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            In this study, we have used anionic and cationic multi-wall carbon nanotube 

polyelectrolytes, prepared by the noncovalent surface modification of water soluble 

polyabiline and polydiallydimethylamonium chloride on nanotube sidewall, for the 

layer-by-layer self assembly to prepare multilayers from carbon nanotube with 

polycation  such as polydiallydimethylamonium chloride, and polyanion such as 

poly(sryrenesulfonate) or water soluble polyabiline, respectively. The multilayer 

composite thin films are constructed by alternating of anionic and cationic 

polyelectrolyte. This is a general and powerful technique for the fabrication of thin 

carbon nanotubes films of arbitrary composition and architecture and allows also an 

easy preparation of all composite films. On the other hand, water soluble polyaniline 

was designed and synthesized for use as polyelectrolytes. The water soluble polyaniline 

was prepared by interfacial polymerization of aniline monomer in presence of poly 

(styrene sulfonate). The composite multilayer thin films were characterized for their 

optical and electrical properties. The electrical properties of the films were measured 

using a 4 point probe setup and the optical properties were measured by UV-Vis 

spectroscopy. The thickness and surface of the film was measured by atomic force 

microscopy. The charge compensation in multilayers is mainly intrinsic, which shows 

the electrostatic nature of the self assembly process. The CNT present in the composite 

film improve its conductivity and allow the fabrication of sensor which can be used 

both as an optical and electrical. This composite of polyelectrolyte, CNT and 

polyaniline is a promising composite film for gas sensing. 
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CHAPTER I 

INTRODUCTION 

 

Composites of polymer and carbon nanotubes have received considerable 

research interest because of dramatic improvement of conducting, mechanical thermal 

and optical properties. Polymer-carbon nanotubes composites can be made with 

different polymetric metric and the combined synergistic and conducting properties 

using MWCNTs make them attractive for technological use. Apart from the increase 

of conductivity, thermal stability and new electronic properties can be found in 

polymer-carbon nanotubes composites that use a conducting polymer.  

Among attractive conducting polymer, polyaniline have been studied in a wide 

variety of scientific research and application. Because polyaniline possess unique 

properties, high conductivity, high chemical durability and reversible control of 

conductivity both by protonation and by charge-transfer doping. For these reasons, 

polyaniline have been widely used to prepare the composite with MWCNTs. The 

polyaniline and MWCNTs composties show enhanced electronic and conductivity 

properties. There are many methods for preparing the PANi and MWCNTs 

composites such as polymerization of the corresponding monomer in the presence of 

CNTs by either chemical  or electrochemical properties. One simple and versatile 

method to prepare the composite of PANi and MWCNTs  is using the layer-by-layer , 

LbL, self assembly method or electrostatic self assembly, ESA. This technique can 

produce conformal ultrathin composite films and highly tunable surfaces. The 

polyelectrolyte multilayer composite films exbibit a linear growth regium where the 



thickness increase linear with the number of deposited layers, leading to nano or 

micrometer thin films.  

In this work, conducting polymer, water soluble polyaniline blend 

poly(sodium 4-styrenesulfonate), PANi. PSS was synthesized by interfacial 

polymerization technique.  The electrostatic interaction between -SO3
- groups of 

poly(sodium 4-styrenesulfonate), PSS  and (-NH3
+

 

) groups of  polyaniline, could be 

generated the water soluble properties of polyaniline. The polyaniline multilayers 

were fabricated by LBL self assembly method for used as the optical pH sensor. As 

for the MWCNTs were modified by noncovalent surface modification in order to 

improve the dispersion and stability. Negatively charged MWCNTs have been 

functionalized on their exterior wall with water soluble polyaniline blend poly(sodium 

4-styrenesulfonate), PANi.PSS yielding MWCNTs.PANi.PSS  which is having π-π 

stacking interaction between side wall MWCNTs and aromatic groups of PANi. On 

the other hand, the positively charged MWCNTs have been functionalized by polymer 

wrapping using poly(diallydimethylammonium chloride), PDADMAC  yielding 

MWCNTs. PDADMAC which the hydrophobic interaction. LbL MWCNTs films, 

which consist of well-dispersed MWCNTs, have been produced by LbL using stable 

dispersion of negatively and positively charged. Unlike other multilayer assemblies 

that contain MWCNTs as one or two or more components, these systems incorporate 

MWCNTs with out the incorporation of adding organic materials: this different can 

enable  the development of 100 % MWCNTs thin films with properties that can be 

manipulated using assembly conditions. MWCNTs multilayer thin films show 

conductivity-dependent thickness and surface topology, which are characteristic of 

LbL thin films.  



 

 

 

CHAPTER II 

THEORY AND LITERATURE REVIEW 

 

2.1 An Overview of Conducting Polymer  

Conducting polymers are polymers that inherently conduct electricity [1]. 

Electronically conducting polymers are extensively conjugated molecules with 

substantial π electron delocalization along the polymer chain giving rise to interesting 

electrical and optical properties [2]. These properties make these materials suitable for 

many application in the field of electrochromic display devices [3], sensor or 

biosensor technology [4], energy storage [5], electromagnetic shielding [6] and 

molecular electronic [7]. The certain advantage of these materials over their inorganic 

counterpart [8] such as easy processing by chemical or electrical oxidative 

polymerization of the monomer and compatibility with plastic [9] have made them 

become a new materials that would lead to the next generation of powerful materials.   

In 1976, the first synthesis electrically conducting polymer, doped 

polyacetylene, was reported by Hideki Shirakawa [10]. The subsequent discovery by 

Alan J. Heeger and. Alan G. MacDiarmid that the polyacetylene polymer would 

undergo an increase in conductivity of 6 orders of magnitude by oxidative doping 

with iodine [10] from 10-4 – 102 S/cm. Since 1976, a number of conducting polymers, 

namely polypyyrole, polyaniline polyfuran, polythiophene and etc, have become the 

focus of much study. The structure of these molecules are shown in Table 1. The 

important of conducting polymers is exemplified by the award of the 2000 Nobel 



Prize in Chemistry for “The discovery and development of conducting polymer” [11] 

to Hideki Shirakawa, Alan J. Heeger and Alan G. MacDiarmid. 

 

Table 1.1 Chemical structures of some interesting conjugated polymers [12]. 

Name Structure 

Polyaniline 

 
 

Poly(p-phenylenevinylene)   

 

Polyfuran    

 

Polypyrrole 

 

Polythiophene   

 

Polyacetylene 

 

 

All conjugated polymers presented in Table 1.1 have chemical structures for 

semiconductors. The highest occuplied molecular orbital of monomer orbital 

(HOMO) was formed the occuplied π-band (valance band) and the lowested 

unoccuplied molecular orbital of monomer orbital (LUMO) was formed the 



unoccuplied π*-band (conduction band) [13]. Figure 2.1. The conductivity of the 

conjugated polymer (undoped) is transformed from an insulating form to the metallic 

formed by the processes called doping. The doping processes could be introduced the 

new dopant energy level into the band gap[14]. 

 

 

Figure 2.1 Band structure of an electronically conducting polymer [13]. 

 

Normally, the electrical conductivity of conducting polymers depends on 

many parameters: the density of mobile charges or the number of carriers per unit 

volume (n), the electron charge (e) and the carrier mobility (µ). The relationship 

between an electrical conductivity (σ) and those parameters are expressed via the 

general equation [15]. 

                                                  σ = neµ                                                                     (1) 

 

Because the band gap of conjugated polymers (undoped) is usually fairly 

large, n is very small under ambient conditions. Consequently, conjugated polymers 

are insulator in their neutral state and no intrinsically conducting organic polymer is 



known at this time. Although conducting polymers possess a relatively large number 

of delocalized π electron, a fairly large energy band gab exist between the valence 

band and the conduction band, thus the polymer are considered to be semi-

conducting, at best. These polymer must be doped (usually meaning altering the 

number of π electron) in order to render the polymer truly conducting. Doping of 

polymers creates new states (doner or accepter state) which exist within the band gap, 

and are energetically accessible to the π electrons, resulting in significant increases in 

conductivity [15]. 

Doping in conducting polymers refers to the redox process that transform 

polymers from an insulating form to their conducting form. The process can be 

reversed to produce the original polymer with little or no degradation of the polymer 

backbone. Both doping and undoping processes involving dopant counter ions which 

act to stabilize the doped state, maybe carried out chemically or electrochemically. 

The conductivity of the polymers can be controlled by controlling the doping level 

during the doping process. This permits the optimization for the best properties in 

each type of polymers. This permits the optimization of properties in each type of 

polymer. Doping introduces a new dopant energy level into the band gap; conduction 

is facilitated and the electrical conductivity is strong dependent on the doping level as 

doner or acceptor species are incorporated. The dopants used to induced an insulator-

metal transition in electron polymers can be both n-type (electron donating) or p-type 

(electron acceptor). The doping process can be divided into 3 types [16]: redox doping 

involving dopant ions, redox doping involving no dopant ions and non redox doping. 

 



1. Redox doping involving dopant ions: The redox process involves a change in 

the number of electrons associated with the polymer backbone. This doping type 

undergoes either p- or n- redox doping by chemical. 

- Chemical p-doping: P-doping  involves the partial oxidation of the π electron 

in the polymer backbone resulting in a decrease of the number of electron. P-doping 

was first discovery by treating trans-polyacetylene with an oxidizing agent such as 

iodine. The electrical conductivity of polymers doped with this process can increase 

from10-5 – 103

- Chemical n-doping: N-doping is the partial reduction of the π electron 

system on the polymer backbone. This type of doping was discovered by treating a 

trans- polyacetylene with the reducing agent such as lithium amalgam or sodium 

naphtalide [18]. 

 S/cm [17]. 

Both chemical p- and n-doping  processes can doped not only polyacetylene but 

also other conductive polymer as well. Counter dopant ion will stabilize the charges 

on the polymer backbone. In each case, spectroscopic signature of polaron and 

bipolaron are obtained. 

 

2. Redox doping involving no dopant ions:  

- Photodoping: This type of doping can be done by exposing the polymer such 

trans- polyacetylene to the mediation of energy greater than its band gap, so the 

electron are promoted across the gap and the polymer undergoes photodoping. The 

charges that present in polymer chain can delocalization along the polymer chain and 

photoconductivity is observed.  

- Charge injection doping: This doping types uses a 

metal/insulator/semiconductor (MIS) configuration; metal and conductive polymer 



are separated by a thin layer of a high electric dielectric strength insulator. A potential 

is applied across the structure to create a surface charge layer or the accumulation 

layer which has been extensively investigated for conductive polymer. The resulting 

charges are present in the polymer without associated dopant ions [19].  

 

3. Non redox doping: In contrast to redox doping, in this doping type the number of 

electrons associated with the polymer backbone does not change. The fires example 

of the doping of an organic polymer is the emeraldine base form of polyaniline. This 

can be accomplished by treating emeraldine base with aqueous protonic acid which 

results in an increase in conductivity by about 9-10 order of magnitude and produces 

the protonated emeraldine salt [20]. 

 

 

Figure 2.2 Doping process of Poyaniline [20]. 

 

After doping, the doped conducting polymer shows good electrical 

conductivity for two reasons: 1. Doping lead to injection of carrier into π electron 



system. 2. The π-bonding lead to π electron delocalization along the polymer chain 

and, thereby, to the possibility of charge carrier mobility. 

It is generally agreed that the mechanism of conductivity in conjugated 

polymers are based on the motion of charged defects with the conjugated framework. 

Oxidation of polymer initially generates a radicle cation with both spin and charge. 

Borrowing from solid state physics terminology, these species are referred to as a 

polaron and comprises both the hold site and the structure distortion which 

accompanies it. This condition is depcted as shown in Figure 2.3 (a) [21]. The cation 

and radical form a bound species, since any increase in the distance between them 

would necessitate the creation of additional higher energy quinoid unit. Theoretical 

treatments have demonstrated that two nearby polarons combine to form the lower 

energy bipolarons as shown in Figure 2.3 (b) [21]. One bipolaron is more stable than 

two polarons despite the coulombic repulsion of the two ions. Since the defect is 

simply a boundary between two moieties of equal energy, the infinit conjugation 

chain on either side, it can migrate in either direction without affecting the energy of 

the backbone, provided that there is no significant energy barrier to the process. It is 

this charge carrier mobility that leads to the high conductivity of these polymers.  
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Figure 2.3 Positively charge defect on polyaniline (a) polaron, (b) bipolaron [21]. 

2.1.1 General synthesis of conducting polymer 

   Conducting polymers can be produced using either chemical or 

electrochemical oxidation of the monomer [22]. Polymerization involves formation of 

low molecular weight oligomers that are further oxidized at lower potentials than the 

initial monomer to form a polymer that eventually precipitates or is electrodeposited 

onto the electrode surface.  

