversion) without sufficient systematic 

error. 

In 1993, Mao and Huglin represented a new calculation method, which can provide 

the determination of reactivity ratios at high conversion and still uses the LLS 

method without systematic error [81]. 

Mortimer and Tidwell, calculated rA and rB by the nonlinear least squares method 

[82]. This method can be considered to be a modification or extension of the curve 

fitting method. For selected values of rA and rB, the sum of the squares of the 

differences between the observed and the computed polymer compositions is 

minimized. Using this criterion for the nonlinear least squares method of analysis, 

the values for the reactivity ratios are unique for a given set of data, where all 

investigators arrive at the same values for rA and rB by following the calculations.  

Table 2.1: A Listing of the Various Methods Used to Estimate the Reactivity Ratios  

Method Description  Reference 

BF Barson–Fenn Barson and Fenn85 

EVM error-in-variables model Dube et al.86 

ex-KT extended Kelen–Tudos Tudos et al. 80 

FR Fineman–Ross Fineman and Ross 77 

KT Kelen–Tudos Kelen and Tudos 78 

MH Mao–Huglin Mao and Huglin81 

ML Mayo–Lewis Mayo and Lewis83 

TM Tidwell–Mortimer Tidwell and Mortimer82 

YBR Yezrielev–Brokhina–Roskin Yezrielev et al.84 

2.5. Dopamine 

DA is one of the most significant catecholamine, belongs to the family of excitatory 

chemical neurotransmitter [87] and plays a very important role in the function of 

central nervous, renal, hormonal and cardiovascular system [88].  
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When dopamine is released it provides also feelings of enjoyment and reinforcement 

to motivate us to do, or continue doing, certain activities. Dopamine is released by 

naturally rewarding experience. This pre-programmed reward system makes sure that 

people do eat, do desire to procreate, and basically survive. Without enough 

dopamine, people feel the opposite of enjoyment and motivation. They feel fatigued 

and depressed, and experience a lack of drive and motivation. 

Which is symptom of several diseases such as schizophrenia and Parkinsonism and 

HIV infection [89]. Various methods have been proposed to detect DA [90-91].  

The major problem encountered with the detection of DA is the interference from 

ascorbic acid (AA), which largely coexists with DA in brain issue and has an 

overlapping oxidation potential on the solid electrodes, so it is very difficult to 

determine DA directly [92].  

In order to resolve this problem, many different strategies have been used to modify 

the electrode, which include self-assembled monolayer [93], electrochemical 

pretreatment [94], polymer film [95 - 98] and by covalent modified [99] glassy 

carbon electrode.  

Zhang et al. determined dopamine in the presence of ascorbic acid using the glassy 

carbon electrode modified with poly(styrene sulfonic acid) film and single-wall 

carbon nanotube [100]. Poly(hippuric acid) [101], poly(2-picolinic acid) [102], poly( 

p-aminobenzenesulfonic acid) [103], poly(amidosulfonic acid) [104], and poly(o-

aminobenzoic acid) [105] film-coated electrodes have also been developed by Zhang 

et al. to monitor dopamine in the presence of ascorbic acid. 

2.6. Poly (dimethylsiloxane)  

Since their discovery in 1940‘s, functionally terminated silicone oligomers were used 

to synthesis silicon rubbers, but only recently the importance of organofunctionally 

terminated polysiloxanes get attention, due to their ability in block, segmented or 

grafted copolymers synthesis [106].  

Most polydimethylsiloxane (PDMS) fluids are non-volatile polymeric organosilicon 

materials consisting of (CH3)2SiO structural units (Figure 2.8). 
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Figure 2.8: Representation of Poly (dimethylsiloxane). 

Polysiloxanes are used in a wide range of applications due to their properties such as 

low surface energy, low glass transition temperature, high chain flexibility, thermal 

and UV stability. These properties lead to the thermodynamic incompatibility of 

polysiloxanes with almost all other organic polymers. Using polysiloxanes, 

especially PDMS in copolymer systems overcomes their incompatibility problem. In 

siloxane containing copolymers siloxane segments migrate to the air surface; while 

the organic segments in the copolymer act as anchoring groups for the siloxane 

blocks [108].  

The major problem with pristine conducting polymers is that they are insoluble and 

infusible materials and not quite suitable for electronic device applications. Their 

processing could be improved by the synthesis of block and graft copolymers 

containing insulating and conducting sequences [109-112]. Blending of conducting 

polymers with thermoplastic polymers is another attempt to modify their mechanical 

properties [113]. So, PDMS blends and copolymers could be an answer for that 

problem [114].  

Küçükyavuz et al. prepared a PDMS/carbon fiber (CF)/Polythiophene (Pth) 

composite coated on Pt electrode. The first attempts with PDMS/Pth showed high 

flexibility due to the rubbery properties of PDMS. But, tensile properties were poor.  

Therefore the tensile property was reinforced by using carbon fiber [115-117].  

2.7. Composites and Nanocomposites 

Many potential applications of conducting polymers are limited because of their 

general insolubility in common organic solvents, poor mechanical properties vis-a-

vis their insufficient environmental stability. To overcome this problem a special 

class of materials has originated by the combinations of two or more nanosized 

particles with polymers resulting in materials having unique physical properties and 
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wide application potential in diverse areas. Novel properties of nanocomposites can 

be derived from the successful combination of the characteristics of   parent 

constituents into a single material [118]. 

Based on the filler geometries, nanocomposites can be classified into three primary 

categories. Fumed silica dioxide and nanometallic powder are particles, which are 

characterized by three dimensions in the nanometer range [119 - 120]. Carbon 

nanotube (CNT) and whiskers possess two dimensions in the nanometer range [121, 

122]; whereas clay, mica and expanded graphite layered structural fillers [123 – 125] 

possess only one dimension in the nanometer range. 

The nanocomposite materials of PNVCz have been prepared with nanodimensional 

fillers such as; metal oxides (ZrO2, MnO2, Al2O3, SiO2, etc.) [126-128], 

montmorillonite (MMT) clay [129,130], zeolites [131], and allotropes of carbon such 

as carbon black (CB) [132], acetylene black (AB) [133], and Buckminster fullerene 

[134]. 

The physical mixture of a polymer and nano structured fillers is not always enough 

to define as a nanocomposite. This mixture, defined as polymer blends could have a 

discrete phase separation. The resulting material will have a poor physical interaction 

between the organic and the inorganic components and leads to poor mechanical and 

thermal properties. In contrast, if stronger interactions between the polymer and the 

filler were to be created it will lead to the organic and inorganic phases being 

dispersed at the nanometer level. As a result, nanocomposites will exhibit unique 

properties not shared by their micro counterparts or conventionally filled polymers 

[135]. 

Polymer composites could generally be obtained by three main methods. 

While solution processing is a valuable technique for both nanotube dispersion and 

composite formation, it is less suitable for industrial scale processes, where melt 

processing is preferred because of its speed and simplicity. In this case, the strategy 

consists in blending a molten thermoplastic with the nanotubes in order to optimize 

the polymer-nanotubes interactions and form a nanocomposite. The polymer chains 

experience a dramatic loss of conformational entropy during the process. The 

proposed driving force for this mechanism is the important enthalpic contribution of 

the polymer nanotube interactions during the blending step. Figure 2.9 shows the 
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flowchart presenting different steps of melt processing. Melt blending can be used to 

produce either isotropic composites or composite fibers. In order to exploit the 

intrinsic potentials of CNTs, composite fibers are more suitable than isotropic 

materials, since fiber production techniques tend to align the nanotubes themselves 

within the fibers. 

 

Figure 2.9: Nanocomposite preparation by melt blending. 

An interesting finding was reported by Meincke et al. [136]. They prepared 

polyamide/ acrylonitrile-butadiene–styrene blends containing CNTs and they 

observed a double percolation effect. Due to the confinement of the nanotubes in the 

polyamide component, these materials showed an onset in the electrical conductivity 

at lower filler loadings (2–3 wt %) as compared to pure polyamide/CNTs composites 

(4-6 wt %). 

On the second method shown in Figure 2.10, the filler such as silicates, CNT, 

graphite, Al2O3 etc. is dispersed by mean of different methods (sonic bath, high 

power sonicator, mechanical stirrer, magnetic stirrer etc.) and the obtained solution is 

mixed with the polymer. The obtained product is precipitated and dried to obtain the 

final composite or blend. This is the most common method for fabricating polymer 

nanocomposites because it is both amenable to small sample sizes and effective. 

Solution blending involves three major steps: disperse nanotubes in a suitable 

solvent, mix with the polymer (at room temperature or elevated temperature), and 

recover the composite by precipitating or casting a film. 



23 
 

 

Figure 2.10: Nanocomposite preparation by solution blending. 

On the last method, called as the in-situ polymerization has been extensively 

explored for the preparation of polymer nanocomposites. Its main advantage being 

the creation of a covalent bond between the filler and the matrix. The presence of 

polymeric chain onto the filler surface facilitates their dispersion providing a strong 

interface at the same time. 

 First, the particles of filler are swollen in the monomer. Then, the reaction is 

initiated. For the thermosets such as epoxies or unsaturated polyesters, a curing agent 

or a peroxide, is added to initiate the polymerization. For thermoplastics, the 

polymerization can be initiated either by the addition of an initiator or by an increase 

of temperature. Figure 2.11 shows the flowchart for in-situ polymerization 

processing.  
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Figure 2.11: Nanocomposite preparation by in-situ polymerization. 

The first challenge for researchers is to disperse the filler (silicates, carbon nanotube, 

and graphite). Although examples could be given for silicates, pristine CNT cannot 

be dispersed homogenously by a simple stirring. High-power ultrasonication had to 

be used to make suspensions of nanotubes in different solvents. But, high-power 

ultrasonication for a long period of time shortens the nanotube length, i.e., reduces 

the aspect ratio, which is very important to the composite properties [137]. The 

minimum sonication conditions (time, power) that produce CNT degradation are yet 

to be determined and will certainly depend on nanotube concentration and initial 

nanotube length distribution. 

Another possibility is to use surfactants to disperse higher loadings of CNT [138-

140]. Sodium dodecyl sulfate (SDS) is one of them. SDS is a typical and easily 

commercially available anionic surfactant. Although surfactants are used in 

suspension polymerization systems to form micelles at a specific concentration 

known as critic micelle concentration, they could be used with much different 

applications. SDS like surfactant could be used to disperse inorganic fillers. It is 

thought that during sonication, the provided mechanical energy overcomes the van 

der Waals interactions in the bundles and leads to exfoliation, whereas at the same 

time, surfactant molecules adsorb onto the surface of the filler particles to stabilize it. 
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But, using surfactants to improve should be done with care. At high concentration the 

remains in the resulting nanocomposite might degrade transport properties. The 

thermal conductivity of the surfactant-SWCNT/epoxy composites was found lower 

than the same loading composite without surfactant [140]. 

2.7.1. Clay 

Clays are composed of layered silicates. Those layered silicates have two types of 

structure: tetrahedral-substituted and octahedral substituted. In the case of 

tetrahedrally substituted layered silicates the negative charge is located on the surface 

of silicate layers; as a result polymer matrices can react and interact more easily with 

these than with octahedrally-substituted one. MMT, hectorite, and saponite are the 

most commonly used layered tetrahedral silicates (Figure 2.12). 

 

Figure 2.12: Montmorillonite Clay. 

MMT is a clay mineral consisting of stacked silicate sheets with high aspect ratio 

(220) and with a plate like morphology [141]. The layer thickness is around 1 nm, 

and the lateral dimensions of these layers may vary from 30 nm to several microns or 

larger, depending on the layered silicate. This high aspect ratio (ratio of length to 

thickness) plays an important role for the enhancement of mechanical and physical 

properties. As mentioned before, MMT consists of two fused silicate tetrahedral 

sheets sandwiching an edge-shared octahedral sheet of either magnesium or 

aluminum hydroxide phyllosilicates with 2:1 ratio. The conformation of the layers 

leads to a regular van der Waals gap between those layers called as interlayer or 

gallery. In this interlayer region there exist Na
+
 and Ca

2+
 ions [142].  

In the crystal structure of MMT clays, some of the atoms of aluminum can be 

replaced by magnesium (Mg), lithium (Li) or iron (Fe) by isomorphic substitution. 

This process generates negative charges that are counterbalanced by alkali and 

alkaline earth cations situated inside the galleries. This type of layered silicate is 
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characterized by a moderate surface charge known as the cation exchange capacity 

(CEC), and generally expressed as mequiv/100 g. This charge is not constant and 

varies from layer to layer, and must be considered as an average value over the 

whole crystal. Details regarding the structure and chemistry for these layered 

silicates are provided in Figure 2.13 and Table 2.1, respectively. 

 

Figure 2.13: Structure of 2:1 phyllosilicates Reproduced from Beyer [143]. 

Table 2.2: Structure and chemical of layered silicates. 

 

2.7.2. Organo modified clays 

In their natural form the clay excess negative charge is balanced by cations (Na
+
, Li

+
, 

Ca
2+

) which exist hydrated in the interlayer [144]. Unfortunately, pristine layered 

silicates are only miscible with hydrophilic polymers, such as poly(ethylene oxide) 
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(PEO) [145], or poly(vinyl alcohol) (PVA) [146]. To render layered silicates 

miscible with other polymer matrices, one must convert the normally hydrophilic 

silicate surface to an organophilic one, making the intercalation of many engineering 

polymers possible. Generally, this can be done by ion-exchange reactions with 

cationic surfactants including primary, secondary, tertiary, and quaternary 

alkylammonium or alkylphosphonium cations. Alkylammonium or 

alkylphosphonium cations in the organosilicates rendering the clay into organophilic 

nature [147-148], lower the surface energy of the inorganic host and improve the 

wetting characteristics of the polymer matrix, and result in a larger interlayer 

spacing. Additionally, the alkylammonium or alkylphosphonium cations can provide 

functional groups that can react with the polymer matrix, or in some cases initiate the 

polymerization of monomers to improve the strength of the interface between the 

inorganic and the polymer matrix [149]. 

The organic modifier plays an important role for producing the nanocomposite. It 

may either enhance the interaction between the clay and the polymer, making it more 

suitably mixed, or it may favor the intercalation of the polymer chain by dictating the 

gallery spacing (Figure 2.14).  

 

Figure 2.14: Intercalation by surfactant ref. [150]. 

For example, in montmorillonite, the sodium ions in the clay can be exchanged for 

an amino acid such as 12-aminododecanoic acid (ADA): 

Na
+
-CLAY + HO2C-R-NH3

+
Cl

-
 → HO2C-R-NH3

+
-CLAY + NaCl 

The way in which this is done has a major effect on the formation of particular 

nanocomposite product forms and this is discussed further below. Although the 

organic pre-treatment adds to the cost of the clay, the clays are nonetheless relatively 

cheap feedstock with minimal limitation on supply. Montmorillonite is the most 

common type of clay used for nanocomposite formation; however, other types of 

clay can also be used depending on the precise properties required from the product. 
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These clays include hectorites (magnesiosilicates), which contain very small 

platelets, and synthetic clays, which can be produced in a very pure form and can 

carry a positive charge on the platelets, in contrast to the negative charge found in 

montmorillonites [151]. 

While far from a completely accurate or descriptive nomenclature, the literature 

commonly refers to three types of morphology: immiscible (conventional or 

microcomposite), intercalated, and miscible or exfoliated. These are illustrated 

schematically in Figure 2.15 along with example transmission electron microscopic, 

TEM, images and the expected wide angle X-ray scans [152]. 

 

Figure 2.15: Illustration of different states of dispersion of organoclays in polymers 

with corresponding WAXS and TEM results [152]. 

2.7.3. Polymer / Clay Nanocomposites 

Polymer/layered silicates (PLS) nanocomposites have attracted great interest, 

because they exhibit remarkable improvement in materials properties when 

compared with virgin polymer or conventional micro and macro-composites. These 

improvements can include high moduli [153 - 154], increased strength and heat 

resistance [155], decreased gas permeability [156–159] and flammability [160–162], 

and increased biodegradability of biodegradable polymers [163]. On the other hand, 
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there has been considerable interest in theory and simulations addressing the 

preparation and properties of these materials, and they are also considered to be 

unique model systems to study the structure and dynamics of polymers in confined 

environments [164–168]. 

Although the intercalation chemistry of polymers when mixed with appropriately 

modified layered silicate and synthetic layered silicates has long been known [169, 

170], the field of PLS nanocomposites has gained momentum recently. Two major 

findings have stimulated the interest in these materials: in first, very small amounts 

of layered silicate loadings resulted in remarkable improvements of thermal and 

mechanical properties; and second, that it is possible to melt-mix polymers with 

layered silicates, without the use of organic solvents.  

Polymer-clay nanocomposites have attracted much attention in recent years due to 

their ability to achieve increased properties from pure polymer with the addition of a 

small volume percentage of nanometer-sized particles. 

The creation of a so-called ―nanocomposite‖ composed of polymer and a layered 

silicate has received much more attention since some of the first research on this type 

of composite was undertaken by Toyota Motor Company researchers in the 1980s 

and 1990s by creating the nylon 6/montmorillonite nanocomposite [171]. 

Nanocomposite research grew in interest because of the enhanced properties 

obtained over bulk properties being separated including: mechanical, chemical, and 

barrier properties [172 – 175]. Through the years polymer/layered silicate 

nanocomposite research has opened up not only to conductive polymer / layered 

silicate nanocomposite research and but also to using in non conductive polymers 

like: polyurethanes [176], nylons [177-179], polypropylene [180], polystyrene [181-

182], polyisoprene [183], phenolic resins [184], epoxies [185-186], poly (methyl 

methacrylate) [187 - 189], polyimides [190 - 192], polyethylene [193], and 

polyethylene terephthalate [194]. 

Layered silicates should possess two particular characteristics to be considered for 

polymer/layered silicate nanocomposites.   

1. The ability of the silicate particles to disperse into individual layers.  

2. The ability to fine-tune their surface chemistry through ion exchange reactions 

with organic and inorganic cations.  
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These two characteristics are, of course, interrelated since the degree of dispersion of 

layered silicate in a particular polymer matrix depends on the interlayer cation. 

Most of the layered silicates used for polymer / clay nanocomposites are members of 

the 2:1 phyllosilicates family like hectorite and montmorillonite. Smectite or layered 

silicates are of special interest for formation of polymer / clay nanocomposites for a 

number of reasons including: cation exchange capacity, surface area, surface 

reactivity, adsorption properties, viscosity properties, and transparency. Dispersion 

or intercalation of monomer and / or polymer and ultimately formation of a 

nanocomposite is largely dependent on the aforementioned ion exchange to create 

interactions between the inorganic clay and the organic polymer otherwise a phase 

separated / immiscible system would be created. 

The clay nanoparticles may influence the arrangement of polymer chains, as it may 

become confined into the clay plates. 

In general, layered silicates have layer thickness on the order of 1 nm and a very high 

aspect ratio (e.g. 10–1000). A few weight percent of layered silicates that are 

properly dispersed throughout the polymer matrix thus create much higher surface 

area for polymer/filler interaction as compared to conventional composites. 

Depending on the strength of interfacial interactions between the polymer matrix and 

layered silicate (modified or not), three different types of PLS nanocomposites are 

thermodynamically achievable (Figure 2.16): 

1. Intercalated nanocomposites: in intercalated nanocomposites, the insertion of a 

polymer matrix into the layered silicate structure occurs in a crystallographically 

regular fashion, regardless of the clay to polymer ratio. Intercalated nanocomposites 

are normally interlayer by a few molecular layers of polymer.  

2. Flocculated nanocomposites: conceptually this is same as intercalated 

nanocomposites. However, silicate layers are sometimes flocculated due to 

hydroxylated edge–edge interaction of the silicate layers. 

3. Exfoliated nanocomposites: in an exfoliated nanocomposite, the individual clay 

layers are separated in a continuous polymer matrix by an average distances that 

depends on clay loading. 

Usually, the clay content of an exfoliated nanocomposite is much lower than that of 

an intercalated nanocomposite.  
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Figure 2.16: Schematic illustration of two different types of thermodynamically 

achievable polymer/layered silicate nanocomposites.  

The synthesis of MMT/PNVCz composite was one of the different attempts tried to 

enhance the conductivity and other defective properties of PNVCz. Biswas et al. 

polymerized NVCz with no other initiator in the presence of MMT at mild 

temperatures (70
o
C) in solid state [195]. Their other attempt was to polymerise 

NVCz in aqueous media with FeCl3 as initiator with success at 10
-5

 S/cm 

conductivity [196]. 

The conductivity and optical properties of a conducting polymer depend mainly on 

the arrangement of its chains. On the other hand, it is essential to control the 

molecular orientation and the arrangement at the monomolecular level in order to 

drive the functionality of these organic molecular devices in an efficient manner. 

However, in many cases, it is difficult to control the molecular arrangement and the 

homopolymer packing because PNVCz itself easily forms an amorphous polymer 

[197]. 

2.7.4. Graphite 

The nanocomposites containing layered silicates exhibit markedly superior 

mechanical, thermal and barrier performance in comparison with conventional micro 

composites [198 – 201]. Unfortunately, nanoclay reinforced polymers do not possess 

electrical conductivity, photonic and dielectric properties that are as good as some 

functional polymers such as graphite-containing polymers. 
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Graphite is a layered material, consisting of a structure where carbon atoms are 

bound by covalent bonds to other carbons in the same plane and only van der Waals 

forces are acting between successive layers. Since the van der Waals forces are 

relatively weak, it is possible for a wide range of atoms, molecules, and ions to 

intercalate between graphite sheets [202-204]. In contrast to the clays, there is no net 

charge on graphite; thus, ion exchange processes like those used to organically 

modify clays, are not possible for graphite. 

Different conductive fillers such as carbon black (CB) etc. have been extensively 

explored for composite components. These fillers effectively improve the 

conductivity of polymers [205 - 206]. Usually rather high filler content is needed to 

increase the conductivity because the filler size is only in the micrometer range. 

 

Figure 2.17: A schematic showing the formation of expanded graphite from natural 

flake graphite.ref 207. 

The significant improvement in electrical conductivity arising from the increase of 

filler content was observed for most composites and it was explained by the 

percolation transition of the conductive network formation. In most cases, relatively 

large quantities of fillers were needed to reach the critical percolation value. 

Composites containing conducting fillers in insulating polymers become electrically 

conductive when the filler content exceeds a critical value, known as a percolation 

threshold. The percolation threshold is characterized by a sharp jump in the 

conductivity by many orders of magnitude which is attributed to the formation of a 

three-dimensional conductive network of the fillers within the matrix. 



33 
 

Percolation theory [208-209] can be employed to explain the insulator–conductor 

transition occurring in the composite systems when a critical of conducting fillers is 

reached, using the following equation:  

σ = σo ( p - pc ) 
n
 (2.5) 

Where n is a critical exponent of conductivity, which depends only on the 

dimensionality of the systems. 