- Chemical oxidation polymerization: This is the common method to 

synthesis conducting polymer. It has been desirable for mass production. . Chemical 

oxidation polymerization is performed by react monomer with oxidizing agent such as 

ammonium persulfate. In case of polyaniline, the chemical oxidation polymerization 

of aninine has been carried out  by react aniline monomer with oxidizing agent in 

acidic solution [23]. The acidic condition provides the solubilization of the monomers 

as well as the formation of emeraldine salt as a conducting polyaniline. The aniline 

monomer forms the anilinium ion in acidic medium and chemical polymerization 

results in the formation of protonated, partially oxidized form of polyaniline.  

- Electrochemical polymerization: Compared with chemical oxidation 

polymerization, electrochemical polymerization is performed at an electrode 

(conductive substrate) [24]. Whereas the powder forms are obtained by chemical 

polymerization, the electrochemical polymerization method leads to films deposited 

on the anode. In case of polyaniline electrochemical polymerization, the radical cation 

of aniline monomer is formed on the electrode surface by oxidation of the monomer 

[25]. This process is considered to be the rate determining step. Radical coupling and 

elimination of two protons make mainly para-formed dimmer. Chain propagation 



proceeds with oxidation of dimmer and aniline monomer on the electrode surface. In 

this step, the radical cation of the oligomer couples with a radical cation of aniline 

monomer. In the final step, polyaniline is doped by the acid present in solution. The 

growth of polyaniline has been considered to be self catalyzed. This means that the 

poltmer are formed at the higher rate as the more monomer are deposited onto the 

polymer surface. It involves the adsorption of the anilinium ion onto the oxidized 

form of polyaniline, followed by electron transfer to form the radical cation and 

subsequent reoxidation of the polymer to its most oxidized state. 

 

2.2  Polyaniline 

As one of the most important conducting polymers, PANi was discovered in 

1934 as probably the oldest known synthetic organic polymer. PANi is one of the 

most studied conducting polymers due to its many attractive properties such as ease of 

synthesis [26], being cheap [26],and of relatively stable electric conductivity [27], 

with interesting electrochemical and optical properties [28] as the resulting potential 

application as electrochromic [29], battery electrode [30], biosensors [31], etc.   

Polyaniline has a general formula containing mixed oxidation state polymer 

composed of reduced benzenoid units and oxidized quinoid units Figure 2.4 (A). The 

general formula of polyaniline is shown in Figure 2.4 (B). PANi can exist in three 

oxidation state [32] ranging from the fully reduced Leucoemeraldine base (LEB) 

where y = 1. Pernigraniline (PNB) is the fully oxidized state where y = 0. The 

emeraldine form of polyaniline is referred to as emeraldine base (EB) where y = 0.5. 

The half-oxidised emeraldine state is composed of an alternating sequence of two 

benzenoid units and one quinoid unit. Emeraldine base is regarded as the most useful 

form of polyaniline due to its high stability at room temperature [33]. In comparison, 



the LEB is easily oxidized while the PNB is easily degraded [34]. Each of the above 

mentioned three form of PANi are an insulator [35], although they possess other 

interesting physical and chemical properties. However, the insulating EB form can be 

non-redox doped with protonic acid to yield the Emeraldine salt (ES) form, which 

shows the conductivity [36]. ES can also be obtained though a redox-doping process 

in acidic conditions form its corresponding reduced LEB form or oxidized PNB form 

by either a chemical or an electrochemical step [37]. Nevertheless, the non-redox 

doping processes  is different from the redox doping in that it does not invole the 

addition or removal of electrons from the polymer backbone. Instead, the imine 

nitrogen atoms of the polymer are protonated to give a polaronic form where both 

spin and charge are dislocalised along the entire polymer backbone. Both the redox 

doping process and the non-redox doping process are reversible, the conductive ES 

form can be converted back to its corresponding insulating base form if the condition 

change [38]. 
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Figure 2.4 (a) The general structure of PANi that shows the average oxidation state 

(1-y). (b) The chemical structures of the three normally found oxidation state of PANi 

[38]. 

 

2.2.1  Synthesis of polyaniline 



The most common synthesis of PANi involves oxidative polymerization, in 

which the polymerization and doping occur concurrently, and may be accomplished 

either electrochemical or chemical polymerization. Electrochemical polymerization 

method trend to have lover yields than the chemical polymerization method. 

Furthermore, the chemical polymerization method are far more amenable to large-

scale production. A large number of chemical polymerization methods have been 

utilized to polymerized aniline, the majority of which take place in solution and may 

be categorized as monophasic or biphasic.  So in this research will be focus on the 

biphasic chemical polymerization method.  

The chemical polymerization mechanism of PANi  as presented in Figure 2.5. 

The first step in the polymerization mechanism is purposed to be the oxidation of 

aniline, resulting in a resonance-stabilized anilinium cation in acid solution. This is 

followed by coupling of anilinium cations, resulting in dicationic dimmer species. The 

dicationic dimmer species then undergoes re-aromatization to its neutral stage to form 

of p-aminodiphenylamine. Then the dicationic dimmer species couples with an 

anilinium cation, resulting in propagation of the chain. The last stage, the oxidative of 

the growing polymer to a radical cation and doping by acid  (HCl) present in solution.  
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Figure 2.5 Polymerization mechanism of polyaniline [39]. 

 

However, because of its low solubility in most common solvents and water, 

the industrial application of polyaniline is limited. Efforts have been directed toward 

overcoming such limitations. One approach is to introduce acid group (such as -

COOH, -SO3

-e-HCl

H, etc) into the polyaniline chain [40]. Another way is to polymerize the 

protonic-acid moiety containing aniline derivatives such as aminobenzylphosphoric 

acid, to give poly(o-aminobenzylphosphoric acid) [41] or to copolymerize aniline 

with similar monomers, such as N-(4-sulfophenyl)aniline [42] and o-anthranilic acid 

[43] to yield of poly(aniline-co-N-(4-sulfophenyl) aniline) and poly(anilineco- o-

anthranilic acid), respectively. But in this research work, water-soluble self-doped 



polyaniline has been proposed by blending polyaniline onto a water-soluble polymer, 

poly(sodium 4-styrenesulfonate), having pendant aniline monomer and acid doped to 

obtain water - soluble polyaniline blend poly(sodium 4-styrenesulfonate) [44]. This 

technique was call Interfacial polymerization. 

2.2.1.1 Interfacial Polymerization 

Interfacial polymerization technique is the technique employing the 

polyelectrolyte to bind to and preferentially align the aniline monomers prior to 

polymerization. During polymerization, the anionic polyelectrolyte such as 

poly(sodium 4-styrenesulfonate) [45] and poly(acrylate) [46] also provide the 

required counterions for charge compensation in the doped PANi products. This can 

lead to water soluble or water dispersed emeraldine salt products. The interfacial 

polymerization synthesis has the advantage of being a simple process capable of 

producing water soluble PANi.  

The interfacial polymerization of polyaniline is performed in an aqueous–

organic biphasis system (Figure 2.6) with aniline monomer dissolved in CHCl3 

solution and the oxidizing agent- ammonium persulfate, dissolved in an aqueous acid 

HCl solution with poly(sodium 4-styrenesulfonate), PSS as the blending solution. 

This process is well-known chemical oxidative polymerization of aniline in a strongly 

acid environment. The idea of using PSS as the blending for polyaniline, due to PSS 

is a strong polyelectrolyte which completely dissociated in water so it can act as an 

anionic dopant and as the template for the formation of PANi with high dispersibility.  



 

Figure 2.6 Interfacial polymerization of polyaniline. 

PANi.PSS was then grown from aqueous solution by the anilinium cations 

created in the interface and adsorbed through the electrostatic interaction onto a large 

amount of -SO3
- groups of PSS (Figure 2.7) to form an aniline-PSS complex. 

Subsequently, the polymerization of the adsorbed anilinium cations were changed into 

PANi.PSS network  by ammonium persulfate, oxidizing agent. The inter polymer 

matrices joined each other during polymerization in the presence of PSS resulting 

macro PANi.PSS network. The enhance polymerization observed is hypothesized to 

arise from strong electrostatic interaction between amine nitrogen of PANi backbone 

and -SO3
- groups of PSS. 



 

 

Figure 2.7 Mechanism representation the formation of water - soluble polyaniline  

blend poly(sodium 4-styrenesulfonate) [47].  

 

The polymerization are found in the top aqueous layer after a short induction 

period ranging from 10 sec. to several minutes depending on the acid used, the green 

polyaniline or emeraldine salt or protonated polyaniline appears at the interface. As 

the reaction proceeds, the color of the aqueous phase becomes dark-green, and finally 

stop changing, indicating the completion of the reaction. An overnight reaction time is 

generally suffiicient. The resulting PANi.PSS are not precipitated because the strong 

electrostatic interaction between amine nitrogen of PANi backbone and -SO3
- groups 

of PSS. The PANi.PSS are well dispersed in aqueous solution for long period storage 

periods. The efficiency of PSS blended on PANi is often evaluated in term of stability 

against dispersion or aggregation. The aggregation occurs when the amount -SO3
- site 



of PSS is not balance with the amount of amine nitrogen of PANi, leading to their 

precipitation.  

 

2.2.1.2 Ultraviolet-Visible spectroscopy of polyaniline 

Conjugated molecules are often highly colored as their π-π* energy band-gap 

falls within the visible region; those wavelengths which are not absorbed are 

transmitted, resulting in the observed color. During polymerization, the polyaniline 

blend poly(sodium 4-styrenesulfonate) are found at the interface. The color of the 

polymer solution product are turn from blue to green and to the dark green at the end. 

The change in polymer color is due to the change in polyaniline structure. The first 

blue color are observed at the protonated-pernigraniline [48]. As the reaction 

proceeds, the color of the aqueous phase becomes green as indicate as the protonated-

emeraldine [48]. At the end of the polymerization the color of product solution turn to 

dark green due to the highly conjugated protonated-emeraldine [48]. 
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Figure 2.8 Kinetic polymerization of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate) by interfacial polymerization. 

Figure 2.9 UV-Vis spectra of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate), (a) Emeraldine salt and (b) Emeraldine base. 

 

The  different electronic spectra of PANi.PSS from interfacial polymerization 

are show in Figure 2.9 The characteristic absorbance of PANi.PSS as the doped forms 

of emeraldine salt or protonated polyaniline (a) are shown three characteristic 
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absorption bands at 350, 420 and 770 nm corresponding to π-π* band-gap electron 

transition within benzenoid segments, low wavelength polaron-π* band and high 

wavelength π-polaron band, respectively [49]. For emeraldine base (b), the protonated 

polyaniline was treated with NaOH. In alkaline solution, PANi.PSS undergoes 

dedoping which is characteristic by a shift in the π-π* band-gap at 310 nm.  And there 

is a strong band at 550 nm that had been attributed to a local charge transfer between 

a quinoid ring and the adjacent imine-phenyl-amine units giving rise to an 

intramolecular charge transfer exciton [50].  

 

2.2.1.3 Parameters controlling the interfacial polymerization: The 

parameters controlling the synthesis of polyaniline  were studied because there are 

important for the polymerization. 

1. Polymerization temperature: The polymerizations of aniline with 

ammonium persulfate were performed at room temperature. However, later studies 

showed that PANi obtained was of relatively low molecular weight [51] and 

contained significant defect sites [52] such as undersirable branching due to ortho-

coupling [53]. Subsequently, the most widely employed temperature for 

polymerization of aniline monomers has been control at 1-5 °C, as described by 

MacDiarmid et al. [54] providing PANi, whose EB forms have molecular weights 

(Mw

2. Nature of the acid and pH: The nature and concentration of the protonic 

acid employed in aniline polymerization with ammonium persulfate, oxidizing agent, 

have been reported to have a significant effect on the physicochemical properties and 

molecular weight of the PANi.-ES products. The polymerization time using HClO

) of 30,000 – 60,000 g/mol. 

4 as 

the dopant acid was also observed to be twice as long as with HCl, HNO3 or H2SO4, 



[55] which may be associated with more compact morphology for PANi product [56]. 

As for the pH of the oxidative polymerization of aniline by ammonium persulfate, 

oxidizing agent, greatly affects the nature of products. The formation of various PANi 

products have been reported by MacDiarmid et al [57] when the oxidative 

polymerization was carried out at acidic conditions, pH>3. The solution pH was 

dropped as the reaction proceeds due to production of protons in the course of aniline 

polymerization. It is generally accepted that acidic conditions are required for the 

polymerization of aniline and substituted aniline to form a conjugated PANi with 

higher yield and conductivity [58]. When the conventional polymerization was diluted 

(at pH 3-4) at the early stages to isolate the first product formed, or when the pH of 

polymerization was held constant by the buffer solution, a brown product formed. 

This brown product had different morphology and different optical and magnetic 

properties from those of PANi [59].  

3. Nature of oxidant: A wide range of other chemical oxidant has also been 

successfully employed for the polymerization of aniline monomers. Pron et al. [60] 

studied the polymerization of aniline monomer using four different types of oxidant 

such as ammonium persulfate, hydrogen peroxide, potassium dichromate and 

potassium iodate. Except hydrogen peroxide, the other three oxidant resulted in PANi 

products of similar conductivity. The conductivity of PANi synthesized with 

hydrogen peroxide was much lower. Armes and Miller [61] reported that the 

conductivity of PANi was depended on the ammonium persulfate:aniline ratio, for the 

oxidant:aniline molar ratios belew 1; however the yield of PANi increased linearly up 

to a ratio of 1. Both yield and conductivity were decreased via over-oxidant of the 

polymer at higher oxidant:monomer initial molar ratio. Cao et al [62] found that the 

oxidant:aniline used had a minor effect on the conductivity of PANi produced but the 



major effect on the yield produced. The authors concluded that the high concentration 

of oxidant promoted the formation of soluble oligomers which resulted in a lower 

final yield. 

 

2.3 An Overview of Carbon Nanotubes 

Carbon nanotubes (CNTs)  have been extensively studied since their discovery 

in 1991 by Sumio Iijima [63]. CNTs are unique nanostructure for their size, shape and 

exhibit remarkable electronic, physical and mechanical properties [64]. Owning to 

their outstanding electronic, thermal, structure properties, chemical stability, low 

density, high mechanical strength, large surface area, high modulus and high 

conductivity, CNTs are suitable for broad range of application in many fields as gas 

storage devices [65], toxic gas sensor [66], conducting paintings [67], and flat panel 

display [68]. CNTs can be single-walled and multi-walled carbon nanotubes. Single-

walled carbon nanotubes, SWCNTs can be considered to be formed by the rolling up 

a single layer of graphite sheet to make a seamless cylinder with a diameter of 0.4- 2.0 

nm [69]. The symmetric cylinder results in the wrapping of the grapheme sheet can 

only roll in a discreet set of direction to form a closed cylinder. Once 2 atoms in the 

grapheme sheet are chosen, grapheme sheet is rolled until the 2 atoms coincide. 

According to the structure of SWCNTs, their physical and chemical properties are 

controlled by two separate regions. One is the sidewall of tubes, and the other is the 

end cap of the tube. Multi-walled carbon nanotubes, MWCNTs can be thought of the 

nanotubes contain multiple concentric graphite tubes with the increasing diameter 2-

100 nm. Therefore, the length and diameter of MWCNTs differ from SWCNTs which 

can also result different properties. In contrast, MWCNTs require no catalyst for the 

growth, metal catalyst such as iron, cobalt or nickel is only necessary for the growth 



of SWCNTs. Both MWCNTs and SWCNTs posses high tensile strengths and exhibit 

either electrically conductive or semiconductive which depend on their helicity. CNTs 

usually exists in 3 common chiralities: armchair, zigzag and chiral nanotubes (Figure 

2.10) depending on how the two-dimensional grapheme sheet is rolled up. 

 

 

Figure 2.10 Molecular model of SWCNTs exhibiting different achiral and chiral 

conformations [70] 

 

2.3.1 Basic properties of CNTs 

The important properties of CNTs are categoriaed as follows. [71] 

1. Chemistry reactivity: The reactivity of CNTs is directly depends on the pi-

orbital mismatch caused by an increased curvature. That means a distinction could be 

considered between the sidewall and the end caps of a nanotube.  Based on the above 

explanation, the reactivity increases with the decreasing of the diameter of nanotube. 

Any covalent chemical modification of either sidewalls or end caps would be 

possible. Therefore, the solubility of CNTs in various solvents can be controlled this 

way. [72] 

2. Electrical conductivity CNTs with a small diameter either semi-conducting 

or metallic is related to their chiral vector.  Thus far, the variations in conducting 



properties are caused by the molecular structure resulting in a different band structure 

and thus a different bandgap. For example, a (m,n) nanotube is metallic as accounts 

that: n=m or (n-m) = 3i, where i is an integer and n and m are defining the nanotube. 

For the same reason, the resistance to conduction is determined by quantum 

mechanical aspects and is proved to be independent of the nanotube length. [73] 

3. Optical activity: The optical activity is revealed with the chiral nanotubes 

that caused when the nanotube enlarge and thus the chiral nanotubes will disappear. 

For the same reason, the other physical properties are affected by these parameters. 

With the optical activity properties of CNTs, the employing of CNTs plays an 

important role for optical devices. [74] 

4. Mechanical strength: The Young modulus especially in the axial direction 

is one of the most critical factor that determine whether how mechanical strength of 

CNTs would be. Due to the CNTs have a large Young modulus, the nanotube exhibits 

flexibility that results in the expansion in length. Overall, the CNTs are potentially 

allowed to employ for the composite material application that require anisotropic 

properties. [75] 

2.3.2 Carbon nanotubes synthesis 

To date, CNTs are produced by 3 main techniques, namely electric arc 

discharge, laser ablation and chemical vapour deposition.  

1. Arc discharge : In arc discharge, carbon atoms are evaporated by plasma 

of helium gas generated using electric arc between 2 graphite electrodes. The metal 

catalyst powder such as iron, nickel and cobalt generally filled in one of the electrode 



in a helium atmosphere. By product of ordered nanotubes were made from an ionized 

carbon plasma and joule heating from the discharge generated the plasma [76].  

2. Laser ablation: Laser ablation method has been used to produce an 

ensemble of carbonaceous material which contains nanotubes (30-70%), amorphous 

carbon and carbon particles. This technique utilized a laser to evaporate a graphite 

target which is usually filled with a flowed of gas was passed through the growth 

chamber to move the grown nanotubes forwards and collected on a cold end (finger) 

[77]. 

3. Chemical vapour deposition (CVD): The growth process involves 3 

main factors consisting of transition-metal  nanoparticle catalyst, hydrocarbons and 

growth temperature. The nanotubes are formed  by the dissociation of hydrocarbon 

molecules catalyzed using the transition-metal catalyst, and the dissolution and 

saturation of carbon atoms in the metal nanoparticles under high temperature. 

Diameter and length of carbon nanotube can be controlled by considering the catalyst 

size and reaction time. For the growth of MWNTs, the carbon feedstock typical 

catalyst is iron, nickel or cobalt nanoparticle. The formation of metal-carbon solution 

due to the soluble of carbon in the metal catalyst occurs at high temperatures and 

leads to the growth step [78].  

2.3.3 Surface modification of carbon nanotubes 

 The effective utilization of CNTs in composite applications depends strongly 

on the ability to disperse them individually and uniformly throughout the matrix, 

without destroying their structure or reducing their aspect ratio. The major problem of 

CNTs is focused onto the dispersion in aqueous or organic solution due to the van der 

waals forces between nanotubes surface and CNTs trend to aggregate to each other as 



a bunsdle. To solved this problem, CNTs were modified the surface in order to reduce 

the van der Waals forces of intertube for improving their diepersion. The surface 

modification of CNTs can be grouped into two broad categories; 1) covalent surface 

modification through reaction onto π-conjugated skeleton of CNTs and  2) 

noncovalent surface modification or wrapping of various molecules on the sidewall of 

CNTs. To provide a wide variety of functional groups on carbon nanotubes surface, 

covalent surface modification were the impact method for dispersion and stability 

improvement. However the disadvantage of covalent surface modification are that the 

abundant of conjugated bond which were the important for electronic properties of 

carbon nanotubes, were loose during the favor chemical reaction on the nanotubes 

surface. While the noncovalent surface modification still provided the carbon 

nanotubes integrity using polymer, surfactant biomolecules base on the interaction as 

electrostatic, hydrogen bonding, hydrophobic and even van der Waals [79]. 

 

2.3.3.1  Covalent surface modification 

 The covalent surface modification of multiwall carbon nanotubes has been 

widely investigated and produced an array of modified nanotubes structures bearing 

small molecules, polymers, and inorganic species. However, sidewall functionalized 

of CNTs is strongly. Furthermore, change to CNTs properties caused by covalently 

attached functional groups can be dramatic and permanent. Adding any covalent 

functionality to the CNTs inevitably changes the CNTs electronic structure and might 

not be suitable for application that rely on high electrical and thermal conductivity of 

CNTs. As a results, the desired multifunctionality of CNTs might be sacrificed. For 

example in a mixture of concentrated nitric and sulfuric acids, the oxygen-containing 

groups are introduced to the ends and sidewall of the tubes. These froups, which are 



chemically attached to the tubes, are mostly reprecented by –COOH groups, less by   

–C=O, and –OH groups. These groups can serve as starting points for further 

functionalization of the nanotubes. 

 

2.3.3.2  Noncovalent surface modification 

The noncovalent surface modification of multiwall carbon nanotubes or 

wrapping of various molecules on the sidewall of CNTs still provided the carbon 

integrity using using polymer or surfactant. The noncovalent surface modification 

interaction are based on electrostatic, hydrogen bonding, hydrophobic, π-π stacking 

interaction and even van der Waals. The advantage of this method is the preservation 

of electronic structure of carbon nanotubes surface. 

Wang Y. [80] presented their work that focuses on the dispersion of SWCNTs 

in PDADMAC solution. The hydrophobic interaction between SWCNTs and 

PDADMAC was considered responsible for the solubility. The mixture of 1 % 

PDADMAC solution and 4 mg SWCNTs was shown the high dispersion efficiency 

for at least 7 months stability. The SWCNTs.PDADMAC system represent the 

composite platform for the development of glucose biosensors based on the LbL 

assembled multilayer films. 

Noncovalent surface modification of MWCNTs with polystyrene-g-(glycidyl 

methacrylate-co-styrene was studied by Lui T.Y. [81] The strong interaction have 

been proved to exist between aromatic rings and the surface of MWCNTs by  π-π 

stacking interaction. The mixture solutions can be stable for months without 

microscopic precipitation. TEM images showed that the MWCNTs bundles were 

efficiently exfoliated into individual MWCNTs. Moreover, individual MWCNTs can 



be stabilized in good solvent such as ethanol through intertube steric repulsion 

introduced by the stretched polymer main chain. 

Moore V.C. [82] demonstrated a noncovalent surface modification of 

SWCNTs by the surfactant of sodium dodecylbenzene sulfonate (SDBS). The high 

molecular weight of SDBS was shown the high dispersion efficiency. The mixture of 

SWCNTs and SDBS can be dissolved in water with the solubility as high as 5.0 

mg/ml. 

 

 

Figure 2.11 Functionalization possibilities of SWCNTs: A) defect group 

functionalization, B) covalent sidewall functionalization, C) noncovalent 

functionalization with surfactant, D) noncovalent exohedral functionalization with 

polymers and E) endohedral functionalization [83]. 

 

This thesis deal with noncovalent exohedral functionalization of MWCNTs 

using polyelectrolyte such as poly(diallydimethylammonium chloride), PDADMAC 



and water-soluble polyaniline. Noncovalent exohedral functionalization still 

electronic property of CNTs because there are not abundant of conjugation bond 

which were important for electronic properties. The interaction of noncovalent surface 

modification of CNTs are based on van der waals, hydrophobic and π-π stacking 

interactions, respectively. 

 

2.4 An Overview of layer by layer self assembly technique 

Multilayer thin films of organic compounds or nanoparticles on solid surfaces 

or substrates have been studied and investigated for more than 70 years because they 

allowed the fabrication of multicomposite molecular assemblies of tailored 

architecture [84]. The structure, composition and uniformity of the surface of such 

films play the important roles in many applications such as electronic and 

optoelectronic devices, sensors, and protective coatings [85]. Many techniques 

including spin coating, solution casting, thermal evaporation, Langmuir-Blodgett 

(LB), and Layer-by-layer (LbL) self assemble  deposition have been developed and 

studied to assemble and fabricate the organic semiconductors or nanoparticles as thin 

films.  The solution deposition technique, which is the low-cost technology, offers the 

greatest advantages in term of economic feasibility for device fabrication at the 

industrial scale. Recently, there were many great interests in the preparation of well-

ordered, ultratin organic films by Layer-by-layer self assembly, LbL for use as thin 

film coatings, electro-optic devices and various display devices. This electrostatic 

LbL self assembly technique was first developed in early 1990s by Decher and 

coworker. This technique was developed for the construction of multicomposite films 

of rod-like molecules equipped with ionic groups at both ends, polyelectrolytes or 

other charged materials through the adsorption from aqueous solution. This method 



involves strong electrostatic interaction between a charged surface and the oppositely 

charged molecules (polycation and polyanion) which is the energetic driving force for 

multilayer formation. The schematic diagram showing the fabrication of multilayers 

which composed of polyions or other charged molecules or colloidal object is shown 

in Figure 2.12. In principle, there are no restriction with respect to substrate size and 

topology due to the process involves only adsorption from solution. As shown in 

Figure 2.12 (A), the thin deposition on glass substrate from ordinary beakers can be 

performed either manually or by an automated device. A well-cleaned substrate is 

first deposited with polyelectrolyte (positive charged in this sample) prior to 

deposition of interested materials. This charged substrate is then sequentially 

immersed into the solution of polyanion and polycation, respectively. A 

representation for the buildup of multilayer film at molecular level is shown in Figure 

2.12 (B). The counterions have been omitted and the stochiometry of charged groups 

between polyanions and between the substrate and polyanion is arbitrary in this 

example. The typical and commercial polyelectrolytes are also shown in Figure 2.13. 