2.7.5. Graphite/Polymer Composites 

Although natural graphite/polymer composites were reported, expanded graphite 

(EG) has been shown to possess better interaction with polymer chains [210-212]. 

Because there are no reactive groups on the natural graphite layers, it is difficult for a 

monomer to load on its surface. In addition, natural graphite particles are difficult to 

be dispersed because they have large volume and their shapes are regular [213].  

EG is generally obtained by an acid treatment at low temperature followed by a high 

temperature (~900
o
C) thermal process on a short period (5 - 30 seconds) (Figure 

2.17) [214-216].  

The obtained EG contains abundant multi-pores ranging from 2 to 10 nm. The 

properties of multi-pores, functional acids and the OH groups promote a good 

affinity of EG to both the organic compounds and the polymers. Therefore, EG is 

able to absorb some monomers, initiators and polymers resulting in conductive 

polymer/graphite nanocomposites.  

EG has a huge specific surface area, high adsorptive capacity, and large occluded 

volume. It has strong tendency for nonpolar molecules. During the acidizing process, 

the groups of -OH and -COOH form at the surface of the graphite. In a certain 

environment, EG can also adsorb the polar molecules, and it has the characteristics of 

macroporous structure and physical adsorption effect [217, 218]. 

For instance, FTIR spectrum of graphite shows the presence of an intense peak 

around 1740 cm
-1

, which may be attributed to the oxidized graphite phase. For 

example in the preparation of PANI/ EG composites, the presence of characteristic 

peaks of graphite and aniline confirms the presence of both phases in the composite. 

However, all these bands show a systematic shifting that indicates the existence of 

significant interaction. These interaction between graphite (electron acceptor) and 
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doped polyaniline (donor or p-type material) may be attributed to the formation of 

charge transfer complex and thought to occurs due to partial transfer of lone pair of 

electrons of amine nitrogen atoms to the graphite particles. As a result amine 

nitrogen acquires partial positive charge whereas graphite particles develop 

equivalent negative charge (Figure 2.18) [219]. Such complex formation between 

donor and acceptor molecules has been well documented in case of other conducting 

polymers and could also be expanded to NVCz molecules. 

 

Figure 2.18: graphite-polymer interaction.Ref. [219]. 

Using EG, both polymer/graphite nanocomposites and macrocomposites with a good 

electrical conductivity and high thermal storage properties have been reported [220–

223]. 

PMMA/expanded graphite (EG) composites were prepared by direct solution 

blending of PMMA with the expanded graphite filler. Electrical conductivity and 

dielectric properties of the composites were measured by a four-point probe 

resistivity determiner and a dielectric analyzer (DEA). Interestingly, only 1 wt% 

filler content was required to reach the percolation threshold (Φ) of transition in 

electrical conductivity from an insulator to a semiconductor using PMMA/EG. The 

thickness of the interlayer of the expanded graphite was shown to be close to the 

nanometer scale. The reported filler content was much lower than that required for 

conventional PMMA/carbon black (8 wt% carbon) and PMMA/graphite (3.5 wt% 

graphite) composites. The improvements in both electrical conductivity and 

structural integrity were attributed to the difference in filler geometry (aspect ratio 

and surface area) and the formation of conductive networks in the composites [224]. 



35 
 

2.7.6. Carbon Nanotubes  

CNT, discovered in 1991 [225] possess unique properties including high tensile 

strength, chemical stability and electrical conductivity [226] that may prove useful in 

the fields of biomedical materials and devices.  

Since the discovery of CNTs (Figure 2.19), extensive research in the fields of applied 

physics, chemistry and materials science and engineering has rapidly emerged [227–

229]. 

The extreme mechanical and transport properties of the carbon nanotubes (CNTs) 

have inspired scientists and engineers for a wide range of potential applications 

[230]. 

 

Figure 2.19: SEM images of purified SWCNT grown in  using Alumina supported 

Fe-Mo catalyst on a patterned silicon substrate: (a) SWCNT at 

magnification of x200,000 and (b) SWCNT grown between catalyst 

particles at magnification x50,000. 

CNTs exist in two main categories: a single-walled nanotube which possess the 

fundamental cylindrical structure, and the multi-walled nanotube which are made of 

coaxial cylinders, with spacing between the layers close to that of the interlayer 

distance in graphite (0.34 nm) (Figure 2.20). 

CNTs  was produced on first by the arc discharge and laser vaporisations processes, 

but more and more work has been devoted to chemical vapor deposition (CVD) 

techniques. 
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In this process, a mixture of inert gases is decomposed at high temperature (1000
o
C). 

A substrate (silicon, glass or aluminium) containing a layer of metal catalyst (Fe, Co 

or Ni), by sputtering, solution or electron beam evaporation, is placed inside the 

reactor vessel. At high temperatures, the carbon forms tubes because of a free energy 

decrease and a lack of dangling bonds [231].  

 

Figure 2 20: Schematic presentation of MWCNT. 

In most of the cases the solubility of the CNTs is assessed qualitatively, based on 

visual appearance. Recently, methods based on sedimentation combined with 

gravimetric [232, 233] or spectroscopic [234] techniques were proposed to determine 

quantitatively the CNT solubility. 

In some of the cases the optical microscope was used in conjunction with the above 

methods to construct phase-diagrams [232, 233] or to evaluate the suspension quality 

[235]. Generally, these methods were used to evaluate the solubility of SWCNT, and 

the maximum solubility measured was around 2 mg/ml [234]. 

It is well known that CNT dispersion is not a true solution in the molecular sense, but 

a colloidal suspension. 

However, throughout the literature the terms solution, solubility, solubilisation are 

widely used to describe CNT dispersions. 

Despite the outstanding properties of the individual CNTs their insolubility hinders 

the transfer of those properties into the bulk. Covalent functionalisation represents an 

efficient way to render the CNTs soluble either in aqueous or organic phase, by 

attaching different functional groups directly to the CNTs [236]. 

Pristine CNTs can be effectively purified with acid to result oxygen-containing 

groups, mainly carboxyl and hydroxyl, have been found to decorate the graphitic 

surface[237-239]. 
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Literature screening shows that nitric acid is extensively used to oxidize CNTs. 

Nitric acid or/and sulphuric acid treatment produces mainly carboxylic groups [237–

240] which contribute to the solubilisation of the nanotubes [240, 241]. The reaction 

conditions differ largely from one author to another, e.g., the acid concentration 

varies in the range of 15– 70 wt%, the initial concentration of the CNTs varies from 

0.1 to 10 mg/ml, and the treatment duration from 1 to 48 h. Up to now there are no 

dedicated studies on the MWCNT oxidation in nitric acid [242]. 

The alignment of the MWCNTs is important for certain applications, but there are 

only a few studies concerning the alignment [243, 244]. The presence of oxygen-

containing groups facilitates the exfoliation of CNT bundles, and increases the 

solubility in polar media [245, 246]. This, in turn, affects the processing of CNTs and 

increases the possibility of further modification/functionalisation depending on 

application [247, 248]. 

2.7.7. CNT/Polymer Composites 

Research on CNT incorporated polymer composites has intensified by folds on the 

last decade.  Researches were scoped in generally into two domains related with each 

other. The increase of the polymer conductivity creates a lack on the physical 

properties due to their poor stability during cycling. Conductive polymer films, 

because of volumetric changes during the doping/dedoping process 

(insertion/deinsertion of counter ions), undergo swelling, shrinkage, cracks, or 

breaking, which in consequence gradually degrades their conducting properties. 

Although this drawback, they can be used in many applications such as 

supercapacitors, sensors, advanced transistors, high-resolution printable conductors, 

electromagnetic absorbers, photovoltaic cells, photodiodes and optical limiting 

devices [249]. 

Despite that, there is limited article on PNVCz/CNT composites, a special attention 

has been given to CNTs functionalized with poly(N-vinyl carbazole) nowadays [250-

251]. Two different methods of synthesis of CNT composites have been reported: 

direct mixing of the polymer with CNTs, and chemical polymerization of monomer 

in the presence of carbon nanoparticles [252, 253]. 

Carbazole moieties are well-known electron donors and hole transporters in organic 

electronics. While on the other hand CNT‘s, due to the strong electron-withdrawing 
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ability and the extensive π-conjugation along the CNT axis, electrons are deeply 

trapped in the CNT network. The π electron rich surface and the methyl groups of 

polymers are thought to triggered an interaction known as the CH-π interaction. This 

interaction is a weak hydrogen bond between soft acids and soft bases. They are 

largely due to dispersion forces and partly to charge transfer and electrostatic forces. 

This behavior permit polymerization of NVCz with slightly acceptable conditions 

(65
o
C, in toluene) without any external oxidant. On the other hand, the melt 

polymerisation is an alternative process having recently close intention. NVCz 

monomer in the presence of CNT could be synthesized via solid state polymerisation 

at high temperature without further oxidant [254]. The polymerization procedure is 

defined for Aniline (ANI) as follows. The mechanism is depicted with the presence 

of CNT‘s π-π* interaction with Aniline. Such strong interaction ensure that the 

aniline monomers are absorbed on the surface of MWCNT‘s, which serve as the core 

and the self-assembly template during the formation of the tubular nanocomposites. 

The interaction with NVCz is thought to be similar. The addition of external oxidant 

or else a reflux process enable a bond creation with the vinyl group and the CNT π 

bond (Figure 2.21). 

 

Figure 2.21: Proposed interaction on polymer and CNT. Ref 255. 

The main objective is to increase the polymer conductivity. To achieve this goal one 

must not forget that it exist some drawbacks.  Well-dispersed nanotubes generally 

have higher aspect ratios than nanotube aggregates, so the percolation threshold 

mentioned earlier decreases with better dispersion. But, in an inverse case where 

slight aggregation [256] produces a lower percolation threshold by increasing the 

local interactions between nanotubes. Alignment of the nanotubes in the polymer 
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matrix has a profound effect on the electrical conductivity and its percolation 

threshold. When the nanotubes are highly aligned in the composites, there are fewer 

contacts between the tubes, which results in a reduction in electrical conductivity and 

a higher percolation threshold as compared to those in a composite with randomly 

oriented nanotubes.  

 

Figure 2.22: Schematic presentation of MWCNT-PNVCz interaction. 

It is widely accepted that chemical functionalisation disrupts the extended π-

conjugation of nanotubes and thereby reduces the electrical conductivity of isolated 

nanotubes. But, Tamburri et al. [257] found that extensive functionalisation of 

SWCNT with -OH and -COOH groups enhances the current in a conducting polymer 

(1,8-diaminophthalene) by factors of  90 and 140, respectively, whereas the untreated 

tubes showed an enhancement of only 20. It appears that the disadvantages of 

functionalisation with respect to SWCNT conductivity are outweighed by the 

improved dispersion enabled by functionalisation. 

Functional groups such as COOH, C=O, and OH are generated on the CNTs as a 

result of surface treatment [258-259]. These functional groups have some 

nucleophilicity, which induces polar interactions with electrophilic groups (Figure 

2.22). Epoxide/CNT composites, can form nucleophile–electrophile complexes 

between functional groups and epoxides due to these polar interactions. In the 

polymer–carbon nanotube system, homogeneous dispersion of carbon nanotubes in 
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the polymer matrix is a critical factor for improving the performance of materials. 

Surface treatment of CNTs is a facile way to disperse CNTs more effectively.  

Due to the nucleophilicity of NVCz even relatively weak carboxylic acids can cause 

polymerization [260]. For example, the cationic polymerization of NVCz is initiated 

by carbon whiskers (vapour–grown carbon fibres) [261] and by g-poly(glutamic 

acid) [262]. These polymerizations are heterogeneous processes during which 

carboxylic groups on the surface of the carbon whiskers and g-poly(glutamic acid) 

particles are responsible for the initiation of NVCz polymerization. 

Prog. Polym. Sci. 28 (2003) 1297–1353 

 

Figure 2.23: Proposed interaction of polymer and CNT by electrochemical methods. 

The electrochemical polymerization of NVCz in the presence of CNT is defined by 

the following mechanism (Fig 2.23) by Islam et al. The ablation of electron creates 

radicalic gaps on nanotube walls initiating the polymerization of NVCz from the wall 

sides. The acidic functionalisation could on some case create defects on CNT walls. 

Those defects could generate radical groups similar to the electrochemical procedure, 

allowing the polymerization with no further oxidant [263].  
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2.8. Conductivity 

After the discovery of conductive polymers, the main objective has come to improve 

the conductivity of those polymers. The addition of filler has become a common 

method nowadays. Different fillers usually used are metal powder [264, 265], carbon 

black [266], graphite [267], carbon fibers [268], and so forth [269]. Many factors 

made a dramatic impact on the conductivity of the composites, such as characteristics 

of fillers and polymers, diameter and structure of fillers, concentration of fillers, 

dispersion, processing methods, temperature, and pressure [270-273].  

The potential of nanotubes as conducting fillers in multifunctional polymer 

composites has been successfully realized. Several orders of magnitude enhancement 

in electrical conductivity () has been achieved with a very small loading (0.1 wt% 

or less) of nanotubes in the polymer matrices, while maintaining the other 

performance aspects of the polymers such as optical clarity, mechanical properties, 

low melt flow viscosities, etc. 

However, the mechanical properties decrease seriously at high filler contents (~15 wt 

%, usually).  

Therefore, much attention has been centered on the preparation of conducting 

composites with a low percolation threshold [274- 275] 

For example, the electrically conductive percolation threshold at room temperature is 

0.75 vol% and the electrical conductivity (σ) reaches 10
−4

 S/cm when EG 

concentration is 2.0 vol%, which reveals the tremendous potentials and values of 

Thiophene/EG nanocomposites [276].  

 

Figure 2.24: Electrical conductivity as a function of reduced mass fraction of 

nanotubes, showing a threshold of 0.11 wt %. 
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The percolation threshold is typically determined by plotting the electrical 

conductivity as a function of the reduced mass fraction of nanotubes and fitting with 

a power law function (Figure 2.24). The nanotube/polymer composites exhibit very 

low percolation threshold for electrical conductivity because of the large aspect ratio 

and the nanoscale dimension of nanotubes. For SWNT/polymer composites, the 

reported percolation thresholds range from 0.005 vol % to several vol %.  Percolation 

thresholds as low as 0.002 vol % have been achieved in the polymer composite with 

long flexible ropes of aligned MWCNT [277].  

Volumetric conductivity measurement is a common method to determine the 

conductivity of solid state compounds. On this method, the samples are consolidated 

in the form of cylindrical compacts with a thickness of generally 1mm by applying a 

uniaxial pressure using a hydraulic press. The formed pellet is sandwiched between 

generally two Pt electrodes. The conductivity is measured from the reciprocal of the 

slope from the applied potential versus intensity [278].  

There are also different voltammetric methods to determine and investigate the 

conductivity. 

2.8.1. Voltammetric Techniques 

Historically, the branch of electrochemistry we now call voltammetry developed 

from the discovery of polarography in 1922 by the Czech chemist Jaroslav 

Heyrovsky, for which he received the 1959 Nobel Prize in chemistry. The early 

voltammetric methods experienced a number of difficulties, making them less than 

ideal for routine analytical use. However, in the 1960s and 1970s significant 

advances were made in all areas of voltammetry (theory, methodology, and 

instrumentation), which enhanced the sensitivity and expanded the repertoire of 

analytical methods. The coincidence of these advances with the advent of low-cost 

operational amplifiers also facilitated the rapid commercial development of relatively 

inexpensive instrumentation. 

The common characteristic of all voltammetric techniques is that they involve the 

application of a potential (V) to an electrode and the monitoring of the resulting 

current (i) flowing through the electrochemical cell. In many cases the applied 

potential is varied or the current is monitored over a period of time (t). Thus, all 

voltammetric techniques can be described as some function of E, i, and t. They are 
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considered active techniques (as opposed to passive techniques such as 

potentiometry) because the applied potential forces a change in the concentration of 

an electroactive species at the electrode surface by electrochemically reducing or 

oxidizing it.  

The analytical advantages of the various voltammetric techniques include excellent 

sensitivity with a very large useful linear concentration range for both inorganic and 

organic species (10
–12

 to 10
–1

 M), a large number of useful solvents and electrolytes, 

a wide range of temperatures, rapid analysis times (seconds), simultaneous 

determination of several analytes, the ability to determine kinetic and mechanistic 

parameters, a well-developed theory and thus the ability to reasonably estimate the 

values of unknown parameters, and the ease with which different potential 

waveforms can be generated and small currents measured. 

Analytical chemists routinely use voltammetric techniques for the quantitative 

determination of a variety of dissolved inorganic and organic substances. Inorganic, 

physical, and biological chemists widely use voltammetric techniques for a variety of 

purposes, including fundamental studies of oxidation and reduction processes in 

various media, adsorption processes on surfaces, electron transfer and reaction 

mechanisms, kinetics of electron transfer processes, and transport, speciation, and 

thermodynamic properties of solvated species. Voltammetric methods are also 

applied to the determination of compounds of pharmaceutical interest and, when 

coupled with HPLC, they are effective tools for the analysis of complex mixtures. 

A typical electrochemical cell consists of the sample dissolved in a solvent, an ionic 

electrolyte, and three (or sometimes two) electrodes. Cells (that is, sample holders) 

come in a variety of sizes, shapes, and materials. The type used depends on the 

amount and type of sample, the technique, and the analytical data to be obtained. The 

material of the cell (glass, Teflon, polyethylene) is selected to minimize reaction with 

the sample. In most cases the reference electrode should be as close as possible to the 

working electrode; in some cases, to avoid contamination, it may be necessary to 

place the reference electrode in a separate compartment.  

The reference electrode should provide a reversible half-reaction with Nernstian 

behavior, be constant over time, and be easy to assemble and maintain.  



44 
 

The counter electrode consists of a thin Pt wire, although Au and sometimes graphite 

have also been used. 

The working electrodes are of various geometries and materials, ranging from small 

Hg drops to flat Pt disks. Other commonly used electrode materials are gold, 

platinum, and glassy carbon [279].  

2.8.2. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) has become an important and widely used electroanalytical 

technique in many areas of chemistry. It is rarely used for quantitative 

determinations, but it is widely used for the study of redox processes, for 

understanding reaction intermediates, and for obtaining stability of reaction products. 

This technique is based on varying the applied potential at a working electrode in 

both forward and reverse directions (at some scan rate) while monitoring the current. 

The important parameters in a cyclic voltammogram are the peak potentials (Epc, 

Epa) and peak currents (ipc , ipa) of the cathodic and anodic peaks, respectively. If 

the electron transfer process is fast compared with other processes (such as 

diffusion), the reaction is said to be electrochemically reversible. 

Thus, for a reversible redox reaction at 25 °C with n electrons Ep should be 

0.0592/n V or about 60 mV for one electron. In practice this value is difficult to 

attain because of such factors as cell resistance. 

Irreversibility due to a slow electron transfer rate results in Ep > 0.0592/n V, 

greater, say, than 70 mV for a one-electron reaction. 

For a reversible reaction, the concentration is related to peak current by the Randles–

Sevcik expression (at 25 °C):  

ip = 2.686x10
5
n

3/2
Ac0D

1/2
ν

1/2
 (2.10) 

Where ip is the peak current in amps, A is the electrode area (cm
2
), D is the diffusion 

coefficient (cm
2
 s

–1
), c0 is the concentration in mol cm

–3
, and n is the scan rate in V s

–

1
. 

Cyclic voltammetry is carried out in quiescent solution to ensure diffusion control. A 

three-electrode arrangement is used. Mercury film electrodes are used because of 
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their good negative potential range. Other working electrodes include glassy carbon, 

platinum, gold, graphite, and carbon paste [279]. 

2.8.3. Other Pulse Methods 

In order to increase speed and sensitivity, many forms of potential modulation have 

been tried over the years. Three of these pulse techniques are widely used (Figure 

2.25). 

 

Figure 2.25: Different voltametric step models. 

2.8.3.1. Normal Pulse Voltammetry (NPV) 

This technique uses a series of potential pulses of increasing amplitude. The current 

measurement is made near the end of each pulse, which allows time for the charging 

current to decay. It is usually carried out in an unstirred solution at either DME 

(called normal pulse polarography) or solid electrodes. 

The potential is pulsed from an initial potential Ei. The duration of the pulse, t, is 

usually 1 to 100 msec and the interval between pulses typically 0.1 to 5 sec. The 

resulting voltammogram displays the sampled current on the vertical axis and the 

potential to which the pulse is stepped on the horizontal axis. 
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2.8.3.2. Differential Pulse Voltammetry (DPV) 

This technique is comparable to normal pulse voltammetry in that the potential is 

also scanned with a series of pulses. However, it differs from NPV because each 

potential pulse is fixed, of small amplitude (10 to 100 mV), and is superimposed on a 

slowly changing base potential. Current is measured at two points for each pulse, the 

first point (1) just before the application of the pulse and the second (2) at the end of 

the pulse. These sampling points are selected to allow for the decay of the 

nonfaradaic (charging) current. The difference between current measurements at 

these points for each pulse is determined and plotted against the base potential. 

2.7.3.3. Square-Wave Voltammetry (SWV) 

The excitation signal in SWV consists of a symmetrical square-wave pulse of 

amplitude Esw superimposed on a staircase waveform of step height E, where the 

forward pulse of the square wave coincides with the staircase step. The net current, 

inet, is obtained by taking the difference between the forward and reverse currents 

(ifor – irev) and is centered on the redox potential. The peak height is directly 

proportional to the concentration of the electroactive species and direct detection 

limits as low as 10
–8

M is possible. 

Applications of square-wave voltammetry include the study of electrode kinetics 

with regard to preceding, following, or catalytic homogeneous chemical reactions, 

determination of some species at trace levels, and its use with electrochemical 

detection in HPLC [279]. 

2.9. Electrochemical Impedance Spectroscopy Theory and applications 

2.9.1. Theory 

The EIS theory summarized by Gamry Instruments [280] is as follows. 

Ohm's law defines resistance in terms of the ratio between voltage V and current I. 

This well known relationship is limited to only one circuit element. But, the real 

world contains circuit elements that exhibit much more complex behavior. We use 

impedance instead of resistance factor.  

  
 

 
 (2.11) 
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Like resistance, impedance is a measure of the ability of a circuit to resist the flow of 

electrical current. Electrochemical impedance is usually measured by applying an 

AC potential to an electrochemical cell and measuring the current through the cell. If 

we apply a sinusoidal potential excitation; the response to this potential is an AC 

current signal. This current signal can be analyzed as a sum of sinusoidal functions (a 

Fourier series). 

Electrochemical Impedance is normally measured using a small excitation signal. 