 

 

 



 

 

Figure 2.12 (A) Schematic diagram showing the film deposition process, (B) 

simplified molecular picture of the adsorption step of polyelectrolyte [86]. 

 

 

Figure 2.13 Chemical structure of positive and negative  polyelectrolytes: (1) 

poly(diallyldimethylammonium)chloride (PDADMAC), (2) poly(so-dium 4-

styrenesulfonate) (PSS), (3) polyacrylic acid (PAA), (4) polyallylamine hydrochloride 

(PAH) 

 

[87]. 



Typically, films are deposited from the concentration of solutions in several 

milligram per milliliter. These concentrations are much greater than that required for 

reaching the plateau of the adsorption isotherm to ensure that the solutions do not 

become depleted during the film fabrication which composed of several layers. In 

addition, one or more washing steps are usually performed after each layer adsorption 

to avoid contamination for the next adsorption solution by liquid adhering to the 

substrate from the previous adsorption step. The washing step can also help to 

stabilize weakly adsorbed polymer layers. The appropriate adsorption times of each 

layer depend on the type of materials, molar masses, concentrations and agitation of 

solution which ranging from minutes in the case of polyelectrolyte to hours.  

A model of the film formation by adsorption of charged polyelectrolyte on an 

oppositely charged surface could help for better understanding of whole adsorption 

process. Tsukruk et al [88] has investigated the LbL process by the model concept 

with both polt(styrenesulfonate, PSS and poly(allylamine), PAA molecular layers 

versus deposition time, Figure 2.14. It is speculated that assembly of polyions on 

charged surface is indeed a two stage process. At the very initial stage of film 

formation, with in the first 1-2 min of self assembly, charged PSS polymer chains are 

adsorbed homogeneously, mainly on selected sites of oppositely charged substrates 

with high concentration of local charges. Apparently at this stage of deposition, chain 

are tethered to the surface by only a few segments and thus virtually preserve their 

coiled confirmation. And then polymer chains are relaxed to a dense packing during 

the long second stage of self assembly. Presumably, a stable homogeneous polymer 

monolayer which covers the original surface is formed only after complete relaxation 

of absorbed macromolecules. Concerning the deposition time, t, a longer deposition 

time allows macromolecules to equilibrate and form a complete monolayer. Polymer 



islands are gradually spread out over the surface: their height decreases to 1-1.5 nm 

for adsorption times after 10-30 min. This process results in homogeneous coverage 

of the surface with flattened macromolecular chains. 

 

 

 

Figure 2.14 Models of surface microstructure for polyionic molecular layers. (a) PSS 

at the shortest deposition time (<5 min). (b) PSS at the longest deposition time (<10 

min). (c) PSS/PAA complex bi layers. (d) Comparision with polymer brushes in the 

initial stage of tethering by on sticky end. (e) Polymer brushes in a dense state [88]. 

 

The major advantages of layer-by-layer deposition methods are as followed: 1) 

Many different materials can be incorporated in individual multilayer films 2) The 

films architectures are completely determined by the deposition sequence.  Furthmore, 

no special film balance is required for this technique which indeed the technique has 

been referred to as a molecular beaker epitaxy. Several applications of this technique 



have been reported due to its simplicity in processability, versatile and use of water-

based solutions. 

 

2.4.1 Parameter controlling layer-by-layer self assembly 

• pH: Control of surface and interface properties are critically important 

for layer-by-layer self assembly technique. The pH-controlled layer-by-layer 

assembly provides enormous flexibility in controlling both the molecular organization 

and properties of polyelectrolyte multilayer thin films. Wish suitable adjustments of 

pH of the dipping solutions, it is possible to manipulate dramatically the molecular 

organization, competition, surface properties and chemistry of the multilayer 

assemblied created by this process. In principle, the macromolecules chemical 

structure can be transform into a polyelectrolyte structure by covalently attaching a 

reasonable number of ionic groups in an aqueous medium of appropriate pH. The pH 

of the polyelectrolyte solution has affect to the charge density of the polymer. This 

charge carrier density is defined as the average number of ionic sites per monomer 

unit in the case of polymer. Example of poly(acrylic acid), is the weak polyelectrolyte 

which have carboxylic groups on the polymer backbone. The poly(acrylic acid) would 

retain the ionic character in the polymer chain when adjust the pH solution more than 

4.4.  

• Ionic strength: The ionic strength had effect to the formation of the 

polyelectrolyte multilayer films due to the screening of the charges along the  

polyelectrolyte chains, the polymer molecules are more entangled with increasing salt 

concentration. The results are in larger thickness and a stronger internal and external 

roughness of the adsorbed layers. The increase in thickness is proportional to ionic 

strength. The effect of NaCl has triple as it act on the conformation of the 



polyelectrolytes in solution. First, effect of the conformation of the polyelectrolytes in 

solution has already been discussed and it is known that high concentration induce a 

coiling of polymer chains by screening of electrostatic charges on the polyelectrolyte. 

Second, effect is also due to the screening of the electrostatic repulsion during 

adsorption onto the substrate, which induce a higher loading and diffusion rate of the 

polyelectrolytes onto the substrate. Finally, the effect of ionic strength is to swelling 

the film by competitive interaction with polyelectrolyte-polyelectrolyte bound through 

the extrinsic compensation. The swelling of the PEM matrix lead to a looser network 

and allow the diffusion of polyelectrolytes chains inside the film.  

• Dipping time: Another parameter which can be used to control the 

growth of multilayers is the dipping time. Because the adsorption of polyelectrolyte at 

the thin film water interface is controlled by a diffusion process time play a major role 

in the formation of the multilayer. When negatively charged surface is dipped in a 

positively charge polyelectrolyte, the electrostatic interaction are sufficient to allow a 

complex to be formed between the polyelectrolyte on the surface and the oppositely 

charged polyelectrolyte in solution. While the deposition occur, the surface charge 

become less negative and more positive as more polycation polyelectrolyte adsorb 

onto the surface. When the surface is completely adsorped with the polycationic 

polyelectrolytethe adsorption of new polyelectrolyte is stop due to electrostatic 

repulsion. 

 

2.5  Composite materials   

 A composite material is made of two or more constituents with significantly 

different physical or chemical properties. They are distinguished by the nature of their 

constituents and by the geometry and arrangement of the disperse phase in the metric. 



The properties of the new materials are dependent upon the properties of the 

constituent materials, as well as the properties of the interface. 

It is well known that nano-composite materials have much attention from the 

scientific communication because of the unique and unexpected properties which 

make them attractive candidates for diverse application such as nanoelectronic, 

biosensors, and so on. Recently, fabrication of carbon nanotubes/ conducting 

polymers composite has gained great interest, and it has been demonstrated that the 

obtained carbon nanotubes/ conducting polymers composite possess the properties of 

each of the constituents with a synergistic effect. The reason that the conductive 

polymers are the best candidate to fabricate the composite material is the conjugated 

groups of polymer, which would interact strongly with the planar of carbon 

nanotubes. Polyaniline is the one of the most extensively studied conductive polymers 

[89]. Potential applications include use in rechargeable batteries, sensors, switchable 

membrane and electrochromic devices, due to its environmental stability and 

controllable conductivity over a wide range by protonation and charge transfer 

doping.  The composite of carbon nanotubes and polyaniline were also prepared and 

investigated by many researchers. Almost all reported carbon nanotubes and 

polyaniline composite show enhance electronic properties, with some of them finding 

practical applications as printed electrodes in transistors with high performance 

contacts and logic gates. However, the reported methods for preparing the carbon 

nanotubes and polyaniline composite are almost the same such as by; 

 

1. Polymerization of the corresponding monomer in the presence of carbon 

nanotubes, either by chemical method or by the electrochemical techniques.  



2. Many technique including spin coating, solution casting, thermal 

evaporation, and Langmuir-Blodgett (LB have been developed and studied to 

assemble and fabricate the carbon nanotubes and polyaniline composite thin films 

 

Using these different techniques a great number of carbon nanotubes and 

polyaniline composite can be processed. In addition, until now no reports were 

available about the properties of carbon nanotubes and polyaniline composite in 

neutral conditions, which is an important aspect to learn for their potential biological 

applications. Here we report another simple way of incorporating carbon nanotubes 

into polyaniline by layer-by-layer method. Recently, the LbL methods has been 

demonstrated very successfully in the preparation of carbon nanotubes/ non 

conducting polymer such as PDADMAC composite. The obtained multilayers films 

were highly homogeneous and showed drastically improved mechanical properties as 

compared to those prepared by another methods [90]. Here we first demonstrated, by 

the LbL method, the preparation of conducting polymer, polyaniline with carbon 

nanotubes due to we had expect that CNTs  could be enhance the conductivity 

of.conducting polymer, polyaniline. 

 

Processing methods of PANi – CNT composites 

The main challenge in the polymer-CNTs composite  preparation is the 

implement of CNTs amazing properties on the nanoscale composite, combining the 

choice of materials with the appropriate processing methods [91]. The process to 

composite two different materials of PANi – CNT via LbL self assembly method was 

show below. 



Preprocessing: In this case of CNTs used as the polyelectrolyte for the LbL, a 

preprocessing step has to be added to prepare the materials. Deagglomeration of 

nanotubes ropes for dispersing individual nanotubes. The efficiency of CNTs in 

composite materials applications depends strongly on the ability to disperse them 

individually and uniformly throughout the matrix, with out destroying their structure, 

or reducing their aspect ratios. The CNTs could be incorporated into the polymer 

metric by noncovalent interactions based on the hydrophobic or π-π stacking 

interaction or van der waals interactions depend on the type of dispersing agent.  

 

Layer-by-layer processing: Layer-by-layer processing use a solution which 

CNTs and polymer are first dispersed and then made the multilayer with the other 

polymers. In this technique the main challenge is to obtain a stable composite 

multilayer thin films.  

CNts have been incorporated into conducting polymer, polyaniline metric to 

enhance different polymer properties, like to improve conductivity of polymer, 

improve thermal resistance, improve mechanical strength. Another goal is to 

overcome the drawbacks of CNTs for large-scale applications such as improve their 

solubility, their dispersibility, their reactivity and enhance their interfacial interactions 

in composites. 

 

2.6 Conductivity measurement 

 Conductivity is defined as the ability of the substance to conduct electrical 

current. It is commonly represented by σ and has the SI units of siemens per 

centrimetre (S/cm). The conductivity is the reciprocal of electric resistivity (ρ, the SI 

unit is the ohm centrimetre, Ω.cm). One of the most common methods to measuring 



the surface resistivity is by using two or four point probe. This method uses probes 

aligned linearly or square pattern that contact the surface of the material. Measuring 

surface resistivity with four probes date back to 1996 where Wenner discussed using 

the technique to measure the earth’s resistivity. Both two and four probe methods are 

the most popular methods for measuring resistivity. 

Four-point probe technique was used to measure the electrical conductivity of 

polymer thin films. The schematic of four-probe used in this work is shown in Figure 

2.11. Probe tips made from copper were press against the surface of thin films. The 

conductivity was obtained by introducing  current (I) to the two outer tips and 

determined the voltage drop (V) across two inner tips. The conductivity was 

calculated from equation 2. 

 

Figure 2.15 Schematic of four-point probe. 

 

                                σ   =    1/ ρ   =  I / ( K x V x t)                                        (2) 

Where                             σ     is   the conductivity  (S/cm) 

                                        ρ     is   the resistivity  (Ω. cm) 

                                        V    is   the applied voltage (V) to the tip 

                                        I     is   the measured current (A) across two tip 

                                        T    is   the thickness of the films (cm) 



                                        K    is   the geometric correction factor  

 

Most surface resistivity measurements are made on semiconductor wafers or 

thin films on a small surface area substrate. Since the measurement s are made on 

finite sized areas, correction factors have to be used based on the sample geometry. 

This correction factor depends on the sample thickness, edge effect and the location of 

the probe on the sample. Many studied have been performed on correction factors, 

with tables outlining the necessary adjustments. Other consideration that need to be 

considered for accurate four-point probe measurements are the spacing of the probes, 

and temperature effects. Small spacing differences in probe spacing can cause the 

resistivity values widely across a sample surface.  

 

Electrical measurements of polyaniline films, carbon nanotube films and 

carbon nanotubes polyaniline composite films: 

Polyaniline has an electronic conduction mechanism that seems to be unique 

among conducting polymer, because it is doped by protonation. There are many 

method to fabricate conducting polyaniline thin films such as spin coating, solution 

casting, thermal evaporation, Langmuir-Blodgett and layer-by-layer self assembly 

technique. Each film fabrication methods are shown the different architectures that 

affect to the conductivity.  

Siti Amira Othman et al. were successful in preparing polyaniline thin films 

by Langmuir-Blodgett technique. The conductivity of polyaniline thin films were 

measured by four point probe. By applying the resistivity, ρ, from the equation of 1/ ρ   

=  I / ( K x V x t). The resistivity of polyaniline thin films was found around 4.640 x 

107 Ω. cm. Conductivity of the polymer thin films is an inverse of resistivity.  



Recently, the conductivity of carbon nanotubes polyaniline composite film 

was proposed by P.C. Ramamurthy. The composite of carbon nanotubes and 

polyaniline were fabricated by spin coating. The conductivity measurements were 

carried out on the freestanding composite films using a four point probe method. The 

conductivity of composite films values range from 11 S/cm to 23 S/cm when 

increasing SWCNTs concentration from 1 – 10 %  SWCNTs loading. On the other 

hand the conductivity of carbon nanotubes was found at 8 S/cm when fixed the 

SWCNTs concentration at 10  %  SWCNTs loading. 

Jianbo Lu et al. and coworker have been reported the conductivity of pure 

polyaniline and carbon nanotubes polyaniline composite. The polymer thin films and 

polymer-composite thin films were fabricated by Langmuir-Blodgett technique. The 

conductivity measurements of thin films were carried out using a four point probe 

method. The conductivity of the polyaniline and carbon nanotubes polyaniline 

composite were found 7.235 x 10-7 and 5.212 x 10-4

Ji-Er Huang et al. were successful to fabricate composite thin films of  carbon 

nanotubes and polyaniline. The conductivity of polyaniline thin films were measured 

by four point probe technique at room temperature. The conductivity of carbon 

nanotubes polyaniline composite were found in the range of 1.2 x 10

 S/cm, respectively. 

-3 - 1.5 x 10-2

 

 

S/m. as carbon nanotubescontent ranging from 0-8 % wt. 

 

 

 

 

 

 

 



CHAPTER III 

EXPERIMENTAL 

 

There are fifth parts in this thesis mainly focused on the synthesis and 

characterization of water-soluble polyaniline, dispersion of multiwall carbon 

nanotubes with the different types of polymer and also studied their application. In the 

first part, the water-soluble polyaniline was synthesized using interfacial 

polymerization method. The characterization methodologies were investigated. In the 

second part, the water-soluble polyaniline films were prepared by layer-by-layer self 

assembly method and employed as the pH sensor. The third and forth part involved in 

a new fabrication method to disperse multiwall carbon nanotubes by 

poly(diallydimethylammonium chloride), PDADMAC and water-soluble polyaniline 

and, respectively. The last part studied the layer-by-layer self assembly of multiwall 

carbon nanotubes - water-soluble polyaniline composite films. 

 

3.1 Synthesis and characterization of water-soluble polyaniline using interfacial 

polymerization method 

3.1.1 Chemical and materials 

Aniline monomer (C6H5NH2), ammonium persulfate (APS, (NH4)2S2O8, 

chloroform (CHCl3

 

) and hydrochloric acid (HCl) were purchased from Aldrich 

Chemicals.  All other chemicals were analytical grade and used without further 

purification. All aqueous solutions were prepared with doubly-distilled water. 

 

 



3.1.2 Synthesis of water - soluble polyaniline  

Water - soluble polyaniline in the presence of poly(sodium 4-styrenesulfonate, 

PSS) was prepared by interfacial polymerization technique. The experimental was 

performed into two phases of aqueous and organic solution.  In aqueous phase, the 

PSS was reacted with oxidizing agent, Ammonium persulfate (APS) and HCl dopant 

concentration. The aqueous solution was carefully poured into aniline monomer 

dissolved in chloroform solution. The reaction was kept at 4 °C without agitation for 

24 hours. The green water-soluble polyaniline was formed at the interface within a 

few minutes. Afterward the aqueous solution was separate from the organic solution. 

The resultant aqueous product which remain the green solution was obtained in its salt 

from (ES): Emeraldine hydrochloride (PANi-HCl) The above obtained (PANi-HCl) 

salt form was converted into the Emeraldine base (EB) from by treating it with a 0.1 

M NaOH solution.  

 

3.1.2.1 Effect of time onto the polymerization of water - soluble polyaniline 

 UV-Vis spectroscopy was used to monitor the polymerization time of water - 

soluble polyaniline. 10 mM aniline monomer was dissolved in CHCl3

 

 solution and 

reacted with 10 mM poly(sodium 4-styrenesulfonate, PSS) blending solution, and 5 

mM ammonium persulfate in acid media. The absorbance of the solution was 

measured since the polymer  formed at the interface until 24 hours was reached. In 

each step, the polymerization was kept at 4 °C. 

3.1.2.2 Effect of poly(sodium 4-styrenesulfonate, PSS) blending concentration 

1 M HCl acid dopant concentration, 5 mM Ammonium persulfate (APS) 

oxidizing agent and the different PSS concentration 1, 3, 5, 10, 20, 50, 100, 150 and 



200 mM were feed into 10 mM Aniline monomer in chloroform solution. The mixture 

solution were stored at 4 °C for 24 hours. The resultant aqueous product was 

measured by UV-Vis spectroscopy at wavelength of 350 – 1,000 nm. 

 

 

 

Figure 3.1 Morphology image of water - soluble polyaniline characterized by 

scanning electron microscope (Phillips XL30CP) 

 

3.1.2.3 Effect of temperature onto the polymerization of water - soluble 

polyaniline 

For study the preparation of water - soluble polyaniline in the different 

temperature, in clean 250 mL Erlenmeyer flask, 80 mL of water was mixed with 10 

mM 10 mL PSS solution and reacted with 5 mM 10 mL of oxidizing agent 

ammonium persulfate in HCl acid concentration. The reaction was kept for 24 hours 

at 4, 10, 25 and 40 °C, respectively. The aqueous product was measured by UV-Vis 

spectroscopy. 

 

 



3.1.2.4 Effect of pH onto the polymerization of water - soluble polyaniline 

This experiment was conducted in order to ensure that pH is an important 

constituent for preparation of water - soluble polyaniline. The 130 mL of synthetic 

solution contained 10 mM 30 mL aniline monomer dissolved in chloroform solution 

was reacted with 100 mL of blending PSS solution and ammonium persulfate. The 

reacting solution was adjusted to different pH ranging from 1, 2, 3 ,4 and 5. The 

resultant aqueous product was measured by UV-Vis spectroscopy at wavelength of 

350 – 1,000 nm. 

 

3.1.2.5 Effect of oxidizing agent, Ammonium persulfate concentration onto the 

polymerization of water - soluble polyaniline 

The oxidation potential for polymerization of water - soluble polyaniline is 

depened on the concentration of oxidizing agent. The effect of oxidizing 

concentration was studied by using the different concentration of ammonium 

persulfate from 1, 3, 5, 7 and 10 mM in 1 M acid media under polymerization 

processes. The performance of oxidizing concentration was evaluated by UV-Vis 

spectrometer. 

 

3.1.3 Characterization of water - soluble polyaniline 

Water - soluble polyaniline usually exists in four common structure: 

leucoemeraldine, pernigraniline, emeraldine base and emeraldine hydrochloride. Of 

these four forms, only emeraldine hydrochloride on interfacial polymerization 

synthetic is focused. The main characterization techniques involved physical 

properties are arranged in Table 3.1 

 



Table 3.1 Characterisation techniques and their utilization of PANi.PSS 

Techniques Information 

UV-Vis spectometer 

Fourier transform infrared spectrophotometer 

Scanning electron microscope 

Absorption spectra 

Functional group 

Surface morphology 

 

 

3.2 Layer-by-layer self assembly of water - soluble polyaniline 

LbL self assembly of polyaniline thin films was made by the procedure 

reported by Decher. This experimental was studied the possibility of the fabrication of 

polyaniline thin films via the usage of polyaniline solution from the interfacial 

polymerization. 

 

3.2.1 Chemical and materials 

In order to deposit alternating charged multilayers sequentially, two solutions 

of opposite electrical charge polyelectrolyte were prepared. The anionic 

polyelectrolyte, water - soluble polyaniline was prepared by interfacial polymerization 

technique as explained in part 3.1. The cationic polyelectrolyte, poly(diallydimethyl 

ammonium chloride, PDADMAC, molecular weight = 200,000-350,000) was 

purchased from Aldrich Chemicals. Sodium chloride was purchased from Carlo Erba, 

Thailand. All chemicals were used as received without any further purification. All 

aqueous solutions were prepared with doubly-distilled water. 

 

 

 



3.2.2 Preparation of polyelectrolyte multilayer thin films 

3.2.2.1 Effect of dipping time onto the film fabrication 

The 5 layers of positively-charges hydrophilic glass slide substrate was  

immersed into the solution of pH 6 water - soluble polyaniline blend poly(sodium 4-

styrene sulfonate). The deposition time was varied for 15 sec to 10 mins until the 

polymer was saturated onto the substrate. Each period with different time, the film 

was determined by UV-Vis spectroscopy at wavelength of 350 – 900 nm. The 

schematic diagram representing the layer-by-layer deposition procedure is shown in 

Figure 3.2.  

 

 

              

Figure 3.2 Schematic diagram representing the layer-by-layer deposition. [91] 

 

3.2.2.2 Effect of pH onto the film fabrication  

            1.Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) 

Chemical preparation: 

0.25 % weight water - soluble polyaniline blend poly(sodium 4-styrene 

sulfonate) was adjusted to the different pH of 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11. Each 80 

mL of  water - soluble polyaniline blend poly(sodium 4-styrene sulfonate)  with have 

different pH solution were transferred into 100 mL beaker. Then 2 M of NaCl was 

added to the solution. 



2. Poly(diallydimethyl ammonium chloride) 

10 mM of poly(diallydimethyl ammonium chloride) was adjusted to the 

different pH of 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11. Each 80 mL of  PDADMAC with have 

different pH solution were transferred into 100 mL beaker. Then 1 M of NaCl was 

added to the solution. 

 

The polymer multilayer thin films were fabricated by immerse  5 layers of 

positively-charges hydrophilic glass slide substrate onto the water - soluble 

polyaniline blend poly(sodium 4-styrene sulfonate) solution for 5 mins and then 

rinsed with water for 2 mins. Then the film was immersed in the solution of 

poly(diallydimethyl ammonium chloride)  and rinsed with water again. The 

polyaniline multilayer thin films was fabricated for 11 layers. Before measure the 

performance of the films by UV-Vis spectrometer, the  polyaniline multilayer thin 

films were dipped in 1 M HCl acid for 24 hrs. 

Film fabrication: 

 

3.2.2.3 Effect of NaCl concentration onto the film fabrication 

A. Effect of NaCl concentration in water - soluble polyaniline blend 

poly(sodium 4-styrene sulfonate) 

 

 1.Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) 

Chemical preparation: 

  80 mL of  pH 6 of water - soluble polyaniline blend poly(sodium 4-styrene 

sulfonate) were mixed with the different concentration of NaCl. In this experiment, 

NaCl which have the concentration of 0.5, 1.0, 1.5 and 2.0 mM was added to the 

polyaniline solution. 



2. Poly(diallydimethyl ammonium chloride) 

10 mM of poly(diallydimethyl ammonium chloride) was adjusted to pH 6. The 

PDADMAC solution volume 80 mL was transferred to 100 mL beaker. Then 1 M of 

NaCl was added to the solution. 

 

       The film fabrication was studied with the same process of  3.2.2.3 A. 

Film fabrication: 

 

B. Effect of NaCl concentration in poly(diallydimethyl ammonium chloride) 

1. Poly(diallydimethyl ammonium chloride) 

Chemical preparation: 

80 mL of  pH 6 of poly(diallydimethyl ammonium chloride) were mixed with 

the different concentration of NaCl. In this experiment, NaCl which have the 

concentration of 0.02, 0.1, 0.5, 1.0 and 2.0 M was added to the Poly(diallydimethyl 

ammonium chloride) solution. 

  2.Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) 

 Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) was 

adjusted to pH 6. The polymer solution volume 80 mL was transferred to 100 mL 

beaker. Then 2 M of NaCl was added to the solution. 

 

The film fabrication was studied with the same process of  3.2.2.3 A. 

Film fabrication: 

 

 

 



3.2.2.4 Effect of polyaniline : poly(sodium 4-styrene sulfonate) with various 

concentration feed ratio of polymerization onto the film fabrication 

Polyelectrolyte multilayer technique was used to prepare polyaniline 

multilayer thin films. Water - soluble polyaniline blend poly(sodium 4-styrene 

sulfonate) from the interfacial polymerization process which have the different aniline 

: PSS ratio (10:3, 10:5, 10:10, 10:20, 10:50, 10:100, 10:150 and 10:200 mM) were 

used as the negative polyelectrolyte. The layer-by-layer deposition process was 

performed manually mainly as the following steps: 

1. The glass slide substrates were functionalized with strong polyelectrolyte of 

10 mM of poly(diallydimethyl ammonium chloride) and poly(sodium 4-styrene 

sulfonate) for 5 layers in order to generate the positively-charges hydrophilic 

properties of the substrate.  