This is done so that the cell's response is pseudo-linear. In a linear (or pseudo-linear) 

system, the current response to a sinusoidal potential will be a sinusoid at the same 

frequency but shifted in phase (Figure 2.26).  

   

 

Figure 2.26: Sinusoidal Current Response in a Linear System. 

The excitation signal, expressed as a function of time, has the form  

V(t) = V0 cos (t) (2.12) 

V(t) is the potential at time t, Vo is the amplitude of the signal, and  is the radial 

frequency. The relationship between radial frequency  (expressed in 

radians/second) and frequency f (expressed in hertz) is: 

 = 2f (2.13) 

In a linear system, the response signal, It, is shifted in phase () and has different 

amplitude, I0: 
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I(t) = I0 cos (t – ) (2.14) 

An expression analogous to Ohm's Law allows us to calculate the impedance of the 

system as: 

  
    

    
 

         

           
   

       

         
 (2.15) 

The impedance is therefore expressed in terms of a magnitude, Z0, and a phase shift, 

. 

Using Euler‘s relationship,  

                    (2.16) 

It is possible to express the impedance to a complex function.  

  
    

    
                            (2.17) 

From a physical point of view, impedance is just a totally complex resistance 

(measured in Ohms, ) that appears when an AC current flows through a circuit 

made of resistors, capacitors, inductors or any combination of these. This magnitude 

shows a complex notation, with a resistive or real part attributable to resistors (in 

phase with the applied voltage) and a reactive or imaginary part attributable to the 

contribution of capacitors (out of phase with the applied voltage by +/2) and/or 

inductors (out of phase with the applied voltage by -/2): 

Z = Z‘+jZ‘‘ j =     (2.18) 

Where Z‘ is the resistance (measured in ), Z‘‘ the reactance. [281] 

Electrochemical impedance spectroscopy (EIS) measurement provides a lot of plot 

like as Nyquist plot, Bode plot, Warburg plots. Researches can be analyzing their 

data with respect to these plots. 

The Nyquist impedance spectrum consists of a semicircle at high frequencies 

followed by a linear spike at low frequencies.  The diameter of the semicircle has 

been considered as the charge-transfer resistance (Rct) and the high frequency 

intercept is due to the solution resistance (Rs). 

If the real part is plotted on the Z axis and the imaginary part on the Y axis of a chart, 

we get a "Nyquist plot" (Figure 2.27).  Notice that in this plot the y-axis is negative 

and that each point on the Nyquist plot is the impedance at one frequency.  
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   Figure 2.27: Nyquist Plot with Impedance Vector. 

Figure 2.27 has been annotated to show that low frequency data are on the right side 

of the plot and higher frequencies are on the left. 

It can be obtained information about time constant () from the frequency 

corresponding to the maximum of the imaginary component of the semi circle. The 

time constant is calculated using the expression [282]; 

  
 

   
  (2.19) 

Low values of  are preferred for electrochemical capacitors in order to ensure 

charge/discharge characteristics. 

2.9.2. Applications 

When a conducting polymer is either synthesized or characterized by an 

electrochemical method, one uses an electrochemical cell with an appropriate 

electrolyte and necessary electrodes. This system is represented by an electrical 

circuit and the reactions taking place across the electrode/electrolyte interfaces are 

often interpreted in terms of an equivalent circuit. Indeed, an electrode/electrolyte 

interface cannot be fully described without making impedance measurements [283]. 

Electrochemical impedance spectroscopy (EIS) appears to be an excellent technique 

for the investigation of bulk and interfacial electrical properties of any kind of solid 

or liquid material connected to or being part of an appropriate electrochemical 

transducer [284]. Any intrinsic property of a material or a specific process that could 

affect the conductivity of an electrochemical system can potentially be studied by 

EIS. 
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There are countless techniques available for electrochemical sensor 

development/optimization (i.e., cyclic voltammetry, scanning electrochemical 

microscopy, etc.) [285–287]. A majority of these methods probe the 

membrane/electrolyte interface by using a large perturbation, which is designed to 

provide mechanistic information by driving the reaction to a condition far from 

equilibrium. Another approach, however, is to apply a small perturbation to ensure 

that the kinetic information pertaining to the membrane/electrolyte interface is at 

near zero current conditions. Subsequently, electrochemical impedance spectroscopy 

(EIS) is a non-destructive steady-state technique that is capable of probing the 

relaxation phenomena over a range of frequencies [287]. The power of EIS lies in its 

ability to provide in situ information on relaxation times over the frequency range 

10
6
 to 10

−4
 Hz. It is a tool that has been used to identify and separate different 

contributions to the electric and dielectric responses of a material. 

Another advantage of the latter technique is that the measurement of the complex 

impedance behavior in the form of Nyquist plot could be made at a desired DC 

potential bias. Thus, the electrical behavior of the material could be studied as a 

function of the applied DC bias and hence several useful items of information could 

be extracted from a single experiment. [288]  
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3. COPOLYMERS OF N-VINYL CARBAZOLE WITH ACRYLIC ACID, 

ITACONIC ACID AND N-ISOPROPYLACRYLAMIDE: SYNTHESIS, 

DETERMINATION OF MONOMER REACTIVITY RATIOS AND 

ELECTROCHEMICAL PROPERTIES 

3.1 Experimental 

N-vinylcarbazole (NVCz; from Aldrich), acrylic acid (AA; from Fluka), itaconic 

acid (IA; from Fluka) and N-isopropylacrylamide (NIPAAm; from Aldrich) were 

used as monomers. THF, 1, 4-Dioxane (copolymerization solvent), potassium 

persulfate (KPS; initiator), tetrabutylammonium tetrafluoroborate (TBABF4; 

supporting electrolyte), dichloromethane (CH2Cl2) and Dopamine (DA) were used as 

received (from Merck). The initiator, α, α‘-azobisisobutyronitrile (AIBN; from 

Merck) was recrystallized from methanol. 

                             O

O

       

N-vinyl carbazole    Itaconic Acid     N-Isopropylacrylamide   1, 4-Dioxane    

 

N+

B-

F

F

F

F

NH2HO

HO

    O                                

α, α‘-azobisisobutyronitrile     TBABF4               Dopamine         Tetrahydrofuran 

Figure 3.1: Schematic illustration of used chemicals. 
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3.2 Copolymerization 

Copolymers of NVCz with IA, AA (weakly-acidic comonomers) and NIPAAm 

(hydrophobic/hydrophilic comonomer) having different composition were 

synthesized by free radical solution polymerization in 1,4-Dioxane with AIBN (1.0 x 

10
-3

 mol / L) at 50
o
C under nitrogen atmosphere. The total monomer concentration of 

1.0 mol / L was kept constant while the feed ratio of the monomers was varied. 

Further, homopolymers of NVCz, NIPAAm, AA and IA were synthesized using 

AIBN (1.0 x 10
-3

 mol / L) in 1, 4-Dioxane and potassium persulphate (KPS) in water 

as initiators under identical experimental conditions. The polymerization mixtures 

were introduced into large glass tubes with ~30 mm diameter equipped with a rubber 

cap and a syringe. Solutions were degassed by bubbling nitrogen for about 20 min. 

Hexane was used to precipitate the polymers.  The homopolymers and copolymers 

were filtered and washed with hexane. The products were dried under vacuum at 

room temperature to constant weight. The solid samples were reprecipitated by 

hexane from the solution in THF and finally dried. Tables 3.1-3.3 summarize the 

feed compositions of NVCz and comonomers (NIPAAm, IA and AA), experimental 

conditions, gravimetric (yield, %) and viscometric results ( [η], mL / g ).  

Table 3.1: Polymerization Conditions of PIA and NVCz / IA Copolymers. 

Sample 

No 

Feed Composition 

(mole %) 

Solvent Time 

(h) 

Yield 

(%) 

[η] 

(mL/g) 

MW 

(g/mol) 

1 IA(100) /NVCz (0) Water
a 

48 50.4 6.1 3400 

2 IA (100) / NVCz (0) Dioxane 96 42.9 1,1 770 

3 IA (80) / NVCz (20) Dioxane 96 71.3 9.5 - 

4 IA (60) / NVCz (40) Dioxane 30 70.0 29.5 - 

5 IA (40) / NVCz (60) Dioxane 24 83.9 55.7 - 

6 IA (20) / NVCz (80) Dioxane 12 53.7 69.9 - 

7  IA (10) / NVCz (90) Dioxane 6 52.1 - - 

8  IA (5) / NVCz (95) Dioxane 6 49.7 - - 

9 IA (0) / NVCz (100) Dioxane 96 86.7 29.2 122000 
a
 KPS was used as initiator 

PNVCz, NVCz/IA and NVCz/NIPAAm copolymers having electroactive, ionic and 

hydrophobic properties were deposited by electrooxidation in CH2Cl2 containing 0.1 

M TBABF4 on Pt wire electrode. Cyclic voltammograms of PMEs were obtained at a 

scan rate 100 mV / s between 0 - 1800 mV, by using a Model 2263 Parstat 

potentiostat. The working electrode (area = 3.14x10
-2

 cm
2
 ) and counter electrode 
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were Pt wires. In all cases, Ag wire was used as a pseudo reference electrode. 

Electrochemical detection of DA was examined in phosphate buffer at pH 7.0. 

Table 3.2: Polymerization Conditions of PAA and NVCz/AA Copolymers. 

SampleNo Feed Composition 

(mole %) 

Tim

e (h) 

Yiel

d 

(%) 

[η] 

(mL/g) 

MW 

(g/mol) 

10 AA (100) / NVCz (0) 96 75.4 7.07 54500 

11 AA (80) / NVCz (20) 96 80.0 22.6 - 

12 AA (60) / NVCz (40) 21 72.0 26.0 - 

13 AA (40) / NVCz (60) 31 63.9 52.7 - 

14 AA (20) / NVCz (80) 12 53.7 61.8 - 

15 AA (10) / NVCz (90) 24 51.3 - - 

16 AA (5) / NVCz (95) 24 49,7 - - 

9 AA (0) / NVCz (100) 96 86.7 29.2 122000 

 

Table 3.3: Polymerization Conditions of PNIPAAm and NVCz/NIPAAm 

Copolymers. 

 

SampleNo Feed Composition 

(mol %) 

Time 

(h) 

Yield 

(%) 

17 NIPAAm(100)/NVCz(0) 96 75.0 

18 NIPAAm(95)/NVCz(5) 72 80.1 

19 NIPAAm(90)/NVCz(10) 72 68.3 

20 NIPAAm(80)/NVCz(20) 72 67.9 

21 NIPAAm(60)/NVCz(40) 72 75.0 

22 NIPAAm(45)/NVCz(55) 72 77.4 

23 NIPAAm(30)/NVCz(70) 96 78.0 

24 NIPAAm(20)/NVCz(80) 96 64.0 

25 NIPAAm(10)/NVCz(90) 96 80.3 

9 NIPAAm(0)/NVCz(100) 96 86.7 

3.3 Copolymer characterization 

 FTIR spectra of the samples were recorded on Mattson 3000 and Perkin Elmer 

Spectrum One (FTIR-reflectance, Universal ATR with diamond and ZnSe) 

spectrophotometers using KBr pellets and the samples in powder form (Figures 3.2 

and 3.3), respectively. Viscosity measurements were performed by an Ubbelohde 

viscometer.  The intrinsic viscosities of the homopolymers and copolymers were 

determined by using single-point method (c = 0.5 % w/v). They were converted to 

molecular weight by using the following relations for PIA, PAA and PNVCz [22-

24]. 

[η]=15.47x10
-3

 M
0,90 

  (25
o
C; 1M NaCl for PIA and PAA ) (1) 
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[η]= 14.40 x10
-3

M
0,65  

    (25
o
C,  THF for PNVCz) (2) 

The compositions of copolymers were determined using a Shimadzu UV-visible 

160A double beam spectrophotometer, equipped with a temperature controlled cell. 

UV spectra of the copolymers and the blends of PAA / PNVCz, PIA / PNVCz and 

PNIPAAm / PNVCz, which were used to draw the calibration curves, were measured 

in the range of 200-400 nm. The glass transition temperatures (Tgs) of the samples  

 

Figure 3.2: FTIR spectra of NVCz /AA copolymers, which are given in Table 3.2. 
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Figure 3.3: FTIR spectra of NVCz / NIPAAm copolymers, which are given in Table 

3.3. 

were determined using a Perkin Elmer differential scanning calorimeter (Model DSC 

6). All thermograms were taken between 25
o
C and 250

o
C in nitrogen atmosphere at a 

heating rate of 10
o
C / min. 
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3.4 Results 

The chemical structures of PNVCz, PAA, PIA and PNIPAAm are shown in Scheme 

1. The free radical polymerization of NVCz gave a white product, being p-type semi-

conductive with photoconductive and insulating character. In addition, NVCz can be 

polymerized by chemical and electrochemical oxidation of the ring to produce a 

conductive polymer [5, 6, 25]. Copolymers of NVCz with IA, AA and NIPAAm 

were prepared at high yields and were characterized by measurements of the intrinsic 

viscosity and the glass transition temperature. In the case of IA, chain transfer to the 

monomer because of the presence of allylic hydrogens in the molecular structure 

results in the production of PIA chains with low molecular weight while its 

copolymers with the vinyl monomers producing more stable radicals have higher 

molecular weights. The viscosity results of NVCz/IA and NVCz/AA copolymers 

show that the molecular weights of  copolymers increased on increasing the mole 

fraction of NVCz in the feed (Tables 3.1 and 3.2).  

FTIR and UV  spectroscopic techniques were employed to determine the copolymer 

compositions and to calculate the reactivity ratios of monomer pairs. C=O stretching 

(1730 cm
-1

) and –OH dimerization (3500-2500cm
-1

) bands in the FTIR spectra of 

PAA and its copolymers indicate the presence of AA units in the chains while the 

bands at 1600 –1450 cm
-1 

for aromatic stretching and aromatic –CH in plane 

bending, 750 cm
-1 

for aromatic -CH out of plane bending are characteristic for 

PNVCz (Figure 3.1). Further, the bands due to -C =O stretching and NH- bending for 

secondary amides at 1660 and 1540 cm
 -1

 and, a double band for isopropyl group at 

1385 and 1370 cm
-1

 are characteristic absorptions of PNIPAAm (Figure 3.2). 

Table 3.4: FTIR and DSC Results of the Samples in Tables 1 and 2. 

Sample no. C=O/C=C   Tg
a 

 Tg Sample no. C=O/C=C 

 

Tg 

2 -   -  141 10 -  

4 4.339   158.4  158 12 1.893  

5 2.268   166.4  164 13 1.618 140 

6 1.212   173.9  170 14 1.239 144 

7 0.469   -  - 15 0.555  

9 -   -  181 9 - 181 
a
 calculated from the Fox equation 
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The comparison of the ratios of the absorption intensities of –C=O stretching at 1730 

cm
-1

 to those of C=C aromatic stretching at 1600 cm
-1

  that are the characteristic 

bands of the polyelectrolytes (PAA and PIA) and PNVCz, respectively, would give a 

qualitative information about the reactivities of IA and AA units in the copolymeric 

structures. The ratios of the absorption intensities of the C=O and C=C peaks and the 

variation of the Tgs of copolymers with the mole fraction of IA and AA units in the 

copolymers are given in Table 3.4. All the copolymers showed a single Tg, indicating 

the absence of formation of a mixture of homopolymers or the formation of a block 

copolymer. According to the results obtained from the C=O/C=C ratios, AA and IA 

have nearly same reactivities for the same feed compositions and their Tgs decrease 

with  increasing  AA and IA contents.  The Tg values of copolymers can be described 

by using Fox equation (1/Tg = (w1/Tg1) + (w2/Tg2), where w1 and w2 are the weight 

fractions of monomer (NVCz) and comonomers (IA, AA and NIPAAm) in the 

copolymers, respectively. The Tg of PIA (Tg2) was measured as 141
o
C and that of 

PNVCz (Tg1) was 181
o
C.  The Tg values calculated by Fox equation were slightly 

higher than those of the ones obtained from DSC thermograms for NVCz/IA 

copolymers  (Table 3.4).  Figure 3.4 shows the relationship between 1/Tg and wIA. It 

can be seen that good linear relation can be obtained.  This implies that the structure 

of NVCz/IA copolymers is random in nature. 

 

Figure 3.4: Relationship between 1/Tg  and wIA. 

In addition, the quantitative composition of copolymers for a wide range of monomer 

feed can be determined by FTIR spectroscopy through recorded analytical absorption 

bands for comonomers [26-28]. For compositional analysis of NVCz / NIPAAm 
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copolymers, characteristic absorption bands of 747 cm
-1

 (for NVCz units) and 1635 

cm
-1

 ( for NIPAAm units) were chosen as analytical bands. The least changing 

absorption band of 1447 cm
-1

 were used as a standard band (A = log Io/I, ΔA
C
 = 

A
C
/A

1447
) to calculate the copolymer composition. The ratios of mole fractions of 

comonomer units (F1 and F2) in NVCz (1) / NIPAAm (2) copolymers were 

calculated using the following relation: 

F1 / F2 = [ΔA
747

 / M1]  /  [ΔA
1635

 / M2] (3) 

The mole fractions (in mole %) of NIPAAm (2) and NVCz (1) in the copolymers of 

various compositions, calculated by using FTIR analysis data are given in Table 3.5. 

The copolymer compositions are also determined quantitatively by means of the UV 

spectroscopy [29-31]. UV spectra of homopolymer blends, i.e., the physical mixtures 

of PNVCz / PNIPAAm, PNVCz / PIA and PNVCz / PAA, prepared in THF were 

used to draw the calibration curves. It is known that four absorption bands which are 

observed at 345, 295, 262 and 237 nm are attributed to π→π
*
 electronic transitions of 

PNVCz homopolymer [32]. Calibration curves for NVCz/NIPAAm, NVCz/AA and 

NVCz/IA copolymers were obtained by chosen only one of these characteristic 

transitions of PNVCz. The maximum absorbances at 295 nm were plotted against 

mole percent of PNVCz in the physical mixtures (Figure 3.5). All the graphs showed 

linear dependence to composition and regression coefficients were in the range of 

0.991-0.997. From these calibration curves, the composition of the copolymers was 

determined by using the maximum absorbance values at 295 nm of the copolymer 

solutions in THF (Figure 3.6).  

 

Figure 3.5:Calibration curves for NVCz / AA, NVCz / IA and NVCz / NIPAAm 

copolymers. 
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Figure 3.6: UV spectra  of  NVCz/IA copolymers (λmax = 295 nm.), which are given 

in Table 3.1. 

The results, which are summarized in Tables 3.5 and 3.6, indicate that IA and AA 

have almost the same reactivities and their reactivities are smaller than NVCz. 

Table 3.5: Copolymerization Composition Data for Reactivity Ratio Calculation of 

Copolymers of NVCz (1) and NIPAAm (2). 

 

Sample 

no. 

a
f1 f2 ΔA

747         
ΔA

1635
 

(by FTIR) 

b
F1           F2 

 

b
F1 

(by UV-

vis) 

F2 

20 20 80 1.5143          0.8571 29.25          70.75 29.14 70.86 

21 40 60 1.0781          1.4468 50.85          49.15 45.51 54.49 

22 55 45 -                   - -                  - 56.72 43.28 

23 70 30 1.3733          0.4533 71.66          28.34 70.48 29.52 

24 80 20 1.6171          0.1943 82.98          17.02 82.35 17.65 
a 

f1 and f2 are the mol fractions of NVCz and NIPAAm in the feed. 
b 

F1 and  F2 are the mol fractions 

NVCz and NIPAAm in the copolymer 
 

Table 3.6: UV Spectroscopy Data for Determining of Composition of 

IA(2)/NVCz(1) and AA(2) / NVCz(1) Copolymers Synthesized from Various Initial 

Monomer Mixtures. 

 

Sample 

no 

fIA 

(mol 

%) 

Abs. 

λmax=295 

nm 

FIA Sample 

no 

fAA 

(mol 

%) 

Abs. 

λmax=295 

nm 

FAA 

6 20 0.759 10.45 14 20 0.797 13.16 

5 40 0.661 22.58 13 40 0.607 34.70 

4 60 0.483 44.61 12 60 0.512 45.47 

3 80 0.277 70,10 11 80 0.225 78.01 

 

The extended Kelen-Tüdós method considers the drifts of copolymer composition 

with conversion [33]. Therefore, it is suitable for our high conversion data. The 

extended Kelen-Tüdós copolymer composition equation is 
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η = [(r1  + r2 ) /  α] ζ - r2  / α (5) 

where η = G / ( α + H);    ζ = H / ( α + H);   X = f1 / f2;  Y = F1 / F2 ;  G =  (Y-1) /z;  H 

= Y / z
2
    and α = (Hmin.Hmax )

1/2
.  

Hmin and Hmax are the lowest and the highest values of H. The effect of conversion is 

given by partial molar conversion 

ξ 2 = w (μ + X) / (μ + Y)  (6) 

Where w is the weight conversion of polymerization and μ is the ratio of molecular 

weight of  IA, AA or NIPAAm (2) to that of NVCz (1). The partial molar conversion 

of NVCz is 

ξ 1 = ξ 2 Y / X (7) 

Then, 

z = log (1- ξ 1) / log (1- ξ 2)  (8) 

The extended Kelen-Tüdós parameters were calculated from the above equations 

using experimental data in Tables 3.1-3.3, 3.5 and 3.6. They are summarized in 

Tables 3.7 and 3.8. η versus  ζ plots of  NVCz / NIPAAm and NVCz / IA  

copolymers are shown in Figures 3.7-3.9. In all cases, the plots were linear, 

indicating that the reactivity of a polymer radical is determined only by the terminal 

monomer unit.  

 

Figure 3.7: EKT Method for determining monomer reactivity ratios in the 

copolymerization of NVCz (1) and NIPAAm (2) by using FTIR 

spectroscopy data (α = 0.3104 ). 
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Figure 3.8: EKT Method for determining monomer reactivity ratios in the 

copolymerization of NVCz (1) and NIPAAm (2) by using UV 

spectroscopy data (α = 0.3299).  

Table 3.7:  Extended Kelen-Tüdós parameters for NIPAAm (2) and NVCz (1) using 

FTIR analysis data. 

 

Sample 

No. 