2. The substrates were then immersed into the solution of water - soluble 

polyaniline blend poly(sodium 4-styrene sulfonate) pH 6 and then rinsed with water 

for 5 min and 2 min, respectively. 

3. Then the film was immersed in the solution of poly(diallydimethyl 

ammonium chloride)  pH 6 for 5 min and rinsing with water to remove the excess of 

material.  

 The alternate layer-by-layer films of water - soluble polyaniline blend 

poly(sodium 4-styrene sulfonate) with poly(diallydimethyl ammonium chloride) were 

achieved by repeating this process until the desired number of layer was reached. For 

the UV-Vis spectroscopy measurement, the multilayer films were dipped in 1 M HCl 

acid for 24 hrs in order to generate the protonated from of polyaniline. 

 

 



3.2.2.5 Effect of number of layer onto the film fabrication 

1. Poly(diallydimethyl ammonium chloride) 

Chemical preparation: 

10 mM poly(diallydimethyl ammonium chloride) was adjusted to pH 6. The 

polymer solution volume 80 mL was transferred to 100 mL beaker. Then 0.02 M of 

NaCl was added to the solution. 

2.Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) 

Water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) was 

adjusted to pH 6. The polymer solution volume 80 mL was transferred to 100 mL 

beaker. Then 2 M of NaCl was added to the solution. 

 

The film fabrication was studied with the same process of  3.2.1.3 A. But the 

number of layer were achieved by repeating this process until the desired number of 

layer was reached. 

Film fabrication: 

 

3.2.3 pH sensing of water - soluble polyaniline multilayer films and water - 

soluble polyaniline solution 

The pH sensing properties of the water - soluble polyaniline multilayer films 

and water - soluble polyaniline solutions were investigated by recording their optical 

response at different pH buffer solution. The polyaniline multilayer films were placed 

in the 250 mL of the different pH acetate and phosphate buffer and recorded the 

optical response by UV-Vis spectrometer. 

 

 



3.2.4 Characterization of polyelectrolyte multilayer thin films 

In order to known the characteristic of water - soluble polyaniline multilayer 

films, the main characterization techniques involved physical properties are arranged  

to studied in Table 3.2 

 

Table 3.2 Characterisation techniques and their utilization of pH sensing of water - 

soluble polyaniline multilayer films and water - soluble polyaniline solution 

Techniques Information 

UV-Vis spectrometer 

Atomic force microscopy 

Conductivity 

Absorption spectra 

Surface morphology, thickness 

Conductance 

 

 

3.3 Dispersion of Multiwall Carbon Nanotubes with Poly(diallydimethyl 

ammonium chloride) 

3.3.1 Chemical and materials 

Multiwall carbon nanotubes: MWCNTs (baytubes C 150 P, outer diameter 

distribution 5-20 nm and length 1 - >10 um, were kindly donated from Bayer Co. 

Ltd., Thailand. Poly(diallydimethyl ammonium chloride, PDADMAC, molecular 

weight = 200,000-350,000) was purchased from Aldrich Chemicals. All other 

chemicals were analytical grade and used without further purification. All aqueous 

solutions were prepared with doubly-distilled water. 

 



 

 

Figure 3.3 Transmission electron microscopic image of MWCNTs (baytubes C 150 P, 

outer diameter distribution 5-20 nm and length 1 - >10 um) from Bayer Co. Ltd., 

Thailand. 

 

3.3.2 Dispersion of Multiwall Carbon Nanotubes 

 3.3.2.1 Effect of PDADMAC concentration on the dispersion of MWCNTs 

For the dispersion of MWCNTs, 5 mg MWCNTs were mixed in 100 mL of 

the different concentration of PDADMAC (0, 0.01. 0.05, 0.1, 0.2, 0.3, 1.0, 3.0 and 5.0 

mM) to obtained homogeneous solution. The mixture was sonicated using probe 

sonicatior at ice bath for 1 hr. In each period with different PDADMAC 

concentration, the solution of MWCNTs were determined by UV-Vis spectroscopy. 

The wavelength of 550 nm was chosen as it represents the midway of the visible 

range.  

 

 3.3.2.2 Effect of sonication times on MWCNTs dispersed with PDADMAC 

5 mg MWCNTs were mixed with 100 mL of 0.1 mM PDADMAC solution. 

The mixtures were sonicated  at different time intervals ranging from 0.15, 0.30, 1.0, 



1.5, 2.0 and 3.0 hours. The mixture solution was stored at room temperature for 24 

hours and measured the turbidity by UV-Vis spectroscopy. 

 

3.3.3 Stability of MWCNTs dispersed with PDADMAC  

  3.3.3.1 Effect of salt type and salt concentration on the stability of MWCNTs 

100 mL of 5 mg MWCNTs and 0.1 mM PDADMAC were mixed with the 

different types of salt (NaCl, Na2SO4 and Na3PO4

 

) and different salt concentration 

(0.01, 0.02, 0.05, 0.08, 0.10,  0.15, 0.25, 0.50 and 1.00 M) into 250 mL erlenmeyer 

flask. The mixture solution was stored at room temperature for 24 hours and measured 

the turbidity by UV-Vis spectroscopy at wavelength 550 nm. 

3.3.3.2  Effect of functionalization times on the stability of MWCNTs 

The dispersion of MWCNTs with PDADMAC were prepared by dispersing 5 

mg MWCNTs in 0.1 mM PDADMAC solution. The mixture solutions were stored at 

room temperature for 24 hours and measured the turbidity by UV-Vis spectroscopy at 

wavelength 550 nm. 

 

3.3.3.3  Effect of pH on the stability of MWCNTs 

The 50 mL of dispersion of 5 mg MWCNTs with 0.1 mM PDADMAC 

solution were mixed with 20 mL of the different pH buffer (pH 1-12). The mixture 

solutions were stored at room temperature for 24 hours and measured the turbidity by 

UV-Vis spectroscopy at wavelength 550 nm. 

 

 

 



3.3.4 Characterization of MWCNTs dispersed with PDADMAC 

 For the MWCNTs dispersed with PDADMAC, there are many parameters 

such as surface morphology, nanostructure, UV-Vis absorption may involve the 

performance of MWCNTs. Generally, it is difficult to control the physical properties 

of the material precisely due to some parameters are related to each other. To 

understand the properties of MWCNTs dispersed with PDADMAC, the Table 3.3 

outlines the characterization methods commonly used.  

 

Table 3.3 Characterisation techniques and their utilization of MWCNTs dispersed 

with PDADMAC 

Techniques Information 

UV-Vis spectometer 

Transmission electron microscope 

Absorption spectra 

Surface morphology, nanostructure 

 

 

3.4 Dispersion of multiwall carbon nanotubes with water - soluble polyaniline 

blend poly(sodium 4-styrenesulfonate, PSS) 

3.4.1 Chemical and materials       

Multiwall carbon nanotubes: MWCNTs (baytubes C 150 P, outer diameter 

distribution 5-20 nm and length 1 - >10 um, were kindly donated from Bayer Co. 

Ltd., Thailand. Poly(diallydimethyl ammonium chloride, PDADMAC, molecular 

weight = 200,000-350,000), aniline monomer (C6H5NH2), ammonium persulfate 

(APS, (NH4)2S2O8, chloroform (CHCl3) and hydrochloric acid (HCl) were purchased 

from Aldrich Chemicals. All other chemicals were analytical grade and used without 

further purification. All aqueous solutions were prepared with doubly-distilled water. 



 

Figure 3.4 Transmission electron microscopic image of MWCNTs dispersed with 

water - soluble polyaniline blend poly(sodium 4-styrenesulfonate, PSS). 

 

3.4.2 Dispersion of Multiwall Carbon Nanotubes 

3.4.2.1 Effect of Water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate, PSS) concentration on the dispersion of MWCNTs 

The dispersion of MWCNTs by water - soluble polyaniline blend poly(sodium 

4-styrenesulfonate, PSS) was carried out by mixing 5 mg of MWCNTs with  the 

different concentration of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate) solution, (0.01, 0.02, 0.05, 0.08, 0.10, 0.15 and 0.20 % weight). The 

mixture was sonicated using probe sonicatior at ice bath for 1 hr. The mixture 

solutions were stored at room temperature for 24 hours. In each period with different 

water - soluble polyaniline blend poly(sodium 4-styrenesulfonate) concentration, the 

solution of MWCNTs were determined by UV-Vis spectroscopy at wavelength of 550 

nm.  

 

 



3.4.2.2 Effect of pH on MWCNTs dispersed with water - soluble polyaniline 

blend poly(sodium 4-styrenesulfonate, PSS) 

A 100 mL of 0.1 mM PDADMAC solutions at different pH ranging from 1-12 

were added into 5 mg MWCNTs into a 100 mL beaker. The mixture solutions were 

sonicated at 100 percent power for 1 hour. In each period with different pH, the 

solution of MWCNTs were determined by UV-Vis spectroscopy. 

 

3.4.3 Stability of MWCNTs dispersed with water - soluble polyaniline blend 

poly(sodium 4-styrenesulfonate, PSS) 

3.4.3.1  Effect of functionalization times on the stability of MWCNTs 

The dispersion of MWCNTs with water - soluble polyaniline blend 

poly(sodium 4-styrenesulfonate, PSS) were prepared by dispersing 5 mg MWCNTs in 

0.01 % of water - soluble polyaniline blend poly(sodium 4-styrenesulfonate, PSS) , 

solution. The mixture solutions were stored at room temperature for 24 hours and 

measured the turbidity by UV-Vis spectroscopy at wavelength 550 nm. 

 

3.4.4 Characterization of MWCNTs dispersed with water - soluble polyaniline 

blend poly(sodium 4-styrenesulfonate, PSS) 

MWCNTs dispersed with water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate, PSS) have attracted interest because of their superior properties and 

unique features arising from MWCNTs dispersed with PDADMAC. The 

incorporation MWCNTs into the water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate, PSS) will significantly improve a lot more chemical and physical 

properties. In this study carried out so far, the preparation and the considerable 



investigation were being studied. Several characterization techniques employed in this 

study is shown in Table 3.4. 

 

Table 3.4 Characterisation techniques and their utilization of MWCNTs dispersed 

with water - soluble polyaniline blend poly(sodium 4-styrenesulfonate, PSS) 

Techniques Information 

UV-Vis spectrometer 

Transmission electron microscope 

Absorption spectra 

Surface morphology, nanostructure 

 

 

3.5 Layer-by-layer self assembly of MWCNTs 

3.5.1 Chemical and materials 

This experimentals were conducted to fabricate the multilayer thin films of the 

different types of polyelectrolyte. The chemicals which were used for fabricate the 

multilayer thin films were shown below: 

 

No 

Polyelectrolyte 

Positive charges (+) Negative charges (-) 

1 MWCNTs dispersed with 

Poly(diallydimethyl ammonium 

chloride, PDADMAC 

Poly(sodium 4-styrene sulfonate),PSS 

2 Poly(diallydimethyl ammonium 

chloride, PDADMAC 

MWCNTs dispersed water - soluble 

polyaniline blend poly(sodium 4-

styrenesulfonate, PSS) 

3 MWCNTs dispersed with 

Poly(diallydimethyl ammonium 

Water - soluble polyaniline blend 

poly(sodium 4-styrenesulfonate, PSS) 



chloride, PDADMAC 

4 MWCNTs dispersed with 

Poly(diallydimethyl ammonium 

chloride, PDADMAC 

MWCNTs dispersed water - soluble 

polyaniline blend poly(sodium 4-

styrenesulfonate, PSS) 

     Remark: All solution were prepared freshly before fabrication polyelectrolyte multilayer thin films.   

 

NaCl was purchased from Aldrich Chemicals. The chemical was analytical grade and 

used without further purification. Aqueous solutions were prepared with doubly-

distilled water. 

 

3.5.1 Primer preparation 

First, the freshly prepared glass slide substrate was functionalized with a layer 

of poly(diallydimethyl ammonium chloride) and poly(sodium 4-styrene sulfonate) for 

4 layers in order to generate the hydrophilic properties of the substrate. The 

functionalized glass slide substrates were negatively charged. It was expected that the 

deposition of primer should provide high charge density for  glass slide substrate.  

 

3.5.2 Layer-by-layer self assembly of MWCNTs with the different types of 

polyelectrolyte solution 

The multilayer thin films were fabricated by a home build automated dipping 

machine. Multilayer thin films of polyelectrolyte were prepared by repating the 

following step on the glass slide substrate n times: 

 

Example: Preparation of MWCNTs dispersed with Poly(diallydimethyl 

ammonium chloride) / Poly(sodium 4-styrene sulfonate) multilayer thin films. 



Four layers of glass slide primer substrate was immersed in the MWCNTs 

dispersed with Poly(diallydimethyl ammonium chloride) for 10 min then rinsing with 

buffer solution pH 8 to remove excess material. Then immersed alternately in the 

solution of Poly(sodium 4-styrene sulfonate) for 5 min and rinsing with buffer 

solution pH 8. Repeating all steps in order to get a multilayer films which a desired 

thickness.  

(Remark: Other polyelectrolyte multilayer films were fabricated with the same procedure of 

MWCNTs dispersed with Poly(diallydimethyl ammonium chloride) / Poly(sodium 4-styrene sulfonate) 

multilayer thin films)  

 

Table 3.5 Characterisation techniques and their utilization of MWCNTs multilayer 

films 

Techniques Information 

UV-Vis spectrometer 

Atomic force microscopy 

Conductivity 

Absorption spectra 

Surface morphology, thickness 

Conductance 

 

 

3.8  Characterization technique 

3.8.1 UV-Vis spectroscopy 

A UV-Vis spectroscopy is a group of spectroscopic techniques where the 

transmission of light pass through a solution form of substance is studied. If light is 

absorbed, the radian power of light beam decreases. A UV-Vis spectroscopy 

consisting of a light source, a dispersive system combined in a monochromator and a 

detector. UV-Vis spectroscopy has the UV in the range of 200 – 400 nm and 400 – 

800 nm in the visible range. This technique has a board range of applications in 



chemistry, provides the information of the UV spectrum, light intensity and can be 

used to quantitate a light transmitted of a compound in a solution. This technique can 

be used for measure the % polymerization of polyaniline, absorbance of polymer thin 

films, dispersion of MWCNTs in polymer and optical sensor performances.  

 

3.8.2 Transmission electron microscopy, TEM 

TEM is a microscopic technique used in the field of nanotechnology and 

development in many fields such as heterogeneous, catalysis and semiconductor 

devices. Typically, TEM requires the electron source to emit electrons from the top of 

the microscope pass through the vacuum column. The electromagnetic lenses are for 

focusing the electron into a thin beam, they are then focused onto the sample. The 

unscattered electrons are remained in the beam can be detected which results in the 

shadow image of the sample on the fluorescence screen or photographic film. Details 

of images can be studied with its different parts displayed in varied dark shade on the 

screen depending on the density of the material presents. This technique will be used 

for observe the dispersion of MWCNTs with polymer. 

  

3.8.3 Scanning electron microscopy, SEM 

The SEM is one of the electron microscope instruments capable of producing 

high resolution image of the sample surface and analysis of the microstructural 

characteristic of solid specimen. The basic components of SEM are thelenses, electron 

gun, electron collector, visual and recording cathode ray tubes as well as the 

electronics with cathode ray tubes. This technique will be used for observe the surface 

of polymer multilayer thin films and MWCNTs. 

 



3.8.4 Fourrier transform Infared spectroscopy, FTIR 

FTIR is a technique which is used to obtain an infrared spectrum 

of absorption, emission, photoconductivity or Raman scattering of a solid, liquid or 

gas. FTIR is most useful for identifying chemicals that are either organic or inorganic. 

It can be utilized to quantitate some components of an unknown mixture. The 

resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample. This technique will used to analyze the functional 

groups of polymer under the process of polymerization. 

 

3.8.5 Atomic force microscopy, AFM 

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a 

very high-resolution type of scanning probe microscopy, with demonstrated resolution 

on the order of fractions of a nanometer. AFM provides a 3D profile of the surface on 

a nanoscale, by measuring forces between a sharp probe (<10 nm) and surface at very 

short distance (0.2-10 nm probe-sample separation). The probe is supported on a 

flexible cantilever. The AFM tip “gently” touches the surface and records the small 

force between the probe and the surface. The AFM has the advantage of imaging 

almost any type of surface, including polymers, ceramics, composites, glass, and 

biological samples. This technique will used to analyze the surface morphology and 

thickness of multilayer thin films.  
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Synthesis and characterization of water-soluble polyaniline using interfacial 

polymerization method 

The first part of this work, the preparation of water-soluble polyaniline from 

interfacial polymerization technique was investigated, in order to use as the 

polyelectrolyte for polymer thin film fabrication by layer-by-layer self assembly 

technique. Shown in Figure 4.1 is the scheme of the interfacial polymerization of 

polyaniline in the presence of poly(sodium 4-styrenesulfonate). The interfacial 

polymerization of polyaniline were investigated by a combination of two phases of  

aqueous and organic phases with aniline monomer dissolved in CHCl3 solution and 

the oxidizing agent ammonium persulfate, dissolved in an aqueous acid HCl solution 

with poly(sodium 4-styrenesulfonate), PSS as the blending solution. 

 

Figure 4.1 Schematic representation the interfacial polymerization of water - soluble 

polyaniline  blend poly(sodium 4-styrenesulfonate).  



From the interfacial polymerization, protonated – polyaniline blend poly(sodium 4-

styrenesulfonate) can be synthesized by controlling the influence of experimental 

conditions on the polymerization. The properties of polyaniline are affected by 

polymerizationj conditions, such as temperature, pH, time, and oxidant/monomer 

ratio. All parameters have also been widely studied. 

 

1. The influence of synthetic temperature: In this experiment the effect of 

temperature onto the polymerization was controlled at 4°C. Generally, a 

decrease in polymerization temperature results in the higher yield and 

molecular weight of polymer product. Adam et al. [] found that the molecular 

weight of polyaniline increased from 19,400 Da at 18 °C to 86,000 Da at 4°C. 

Moreover, Stejska et al. [] reported that the molecular weight and conductivity 

of polyaniline  increased as the reaction temperature was lowered. 

2. The influence of pH: It is generally accepted that acid conditions are required 

for the polymerization of aniline and result in conjujated conducting 

polyaniline with higher yield and conductivity []. The pH of the oxidative 

polymerization of aniline by ammonium persulfate greatly affects the nature of 

product. The formation of polyaniline products have been recently reported by 

MacDiarmid [] and Stejskal [] when the oxidative polymerization of aniline is 

carried out at strong acidic conditions (pH>3), the polyaniline product was 

shown the high conductivity due to increasing the degree of protonation of the 

imine group of polyaniline. When the convention polymerization was diluted  

(at a pH of 3-4), the brown product formed []. This brown product had 

different morphology (hollow microspheres) and different optical and 



magnetic properties. So in this experiment, the interfacial polymerization of 

polyaniline blend poly(sodium 4-styrenesulfonate) was carried out in pH 0.6. 

3. The influence of time:  There have been more studies on the effect of time 

onto the polymerization. Cao et al. [] have reported the effect of time onto the 

polymerization. The polymerization time was found to relate with the polymer 

yield and conductivity. The presence of high polymer yield and conductivity, 

when the polymerization time was carried out more than 24 hours. So in this 

experiment, the interfacial polymerization of polyaniline blend poly(sodium 4-

styrenesulfonate) was carried out for the polymerization time more than 24 

hours. 

4. The influence of oxidant/monomer ratio: The initial molar ratio of the 

reactants used has a significant influence on the properties of polyaniline. 

Armes and Miller [] reported that the conductivity of polyaniline was 

independent on the ammonium persulfate/aniline ratio for oxidant/aniline 

molar ratios below 1; however the yield of polyaniline increased linearly up to 

a ratio of 1. Both yield and conductivity were decreased via over-oxidant of 

the polymer at higher oxidant/monomer initial concentration ratios. This study 

concluded that the most efficient ratio for polyaniline was about 1.15 or less. 

So in this experiment, the interfacial polymerization of polyaniline blend 

poly(sodium 4-styrenesulfonate) was carried out by controlling the 

oxidant/monomer concentration ratio on 0.5. 

 

From the literature, the standard synthetic conditions were used to synthesis 

polyaniline in the presence of poly(sodium 4-styrenesulfonate) by interfacial 

polymerization. The conditions are listed in Table 4.1. 



Table 4.1 The synthetic conditions for interfacial polymerization of polyaniline in the 

presence of poly(sodium 4-styrenesulfonate). 

Parameter Control 

The influence of synthetic temperature 

The influence of pH 

The influence of time 

The influence of oxidant/monomer ratio 

4°C 

0.6 

24 hours 

0.5 

 

This experiment was focused on the polymerization of water-soluble polyaniline for 

used as the polyelectrolyte for polymer thin films fabrication using layer-by-layer self 

assembly technique. Poly(sodium 4-styrenesulfonate) was used as the blending 

solution for polyaniline formation. The idea of using PSS as the blending for 

polyaniline, due to PSS is a strong polyelectrolyte which completely dissociated in 

water so it can act as an anionic dopant and as the template for the formation of PANi 

with high dispersibility. So the effect of  poly(sodium 4-styrenesulfonate) 

concentration was also investigated. 

 

4.1.1 Effect of poly(sodium 4-styrenesulfonate, PSS) concentration 

In this experiment, PSS was used to generate the water – soluble properties of 

polyaniline. The dispersible PANi.PSS was studied via the polymerization route with 

various PSS concentration of 3-200 mM with a fixed of standard synthetic condition 

(Table 4.1). The UV-Vis spectra of the water - soluble polyaniline blend poly(sodium 

4-styrenesulfonate) with the different PSS concentration was showed in Figure 4.2. 



 

Figure 4.2 UV-Vis spectra of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate) with the different PSS concentration 3-200 mM. 

 

The resulting PANi.PSS was shown the good dispersion when the 

concentration of PSS more than 3 mM. Here, PSS acted as an anionic dopant an as the 

template for the formation of polyaniline with high dispersibility. The trend of the 

spectrums were found to increase with increasing the PSS concentration from 3 to 50 

mM, then its decrease turns out to be slightly afterward when the PSS concentration 

increase from 100 to 200 mM. The formation mechanism of different concentration of 

PSS plays a vital roles on polyaniline can be explained into two ways. The first, in the 

low PSS concentration (3 to 50 mM). The absorbance was found to increase due to 

the strong electrostatic interaction between -SO3
- groups of PSS and (-NH3

+
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of polyaniline backbone. In the theoretical, PSS is a strong polyelectrolyte which 

completely dissociates into water and adopting a stretched. So, the anilinium cation 



can be adsorbed completely through the electrostatic interaction onto a large amount 

of sulfonic groups of PSS. On the other hand, the increase in PSS concentration (100 

to 200 mM) in aqueous phase was not shown the strong polymerization interaction 

but also shown the low polymerization interaction due to the influence of viscosity of 

PSS in aqueous phase [96]. The aniline monomer can be slightly to immersed and 

adsorbed at the sulfonate groups of PSS. So the polymerization yield was found to 

decreased. 

In order to confirm the successful polymerization of  water – soluble 

polyaniline in the presence of PSS by interfacial polymerization, FT-IR was used to 

analyze the functional groups of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate). The FT-IR spectra of (a) pure poly(sodium 4-styrenesulfonate) and 

(b) pure polyaniline were shown in Figure 4.3 . The FT-IR spectrum of PSS (-a-) 

shows a characteristic peak at 1,184cm-1 and 1,037 cm-1 for the symmetric-stretching  

and antisymmetric-stretching vibration of -SO3
- groups, respectively. The peak at 

1,127 cm-1 and 1,008 cm-1

 

 are attributed to in-plan skeleton vibration and in-plan 

bending vibration of the benzene ring, respectively. [] 

 

 

 

 

 

 

 

 



(a) Pure poly(sodium 4-styrenesulfonate) 

(b) Pure polyaniline 

 

 

Figure 4.3 FT-IR spectra of (a) poly(sodium 4-styrenesulfonate) and (b) polyaniline. 

 

As for the FT-IR spectra of pure polyaniline, the absorption peak observed at 

1557, 1479 and 1299 cm-1

 

 corresponding to the stretching of C=N bond of quinoid 

structure, the stretching of the C-N bond of benzenoid structure and the stretching of 

the C-H bond with aromatic conjugation, respectively. [] 

 

 

Symmetric stretching vibration of S03
- 

Anti-symmetric stretching vibration of S03
- 

Stretching vibration of C=N quinonoid 

Stretching of C-N bond of benzenoid structure 

Stretching of C-H bond with aromatic conjugation 



(c)  Water - soluble polyaniline blend poly(sodium 4-styrenesulfonate) 

 

Figure 4.4 FT-IR of water - soluble polyaniline blend poly(sodium 4-

styrenesulfonate) with the PSS concentration  of 5 mM. 

 

The FT-IR spectra of PANi.PSS with the different PSS concentration were 

shown in Figure 4.4. All characteristic absorbance peaks of pure poly(sodium 4-

styrenesulfonate) and pure polyaniline could also be observed in the FT-IR spectra of 

water - soluble polyaniline blend poly(sodium 4-styrenesulfonate). The main 

characteristic absorption peaks of SO3
- group are appeared around 1,184, cm-1 and 

1,037 cm- of all condition Aniline:PSS concentration ratio demonstrating the 

successful polymerization of polyaniline in the presence of PSS using interfacial 

polymerization. The characteristic symmetric-stretching  and antisymmetric-

stretching vibration peaks of SO3
- group were observed at 1,184 cm-1 and 1,037 cm-

 

 

in all curves of Figure 4.4 and are consistent with the increasing concentration feed 

ratio of Aniline:PSS concentration.  