X Y ξ2 ξ1 z G H ζ η 

20  0.25 0.41 0.57 0.94 3.33 -0.176 0.037 0.044 -0.211 

21  0.67 1.03 0.58 0.90 2.65 0.013 0.147 0.156 0.014 

23 2.33 2.53 0.73 0.79 1.19 1.278 1.768 0.689 0.498 

24 4.00 4.87 0.53 0.64 1.37 2.825 2.591 0.764 0.833 

The reactivity ratios of monomer pairs (r1 and r2 ) were evaluated, using the data in 

Tables 3.1-3.3  and 3.5-3.8  from η vs ζ plots for  the NIPAAm (2) - NVCz (1), IA 

(2) - NVCz (1) and AA (2) - NVCz (1) pairs. The results are summarized in Table 

3.9. The fact that r1 > r2, indicates that NVCz is the more active comonomer in the 

copolymerization with IA, AA and NIPAAm. For all the copolymers r1<1 and r2<1 

with r2<r1, showing that the homopolymerisation of the two monomers is not 

favored. The probability for the incorporation of IA and AA units is greater than for 

the incorporation of NIPAAm units.  

 

Figure 3.9: EKT Method for determining monomer reactivity ratios in the 

copolymerization of NVCz (1) and IA (2) by using UV spectroscopy 

data (α = 0.3106 ). 
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Table 3.8:  Extended Kelen-Tüdós Parameters for IA (2) and NVCz (1) using UV-

vis. Spectroscopy Data. 

Sample 
No. 

X Y ξ2 ξ1 z G H ζ η 

3 0.25 0.4265 0.418 0.713 2.307 -0.248 0.080 0.091 -0.283 
4 0.67 1.2417 0.376 0.700 2.554 0.095 0.190 0.193 0.096 
5 1.50 3.4287 0.367 0.839 3.993 1.608 0.215 0.212 0.600 
6 4.00 8.5694 0.251 0.537 2.668 2.837 1.203 0.601 1.417 

 

Table 3.9: Monomer Reactivity Ratios for the Copolymerization of NVCz ( 

monomer 1) with NIPAAm, IA and AA (monomer 2), Using FTIR and UV 

Spectroscopy Techniques. 

 

Method NIPAAm / NVCz    

(r2)                (r1) 

IA / NVCz   

(r2)     (r1) 

AA / NVCz   

(r2)     (r1) 

UV-vis. 0.12      /   0.29 0,12 /0.84 0.31 / 0.86 

FTIR 0.07     /    0.32 - - 

It is known that the product of the monomer reactivity ratios (r1r2) for a given binary 

copolymerization is often used to indicate the sequencing in the resultant copolymer 

composition, i.e., random, alternating and ideal. Further, it depends only on the 

difference in the polarity for the two monomers and generally believed that r1r2=1 

represents the upper limit for proper copolymerization. As evidenced from the values 

of monomer reactivity ratios, which is given in Table 3.9, random copolymerization 

is realized in AA-NVCz and IA-NVCz systems (r1r2 ≈ 0.20) while the product of r1r2 

is nearly zero (r1r2 ≈ 0.020), which indicate that the NIPAAm-NVCz system follows 

an alternative distribution of monomeric units. 

The preliminary information about the electrochemical behaviors and biological 

applications of  PNVCz and, NVCz/NIPAAm and NVCz/IA copolymers containing 

10 mol % of comonomers in the feed  were obtained by using  simple, rapid and 

sensitive electrochemical procedure. 
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Figure 3.10:The CVs of 9.0x10
-4

 mol/L of DA on the the PNVCz, NVCz/NIPAAm 

and NVCz/IA  modified electrodes in phosphate buffer solution ( pH 

7.0) at 50 mV / s scan rate. 

Figures 3.10 and 3.11 show the cyclic voltammograms (CVs) of DA obtained on the 

PNVCz, NVCz/NIPAAm and NVCz/IA polymer modified electrodes (PMEs) in 

phosphate buffer solution ( pH = 7.0 ) at two different scan rates (50 and 500 mV / 

s). 

 

Figure 3.11:The CVs of  9.0x10
-4

 mol/L of  DA on the PNVCz, NVCz/NIPAAm 

and NVCz/IA modified electrodes in phosphate buffer solution (pH 7.0) 

at 500 mV /s scan rate. 

The cyclic voltammetric curves of DA on these modified electrodes showed an 

anodic peak that corresponds to two-electron oxidation of DA to dopaquinone, which 

then undergoes deprotonation to produce an imine as suggested in literature, whereas 

the CVs of PMEs  did not show any signals in the absence of DA [34-36]. 
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The peak potentials and currents at two different scan rates (50 and 500 mV/s) for the 

PMEs prepared by electrochemical deposition of PNVCz and its copolymers on Pt 

wire electrode were collected in Tables 3.10  and 3.11. From these tables, it is seen 

that the electrochemical behavior of DA at these electrode surfaces is a 

quasireversible process in all cases, because the electrode potential differences is 

about 200 mV and Ipc / Ipa is close to 1. Dopaquinone is an electron deficient species 

and it reacts with nucleophilies in the medium to produce leucochrome by a 

cyclisation process which can be easily oxidized to dopamine-chrome [37]. This 

reaction is responsible for the quasireversibility. 

Table 3.10: The changes of peak potentials and currents of DA for three different 

PMEs at 500 mV/s scan rate. 

  

Polymer Ea 

(mV) 

Ec 

(mV) 
E 

(mV) 

Ipa 

A) 

Ipc 

A) 

NVCz / IA (90/10) 188 -2 190 84 -90 

NVCz / NIPAAm) (90/10) 125 -60 185 233 -227 

PNVCz 218 -49 267 178 -146 

      

 

Table 3.11: The changes of peak potentials and currents of dopamine for three 

different PMEs at 50 mV s
-1

 scan rate. 

 

Polymer Ea 

(mV) 

Ec 

(mV) 
E 

(mV) 

Ipa 

A) 

Ipc 

A) 

NVCz -co- IA (90/10) 201 49 152 29.3 -12.7 

NVCz / NIPAAm)(90/10) 127 -25 152 80.9 -30.8 

PNVCz 165 -8 173 58.7 -16.9 

E values decreased from 267 mV on PNVCz electrode to 190 mV and 185 mV on 

the NVCz/IA and NVCz/NIPAAm coated electrodes, respectively. The oxidations 

observed at lower potentials for NVCz/NIPAAm copolymer, which indicate the ease 

of electron transfer reaction, demonstrate its superiority to PNVCz and NVCz/IA 

copolymer electrodes. . Further, the highest currents were observed in the case of the 

NVCz/NIPAAm coated electrode. This means that the presence of hydrophobic 

isopropyl group in the structures of electrode coating materials provides better 

electrochemical reactivity than that of the hydrophilic carboxyl groups of IA.   

The electrochemical oxidation of DA was also examined as a function of scan rates                    

(Figure 3.11). Current intensities and reversibility increased as the scan rate 

increased, owing to a decreased extent of internal cyclisation, as expected. The 



65 
 

oxidation peak currents varied linearly with the square root of scan rate in the range 

of 50-500 mV/s (r > 0.9967), indicating semi-infinite linear diffusion of the reactant 

to the interface. 

 

Figure 3.12:Scan rate dependence of DA response on NVCz/NIPAAm coated 

electrode. 

3.5 Discussion 

PNVCz, PIA, PAA and PNIPAAm homopolymers and, NVCz/IA, NVCz/AA and 

NVCz/NIPAAm copolymers having different compositions were synthesized by free 

radical polymerization in solution, using AIBN as initiator. These homopolymers and 

copolymers were characterized by calorimetric (DSC) and spectroscopic (FTIR and 

UV) methods. Analysis of the data by the extended Kelen-Tüdos (for high 

conversion) yields r1 = 0.29 and r2 = 0.12, r1 = 0.84 and r2 = 0.12, r1 = 0.86 and r2 = 

0.31 by UV (for NVCz/NIPAAm, NVCz/IA and NVCz/AA copolymers, 

respectively), r1 = 0.32 and r2 = 0.07 by FTIR (for NVCz/NIPAAm copolymers). 

From these results, it was observed that in the case of NVCz-IA and NVCz-AA 

systems there is a tendency to obtain random copolymers while NIPAAm-NVCz 

system follows an alternative distribution of monomeric units. In addition, the 

relationship between Tg
-1

 (obtained from DSC thermograms and Fox equation) and 

wIA supported that NVCz/IA copolymer chains have a random distribution of 

monomeric units.  



66 
 

Electrochemical behavior of  NVCz/IA and NVCz/NIPAAm coated electrodes was 

studied by CV measurements and found dependent on the type of comonomer. The 

present work provides useful data for biological application of new DA-sensitive 

materials based on copolymers of NVCz with IA and NIPAAm. 
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4. MORPHOLOGICAL CHARACTERIZATION AND ELECTROCHEMICAL / 

ELECTRICAL PROPERTIES OF POLY(N-VINYL CARBAZOLE) / 

MONTMORILLONITE COMPOSITES 

4.1 Experimental  

The monomer, N-vinylcarbazole (NVCz; Aldrich) was used without further 

purification. Cerium ammonium nitrate ((NH4)2Ce (NO3)6, CAN; BDH Chemicals 

Ltd.) was chosen as initiator. Na
+
-montmorillonite (Na

+
MMT) was synthesized from 

natural bentonite with stepwise purification by Süd-Chemie (Trademark = Nanofil 

757; the cation exchange capacity = 80 meq. /100 g and particle size <10 μm). 

Octadecyl amine (ODA) and trimethyl stearyl ammonium (TMSA) modified MMTs 

(Product Name = Nanoclay and particle size ≤ 20 μm) were purchased from Aldrich 

Chemical and used without further purification 

Ce3+

NH4
+ N+

-O O

O-

N+

O-

O

-O

N+

O-

O O-

N+

-O O

O-

 

Cerium ammonium nitrate 

Figure 4.1: Schematic illustration of used chemicals. 

4.2 Preparation of PNVCz and PNVCz/MMT composites 

PNVCz was synthesized by free-radical polymerization method. The heterogeneous 

solution process was as follows: NVCz monomer with a known weight was 

dissolved in acetonitrile (ACN). Then, ceric ammonium nitrate (Ce (NH4)2(NO3)6 , 

CAN) as an oxidizing agent was added into the monomer solution to initiate the 

polymerization. The mole ratio of monomer to oxidizing agent was kept at 200:1. 1.0 

mol /L concentration of NVCz was used. The synthesis was carried out at 25
o
C under 

atmospheric conditions. After completed reaction period, the precipitate was 

santrifugated and washed with ACN at least 3 times to remove any unreacted NVCz, 
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and then nonconductive-white powder was dried to constant weight under vacuum at 

room temperature. Polymerization yield was 98.6 %. Intrinsic viscosity 

measurements were carried out using an Ubbelohde capillary viscometer in solvent 

THF with concentration of 0.5 g /dL at 25
o
C.  The limiting viscosity number of 

PNVCz in THF was converted to molecular weight that has been calculated as nearly 

9000 g/mol by using the following relation [28]. This viscosity average molecular 

weight indicated that the oxidative polymerization gave PNVCz of low molecular 

weight.  

     [η]= 14.40 x10
-3

M
0.65 

(1) 

Table 4.1: Voltammetric and gravimetric results of PNVCz/MMT composites. 

 
[NVCz] = 1.0 M ;  T = 25 ± 2

o
C ;    [NVCz] : [CAN] = 200 :1  

  a
15.0 wt % (based on NVCz concentration in the feed) 

 
b
[(PNVCz / MMT : NVCz + MMT)x100] 

 

 

Sample 

 

Electrode 

 

a
Clay 

Mixing method 

& time 

 
b
Yield 

Ea 

(mV) 

Ec 

(mV) 

Ia 

(µA/cm
2
) 

Ic 

(µA/cm
2
) 

1 GC Na
+
- 

MMT 

Magnetic 

stirring/17 hrs 

79.4 889 747 240 278 

1 Pt Na
+
- 

MMT 

Magnetic 

stirring/17 hrs 

79.4 1005 879 567 857 

2 GC ODA-

MMT 

Magnetic 

stirring/17 hrs 

72.6 951 876 150 233 

2 Pt ODA-

MMT 

Magnetic 

stirring/17 hrs 

72.6 756 714 358 449 

3 GC TMSA-

MMT 

Magnetic 

stirring/17 hrs 

68.5 825 798 310 269 

3 Pt TMSA-

MMT 

Magnetic 

stirring/17 hrs 

68.5 777 739 295 375 

4 GC Na
+
- 

MMT 

Sonication 

/5min 

66.0 823 720 377 572 

4 Pt Na
+
- 

MMT 

Sonication 

/5min 

66.6 977 748 1558 1855 

5 GC ODA-

MMT,  

Sonication/5 

min 

81.7 811 716 375 575 

5 Pt ODA-

MMT 

Sonication/5 

min 

81.7 812 716 213 307 

6 GC TMSA-

MMT 

Sonication/5 

min 

97.6 861 717 761 1102 

6 Pt TMSA-

MMT 

Sonication/5 

min 

97.6 - - - - 

10 GC ODA-

MMT 

Mechanical 

stirring/1 hr 

66.8 901 788 572 716 

10 Pt ODA-

MMT 

Mechanical 

stirring/1 hr 

66.8 836 793 674 883 

11 GC TMSA-

MMT 

Mechanical 

stirring/1 hr 

81.6 796 700 933 1216 

11 Pt TMSA-

MMT 

Mechanical 

stirring/1 hr 

81.6 836 747 1688 1647 
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PNVCz / MMT composites were also prepared by heterogeneous solution 

polymerization. First, Na
+
MMT, ODA-MMT and TMSA-MMT with known weight 

were dispersed into ACN using magnetic stirrer, homogenizator ( GN 125, 

230V/50/60 Hz, 8000-30000 rpm) and high-power sonic tip ( Sonopuls HD 2200, 

200W/20kHz ). Then, monomer was added into these dispersions before the 

polymerization in the presence of CAN. After completed reaction period, the 

precipitate was santrifugated and washed with ACN at least 3 times to remove any 

unreacted NVCz and dried under vacuum at room temperature. The detailed 

processing conditions and conversion percentages for the products obtained by 

chemical polymerization are provided in Tables 4.1-4.3. 

Table 4.2:  Voltammetric and gravimetric results of  PNVCz/ODA-MMT 

composites. 
 

 

 

 

 

 

 

 

 

 

Sample Electrode Clay & 

wt   % 

Mixing 

method & 

time 

Yield 

( %) 

Ea 

(mV) 

Ec 

(mV) 

Ia 

(µA/cm
2
) 

Ic 

(µA/cm
2
) 

 5 GC ODA-MMT, 

15.0 

Sonication/5 

min 

81.7 811 716 375 575 

12 GC ODA-MMT, 

5.0 

Sonication/5 

min 

73.3 835 786 721 721 

13 GC ODA-

MMT,1.0 

Sonication/5 

min 

72.9 902 784 1077 1225 

5 Pt ODA-MMT, 

15.0 

Sonication/5 

min 

81.7 812 716 213 307 

12 Pt ODA-MMT, 

5.0 

Sonication/5 

min 

73.3 796 736 499 718 

13 Pt ODA-MMT, 

1.0 

Sonication/5 

min 

72.9 892 857 1526 1444 

10 GC ODA-MMT, 

15.0 

Mechanical 

stirring/1 hr 

66.8 901 788 572 716 

16 GC ODA-MMT, 

5.0 

Mechanical 

stirring/1 hr 

62.6 846 792 717 855 

17 GC ODA-MMT, 

1.0 

Mechanical 

stirring/1 hr 

55.9 844 766 238 325 

10 Pt ODA-MMT, 

15.0 

Mechanical 

stirring/1 hr 

66.8 836 793 674 883 

16 Pt ODA-MMT, 

5.0 

Mechanical 

stirring/1 hr 

62.6 828 792 1060 949 

17 Pt ODA-MMT, 

1.0 

Mechanical 

stirring/1 hr 

55.9 868 792 324 358 
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Table 4.3: Voltammetric and gravimetric results of PNVCz/TMSA-MMT 

composites. 
 

 

4.3 Analysis and characterization techniques 

PNVCz/MMT composites were analyzed and characterized by using Fourier 

Transform Infrared Spectroscopy (FTIR), X-Ray diffractometer (XRD), Differential 

Scanning Calorimetry (DSC), Polarized Optical Microscope (POM), Scanning 

Electron Microscopy (SEM), Cyclic Voltammetry (CV) and Electrochemical 

Impedance Spectroscopy (EIS). FTIR, XRD, DSC and SEM measurements were 

carried out using dried and milled samples of polymer and composites in order to 

describe their structural properties. For POM studies, PNVCz/MMT composites were 

dissolved in dichloromethane to give the 4.0 g/L solutions. After casting onto a 

microscope slide glass, they were dried under vacuum to obtain coatings for 

polarizing microscope observations. 

Sample Electrode Clay & 

wt   % 

Mixing 

method & 

time 

b
Yield Ea 

(m

V) 

Ec 

(mV) 

Ia 

(µA/c

m
2
) 

Ic 

(µA/cm
2

) 

6 GC TMSA-

MMT, 15.0 

Sonication/

5 min 

97.6 861 717 761 1102 

18 GC TMSA-

MMT, 5.0 

Sonication/

5 min 

92.1 899 796 209 256 

19 GC TMSA-

MMT,1.0 

Sonication/

5 min 

84.2 838 785 117.6 162 

6 Pt TMSA-

MMT, 15.0 

Sonication/

5 min 

97.6 - - - - 

18 Pt TMSA-

MMT, 5.0 

Sonication/

5 min 

92.1 882 799 195 263 

19 Pt TMSA-

MMT, 1.0 

Sonication/

5 min 

84.2 828 763 162 246 

11 GC TMSA-

MMT, 15.0 

Mechanica

l stirring/1 

hr 

81.6 796 700 933 1216 

20 GC TMSA-

MMT, 5.0 

Mechanica

l stirring/1 

hr 

79.3 787 759 324 308 

21 GC TMSA-

MMT, 1.0 

Mechanica

l stirring/1 

hr 

72.9 786 775 133 183 

11 Pt TMSA-

MMT, 15.0 

Mechanica

l stirring/1 

hr 

81.6 836 747 1688 1647 

20 Pt TMSA-

MMT, 5.0 

Mechanica

l stirring/1 

hr 

79.3 788 744 385 489 

21 Pt TMSA-

MMT, 1.0 

Mechanica

l stirring/1 

hr 

72.9 - - - - 
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FTIR spectra of the samples were recorded on Perkin Elmer Spectrum One (FTIR-

reflectance, Universal ATR with diamond and ZnSe) spectrophotometer using the 

samples in powder form. XRD patterns were obtained by Bruker X-ray 

diffractometer (XRD), a conventional copper target X-ray tube set to 40 kV and 40 

mA. The X-ray source was CuKα radiation (λ = 0.154 nm). Data were collected from 

2θ of 2.00
o
 to 10.00

o
 (θ being the angle of diffraction) with a step width of 0.02

o
 and 

step time of 12 s, scanning speed of  0.1
o
/min. Scanning electron micrographs were 

taken on a Jeol JSM-T33 model scanning electron microscope. Optical micrographs 

were taken with a Leica DM-2500P model polarized optical microscope, under 

bright field and cross-polarized light conditions. DSC was performed on a Metler 

Toledo DSC-821 under a continuous flow of nitrogen (60 mL/min). All the samples 

(about 10 mg in weight) were heated from 40
o
C to 250ºC and the thermograms were 

recorded at a heating rate of 10ºC/min. After cooling to 40
o
C, heating procedure was 

repeated. DSC thermograms revealed glass transition temperatures (Tg) and melting 

temperatures (Tm) of the samples. Tg was selected as the middle point of the 

transition region at the respective curves while the maximum of the endothermic 

peak was taken as Tm. All DSC thermograms in Figure 7 were obtained from the 

second heatings. 

The chemically polymerized PNVCz and its composites with layered silicates were 

deposited at 1.2 V by electrooxidation in ACN containing 0.1 mol/L NaClO4 on 

platinum (Pt) and glassy carbon (GC) disc electrodes. Cyclic voltammograms (CVs) 

of the working electrodes were obtained between 0.5 to 1.5 V at the scan rate 50 

mV/s by using a Gamry Reference 600 potentiostat. A three-electrode cell containing 

Pt or GC disc electrodes that have diameters 1.6 and 3.0 mm, respectively, as the 

working electrodes, a Pt wire as the counter electrode, and a silver (Ag) wire as the 

pseudo-reference electrode were used for all electrochemical characterizations.  

The electrochemical activity of the PNVCz/MMT composites was evaluated from 

the current–voltage curves obtained by cyclic voltammetry. After 6 scans, GC and Pt 

disc electrodes coated with composite films were taken out of electrochemical cell, 

washed with ACN, and placed in a monomer free solution.  CVs of PNVCz and 

PNVCz/MMT composites in ACN+0.1 mol/L NaClO4 system were recorded in 0.5 – 

1.5 V potential range at three different scan rate, i.e., 50, 250 and 500 mV/s. 
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Pt foil (in dimension 10 x 20 x 3 mm) was used as a working electrode to measure 

the electrical conductivities. The electrode was placed into the cell containing 

PNVCz/MMT composite in ACN together with the supporting electrolyte, 0.1 mol/L 

NaClO4. The constant potential electrolysis was carried out at or above the peak 

potential of PNVCz. The amount of conducting composite deposited on the Pt foil 

was controlled by stopping the electrolysis. After the electrodeposition was stopped, 

the films were washed with ACN and peeled off from the electrode. Samples used 

for DC electrical-conductivity measurements were in the form of compressed pellets 

(13 mm in diameter and about 0.2 mm in thickness) obtained by applying a hydraulic 

pressure of about 10 MPa. The pellets were placed between two identical Pt 

electrodes in a conductivity cell. The slope of the potential vs current plot in the 

range of  1.0 – 10.0 V yields the resistance. The conductivities of electrodeposited-

composites were evaluated from the surface resistance by means of Meter Scan 

Scientific software. The conductivity measurements were evaluated as a function of 

MMT content in the PNVCz/MMT composites.  

The conductivities of the materials were also calculated from the data obtained by 

EIS in the frequency of 10 mHz to 10 kHz. Equivalent circuit was used to fit the 

experimental data, with the help of the ZsimpWin software. The bulk conductivities 

were calculated from the bulk resistance value obtained from the complex impedance 

diagram. 

4.4 Results and discussion 

4.4.1 FTIR Analysis  

FTIR analysis is sensitive to both intra- and inter-molecular interactions. FTIR 

spectra of unmodified and organically modified montmorillonites ( i.e., Na
+
MMT, 

ODA-MMT and TMSA-MMT), PNVCz and PNVCz/MMT composites synthesized 

with three different clay content and mixing methods, using CAN as initiator (i.e., 

PNVCz/Na
+
MMT, PNVCz/ODA-MMT and PNVCz/TMSA-MMT) are given in 

Figures 4.2-4.4 The band at 1040 cm
-1

 in the spectra of  Na
+
MMT, ODA-MMT and 

TMSA-MMT is attributed to  Si-O stretching vibration The peaks at 1600 –1450 cm
-

1 
for aromatic stretching and aromatic –CH in plane bending,  at 750 cm

-1 
for 

aromatic -CH out of plane bending are characteristic for PNVCz. The spectra of 

PNVCz/MMT composites appeared the characteristic absorptions of both PNVCz 
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and the clay; indicate that both of them are present in structure. In addition, in the 

case of the composites prepared by using organically modified MMT the two  peaks 

around 2924 and 2854 cm
-1

 along with the one at 1465 cm
-1

 reflect the asymmetric 

and symmetric stretching vibrations and bending vibration modes of methylene units, 

respectively. 

 

Figure 4.2: FTIR spectra of Na
+
MMT, ODA-MMT and TMSA-MMT. 

It is known that there are lots of free molecular water and hydroxyl groups on the 

surface and edges of clay layers, respectively [29]. The two peaks around 3450 and 

3620 cm
-1

 correspond to -OH groups indicated above. The absorption peak at 3620 

cm
-1

 attributing to -OH groups on surface and edges of clay layers diminished while 

the shape and intensity of the absorption peak at 3450 cm
-1

 belonging to -OH groups 

of free molecular water changed with the type of  mixing method. Further, the 

intensity of Si-O bond was dependent on both dispersion time and mixing method. 

These results suggested that the intermolecular interactions in the structures of 

PNVCz/MMT composites prepared by means of magnetic stirrer, high-power sonic 
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tip and homogenizer should mainly occur between the -OH groups on the surfaces or 

edges of MMT layers and PNVCz.  

 

Figure 4. 3: FTIR spectra of  PNVCz/ODA-MMT, 15.0 wt %, composites prepared 

by sonication for 5 min. (a),  by sonication for 1 hour (b) and by 

mechanical stirring for 1 hour. 
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Figure 4.4: FTIR spectra of PNVCzs synthesized with AIBN and CAN (a, b) and, 

PNVCz/Na
+
MMT composites  synthesized by using CAN to initiate the 

polymerization and by mixing with magnetic stirrer (c), sonic tip (d) and 

homogenizator (e) to obtain homogeneous dispersions of Na
+
MMT  ( 

15.0 wt %,  based on NVCz concentration) in ACN. 
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4.4.2 X-Ray diffraction analysis 

XRD was used to follow the clay interlayer spacing, d in Na
+
MMT, modified MMTs 

(Figure 4.5) and their composites with PNVCz (Figures 4.6 and 4.7). The XRD 

patterns which are given in Figures 4.5-4.7 also gave qualitative information, 

indicating whether intercalated or exfoliated structure of the composites. 

 

Figure 4. 5: X-ray diffraction patterns of Na
+
MMT (a), ODA-MMT (b) and TMSA-

MMT (c). 

 

Figure 4.6: XRD patterns in the range of 2θ from 2
o
 to 10

o
 of PNVCz/Na

+
MMT (a), 

PNVCz/ODA-MMT (b) and PNVCz/TMSA-MMT (c) composites 

intercalated by sonication for 5 min (MMT content = 15.0 wt % of 

NVCz concentration). 
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Na
+
MMT, ODA-MMT and TMSA-MMT were dispersed into ACN using magnetic 

stirrer, homogenizator and high-power sonic tip before polymerization of NVCz. The 

d spacing between clay layers was calculated from peak positions using Bragg‘s law 

(d = nλ / 2 sin θ), where λ is the X-ray wavelength (1.5418 Å). The interlayer spacing 

of Na
+
MMT was determined as 11.8 Å (= 1.18 nm) by XRD. As the d-spacing of 

modified MMTs expands or contracts, the reflection of XRD will shift proportionally 

to the left or right on the corresponding diffractograms.  Figure 3.15 shows X-ray 

diffraction patterns of ODA and TMSA cation exchanged MMTs along with 

Na
+
MMT. The peaks on the XRD patterns of ODA-MMT and TMSA-MMT were 

centered nearly at 2θ = 4.5
o
 (d = 1.96 nm) and 3.8

o
 (d = 2.32 nm), respectively. 

Expansion of d-spacing suggests that organo-modifiers successfully intercalated 

between layers of MMT. The peak positions shifted to lower angles and so the 

increments of d-spacing were related to both alkyl chain lengths and structures of the 

surfactants [30].  

 

Figure 4.7: XRD patterns in the range of 2θ from 2
o
 to 10

o
 of  PNVCz/ODA-MMT 

(a) and PNVCz/TMSA-MMT (b) composites intercalated by 

mechanical stirring for 1 hour (MMT content = 15.0 wt % of NVCz 

concentration). 
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XRD were also used to characterize the dispersions of the organoclays in PNVCz.  

Figures 4.6 and 4.7 show XRD patterns of PNVCz/MMT composite materials 

containing 15.0 wt % of Na
+
MMT and organoclays. The sharp peak located at 2θ = 

2.5
o
 by incorporation of Na

+
MMT and organo-MMTs into PNVCz indicated the 

possibility of intercalated silicate layers of MMT. The changing intensity of this 

XRD diffraction peak by depending on the type of surfactants and the mixing 

methods can be shown as an indicator for intercalation degree. Further, the presence 

of two broad peaks and one sharp peak around 5.5
o
, 8.0

o
 and 9.5

o 
that correspond to 

interlayer structure and crystallinity, respectively, indicate some amount of the clay 

that exists in original clay particles and tactoids. Also, crystalline behavior is 

suppressed by the introduction of organophilic clay into polymer matrix in the form 

of an intercalated layer structure. This means that even after sonication and 

mechanical stirring, organically modified clay particles are still present together with 

intercalated platelets, i.e. clay layers. The sharp peak appeared nearly 2θ =9.5° can 

be related to crystallization induced by the presence of the quaternary alkyl 

ammonium groups, i.e., TMSA. 

4.4.3. Morphological and thermal analysis 

To obtain more insight into the interlayer of PNVCz/MMT composites, DSC 

analyses were performed. Since inorganic montmorillonite is infusible in the 

measurement temperature range, the melting peaks around 100
o
C were attributed to 

the melting of surfactants. The thermograms obtained from the second runs indicated 

that the thermal properties of the PNVCz within the clay platelets were different 

from that around their outside, and strongly dependent on the type of both cationic 

surfactants attached to the MMT platelets and mixing methods used for composite 

preparation (Figure 4.8). This may be associated with the dispersion of the clay 

layers.  In the cases of ultrasonic agitation using high power sonic tip for all MMTs, 

some portion of clay platelets maintained the layer structure of MMT while their 

large amounts displayed highly ordered dispersion of the clay layers that cause the 

higher Tms than Tg of pure PNVCz synthesized by oxidative polymerization in the 

presence of Ce (IV) ions. For nanocomposites prepared with TMSA-MMT and 

Na
+
MMT by using magnetic stirrer for 17 hours, homogeneously dispersed 

structures and slightly increased Tgs than that of PNVCz were obtained. The absence 

of any melting peak indicates that both the cationic surfactant, TMSA and PNVCz 
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chains attach mainly to the outsides of the clay layers, and so their presence are not 

effected on the motions of the polymer chains.  POM and SEM images of the 

indicated composites also support the observations obtained from DSC thermograms. 

 

Figure 4.8: DSC thermograms of  PNVCzs initiated with AIBN (a) and CAN (b) 

and, Sample 1 (c), Sample 4 (d), Sample 2 (e), Sample 5 (f), Sample 3 

(g) and Sample 6 (h) in Table 4.1.  
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In addition, from the comparison of the DSC thermograms poly(N-vinyl carbazole)s 

synthesized with AIBN and CAN, it is seen that Tg values, i.e. thermal stabilities 

directly reflect the effect of polymerization procedure  and initiator type on the 

molecular weight of PNVCz. This means that the molecular weight of PNVCz 

initiated with AIBN may be higher than the one obtained with oxidative 

polymerization in the presence of CAN.  

Figures 4.9-4.11 show the SEM and POM images of PNVCz/MMT structures 

prepared by magnetic stirring and by mixing with high power sonic tip.  

 

Figure 4.9: SEM micrograh of PNVCz/Na
+
MMT (15.0 wt %) prepared with 

magnetic stirring for 17 hours (Sample 1 in Table 4.1). 

 

Figure 4.10: SEM micrograh of PNVCz/Na
+
MMT (15.0 wt %) prepared with 

ultrasonic agitation for 5 min (Sample 4 in Table 4.2). 

20 micron square regions on the SEM micrographs had different morphologies 

(Figures 3.19 and 3.20). The darker areas correspond to PNVCz, while the lighter 
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areas indicate silicate layers. The micrograph for the PNVCz / Na
+
MMT composite 

synthesized by sonication revealed more oriented and ordered morphology while for 

the one obtained with magnetic stirring, homogeneous distributions of darker and 

lighter regions were observed.  

The morphological images of the PNVCz/ODA-MMT and PNVCz/TMSA-MMT 

composites containing 15.0 and 1.0 wt % of clay were studied with a POM. The 

micrographs in Figure 3.21 show more ordered morphology for PNVCz/ODA-MMT 

composites, being different than the morphologies of PNVCz/TMSA-MMT. It is 

clearly seen that the ordered morphologies of PNVCz/ ODA-MMT composites are 

independent of mixing method and clay content whereas the TMSA-MMT having 

quaternized hydrophobic groups in PNVCz has more homogeneous dispersion only 

for 17 hours magnetic stirring. These results are also consistent with the XRD 

patterns, DSC thermograms and SEM micrographs described above.  

 

Figure 4.11: Optical microscope images for PNVCz/MMT composites containing (a, 

c) 15.0 wt % ODA-MMT and TMSA-MMT, respectively ; for 17 hours 

magnetic stirring, (b, d) 15.0 wt % ODA-MMT and TMSA-MMT, 

respectively ; for 5 min ultrasonic agitation, (e, f) 1.0 wt % ODA-MMT 

; for 5 min ultrasonic agitation. Image (f) is the same position with the 

others but under cross-polarized light condition. 
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4.4.4. Electrochemical properties 

The influence of the preparation methods on the electrochemistry of  Pt and GC 

electrodes coated with PNVCz/MMT composites in ACN was examined using 0.1 

mol/L NaClO4, which is known to be a relatively inert electrolyte. Cyclic 

voltammograms of the working electrodes were obtained from 0.5 to 1.5 V. The 

counter electrode was a Pt wire while Ag wire was used as a pseudo reference 

electrode.  

The CVs of both during and after the electrochemical deposition process of  Pt and 

GC electrodes coated with chemically polymerized PNVCz composite containing 5.0 

wt % of TMSA-MMT ( based on monomer concentration in the feed) are shown in 

Figures 11 and 12. The voltammograms recorded on Pt and GC electrodes during the 

deposition of PNVCz/TMSA-MMT composite in CH3CN + NaClO4 (0.1 mol/L) 

solution at 50 mV/s exhibited two peaks. First one around 1.1 V corresponds to 

electrooxidation and crosslinking between carbazole rings on the nonconductive-

white PNVCz chains while the second peak centered at 0.8 V and formed after the 

second cycle refers polymer deposition on the electrode surface. Their intensities 

increase with increasing cycle number. For composite coated on Pt and GC disc 

electrodes, the cyclic voltammograms at three different scan rates also indicated the 

formation of electroactive-green polymer films because of two different electron 

transfer at 0.9 V and 1.2 V (Insets in Figures 4.12 and 4.13). 

 

Figure 4.12: Cyclic voltammograms of GC electrode during electrochemical 

deposition of chemically synthesized PNVCz/TMSA-MMT composite 

(Sample 22 in Table III) in ACN + NaClO4 solution. Scan rate: 50 mV 

/ s. Inset: Cyclic voltammograms of PNVCz/TMSA-MMT coated GC 

electrode in three different scan rates ( 50, 250 and 500 mV/s). 

Supporting electrolyte: NaClO4 in ACN. 
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Figure 4.13: Cyclic voltammograms of Pt electrode during electrochemical 

deposition of chemically synthesized PNVCz/TMSA-MMT composite 

(Sample 18 in Table III) in NaClO4 + ACN solution. Scan rate: 50 mV 

/ s. Inset: Cyclic voltammograms of PNVCz/TMSA-MMT coated Pt 

electrode in three different scan rates ( 50, 250 and 500 mV/s). 

Supporting electrolyte: NaClO4 in ACN. 

The peak potentials and currents for the composite coated electrodes prepared by 

electrodeposition of PNVCz/Na
+
MMT, PNVCz/ODA-MMT and PNVCz/TMSA-

MMT composites on Pt and GC disc electrodes together with the yields for the 

formation of PNVCz/MMTs in the presence of CAN with Na
+
MMT, ODA-MMT 

and TMSA-MMT during the chemical polymerization are given in Tables 3.12-3.14. 

The results indicate that polymerization yields in the present system varied between 

50 and 98, depending upon both the type and amount of silicate layers taken in the 

initial feed, and clay-dispersing methods used for oxidative polymerization of NVCz. 

Further, it is clearly seen that both mixing methods and the structures of cationic 

surfactants which are used to synthesize the composite materials and organically 

modified layered silicates, respectively, are mainly affected on the voltammetric 

behaviors of these composite materials (Tables 3.12-3.14). In the case of ODA-MMT 

dispersed by using sonic tip, it was observed that there is an inverse relation between 

the intensities of anodic / cathodic peak currents and the yields, and clay content 

whereas the peak intensities and yields of PNVCz/ODA-MMT composites prepared 

by homogenizator increased with increasing clay content for 1.0 and 5.0 wt %. After 

that, the further addition of ODA-MMT slightly decreased the peak currents. On the 

other hand, the composite films of PNVCz with TMSA-MMT exhibited a direct 
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relation between current intensities/yields and increasing amount of MMT for both of 

the mixing method. 

For the same amounts of three different MMT clay, the following relationships 

between mixing method/surfactant structure/electrode material and current 

intensities/yields can be indicated. In the case of magnetic stirring and Pt electrode, 

peak intensities of anodic/cathodic currents and polymerization yields decreased with 

the order of Na
+
MMT > ODA- MMT > TMSA-MMT. For dispersions and coatings 

obtained with sonication and on GC electrodes, respectively (TMSA-MMT > ODA-

MMT  ≈ Na
+
MMT ), peak currents of GC electrode coated with PNVCz/TMSA-

MMT composite were stronger than the others. On the other hand, the composite 

indicated above could not deposited by electrooxidation process on Pt electrode 

while the current intensity of PNVCz/Na
+
MMT coated Pt electrode was higher than 

PNVCz/ODA-MMT and PNVCz/TMSA-MMT composites. From this comparison, it 

can be seen that the results obtained with voltammetric measurements have similar 

tendency with the ones of gravimetric method.  

As a summary, the voltammetric data collected in Tables 3.12-3.14 along with FTIR 

spectra, XRD diffractograms, DSC thermograms, XRD patterns and SEM/POM 

images exhibited that the mixing with a sonic tip and using ODA-MMT, having a 

long hydrophobic chain with 18 unit of CH2 were the most preferable method to 

prepare highly intercalated PNVCz/MMT composites.  

4.4.5. Electrochemical impedance spectroscopy (EIS) measurements 

EIS is an effective method to study the interfacial properties of surface-modified 

electrodes. Bode and Nyquist plots are constructed, and appropriate equivalent 

circuit model is used to correlate the impedance measurements with the capacitance 

and the resistance of the film. Special attention is paid to obtain a relationship 

between the type of conductivity (electronic and/or ionic) and the shape of 

impedance spectra.  

Electrical properties were measured by electrochemical impedance spectroscopy 

(EIS) in the frequency range from 10 mHz to 10 kHz. EIS measurements were 

performed in order to characterize the Pt-solution, GC-solution, Pt-PNVCz/MMT-

solution and GC-PNVCz/MMT-solution interfaces.  
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Bode plots of EIS measurements of  GC disc electrodes coated with  PNVCz and 

PNVCz/ TMSA-MMT composites containing 15.0 wt % of silicate layers are shown 

in Figure 4.14. The peak profile was dependent on both the polymerization 

mechanism of PNVCz (b and c) and the preparation conditions of PNVCz/TMSA-

MMT composites (d, e and f). The obtained Bode plots for impedance 

characterization of the interfaces indicated the existence of mainly two regions. After 

a dominant peak in the phase angle at low frequencies, a second peak developed at 

high frequencies. It is believed that the low frequency peak represents bulk 

conduction while the second peak refers ionic conduction.  

 

Figure 4.14: Bode plots showing change in phase angle of  bare GC disc electrode 

(a) and GC electrode coated on  PNVCz polymerized chemically (b) 

and electrochemically (c),  PNVCz / TMSA-MMT composites mixed  

with sonicator (d),  homogenizator (e) and magnetic stirrer (f) (Samples 

6, 11 and 3, respectively, in Table 4.1) during dispersion of silicate 

layers. 

Nyquist plots of PNVCz/ODA-MMT composites prepared using sonicator with three 

different clay content (1.0, 5.0 and 15.0 wt % of ODA-MMT based on NVCz 

concentration in the feed) at room temperature are shown in Figure 3.25. All three 

plots exhibit a semicircular arc in the high frequency region and an oblique line in 

the low frequency region. In another word, these Nyquist plots are characterized by 

two regions: a semicircle at high frequencies associated with charge transfer (Rdl) at 

the polymer/solution interface and a second region consisting of an oblique line 

indicating a diffusion-controlled process at the electrode, i.e., Rpol (or Rb). The 

interactions between solution - PNVCz/ODA-MMT - Pt interfaces were modeled as 

an equivalent circuit which consists parallel combination of double-layer constant 
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phase element (CPE-Qdl) and charge transfer resistance (Rct) in series with parallel 

circuit of bulk-polymer constant phase element (CPE-Qpol), the bulk-polymer 

resistance (Rpol) and Warburg impedance (W). The impedance values (Z) in Figure 

4.15 also depend on the solution resistance (Rs) and, the capacitance (Cel) and 

resistance (Rel) of Pt electrode.  

 

Figure 4.15: Nyquist plots of  PNVCz / ODA-MMT composites containing 15.0 (a), 

5.0 (b) and 1.0 (c) wt % of layered silicate (Samples 5, 12 and 13, 

respectively, in Table II) coated on Pt electrode. Their corresponding 

equivalent circuit and the enlarged data in high frequency are shown in 

insets. Symbols Z‘ and Z‖ refer to the real and imaginary components. 

The constant phase element (CPE) instead of capacitance was introduced to account 

for the nonideality of the interfaces between the electrode – polymer/clay - 

electrolyte in the impedance spectra. In addition, the equivalent circuit in Figure 3.25 

includes a Warburg impedance, to explain diffusion-controlled process between 

PNVCz/ODA-MMT – electrode interface that corresponds to second region. The 

bulk-polymer resistances (Rpol) were determined from the low frequency parts of 

Nyquist plots. Then, the conductivities of PNVCz/ODA-MMT composites were 

obtained from Rpol, A and l, using the relation Conductivity = l / Rpol A, where l and 

A are the thickness of PNVCz/ODA-MMT composite and area of Pt disc electrode. 

The results are given in Table 4.4. Conductivity values of composites were 

remarkably improved relative to that for PNVCz homopolymer. It was seen that the 

variations in the conductivities calculated from EIS data had similar tendency with 

the ones obtained from DC-measurements. The numerical values obtained with two 

different methods reflect the effects of measuring techniques on data. As to the 

capacitances and conductivities increased in the presence of silicate layers, it can be 
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said that the intercalated composite structures for PNVCz chains associated with 

MMT particles may facilitate the ion conduction within the materials. 

 

Table 4.4: Conductivity results. 

 
Sample Conductivity

b
 

(S/cm) 

 

Rct          Qdl
d 

      (Ω ) (µS.s
−n

) 

 

     Rpol                  Qpol
d 

      (Ω )          (µS.s
−n

) 

 

Conductivity
c
 

(S/cm) 

 

PNVCz
a
 1.00 x 10

-15 
- - - - 2.26 x 10

-11
 

5 1.74 x 10
-8

 3389 10.64 

(0.71)* 

57.31x10
6
 17.45 

(0.85)* 

1.02 x 10
-10

 

12 5.77 x 10
-7

 3097 11.44 

(0.74) 

1.73 x 10
6 

57.43 

(0.90) 

6.80 x 10
-8

 

13 1.92 x 10
-5

 2517 35.38 

(0.74) 

52.08 x 10
3 

160.90 

(0.96) 

3.21 x 10
-7

 

a
 initiated with CAN  

b 
calculated from EIS measurements 

c 
calculated from DC measurements 

d 
best fitting parameters obtained from equivalent circuit and impedance data on Pt electrode 

*n value in the paranthesis indicates the type of capacitor. The impedance for non-ideal condenser can 

be represented as Z = 1/Q (jω)
n
,where n < 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

 

5. POLY(N-VINYL CARBAZOLE) (PNVCz) BASED COMPOSITE 

MATERIALS: ELECTRICAL PROPERTIES, MORPHOLOGICAL AND 

THERMAL CHARACTERIZATION OF PNVCz / MULTIWALLED 

CARBON NANOTUBES AND PNVCz / GRAPHITE SYSTEMS  

5.1 Experimental 

The monomer, N-vinylcarbazole (NVCz; Aldrich) was used without further 

purification. Monocetyl itaconate, MCeI chosen as comonomer has been synthesized 

in another work, according to the general methods previously reported by Gargallo 

(27, Yalçın). Cerium ammonium nitrate ((NH4)2Ce (NO3)6, CAN; BDH Chemicals 

Ltd.) was chosen as initiator. In this study, two types of MWCNTs were used. The 

first one was obtained from Aldrich (diameter < 15 nm and length range: 0.1–10 μm; 

purity ≥ 90%; density: 2.1 g/cm
3
) while the second one used in the composites were 

prepared with oxidation of MWCNTs purchased from Aldrich and the product was 

named as o-MWCNTs. Graphite powder (product code: G/0900/60; density: 2.1 

g/cm
3
) purchased from Fisher Scientific. The  carbon nanotubes and graphite layers 

were dispersed in tetrahydrofuran (THF, Merck) and acetonitrile (ACN, Merck) via 

energetic agitation (after the sonication in an ultrasound bath cleaner ( Elma 

Transsonic 460/H, 35 kHz) for 4 h, they were mixed with a high power sonic tip 

(Sonopuls HD 2200, 200W/20kHz) for 15 min.) in order to achieve stable 

dispersions. In some cases, they were dispersed in ACN/water (9:1 v/v %) mixtures 

containing surfactant followed by ultrasonication. The surfactant was sodium 

dodecyl sulfate (SDS, C12H25SO4
- 
Na

+
, Merck) and used as supplied.  

Na+

SO O

O

O-

 

Sodium Dodecyl sulphate 

Figure 5.1: Schematic illustration of used chemicals. 

5.1.1 Free radical polymerization of PNVCz and  P(NVCz-co-MCeI) 

Copolymer of NVCz with MCeI (5.0 mol %, in the feed) was synthesized by free 

radical solution polymerization in 1,4-Dioxane with AIBN (1.0 x 10
-3

 mol / L) at 
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50
o
C under nitrogen atmosphere (30). The polymerization mixture was introduced 

into large glass tube with ~30 mm diameter equipped with a rubber cap and a 

syringe. Solution was degassed by bubbling nitrogen for about 30 min. After 4 d 

polymerization mixture was poured into hexane to precipitate the copolymer (Figure 

5.2). The homopolymer of NVCz (1.0 mol/L) was also synthesized under identical 

experimental conditions. 

 

Figure 5.2: Polymerization reaction of P(NVCz-co-MCeI) copolymer. 

5.1.2 Oxidative polymerization of PNVCz 

The heterogeneous solution process was as follows: NVCz monomer with a known 

weight was dissolved in ACN. Then, CAN as an oxidizing agent was added into the 

NVCz/ACN solution to initiate the polymerization. The mole ratio of monomer to 

oxidizing agent was kept at 200:1. 1.0 mol /L concentration of NVCz was used. The 

synthesis was carried out at 25
o
C under atmospheric conditions. After completed 

reaction period, the white product was santrifugated and washed with ACN at least 3 

times to remove any unreacted NVCz, and then nonconductive PNVCz was dried to 

constant weight under vacuum at room temperature (Figure 5.3). Another PNVCz 

sample was synthesized under identical experimental conditions but in the presence 

of SDS (10.0 wt %, based on NVCz in the feed). 
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Figure 5.3: Possible mechanism for the polymerization of NVCz by Ce (IV) ion. 

5.1.3 Oxidation of GLs and MWCNTs 

Ten grams of graphite powder were suspended in 200 mL of concentrated H2SO4 in a 

1 L round bottomed flask under vigorous stirring at 0
o
C. KMnO4 was then added 

gradually with stirring and cooling, so that the temperature of the mixture was 

maintained around 20
o
C. The stirring was continued at room temperature for 30 min.  

 

Figure 5.4: FTIR spectra  of o-GLs (a) and o-MWCNT (b). 
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After the slowly addition of 250 mL of deionized water, the 

graphite/H2SO4/KMnO4/water mixture was stirred for another 15 min, by keeping its 

temperature below 98
o
C. Finally, the content of the flask was poured into 1 L of 

deionized water, and 100 mL of a 30 %  H2O2 solution was added to destroy the 

excess KMnO4. The oxidized graphite layers (o-GLs) were isolated by filtration 

through a sintered glass funnel, washed successively with 5 % HCl and  dried in a 

vacuum oven at 60
o
C for 48 h (31- 32).  

The surfaces of MWCNTs were oxidized by refluxing with 5.0 M  nitric acid 

(HNO3) at 75
o
C for 2 h. Then, the HNO3/MWCNTs mixture was washed several 

times with distilled water  and finally, oxidized MWCNTs were filtered and left to 

dry in a vacuum oven at 60
◦
C for 3 d [33, 34].  

The acid-treatment, reflux and sonication procedures can introduce functional groups 

that promote the adsorption of polymer chains and monomer molecules on the pores 

and surfaces of graphite layers and carbon nanotube walls [35]. Figure 3.26a shows 

the FTIR spectrum of o-GLs. The most characteristic features of graphite oxide are 

the broad, intense band around 3400 cm
-1

 assigned to O-H stretching vibrations, the 

band at 1730 cm
-1

 attributed to C=O stretching vibrations from carbonyl/carboxylic 

groups and the band centered at 1620 cm
-1

 from the skeletal vibrations of unoxidized 

graphitic domains along with the strong bands at 1230 cm
−1 

and 1060 cm
-1

 assigned 

to C-OH  and C-O stretching vibrations, respectively.The FTIR spectrum of o-

MWCNTs are shown in Figure 3.26b.  The broad bands in the range of 3200-2400 

cm
-1

 and 1800-1600 cm
-1

  can be attributed to O–H and C=O stretching vibrations of 

hydrogen bonded-hydroxyl and -carboxyl groups which present on the o-MWCNTs. 

All the bands were attributed to the carboxylic acid groups generated at the surfaces 

of the  graphite layers and MWCNTs after acid treatments. In addition, the o-

MWCNTs  were analyzed quantitatively by acid-base titration to support the 

presence of carboxylic groups on the surfaces of the acid-treated MWCNTs. In a 

typical experiment, 50 mg of the o-MWCNTs were added into 10 ml of 0.05 N 

NaOH solution and stirred for 24 h to reach the equilibrium state at room 

temperature. Then, the mixture was titrated with a 0.05 N HCl solution to determine 

the excess NaOH in the solution and, the concentration of the carboxyl groups on o-

MWCNTs was found as 2.0 mmol/g. The value of 0.63 mmol/g for untreated-
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MWCNTs also supports the formation of –COOH groups on tube surfaces treated 

with nitric acid. 

5.1.4 Preparation of PNVCz / graphite composites 

PNVCz/graphite composites were prepared by both the solution blending and in-situ 

polymerization  method.  

In order to obtain homogeneous dispersions of o-GLs, the solutions were prepared in 

THF for solution blending process and in ACN/water mixture (9:1, v/v %) containing 

1.0 or 10.0 wt % SDS (based on NVCz content ) for in-situ polymerization process 

by sonicating for 15 min using a high-power sonic tip processor and for 4 h using an 

ultrasound bath.  Each 1 h in a sonic bath was followed by 5 min with a sonic tip. 

PNVCz and P(NVCz-co-MCeI) synthesized with CAN and AIBN as initiator, 

respectively, were added to the o-GLs / THF dispersions and the mixtures were 

stirred using magnetic stirrer until the entire polymers were dissolved. The solutions 

were then transferred into glass petri dishes.The solvent, THF was first evaporated at 

room temperature for 1 d and then in a vacuum oven at 25
o
 C for 2 d to yield a well 

dispersed PNVCz/o-GLs and  P(NVCz-co-MCeI)/o-GLs composites. 

o-GLs (in the range of 0.05 -.0.40 wt % for  PNVCz obtained by in-situ 

polymerization method) were dispersed in 10 mL of ACN/water mixture containing 

SDS and stirred by ultrasonication  to obtain homogeneous dispersions. Before 

addition of a known amount of CAN, 1.0 mol /L of NVCz was dissolved in the o-

GLs/SDS/ACN/water dispersion with magnetic stirring. The in-situ polymerization 

mixture was continuously stirred at room temperature after addition of CAN as 

oxidant. The precipitate was washed with ACN at least 3 times to remove any 

unreacted NVCz, placed into a glass dish and allowed to stand at room temperature 

for 1 d. The black composite was further vacuum-dried at 25
o
C for 2 d to remove the 

residual solvent. 

In the case of 10 wt % of SDS, a known amount of  NVCz was added to the SDS/o-

GLs (0.40 wt %)/ACN/water dispersion with magnetic stirring. The reaction mixture 

was polymerized without CAN during the magnetic stirring process at room 

temperature. It was assumed that during stirring, NVCz and SDS molecules were 

adsorbed on the surface of  graphite layers (Figure 5.5). 
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Figure 5.5: Proposed mechanism for the in situ polymerization of NVCz without 

CAN by sonicated o-GLs in ACN/water/SDS (10.0 wt % of NVCz) 

mixture at room temperature. 

5.1.5 Preparation of PNVCz / MWCNT composites 

The PNVCz/MWCNTs and PNVCz/o-MWCNTs composites were also synthesized 

using both solution blending and in-situ polymerization methods.  

In a beaker, 10 ml of THF and a certain amount of MWCNTs ( to yield the desired 

loading of MWCNTs from 0.5 to 2.0 wt % in 100 mg of PNVCz and P(NVCz-co-

MCeI)) were mixed and dispersed by sonication. Then,  0.1 g of PNVCz and its 

copolymers,  P(NVCz-co-MCeI)  were dissolved in the MWNT/THF dispersions and 

stirred using magnetic stirrer for 1 h. After that, PNVCz/MWCNT/THF and 

P(NVCz-co-MCeI)/MWCNT/THF mixtures were  transferred into  glass petri dishes. 

Remaining THF was first evaporated in the petri dishes at room temperature for 1 d 

and then in a vacuum oven at 25
o
 C for 2 d to yield  PNVCz /carbon nanotube 

composites prepared by solution blending process. 

In the case of in-situ polymerization process in the presence of 10 wt % of o-

MWCNT, a known amount of NVCz was added to both SDS (10 wt %)/o-

MWCNT/ACN/water and o-MWCNT/ACN dispersions, and  SDS(10 wt 

%)/MWCNT/ACN/water and MWCNT/ACN dispersions with magnetic stirring 

(Table 5.1). The NVCz/o-MWCNT/ACN mixture  was polymerized without 

initiator, CAN during magnetic stirring at room temperature whereas the others 

produced PNVCz/carbon nanotube composites only after the addition of a known 

amount of CAN (Figure 5.6). The black composites were decanted into glass dishes 

and dried in a  vacuum oven at 25
o
C for 2 d to remove the residual solvents. 
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Figure 5.6: Proposed mechanism for the in situ polymerization of NVCz without 

CAN by sonicated o-MWCNTs in ACN at room temperature. 

Table 5.1:  Reaction possibilities between NVCz and conducting fillers.  

                                      
reaction media in-situ polymerization without CAN 

o-GLs ( 0.2 g/100 g NVCz) /10 wt% SDS                                               + 

o-GLs ( 0.2 g/100 g NVCz)/5.0 wt% SDS                                                - 

o-GLs ( 0.2 g/100 g NVCz) /1.0 wt% SDS     - 

o-MWCNTs ( 5.2 g/100 g NVCz)                                                            + 

o-MWCNTs (5.2 g/100 g NVCz)/10 wt %  SDS                                      - 

MWCNT (5.2 g/100 g NVCz)                 - 

MWCNT (5.2 g/100 g NVCz )/ 10 wt % SDS                                          - 

 

5.2 Analysis and characterization techniques 

 PNVCz/o-GL, PNVCz/MWCNT and  PNVCz/o-MWCNT composites were 

analyzed and characterized by using Fourier transform infrared spectroscopy (FTIR), 

X-ray diffractometer (XRD), differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), polarized optical microscope (POM) and direct 

current (dc) conductivity measurements. FTIR, XRD, DSC and TGA measurements 

were carried out using dried and milled samples of polymers and composites in order 

to describe their structural properties. For POM studies, PNVCz/graphite and 

PNVCz/carbon nanotube composites were dissolved in dichloromethane to give the  

4.0 g/L solutions. After casting onto a microscope slide glass, they were dried  under 

vacum to obtain coatings for polarizing microscope observations. All the samples 

used for dc electrical-conductivity measurements were in the form of compressed 

pellets (13 mm in diameter and about 0.2 mm in thickness) obtained by applying a 

hydraulic pressure of about 10 MPa. The pellets were placed between two identical 
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Pt electrodes in a conductivity cell. The slope of the potential vs current plots in the 

range of 1.0 – 10.0 V yields the resistance (Keitley picoammeter Model 6487). The 

conductivities of PNVCz matrix and its composites with graphite layers and carbon 

nanotubes were evaluated from the surface resistance by means of Meter Scan 

Scientific software. The conductivity measurements were evaluated as a function of 

conducting filler type and content along with preparation method and the type of 

organic matrix in the composite. 

FTIR spectra of the samples were recorded on Perkin Elmer Spectrum One (FTIR-

reflectance, Universal ATR with diamond and ZnSe) spectrophotometer using the 

samples in powder form. XRD patterns were obtained by Bruker X-ray 

diffractometer (XRD), a conventional copper target X-ray tube set to 40 kV and 40 

mA. The X-ray source was CuKα radiation (λ = 0.154 nm). Data were collected from 

2θ of 2.00
o
 to 40.00

o
 (θ being the angle of diffraction) with a step width of 0.02

o
 and 

step time of 12 s, scanning speed of  0.1
o
/min. Optical micrographs were taken with a 

Leica DM-2500P model polarized optical microscope, under  cross-polarized light 

conditions. DSC was performed on a Metler Toledo DSC-821 under a continuous 

flow of nitrogen (60 mL/min). All the samples (about 10 mg in weight) were heated 

from 40
o
C to 250ºC and the thermograms were recorded at a heating rate of 

10ºC/min. After cooling to 40
o
C, heating procedure was repeated. The glass 

transition temperatures (Tg) of the samples were selected as the middle point of the 

transition region at the respective curves. The thermal stability was investigated by 

TGAQ600 instrument (TA Instrument)  at a heating rate of 10
o
C/min under dry air 

atmosphere. In each case, the sample was examined at an air flow rate of 100 ml/min 

at temperatures ranging from 40
o
 C to 700

o
 C. 

5.3 Results and discussion 

5.3.1 XRD patterns of PNVCz/ graphite and PNVCz/carbon nanotube 

composites  

X-ray diffraction patterns of o-GLs, MWCNT and their composites prepared by in-

situ preparation and solution blending processes are shown in Figures 5.7 and 5.8, 

respectively.  
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Figure 5.7: XRD patterns of  (a) o-GLs, (b) PNVCz initiated with CAN and, 

PNVCz/o-GLs composites prepared by in-situ polymerization (c) 

without CAN and (d) with CAN as oxidant, respectively. 

The characteristic diffraction peak of  o-GLs appears at around 2θ value of 10
o
 as 

shown in Figure 5.7a. It can be seen from Figure 5.7c and 6. 7d that the sharp peak of 

o-GLs shifts to ca. 14
o
. On the other hand, the one of the peaks of PNVCz (Figure 

5.7b) shifts to lower degree while the other  becomes very weak . It supports the 

presence of the electrostatic interactions between functional groups of o-GLs and  

NVCz that polymerize around and/or on the layers in ACN/water mixture 

containining SDS molecules. In another words, the broad peak  from 10
o
 to 22° 
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indicates that most of  the NVCz adsorbed onto the oxidized graphite layers and was 

polymerized in situ to form composite materials (Figure 5.6). 

XRD patterns for MWCNT, PNVCz, P(NVCz-co-MCeI) and their composites 

prepared by solution blending in THF ( carbon nanotube content = 1.0 and 15.0 wt 

%, based on polymer) are shown in Figure 3.28. Both homopolymer and copolymer 

of NVCz clearly illustrated two diffraction peaks at 2θ = 7.5° and 23.5
o
, while the 

MWCNT demonstrated the diffraction peak at 2θ = 26°. The three peaks appeared at 

different locations (2θ = 12.5°, 17.5° and 22.5°) in the PNVCz/MWCNT composites 

(Figure5.8c and 5.8e) also clearly support that the introduction of PNVCz affects the 

structure of both MWCNTs and PNVCz chains. These three diffraction peaks may be 

an indication of the crystalline behavior of PNVCz.  

 

Figure 5.8: XRD patterns of  (a) P(NVCz-co-MCeI), (b) and (c) P(NVCz-co-

MCeI)/MWCNT ( 1.0 and 15.0 wt %, respectively) composites 

prepared by solution blending, (d) and (e) PNVCz(initiated with 

CAN)/MWCNT (1.0 and 15.0 wt %, respectively) composites 

prepared by solution blending and (f) MWCNT. 
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5.3.2 Morphological image studies of PNVCz/graphite and PNVCz/carbon 

nanotube composites 

Figures 5.9 and 5.10 show the POM micrographs of the PNVCz /o-GLs and PNVCz 

/ MWCNT composites from the cross polarized views. It is understood that the type 

of composite preparation method is an important parameter for the dispersion and 

orientation of filler particles in the composites. In these experiments, both ultrasonic 

bath and high power sonic tip was employed to promote their optimal dispersion in 

the composites prepared by in-situ polymerization (Figure 5.9) and solution blending 

(Figure 5.10) processes.  

SDS is an anionic surfactant containing a sulphate hydrophilic group and a long 

hydrocarbon chain as hydrophobic segment. The alkane groups of SDS prefer to 

adsorbed on the o-GL surfaces while the repulsive forces between the oxidized 

functional groups increase the interlayer distances and so, the charge transfer 

between oxidized layers and NVCz monomer may be possible to create cation 

radical and initiate in-situ polymerization without an additional oxidant in the SDS-

adsorbed o-GL dispersions (Scheme 5.6). Insufficient surfactant  (in this study, SDS 

< 10 wt %) can reduce the electrostatic repulsion between the same charged groups 

and consequently, an unefficient  SDS adsorption on the oxidized graphite layers  

prevents the in-situ polymerization of NVCz without CAN in ACN/water mixture 

(Table 3.16).  

 

Figure 5.9: Polarizing microscope images of PNVCz/o-GLs composites prepared by 

in situ polymerization method in ACN/water mixture (a) without CAN 

in the presence of 10.0 wt % of  SDS and (b) with CAN in the 

presence of 1.0 wt % of SDS, respectively. 

Images of PNVCz/o-GL composites taken with POM are shown in Figures 4a and 

4b. It is seen that their morphologies are different from those of the PNVCz/ 
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MWCNT composites prepared by solution blending method in the absence of SDS in 

THF (Figure 5.10).   

 

Figure 5.10: Polarizing microscope images of (a) PNVCz/MWCNT, (b) P(NVCz-

co-MCeI)/MWCNT and (c) P(NVCz-co-MCeI)/o-GLs composites 

prepared by solution blending method in THF containing 1.0 wt % o-

GLs. 

In the case of Figure 5.9a, NVCz polymerizes without the addition of an oxidant in 

the presence of o-GLs containing 10 wt % SDS. It can be considered that the 

solubilization of NVCz in the areas surrounded by SDS molecules stabilize its 

cationic radicals because catalytic efficiency of SDS increase with increase in SDS 

concentration. The formation of PNVCz chains in the absence of CAN proceeds only 

for 10 wt % of SDS  but not for 1.0 and 5.0 wt % and, this observation also supports 

the effect of SDS concentration on the stability of NVCz radicals. However, the 

image (a) in Figure 5.9 exhibits that the higher content of SDS and absence of CAN 

during in-situ polymerization results in the formation of much more heterogeneous 

globular structure compared with the one initiated with CAN in the presence of 1.0 

wt % of SDS.   

The POM images in Figure 5.10 of the PNVCz/MWCNT, P(NVCz-co-

MCeI)/MWCNT and P(NVCz-co-MCeI)/o-GLs composites containing 1.0 wt % of 

MWCNT and o-GLs reflect the positive effect of the long alkyl chain on the 

compatibility, and the micrographs support the discussions based on their Tg results 

in Figure 5.12. The white phases indicate PNVCz or its copolymer with MCeI. It is 

clearly seen that the polymer/MWCNT composite containing MCeI with long 

hydrophobic tail has more homogeneous morphology as compared to  the others. It 

might be resulting from the strong hydrophobic interactions between the surfaces of  

unoxidized MWCNTs and the cetyl groups that promote the formation of more 
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homogeneous structures. The long alkane groups also provide external steric 

repulsion to help the particles overcome the attractive van der Waals force at contact 

(36). As a conclusion, the copolymer containing a straight hydrophobic chain and a 

hydrophilic –COOH group can modify the interfaces in the dispersion medium of the 

untreated MWCNTs and prevent their aggregation. 

On the other hand, the graphite content in Figure 5.9c seems to be much higher than 

the polymer content in the P(NVCz-co- MCeI)/ MWCNT composite in Figure 5.9b, 

where black areas represents graphite layers. As to the cross-polarized views, the 

bottom of the composite film contains much higher graphite layers than its upper 

portion. It may be attributed to that the electrostatic repulsive interactions between 

carboxyl groups of monocetyl itaconate and oxidized graphite layers are stronger 

than the hydrophobic interactions resulting from the cetyl groups on the copolymer 

chains. 

5.3.3 Glass transition behavior of PNVCz/ graphite and PNVCz/carbon 

nanotube composites 

 

Figure 5.11: DSC thermograms of (a) PNVCz prepared by oxidative polymerization, 

(b) and (c) PNVCz/o-GLs composites prepared by in situ 

polymerization method in ACN/water mixture with CAN in the 

presence of 1.0 wt % of SDS and  without CAN in the presence of 10.0 

wt % of SDS, respectively. 
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In Figure 5.11, the difference between the DSC thermograms of PNVCz initiated 

with CAN(a) and PNVCz/o-GLs composites prepared by in-situ polymerization in 

the presence of SDS with and without CAN (b and c, respectively) are compared. 

The glass transition temperatures of PNVCz, PNVCz/o-GLs/SDS/CAN (b) and 

PNVCz/o-GLs/SDS (c) are 136, 104 and 122
o
 C, respectively. The reason for the 

increase in Tg of the composite (c) as compared to the composite (b) might be the 

influence of both  the chain length increase of PNVCz and the strong hydrogen 

bonds between PNVCz chains and o-GLs. 

Figure 5.12 shows the DSC curves of PNVCz/MWCNT composites prepared by 

solution blending process in THF. It was found that the Tgs  of PNVCz after being 

added a 1.0 wt % of MWCNTs strongly decreased comparing with pristine polymer 

whereas the Tg of the composite based on the copolymer of NVCz with monocetyl 

itaconate slightly increased. These results were attributed to the characteristics of the 

composites and indicated that the quality of dispersion shifted Tg but the direction of 

shifts were dependent on the intermolecular interactions between the MWCNTs and 

polymer chains. As to the DSC thermograms in Figure 5.12, the compatibility 

between PNVCz and MWCNT were highly improved by the addition of 5.0 mol % 

of MCeI, bearing a long hydrophobic chain and a hydrophilic group, to the PNVCz 

chains. In another words, there are repulsive interactions between MWCNTs and the 

homopolymer of NVCz and therefore,  an increase in free volume and chain mobility 

are created near the MWCNTs. Consequently, The Tgs of the homopolymers of 

NVCz shift to lower temperatures with the addition of carbon nanotubes because it 

takes less energy to transition from the glassy state to the rubbery one. 

Both the Tg values of the PNVCz/o-GLs composites prepared by in- situ 

polymerization method and the thermograms of the PNVCz/MWCNT composites 

prepared by solution blending process  (Figures 5.11 and 5.12) indicates that the Tg 

depression origin is not only the dispersion state of the conducting fillers in the 

PNVCz matrix. The molecular structure of  PNVCz chains and the initiation 

mechanism of in-situ polymerization process during the preparation of composite 

materials also have an important role on their thermal characteristics. 
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Figure 5.12: DSC thermograms of PNVCz initiated with AIBN and  

PNVCz/MWCNT composite (a,b), P(NVCz-co-MCeI) initiated with 

AIBN and P(NVCz-co-MCeI)/MWCNT composite (c, d), PNVCz 

initiated with CAN and  PNVCz/MWCNT  composite (e, f) ( 

preparation method = solution blending in THF; filler content = 1.0 

wt %). 

5.3.4 Thermal Stability of PNVCz/carbon nanotube and PNVCz/ graphite 

composites 

 A series of thermal tests on PNVCz, its copolymer and composites with MCeI and 

two type of conducting fillers, respectively were performed. The TGA curves for 

PNVCz,  PNVCz/MWCNT and PNVCz/o-GL composites under air flow are shown 

in Figures 5.13 and 5.14.  

TGA thermograms of PNVCz/o-GLs composites synthesized by in-situ 

polymerization process in the presence and absence of CAN as initiator are 

illustrated in Figure 5.13. They show weight loss as a function of temperature under 

air atmosphere. The major weight losses for PNVCz/o-GLs initiated with CAN are 

observed in the range of 200-480°C while in the case of the PNVCz/o-GLs and 

PNVCz obtained without and with CAN as oxidant, respectively, the onset 

degradation temperatures shift toward a higher temperature and, their weight loss in 
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the range of 280-480°C are slower than the ones synthesized with CAN. This may be 

due to the molecular weight decrease of PNVCz in the PNVCz/o-GLs materials 

initiated with CAN. 

 

Figure 5.13: TGA thermograms of  poly(N-vinyl carbazole)s initiated with AIBN 

and CAN (a, b), PNVCz/o-GLs composites prepared by in situ 

polymerization method in ACN/water mixture without CAN in the 

presence of 10.0 wt % of SDS (c) and with CAN in the presence of 

1.0 wt % of SDS (d), respectively, under air atmosphere. 

 

Figure 5.14: TGA thermograms of PNVCz and P(NVCz-co-MCeI) initiated with 

AIBN (a, b) and, PNVCz/MWCNT and P(NVCz-co-MCeI)/MWCNT 

composites under air atmosphere ( preparation method = solution 

blending in THF; filler content = 1.0 wt %). 
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The onset degradation temperatures of PNVCz and P(NVCz-co-MCeI) polymers 

initiated with AIBN (450
o
C) were higher than the one synthesized in the presence of 

CAN ( 280
o
C). This may be due to the formation of high molecular weight polymer 

chains with AIBN as initiator in dioxane at 50
o
C. On the other hand, the lower onset 

degradation temperatures of  the composites prepared by solution blending process 

compared to the pure PNVCz and  P(NVCz-co-MCeI) may be due to the weak 

intermolecular interactions between PNVCz chains and unmodified MWCNTs. 

However, the higher thermal stability of P(NVCz-co-MCeI) /MWCNT composite 

than pristine polymers and PNVCz/MWCNT  composite, in the higher temperature 

region (above 480
o
C), is related to the presence of  P(NVCz-co-MCeI) chains, being 

strongly interacted with thermally stable MWCNTs. 

 

5.3.5 Electrical conducting properties of PNVCz/carbon nanotube and PNVCz/ 

graphite composites  

Figure 5.15 shows the electrical conductivity of  PNVCz/o-GL and 

PNVCz/MWCNT composites versus filler content. At low filler content less than 

0.05 wt % for o-GLs and 0.50 wt % for MWCNTs, the conductivity was lower than 

10
-8

 S/cm, resembling that of an insulator. At slightly higher filler concentration, the 

composites change from an insulator to nearly a semiconductor. This means that by 

varying the conducting filler content in PNVCz composites their electrical 

conductance behaviors can be controlled and conductivities are enhanced by 6 orders 

of magnitude with the increase in MWCNT content from 0 to 2.0 wt %, except the 

ones containing o-GLs. 

The electrical conductivity of PNVCz prepared by chemical oxidative 

polymerization  using CAN as initiator in ACN/water mixture containing 1.0 wt % of 

SDS was higher than the ones synthesized by using AIBN and CAN as initiator in 

dioxane and in ACN, respectively, in the absence of SDS. Therefore SDS, which is 

used to obtain homogeneous dispersions of o-GLs in ACN/water media, was 

considered as dopant for PNVCz chains and by addition of  0.24 vol. % of o-GLs, its 

conductivity increased to 10
-6 

 S/cm. The electrical conductivity of PNVCz/o-GLs 

composite prepared by in-situ polymerization process without initiator in 

ACN/water/SDS (10.0 wt %) mixture also had nearly same value with the one 

synthesized with CAN (Figure 5.15c). 
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Figure 5.15: Electrical conductivities plotted as a function of filler volume fraction: 

(a) PNVCz/MWCNT composites prepared by solution blending, (b) 

PNVCz/o-GLs/SDS/CAN composites prepared by in situ 

polymerization and (c) PNVCz/o-GLs/SDS composite prepared by in 

situ polymerization. 

The conductivity at room temperature of the PNVCz/MWCNT composites prepared 

by solution blending  is shown in Figure 5.15 as a function of the weight fraction of 

the MWCNTs. The conductivities of  PNVCz initiated with AIBN (a) and CAN (c), 

and P(NVCz-co-MCeI) initiated with AIBN (b) are  2.1×10
-13

, 2.3 × 10
-11

 and 3.2 × 

10
-10

 S/cm, respectively. According to the percolation theory, the percolation 

threshold corresponds to the onset of the transition from an insulator to a semi-

conductor ( 37, 38). At low MWCNT content less than 0.12 vol %, the conductivities 

resemble to that of an insulator. Between 0.24 and 0.95 vol % of filler, the 

composites exhibit  smooth transition from insulator state to semi-conducting region 

and then at higher concentrations than 0.95 vol %, their conductivities  reach  10
-6

-

10
-5  

 S /cm and steady-state region occurs, which are consistent with that of a semi-

conductor.  
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Figure 5.16: Electrical conductivities plotted as a function of MWCNT weight 

fraction: (a) PNVCz (initiator: AIBN) /MWCNT, (b) P(NVCz-co-

MCeI) (initiator: AIBN)/MWCNT and  (c) PNVCz (initiator: CAN) 

/MWCNT composites prepared by solution blending method in THF. 

5.3.6 Proposed polymerization mechanisms for PNVCz/o-GL and PNVCz/o-

MWCNT composites  

The oxidized graphite is a strongly oxygenated, highly hydrophilic layered material 

(Figure 5.16). In this study, it was dispersed in ACN/water mixture containing SDS. 

The oxidative polymerization of  NVCz initiated with CAN in the presence or 

absence of SDS resulted in the formation of white-colored and insulating PNVCz 

chains (Scheme 5.3) while NVCz monomer and o-GLs/ACN/water/SDS(10 wt %) 

dispersion at room temperature produced PNVCz/o-GLs composite by in situ 

polymerization method without oxidant. In the last case, the polymerization 

mechanism between the dispersion of o-GLs and NVCz in the presence of 10.0 wt % 

of SDS is not clear. The ratio of SDS molecules with oxidized graphite layers seems 

to be a critical condition to initiate the in-situ polymerization without CAN. To check 

the effect of SDS concentration on the NVCz polymerization in the presence of 

oxidized graphite layers, polymerization was repeated for both 1.0 and 5.0 wt % of 

SDS, under the same experimantal conditions. However, there was no observed 

precipitation of PNVCz in o-GLs/ACN/water mixture, suggesting that SDS content 
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has effected to initiate the polymerization of NVC monomer. It is assumed that 

during sonication, SDS molecules help to disperse o-GLs, and afterwards they are 

adsorbed on the surfaces of o-GLs and prevent the aggregation of graphite layers by 

repulsive forces and then, the direct interaction of NVCz, being an electron donor 

molecule with the graphite layers  (sonicated and so strongly activated, and decorated 

with functional groups) creates charge transfer between them (Scheme 5.5). 

FTIR spectra of the composites prepared by in-situ polymerization of NVCz with 

oxidized fillers in the absence of CAN are shown in Figure 5.17. Apart from the 

characteristic bands of PNVCz (1600 –1450 cm
-1 

for aromatic stretching and 

aromatic –CH in plane bending,  and 750 cm
-1 

for aromatic -CH out of plane 

bending), the presence of  the peaks around 1750 cm
-1

 and 3450 cm
-1

, which are 

attributed to  the o-GLs also confirms the formation of  PNVCz/o-GLs composite 

without CAN (Figure 5.17c). 

A similar mechanism is proposed for NVCz-acid treated o-MWCNT pairs in the 

absence of both SDS and CAN. 

The oxidation of the MWCNTs also generates polar groups such as O–H and C=O  

on the tube surfaces (Figure 3.36b). Due to the strong electron-withdrawing ability of 

o-MWCNTs, they can form charge transfer complexes with NVCz molecules. It is 

considered that the activation of o-MWCNTs by means of sonication rather than the 

functional groups on the walls has a driving force to initiate the in-situ 

polymerization without the addition of an oxidant. Further, acid-treated MWCNTs 

form strong intermolecular interactions, based on mainly hydrogen bonding along 

with van der Waals force, with the polymer chains. Therefore, after the formation of 

PNVCz chains, the possible intermolecular interactions between the carbazole 

groups of PNVCz chains and  the carboxyl groups of o-MWNTs may cause PNVCz 

polymer chains to be adsorbed at the surfaces of the o-MWNTs (Scheme 5.5). 

Figure 5.6a and 5.6b show the FTIR spectra of PNVCz/o-MWCNT composite  

prepared by in-situ polymerization process and mainly PNVCz portion extracted 

from PNVCz/o-MWCNT composite after the polymerization without both SDS and 

CAN, respectively. From these spectra, it is seen that the intensities of the 

characteristic peaks of o-MWCNT in the case of the PNVCz/o-MWCNT composite 

are higher than those of the exctracted portion. This observation indicates the 

heterogeous distribution of  weakly-coated PNVCz/o-MWCNTs and strongly-

interacted PNVCz/o-MWCNTs systems. 
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6. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY AND IN-SITU 

UV-vis SPECTROELECTROCHEMISTRY STUDIES OF POLY DIMETHYL 

SILOXANE / POLY(N-VINYL CARBAZOLE) COMPOSITE SYSTEMS 

6.1.Experimental 

N-vinylcarbazole (NVCz; Aldrich) was used as received. Acetonitrile (ACN, 

LabScan), tetrabutyl ammonium tetrafluoroborate (TBABF4), tetrahydrofuran (THF), 

dichloromethane (DCM) and hydroxyl terminated polydimethylsiloxane (PDMS; 

1,800-2,200 cSt and 35,000 g/mol) were purchased from Sigma-Aldrich. 

6.1.1 Electrochemical Polymerization and EIS Measurements  

Cyclic voltammograms (CVs) of the working electrodes were obtained between 0.0 

to 1.2 V at the scan rate 50 mV/s by using a Gamry Reference 600 potentiostat 

(Gamry Instruments,Warminster, PA, USA). A three-electrode cell containing Pt or 

GC disc electrodes that have geometric surface areas of 0.02 and 0.07 cm
2
, 

respectively, as the working electrodes, a Pt wire as the counter electrode, and a 

silver (Ag) wire as the pseudo-reference electrode were used for all electrochemical 

characterizations. 

PNVCz was deposited on Pt and GC electrodes by electropolymerization from ACN 

+ 0.1 mol/L TBABF4 system containing 5.2 x 10
-2

 mol/L NVCz. All solutions were 

purged with nitrogen just before coating experiments. 

The 5.0, 10.0 and 15.0 wt % solutions of PDMS in THF at 25
o
C were deposited on 

GC bare electrode. To prepare spin-coated electrodes by dropwise method, the 

solution drops were placed onto the electrodes using Pasteur pipette and then fixed 

by spin-coating with a rotation rate of 2500 rpm. The electrodes were dried under 

vacuum for 12 hours. Then, the GC/PDMS electrodes were electrochemically coated 

with NVCz. The obtained bilayer (or composite) electrodes were referred as 

GC/PDMS/PNVCz.  
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Pt / PDMS / PNVCz  electrodes were  prepared by PDMS coating at both 25
o
C and -

15
o
C, and then NVCz electropolymerization at three different temperatures (-15

o
C, 

0
o
C and 25

o
C) to observe the temperature effect on the bilayer-coating efficiency. 

Pt/PNVCz, GC/PNVCz, Pt/PDMS/PNVCz and GC/PDMS/PNVCz electrodes in 

monomer-free (MF) ACN containing 0.1mol/L NaClO4 were studied by 

potentiostatic EIS set to 0.0 V as open circuit potential. EIS measurements were 

conducted using a Gamry Reference 600 potentiostat in a frequency range from 10 

kHz to 10 mHz and, the voltage amplitude was equal to 10 mV. It was assumed that 

at this offset, there would not be any current due to dc polarization and, in the case of 

bilayer coatings, the frequency dispersion was modeled as a constant phase element 

(QCPE) due to surface inhomogenity. 

In situ UV-vis spectroelectrochemistry studies were carried out using a HITACHI U-

0080D model spectrometer and and an electrochemical analyzer ( CH Instruments). 

In order to study the electronic structures of the obtained PNVCz and PDMS/PNVCz 

coatings, they were oxidized from 1.0 x 10
-3

 g/ mL  NVCz solution in ACN + 0.1 M 

NaClO4 system, by using indium-tin oxide (ITO) coated glass electrode and Ag wire 

as working and reference electrodes, respectively. PNVCz films were polymerized  

potentiostatically at 1.2 V.  After the  PNVCz  films coated on  ITO and ITO/PDMS 

electrodes were rinsed with MF electrolyte solution, in-situ UV-vis spectra were 

recorded in MF electrolyte solution between 0.0 V and 2.0 V. 

6.2 Results and discussion 

Electrochemical impedance spectroscopy (EIS) is an effective method for the 

characterization of semiconductors, corrosion, solid-state devices and 

electrochemical power sources.  

A semiconducting polymer synthesized or characterized by an electrochemical 

method uses an electrochemical cell with an appropriate electrolyte and necessary 

electrodes. EIS method uses three electrode system: reference electrode,  working 

electrode and counter electrode. Supporting electrolyte is added to the test solution to 

ensure sufficient conductivity. The combination of the solvent, electrolyte and 

specific working electrode material determines the range of the potential. The 

reactions taking place across the electrode/electrolyte interfaces are  interpreted in 

terms of an equivalent circuit.  
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In this work, two types of working electrodes were used to observe the effect of 

electrode material. GC and Pt electrodes were chosen as working electrodes. Ag and 

Pt wires were used as reference and counter electrodes, respectively. TBABF4 and 

NaClO4 were chosen as supporting electrolytes during the electropolymerizations 

and  EIS measurements of  NVCz monomer, PDMS/NVCz mixtures and PNVCz, 

PDMS/PNVCz coated electrodes in ACN, respectively. The frequency range was 

extended from 10 mHz to 10 kHz at an  amplitude of 10 mV.  The real and 

imaginary components of the EIS in the complex plane were analyzed using the 

ZsimpWin (version 3.10) software to estimate the parameters of the equivalent 

electrical circuit.  

 

Figure 6.1: Cyclic voltammogram of NVCz in 0.1mol/L TBABF4+ACN at 50mV/s 

scan rate on PDMS (5.0 wt %) coated Pt electrode. 

 

 

 

 

 

 

 

 

 

Figure 6.2: Cyclic voltammogram of NVCz in 0.1mol/L TBABF4+ACN system at 

50mV/s scan rate on PDMS (5.0 wt %) coated GC electrode. 
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The electrochemical behaviors of PNVCz/PDMS composite electrodes were 

recorded by cyclic voltammetry. Typical CVs of the electropolymerizations of NVCz 

on PDMS/Pt and PDMS/GC electrodes are shown in Figures 6.1 and 6.2.  

Despite the insulating property of PDMS, NVCz was polymerized electrochemically 

on the PDMS/Pt and PDMS/GC disc electrodes. As can be seen from the indicated 

Figures, in the presence of PDMS coating, the oxidation peak in the first cycle was 

appeared at about 1000 mV, being higher anodic potential than that of pure PNVCz 

at 800 mV. Then, it was replaced with two reversible peaks recorded at 800 mV and 

1000 mV for PDMS/GC electrode and at 900 mV and 1100 mV for PDMS/Pt 

electrode. In both voltammograms, current responses of the polymer redox processes 

increased upon repeated scanning. In addition, as PNVCz was being polymerized, 

the transparent PDMS films on Pt and GC disc electrodes turned to green and, the 

electrochemical processes were proceeded to form electroactive films, including 

conductive form of PNVCz. Further, in the case of PNVCz/PDMS/Pt electrode, the 

anodic peaks appeared at slightly higher potentials than that of the 

electropolymerization of NVCz on PDMS coated  GC electrodes indicated that the 

electron transfer processes were  dependent on the electrode material (27). 

 

Figure 6.3: Cyclic voltammograms of (a) GC/PNVCz, (b) GC/PDMS(5.0 wt 

%)/PNVCz, (c) GC/PDMS(10.0 wt %)/PNVCz and (d) GC/PDMS(15.0 

wt %)/PNVCz electrodes in MF solution at 50mV/s scan rate (0.1mol/L 

NaClO4+ACN system; 25
o
C was chosen as PDMS coating and NVCz 

electropolymerization temperatures). 

Figures 6.3 and 6.4 illustrate the electrochemical behaviours of PNVCz/PDMS/Pt 

and PNVCz/PDMS/GC composite electrodes in MF solution. It can be seen that in 
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the cases of the PNVCz/PDMS layers coated on Pt and GC disc electrodes, the peak 

current intensities are lower than those of the PNVCz/Pt and PNVCz/GC electrodes.  

This means that the presence of the insulating PDMS layer does not completely 

prevent the interaction between the PNVCz chains and electrode, and the diffusion of 

ions. It proceeds through the pores and/or interlayer interactions between PDMS and 

PNVCz (21).  

 

Figure 6.4: Cyclic voltammograms of (a) Pt/PNVCz, (b) Pt/PDMS (5.0 %; 25
o
C)/ 

PNVCz (25
o
C) and (c) Pt/PDMS (5.0 %; -15

o
C)/ PNVCz (-15

o
C) 

electrodes in MF solution (0.1mol/L NaClO4+ACN) at 50mV/s scan 

rate. 

Table 1 summarizes the charge, thickness and the weight of the electrochemically 

active layer, i.e., PNVCz in the PNVCz/PDMS films, depending on the coating 

temperature of PDMS, electropolymerization temperature of PNVCz and PDMS 

concentration (in wt/v %). They were calculated from the CVs of both the films 

obtained with electrochemical polymerization in TBABF4/ACN and the deposits in 

an electrolyte solution of 0.1 mol/L NaClO4 in MF acetonitrile after 6 and 2 cycles, 

respectively.  

The results which are given in Table 6.1 show that in the case of the electrochemical 

polymerization of NVCz on PDMS coated Pt electrodes there is a direct relation 

between PDMS content and the film thickness/charge density while for GC 

electrodes, charge densities  are reduced with increasing PDMS concentration at 

25
o
C. The observed inverse relation between  PDMS concentration (in wt/v % ) and 

the charges on the coated GC electrode indicates the presence of PNVCz layer coated 

onto more homogeneous PDMS layer, even if the preparations of the composite 

electrodes were carried out at 25
o
C. On the other hand, both the weights and the 
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charges of the bilayers on Pt electrode was increased with decreasing 

electropolymerization temperature from 25
o
C to -15

o
C , for 5.0 wt % of PDMS 

whereas when the concentration of PDMS was increased in two times the charge 

amounts and weights of the films decreased with decreasing electropolymerization 

temperatures, for PDMS-coating temperature at 25
o
C, except the ones prepared at -

15
o
C (for both PDMS-spincoating and NVCz-electropolymerization).  PDMS, which 

is  a strongly hydrophobic and viscous material, can interact with both polar and 

hydrophobic materials either through hydrogen bonding or van der Waals forces (21, 

28, 29). Therefore, the increase in both secondary physical interactions indicated 

above between electrode material and bilayer coatings, and a decrease in the 

viscosity of PDMS with increasing electropolymerization/coating temperature result 

in the formation of heterogeneous PDMS layers on Pt electrode.  

Table 6.1: The effect of the coating temperature of PMDS, electropolymerization 

temperature of PNVCz and PDMS concentration on the charge, thickness and weight 

of the films. 

Electrode CoatingTemperature 

(
o
C) 

PDMS 

(wt 

%) 

Charge 

 (C) 

Thickness 

 (m) 

Weight 

(g) 

MF 

Charge 

(C) 

Pt 25 - 1551 55.46 1.22 565 

Pt 25 5.0 652 23.31 0.51 87 

Pt 0 5.0 741 26.49 0.58 194 

Pt -15 5.0 773 27.64 0.61 204 

Pt 25 10.0 728 26.03 0.57 96 

Pt 0 10.0 708 25.32 0.56 132 

Pt -15 10.0 664 23.74 0.52 158 

Pt -15 5.0 580 20.74 0.46 226 

Pt -15 10.0 837 29.93 0.66 443 

GC 25 - 4451 45.47 3.50 779 

GC 25 5.0 3644 37.23 2.87 499 

GC 25 10.0 3177 32.46 2.49 465 

GC 25 15.0 1284 13.12 1.00 252 

Scan rate: 50mV/s;  Cycle number: 6  (for electropolymerization) 

Scan rate:  50mV/s,  Cycle number: 2  (for MF solution) 

Electrochemical impedance spectroscopy (EIS) measurements were represented with 

both Bode and Nyquist plots and, appropriate equivalent circuit model was used to 

correlate the impedance with the capacitance and the resistance of the films.  

Figures 6.5-6.8 show Bode and Nyquist plots of bare Pt and GC disc electrodes,  

PNVCz and  PNVCz/PDMS (5.0, 10.0 and 15.0 wt %) coated Pt and GC electrodes. 

The obtained Bode plots for impedance characterization of the interfaces indicated 
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the existence of mainly two regions: After a dominant peak in the phase angle at low 

frequencies, a second peak developed at high frequencies. The Bode phase angles in 

the intermediate-frequency range for the Pt/PDMS/PNVCz and GC/PDMS/PNVCz 

composite electrodes show the influence of PDMS layer between electrode surface 

and PNVCz layer. The peak profiles were dependent on the PDMS content, the 

coating temperatures of PDMS on electrode surface and the electropolymerization 

temperature of NVCz on  PDMS/Pt electrode.  

 

Figure 6.5: Bode phase plots of (a) Pt and (b) Pt/PNVCz ,  (c) Pt/PDMS (5.0 wt/v 

%; 25
o
C)/PNVCz (25

o
C), (d) Pt/PDMS (5.0 wt/v % ; 25

o
C)/PNVCz 

(0
o
C), (e) Pt/PDMS(5.0 wt/v %; 25

o
C)/PNVCz (-15

o
C) and (f) 

Pt/PDMS(5.0 wt/v %; -15
o
C)/PNVCz (-15

o
C)  composite electrodes  in 

ACN containing 0.1 mol/L NaClO4. 

 

Figure 6.6: Bode phase plots of (a) GC and (b) GC/PNVCz , (c) GC/PDMS (5.0 wt 

%) /PNVCz, (d) GC/PDMS (10.0 wt %) /PNVCz and (e) 

GC/PDMS(15.0 wt %) /PNVCz electrodes  in ACN containing 0.1 

mol/L NaClO4  at 25
o
C. 

The Bode phase angles of  Pt/PDMS/PNVCz and  GC/PDMS/PNVCz electrodes 

prepared at 25
o
C  had limit values at nearly 80

o
 (except  GC/PDMS/PNVCz 
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electrode containing 15.0 wt % of PDMS) in the low frequency region (below 0.10 

Hz) while at higher frequencies than 1.0 Hz, the second peak regions, which exhibit 

the phase angles between 15
o
 and 55

 o
, were observed. It is seen that there is an 

indirect relation between PDMS content in coating solution and phase angles. These 

lower phase angles in the first resist and second capacitive regions, which correspond 

to intermediate frequencies, were probably due to increasing inhomogenity above the 

electrodes. The single capacitive region in the case of  Pt/PNVCz and GC/PNVCz 

electrodes was disrupted by a resistive region and so PDMS layered electrodes 

exhibited two-step capacitive behavior (100-1000Hz and <1Hz). The spectra of the 

bare electrodes in Figures 6.5 and 6.6 show  the phase angles lower than 90° in the 

0.10 Hz - 100 Hz region and a plateau that corresponds to a single capacitive 

behaviour while the Bode plots of bilayer coated electrodes exhibit a second resistor 

region, indicating electrolyte resistance (Rsol)  at higher frequency region (>10
3
 Hz) 

along with charge transfer resistance Rct in the first resistor region. The first resistive 

behaviour in the range of 1-100Hz is attributed to the formation of PDMS/PNVCz 

bilayers that have mainly insulating character. It can also be explained as decrease in 

the electrolyte penetration through PDMS/PNVCz layers and contact the Pt and GC 

electrode surfaces.  

Bode phase plot in Figure 6.5 show the effect of coating temperature on the 

electrochemical behaviours of bilayer electrodes. As seen from the indicated plots, 

Pt/PDMS/PNVCz electrodes form more homogeneous structures, having lower phase 

angles and higher resistive property with decreasing temperature due to increasing 

viscosities of the coating solutions containing 5.0 and 10.0 wt/v % concentration of 

PDMS in THF.  

In addition, Figures 6.5 and 6.6 indicate the effect of electrode material together with 

coating temperature on the composite films. The presence of lower phase angles and 

more concentrated upper limit for PDMS solutions at 25
o
C support that the 

hydrophobic interactions  between GC electrode and PDMS layer are more stronger 

than that of the Pt electrode at the same experimental conditions. The results, 

calculated by using the CVs in Figures 6.1-6.4 and summarized in Table I, also have 

similar tendency with the discussions based on phase angles. 

The Nyquist plots of PNVCz films and PDMS/PNVCz bilayers coated on Pt and GC 

disc electrodes are shown in Figures 6.7 and 6.8. Interpretation of the Nyquist 
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diagrams is usually done by fitting the experimental impedance spectra to an 

electrical equivalent circuit. That is, an electric circuit combined by some physical 

elements can be built that has an impedance spectrum identical to that of the 

electrochemical system under investigation. 

 

Figure 6.7: Nyquist plots of (a) Pt, (b) Pt/PNVCz, (c)  Pt/PDMS(5.0 wt/v % ; 

25
o
C)/PNVCz (25

o
C), (d) Pt/PDMS(5.0 wt/v % ; -15

o
C)/PNVCz (-

15
o
C), (e) Pt/PDMS(10.0 wt/v % ;  25

o
C)/PNVCz (25

o
C), (f) 

Pt/PDMS(10.0 wt/v % ; -15
o
C)/PNVCz (-15

o
C) electrodes in ACN 

containing 0.1 mol/L NaClO4. The points denote the experimental data 

while the line represents the fitting obtained using the equivalent circuit 

in Figure 6.9. 

 

Figure 6.8: Nyquist plots of (a) GC, (b) GC/PNVCz (c) GC/PDMS (5.0 wt 

%)/PNVCz, (d) GC/PDMS (10.0 wt %)/PNVCz and (e) 

GC/PDMS(15.0 wt %)/PNVCz electrodes  in ACN containing 0.1 

mol/L NaClO4 (25
o
C was chosen as PDMS coating and NVCz 

electropolymerization temperatures). The points denote the 

experimental data while the line represents the fitting obtained using the 

equivalent circuit in Figure 6.9. 

The equivalent circuit in Figure 6.9 represents the Nyquist diagrams in Figures 6.7 

and 6.8. In this circuit,  Rsol is the electrolyte solution resistance, Rpol is interpreted as 
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the resistance of the PNVCz/PDMS bilayer (resulting from the penetration of the 

electrolyte), QCPE,pol  is the capacitance of the PNVCz/PDMS bilayer-electrode 

interface, Rct denotes the charge transfer resistance and QCPE,dl is the double layer 

capacitance related to the PNVCz/PDMS film-electrolyte interface. The constant 

phase elements instead of capacitances were introduced to account for the 

nonideality of the interfaces between bilayer coating and electrode and, between 

bilayer coating and electrolyte in the impedance spectra because they expressed the 

distribution of the current density along the bilayer polymeric coatings  as a result of 

surface inhomogenity. 

 

Figure 6.9: Equivalent circuit for PDMS / PNVCz composite electrodes: Rel / Rpol 

refer electrode resistance (bare electrode)/bulk resistance (polymer 

coated electrode).  Rsol / Rct denote solution/charge-transfer resistances. 

The solution resistance Rsol, being the first circuit element is placed with a parallel 

combination of the double-layer capacitance and resistance, QCPE-dl and Rct. The 

charge transfer resistance appears in series with the parallel combination of the 

capacitance (QCPE-pol ) and the resistance (Rpol) for the interactions between 

PNVCz/PDMS bilayer coating and electrode material.  

In the case of the Nyquit plots in Figures 6.7 and 6.8, the high frequencies semicircle 

characterizes the PNVCz/PDMS-solution interface while the low frequencies 

semicircle corresponds to the behaviour of the  PNVCz/PDMS-electrode interface. 

As there was an uncompleted semicircle in the low frequencies part of the spectra, 

the accuracy of Rpol and Qpol values, which correspond to the bulk phase of 

PDMS/PNVCz bilayers, should be less reliable than Rct and Cdl values (Tables 6.2 

and 6.3).  

The mean error (χ
2
) of the fits for impedance spectra of all PNVCz and PDMS 

modified PNVCz films at 0.0 V along with the GC/PDMS/PNVCz  electrode 
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prepared with 15.0 wt % of PDMS at 25
o
C and measured at 0.60 V was in the range 

of 10
−4

. 

Table 6.2: EIS fitting data of PDMS/PNVCz bilayers coated on Pt disc electrode and tested 

in 0.1 mol/L NaClO4 + ACN system. 

Electrode 

type 

PDMS 

content 

(in wt) 

Coating 

temperatur

e 

(oC) 

Rct 

(Ω) 

 

Qdl 

 

(μS.s−n) 

ndl Rpol 

(Ω) 

Qpol 

 

 

(μS.s−n) 

npol Rel 

(Ω) 

Cel 

 

(μF/cm

2) 

Mean 

error 

PNVCz - 25 85.3 
 

0.62  

μF 

/cm2* 

- 6.89 

x1012 

457.2 0.50 1.35  

x 106 

143.1 8.34 

x 10-5 

PDMS / 

PNVCz 

5.0 
PDMS, 25 

PNVCz, 25 

1.16 

x104 

1.33 0.79 4.17 

x105 

22.21 0.75 9.99  

x 106 

23.7 1.63 

x 10-4 

PDMS / 

PNVCz 

5.0 
PDMS, 25 

PNVCz, 0 

8.46 

x103 

1.30 0.81 8.98 

x105 

9.65 0.69 3.43  

x 104 

24.6 1.88 

x 10-4 

PDMS / 

PNVCz 

5.0 
PDMS, 25 

PNVCz, -15 

6.64 

x103 

1.28 0.85 6.49 

x106 

6.69 0.58 4.14  

x 103 

24.6 3.79 

x 10-5 

PDMS / 

PNVCz 

10.0 
PDMS, 25 

PNVCz, 25 

1.13 

x104 

1.33 0.79 9.47 

x105 

34.22 0.70 7.82  

x 106 

15.9 1.61 

x 10-4 

PDMS / 

PNVCz 

10.0 
PDMS, 25 

PNVCz, 0 

1.66 

x104 

2.18 0.82 1.32 

x106 

32.15 0.64 2.97  

x 106 

30.6 3.61 

x 10-4 

PDMS / 

PNVCz 

10.0 
PDMS, 25 

PNVCz, -15 

1.40 

x104 

1.10 0.87 1.34 

x106 

4.97 0.56 1.54  

x 106 

44.2 3.12 

x 10-5 

PDMS / 

PNVCz 

5.0 
PDMS, -15 

PNVCz, -15 

1.03 

x105 

0.59 0.94 8.07 

x105 

0.96 0.46 38.2 1.66 4.98 

x 10-5 

PDMS / 

PNVCz 

10.0 
PDMS, -15 

PNVCz, -15 

4.82 

x102 

 

0.77 0.47 9.11 

x105 

0.51 0.95 46.5 2.91 5.13 

x 10-5 

* It behaves like an ideal capacitor ( Cdl) in the case of Pt/PNVCz electrode 

** The equivalent circuit in Figure 9 was used for data analysis. The value of exponent n is related to 

the roughness of electrode surfaces. n = 1 refers an ideal capacitor while its values between 0 and 0.5 

denote a resistance and Warburg behavior. 

From the EIS fitting data in Tables 6.2 and 6.3, it is seen that the charge transfer 

resistance, Rct increases while the constant phase element, QCPE-pol decreases with 

increasing PDMS content for the GC/PDMS/PNVCz composite electrodes prepared 

with spincoating and  electropolymerization processes at 25
o
C and, in the case of the  
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PDMS-coatings at 25
o
C for the Pt/PDMS/PNVCz composite electrodes when the 

electropolymerization temperatures decrease, the capacitive behaviour tends to 

decrease. Q is a constant combining the resistance and capacitance properties of the 

electrode, and n takes values between 0 and 1.  

Table 6.3: EIS fitting data of PDMS/PNVCz bilayers coated on GC disc electrode and tested 

in 0.1mol/L NaClO4 + ACN system. 

Electrode 

type 

PDMS 

content 

(in wt) 

Coating 

temperature 

(oC) 

Rct 

(Ω) 

 

Qdl 

 

(μS.s−n) 

ndl Rpol 

(Ω) 

Qpol 

 

 

(μS.s−n) 

npol Rel 

(Ω) 

Cel 

 

(μF/cm2) 

Mean 

error 

PNVCz - 25 58.9 
 

0.45  

μF 

/cm2* 

- 2.48 

x1011 

670.7 0.62 6.92  

x 105 

263.0 2.79 

x 10-4 

PDMS / 

PNVCz 

5.0 
PDMS, 25 

PNVCz, 25 

1.33 

x103 

23.64 0.59 1.00 

x1010 

79.39 0.79 1.15  

x 106 

66.7 2.27 

x 10-4 

PDMS / 

PNVCz 

10.0 
PDMS, 25 

PNVCz, 25 

7.90 

x103 

10.99 0.64 1.71 

x106 

299.50 0.92 2.97  

x 1014 

95.6 2.23 

x 10-4 

PDMS / 

PNVCz 

15.0 
PDMS, 25 

PNVCz, 25 

3.48 

x104 

6.46 0.75 4.62 

x105 

13.51 0.81 9.99  

x 1019 

47.9 4.37 

x 10-4 

* It behaves like an ideal capacitor ( Cdl) in the case of Pt/PNVCz electrode 

** The equivalent circuit in Figure 9 was used for data analysis. The value of exponent n is related to 

the roughness of electrode surfaces. n = 1 refers an ideal capacitor while its values between 0 and 0.5 

denote a resistance and Warburg behavior. 

The regular decrease in npol values along with the changes in QCPE-pol  also supports  

the formation  more resist coatings with increasing PDMS concentration and 

decreasing electropolymerization temperature. However, there is an exceptional case 

for the Pt/PDMS/PNVCz electrodes coated first with 5.0 and 10.0 wt % of PDMS in 

THF  at -15
o
C and then with the electropolymerization of the solution of 5.2 x 10

-2
 

mol/L of NVCz in ACN at -15
o
C. In those cases,  QCPE-dl and QCPE-pol moves to 

Warburg behaviour from nearly ideal capacitor or, just reverse by depending on the 

PDMS content under identical coating conditions (last two rows in Table 6.3). The 

values of ndl and npol that change  between 0.5 (that behaves like a Warburg 

impedance) and  0.95 ( nearly ideal capacitor behaviour) might also be associated 

with the charging of the double-layer on the external surfaces  or  inside the pores on 

the bilayer coatings, depending on the PDMS content at -15
o
C. Further, the lower 

values of the bulk resistances (Rpol) of bilayer electrodes as to PNVCz coated 
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electrodes indicate that the mobility of ions within the PDMS/PNVCz bilayers are 

higher than that of PNVCz.  

The real impedance, Z
‘
 at 10 mHz, where the capacitive behaviour dominates, is a 

reflection of the combined resistance of the electrolyte and the PDMS/PNVCz film 

including both electronic and ionic contributions (Table 6.4). 

Table 6.4: Effect of PDMS content, PNVCz and PDMS coating temperatures, and electrode 

material on the impedance and  capacitance values of Pt/PDMS/PNVCz and 

GC/PDMS/PNVCz bilayer electrodes 

a.  the value of real impedance, Z
′
 at 10 mHz 

b. The absolute impedance magnitude by |Z| = (Z'
 2
 +Z" 

2 
)

1/2
 

c. obtained by using the slopes of Z″ vs 1/2π f  plots 

The capacitances in the low frequency region of Pt/PDMS/PNVCz and 

GC/PDMS/PNVCz bilayer electrodes were calculated from the slope of the linear 

relation between Z″ and 1/2 π f, according to the following equation 

 Clf = (Z″ 2π f )
−1

          (1) 

where  Z″ is the imaginary part of impedance and f refers the frequency.The 

maximum value of the imaginary impedance at intermediate frequencies,  Z″max  was 

used to calculate the double layer capacitance. 

 

Figure 6.10: In-situ UV spectra of PDMS ( 5.0 wt/v % in THF) / PNVCz composites 

coated on ITO, at four different potentials between 800 mV and 1400 

mV. 

It is seen that the PDMS/PNVCz  bilayer electrodes prepared with higher PDMS 

content at lower temperatures have significantly higher resistance than both PNVCz 

Pt GC 

Coating 

temperature 

PNVCz,25oC 

PDMS, 25oC 

PNVCz,0oC 

PDMS,25oC 

PNVCz,-15oC 

PDMS, 25oC 
PNVCz,-15oC 

PDMS,  -15oC 

PNVCz, 25oC 

PDMS,  25oC 

PDMS 

(in wt %) 

5.0 10.0 5.0 10.0 5.0 10.0 5.0 10.0 PDMS 

(in wt%) 

5.0 10.0 15.0 

Z′a ( Ω) 1.8 
x105 

2.8 
x105 

1.8 
x105 

4.3 
x105 

1.8 
x105 

2.8 
x105 

1.1 
x105 

8.5 
x105 

Z′ ( Ω) 7.3x
104 

2.6x 
104 

2.6x
105 

Clf
b (F/g) 37.2  29.8 47.5 85.1 59.6 71.2 0.15 0.002 Clf (F/g) 18.9 18.9 33.0 
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films and the ones obtained with lower PDMS/higher temperature conditions. The 

capacitance values of the bilayer electrodes also show that in the cases of the same 

temperatures for both coating and electropolymerization solutions, the capacitive 

behavior of equivalent circuit decreased with increasing PDMS content in coating 

solution (from 5.0 to 10.0; in wt/v %) and with decreasing coating temperatures of 

PDMS (from 25
o
C to -15

o
C) and PNVCz and, more resist PDMS layers formed on 

GC electrode at 25
o
C as to the Pt electrode at the identical process conditions.  

Spectroelectrochemistry also is an effective method to follow the spectral changes of 

conducting polymer films during their electrochemical growth. 

 

Figure 6.11: Absorption spectra of  (a) PNVCz and (b) PNVCz/PDMS films at 

different potentials. 
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The change of the UV-vis spectra of PDMS/PNVCz bilayers as a function of 

potential are shown in Figures 6.10 and 6.11. In these absorption spectra, the 

absorption bands developed at around 410 and 720 nm indicate the formation of 

polarons and bipolarons in conducting polymers , while the π-π* transitions of the 

neutral polymer appear in higher energies (λ< 350 nm; four absorption bands 

observed at 345, 295, 262, and 237nm ). In the case of the spectroelectrochemistry of 

PDMS/PNVCz films coated on ITO,  the peaks  in the range of 200-300 nm, which 

characterize the neutral polymer, disappeared,  the ones at 410 nm and nearly 950 nm , 

corresponding to the possible electronic transitions from polaron bonding level to the π* 

conduction band, were stabilized and/or decreased continuously as the doping 

proceeds (Figure 6.11) whereas the bipolarons at 720 nm in the formation of charged 

states increased with increasing potential.  

The peak absorbances (below about 350 nm) of PNVCz film disappeared since ITO 

electrodes absorb photons in the ultraviolet region but a new peak, being independent 

of applied potential,  appeared nearly 350 nm for PDMS/PNVCz films. It was  

attributed to the intermolecular interactions between PDMS and PNVCz, as it is 

reported in the cases of single walled and multi walled carbon nanotubes (21, 30). In 

addition, these PDMS/PNVCz films freed from an applied potential preserved their 

green colors even under atmospheric conditions. The spectra containing both 

bipolaron and neutral characteristics may mean that the doped bilayer coatings are 

partially stable and the PNVCz portions inserted into the pores of PDMS layer  

convert slowly back to the insulating state.  
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7. CONCLUSION 

PNVCz, PIA, PAA and PNIPAAm homopolymers and, NVCz/IA, NVCz/AA and 

NVCz/NIPAAm copolymers having different compositions were synthesized by free 

radical polymerization in solution, using AIBN as initiator. These homopolymers and 

copolymers were characterized by calorimetric (DSC) and spectroscopic (FTIR and 

UV) methods.  

- Analysis of the data by the extended Kelen-Tüdos (for high conversion) yields r1 = 

0.29 and r2 = 0.12, r1 = 0.84 and r2 = 0.12, r1 = 0.86 and r2 = 0.31 by UV (for 

NVCz/NIPAAm, NVCz/IA and NVCz/AA copolymers, respectively) , r1 = 0.32 and 

r2 = 0.07 by FTIR (for NVCz/NIPAAm copolymers).  

- From these results, it was observed that in the case of NVCz-IA and NVCz-AA 

systems there is a tendency to obtain random copolymers  while NIPAAm-NVCz 

system follows an alternative distribution of monomeric units. In addition, the 

relationship between Tg
-1

 (obtained from DSC thermograms and Fox equation) and 

wIA supported that NVCz/IA copolymer chains have a  random distribution of 

monomeric units.  

- Electrochemical behavior of  NVCz/IA and NVCz/NIPAAm coated electrodes was 

studied by CV measurements and found dependent on the type of comonomer.  

- The present work provided useful data for biological application of new DA-

sensitive materials based on copolymers of NVCz with IA and NIPAAm. 

In this thesis the influence of both mixing methods which were used to obtain 

homogeneous dispersions of MMTs and the type of surfactants attached to MMT 

layers on the electrical and structural properties of PNVCz/MMT composites 

synthesized by one step oxidative polymerization in ACN using CAN as initiator has 

been investigated.  

- The widened interlayer distances, more oriented silicate layers and ordered 

morphologies were obtained with both ODA-MMT and PNVCz/ODA-MMT 
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composites in ACN when intercalating agent octadecylamine, and sonication with 

high power sonic tip were applied for MMT modification and dispersion, 

respectively, according to FTIR, XRD, POM and SEM studies.  

- Effects of  intercalating agents, mixing methods and clay loading (in wt %) on 

thermal stability and the electrochemical/electrical properties of PNVCz/MMT 

composite materials consisting of  unmodified and organomodified MMTs were also 

studied by means of DSC, CV, EIS and DC-measurements.  

- The addition of the inorganic particles into the polymer matrix promoted not only 

an improvement on the thermal properties but also contributed to the increase in the 

conductivity of PNVCz. From EIS and DC-measurements, it has been shown that the 

conductivity of PNVCz in the presence of ODA-MMT between 15.0 and 1.0 wt % at 

room temperature increased from 10
-13

 S/cm to 10
-5 

S/cm.  

PNVCz/MWCNT composites were synthesized by solution blending process in THF. 

- POM, DSC and TGA observations show that the P(NVCz-co-MCeI)/MWCNT 

composites have more homogeneous and thermally stable structures than the ones 

containing homopolymer of NVCz as organic matrix because of the strong 

hydrophobic interactions between MCeI units and carbon nanotube walls.  

In addition, the composites that consisted of  PNVCz as organic matrix and o-GLs or 

o-MWCTs as conducting filler were prepared by in-situ polymerization with/without 

CAN in the presence of SDS in ACN/water mixture or without CAN in the absence 

of SDS in ACN, respectively.  

- Both the broad peak on their XRD diffractograms and the appearence of  the 

characteristic peak of carbonyl group in the FTIR spectra indicated that the NVCz 

adsorbed onto the oxidized graphite layers or carbon nanotubes formed composite 

materials by charge transfer mechanism between NVCz and filler, dispersed and 

activated by sonication.  

- Their conductivities around 0.10 vol %  resemble to that of an insulator while 

between 0.1 and 1.0 vol % of filler, the composites exhibit smooth transition from 

insulator state to semi-conducting region. 

The capacitances at low frequencies of PDMS/PNVCz composite electrodes were 

estimated from EIS data.  
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-Their values in the range of 85 and 2 x 10
-3

 F/g were found to be related with 

electrode material, PDMS content and preparation temperature.  

- An increase in PDMS content and decrease in coating temperature showed the 

influence of the PDMS-coating temperature on the capacitive behavior of composite 

electrodes. The lower coating/electrocoating temperature pairs resulted in more resist 

electrodes. Further, both the charge transfer resistance and Qpol obtained from 

equivalent circuit for EIS data at 0.60 V, and in-situ spectroelectrochemical 

measuments between 0.0 V and 2.0 V indicated  the effect of electrode potential on 

capacitive behavior of composite electrodes. 
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