In conclusion: Water - soluble polyaniline blend poly(sodium 4-styrenesulfonate) was 

synthesized by interfacial polymerization. The influence of the range of experimental 



conditions on the polymerization on the characterization of PANi.PSS conducting 

polymer was systematically investigated in order to achieve the optimal conditions. 

Optimization studied of the interfacial polymerization polymerization of PANi.PSS 

reveal that the experimental conditions such as temperature, pH, oxidant 

concentration, polyelectrolyte concentration and polymerization time have a dramatic 

effect on the properties of PANi.PSS. All of the polymerization parameters were 

shown in Figure 4.5. 

 

 

Figure 4.5 The optimum conditions to synthesis water-soluble polyaniline blend 

poly(sodium 4-styrenesulfonate) 

 

4.2 Layer-by-layer self assembly of water – soluble polyaniline blend 

poly(sodium 4-styrenesulfonate) 

The layer-by-layer polymer multilayer thin films were mostly performed in 

aqueous solution in order to fabricate the homogeneous thin film. In this study, layer-

by-layer polymer multilayer thin films were prepared from two kinds of water - 

soluble polyelectrolyte, which have two different electroactive groups. The first 

polymer was anionic, PANi.PSS, which was synthesized by interfacial polymerization 



method. Another polymer was cationic, poly(diallydimethyl ammonium chloride, 

PDADMAC. The layer-by-layer polymer multilayer thin films were formed by the 

alternating deposition of the positively charged of polyelectrolyte between PANi.PSS 

and PDADMAC. The electrostatic attraction between the sulfonic group of PANi.PSS 

and quaternary ammonium group of PDADMAC could be fabricated the polymer 

multilayer thin films. 

 

4.2.1 Effect of dipping time onto the film fabrication 

The one parameter which can used to control the growth of polymer multilayer 

thin films are the dipping time. Because the adsorption of polymer at the thin film 

water interface is controlled by a diffusion process time play a major role in the 

formation of the multilayer.  

 

 

 

 

 

 

 

 

 

 

Figure 4.6 The plot of the dipping time of (PANi.PSS/PDADMAC) multilayer thin 

film 
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Effect of dipping time onto the assemblies of PANi-PSS/PDADMAC 

multilayer thin films were shown in Figure 4.6. When the 5 layers of positively-

charges hydrophilic substrate was dipped in a PANI.PSS solution, the electrostatic 

interaction are sufficient to allow a complex to be formed with in 10 sec. While the 

deposition occur, the surface charge become less positive and more negative as more 

polycation PANi.PSS absorb on the surface. The absorbance was found to increase 

from 10 sec to 4 min which suggest the quick adsorption of polyaniline onto the glass 

substrate. Afterward, the trend was found to stable when the dipping time increase 

from 5 to 30 min. This mean, when the surface is completely coated with the 

PANi.PSS the adsorption is stopped due to the electrostatic repulsion. 

 

4.2.2 Effect of pH onto the film fabrication 

The pH-controlled layer-by-layer assembly of polyelectrolytes provides 

enormous flexibility in controlling both the molecular organization and properties of 

polyelectrolyte multilayer thin films. With suitable adjustment of pH of the PANI.PSS 

solution, it is possible to manipulate dramatically the molecular organization, 

composition, surface properties and chemistry of the multilayer assemblies created by 

this process. This experiment was carried out by adjustment the pH of PANi.PSS 

solution in the pH range 6 to 10 by fixing the % weight concentration of each polymer 

solution. The UV-Vis spectra of PANi.PSS in different subphases were shown in 

Figure 4.7. 



Figure 4.7 The plot of the effect of pH onto the (PANi.PSS/PDADMAC) multilayer 

thin film fabrication. Insert graph shown the normalized plot of the pH onto the 

assemblies of (PANi.PSS/PDADMAC) multilayer films. 

The trend of progressive deposition in each pH onto the LbL self assembly of 

(PANi.PSS/PDADMAC) multilayer films is observed. It is interesting to observe that 

the absorption peak was found increased with increasing the pH of PANi solution 

from 6 to 9. The maximum absorption peak was found at pH 9. The appearance of the 

high deposition at pH 9 is due to high charge density of PANi.PSS solution. Then the 

pH trend was found to decrease a little bit to pH 10. PANi.PSS was completely 

ionized at pH 9, (pKa = 9 []) and could be act as the anionic polyelectrolyte for film 

assembly. The charge carrier density or charge density is defined as the average 

number of ionic sites per monomer unit. The distribution of ionic site along the chain 

can also influence of polyelectrolyte properties significantly.  

 

4.2.3 Effect of NaCl concentration onto the film fabrication 

A. Effect of NaCl concentration in PANI.PSS solution onto film 

fabrication 
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Polyelectrolyte multilayers are made by the alternating adsorption of 

oppositely charged polymer. NaCl, in the solution contacting the multilayer, is known 

to participate in many aspects of polyelectrolyte multilayer formation and function. 

Figure 4.8 showed the plot and picture of the films corresponding to various added 

amount of NaCl in the PANi.PSS solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Effect of NaCl concentration in PANi.PSS solution onto the assemblies of 

(PANi.PSS/PDADMAC) multilayer films, insert graph show the picture of PANi.PSS 

films at various NaCl concentration of  0.5, 1.0, 1.5 and 2.0 M when fix the number of 

layer at 9. 
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It can be seen that when increasing the NaCl concentration from 0.5 to 2.0 M, 

the film appeared greener, with display the high absorbance at 2 M NaCl added. 

When adding NaCl in the solution, two majors effects including the kinetic of 

adsorption and the saturation level of polymer onto the film were observed. The initial 

increase in saturation can be explained by the decrease in electrostatic repulsion of the 

PANi.PSS solution adsorbed onto the surface. The salt ions play a screening role 

which cancel the repulsion of the  PANi.PSS having the same charge and therefore, 

decrease the bjerum length. The decrease in repulsion between adsorbed polymer led 

to an increase in packing of polymer and therefore, more efficient adsorption of the 

polymer.  

 

B. Effect of NaCl concentration in PDADMAC solution onto the film 

fabrication 

Normally, the salt concentration is expected to increase the content of free site 

in the polyelectrolyte multilayer complex. Not only in the PANi.PSS, polyanionic 

sources but also in PDADMAC, polycationic source was investigated. In this studied, 

the influent of NaCl with have the concentration of 0.2, 0.5, 1.0 and 2.0 M were feed 

in various PADADMAC concentration of 5, 10 and 50 mM. Typical results are shown 

in Figure 4.9. 
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Figure 4.9 Plots of the changes in absorbance of the (PANi.PSS/PDADMAC)9lys 

 

 

multilayer films of various NaCl concentration in 5, 10 and 50 mM PADADMAC 

solution 

The results are the changes in absorbance of (PANi.PSS/PDADMAC)9lys  

multilayer  films with NaCl concentrations were increased from 0.2, 0.5, 1.0 and 2.0 

M in various PADADMAC concentration of 5, 10 and 50 mM. It can be seen that the 

kinetic of adsorption display the maximum at the NaCl concentration of 0.2 M and 

then when further increasing NaCl concentration from 0.5, 1.0 and 2.0 M, the kinetic 

adsorption of (PANi.PSS/PDADMAC)9lys  multilayer films appeared decreases. 

Figure 4.10 - 4.12 were used to investigated the reason, why the desorption of 

polymer are decrease when increase the NaCl concentration in PDADMAC solution. 
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Figure 4.10 Effect of NaCl concentration in 5 mM PDADMAC solution. 
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Figure 4.11 Effect of NaCl concentration in 10 mM PDADMAC solution. 
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Figure 4.12 Effect of NaCl concentration in 50 mM PDADMAC solution. 

 

Figure 4.10 - 4.12 shown the plot of the change in absorbance of PANi.PSS 

and PDADMAC thin film by vary the number of layer. Of each PDADMAC 

concentration, when increase NaCl concentration the polymer films were started to 

dissociate with the  desorption. Loss of an intact multilayer on immersion in 2.0 M 

NaCl was more rapid. The dissociation of PANi.PSS from PDADMAC is caused by 

salt ion successfully challenging polymer/polymer segment ion pairs. The degree of 

extrinsic compensation required for the polymer/polymer interaction to be weakened 

to the point that the multilayer decomposes is similar to the concept to the minimum 

charge density on the polyelectrolyte for multilayer formation. 

 

 

 

 



4.2.4 Effect of Aniline:PSS concentration feed ratio for fabricated of 

polymer multilayer thin films 

The different aniline:PSS concentration feed ratio solution of 10:3, 10:5, 

10:10, 10:20, 10:50, 10:100, 10:150 and 10:200 mM from interfacial polymerization 

was used to prepare the polymer thin film. The glass substrate which have 5 layers of 

positively-charges hydrophilic was immersed into PANi.PSS solution for 5 min/layer. 

The performance of polymer thin films were investigated by UV-Vis spectroscopy. 

The absorption spectra for the (PANi.PSS/PDADMAC)5 lys

 

 polymer films was shown 

in Figure 4.13. 
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Figure 4.13 The changes in absorbance of (PANi.PSS/PDADMAC)5lys

 

 multilayer 

films at various concentration feed ratio of PANi-PSS10:3, 10:5, 10:10, 10:20, 10:50, 

10:100, 10:150 and 10:200 mM.  

The clear trend of progressive deposition in each aniline:PSS concentration feed 

ratio solution is observed. It is interesting to observe that each polymer concentration 



feed ratio led to different loading of polymer onto the substrate. Here, the absorption 

peaks were found increased with increasing the polymer concentration feed ratio from 

3 to 10 mM. The maximum absorption peak was found at 10 mM. Then the trend was 

found to decrease from 20 mM to 200 mM. This difference is mostly due to; 

 

1) At the concentration  feed ratio of aniline:PSS of 10:3, 10:5 and 10:10 mM, the 

higher growth rate is due to a  strong interpenetration between the oppositely 

charged polymer layer. 

2) At the concentration feed ratio of aniline:PSS of 10:20, 10:50, 10:100, 10:150 

and 10:200 mM, the appearance of deposition was found to decrease due to the 

excess of PSS polymer stricking onto the surface is probably due to unreacted 

PSS which were blended in the solution with polyaniline. 

 

 In order to confirm the effect of competition of two different  polymer species in the 

solution. This part was studied the effect of competition by:  100 mL of  10:3 

PANi.PSS was mixed with the different concentration of PSS from 5, 10, 20, 50, 75 

and 100 mM.  The solutions were used to fabricate the polymer thin film by immersed 

the 5 layers of positively-charges hydrophilic primer in the polymer solution. The 

result was shown in Figure 4.14. The inset shows the plot of the PSS concentration 

versus the absorbance at Lampda max of each condition. 

 



 

Figure 4.14 Competition study of  Layer-by-Layer polymer multilayer  thin films 

 

Experiments show that, the trend was found to decrease when increase the 

PSS concentration. The amount of PSS added was obstructed the polyaniline stricking 

onto the surface of substrate. In the present experiment, one can control the rate of 

deposition in multilayer film by controlling the amount of polymer excesses into the 

solution.  Figure 4.15 was shown the electrical properties of the PANi.PSS multilayer 

films. In this experimental, the different PANi-PSS concentration feed ratio of 10:3, 

10:5, 10:10, 10:20, 10:50, 10:100, 10:150 and 10:200 mM from interfacial 

polymerization were used as the sources of anionic polyelectrolyte for film 

fabrication. The polymer films were fabricated by LbL self assembly by reacting the 

anionic polyelectrolyte with the PDADMAC cationic polyelectrolyte. The electrical 

properties was measured by four point probe set-up. 
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Figure 4.15 The changes in conductivity of (PANi-PSS/PDADMAC)21lys

 

 multilayer 

films at various concentration feed ratio of  PANi-PSS. 

The results showed that, the conductivity of the polyaniline multilayer thin 

films increase as the PSS concentration is stepped from 3 mM to 10 mM and decrease 

as the conductivity is stepped of PSS concentration from 20 mM to 200 mM. The 

conductivity of aniline:PSS concentration feed ratio of 10:5 mM is much highest than 

the other assemblies. The decrease in conductivity of polymer thin films of  

aniline:PSS concentration feed ratio of  10: 10 to 10:200 mM is to correlate with the 

insulated of PSS. Generally, PSS behaves like an electronic insulator, the insulating 

form of PSS was disrupted, resulting in a decrease conductivity. And moreover, the 

excess PSS polymer sticking onto the surface is probably due to unreacted polyaniline 

polymerized which were mixed in the solution with PANi.PSS. 

 

4.2.5 Effect of number of layer onto the film fabrication 

One of the simplest methods for the control of the growth of multilayered thin 

film is to vary the number of layer. In this case the main parameter which are the type 



of polyelectrolyte, the ionic strength of solution, the concentration of polyelectrolyte 

and the dipping time are kept constant. Table 4.2 shown the parameters for 

polyaniline multilayered thin film fabrication. 

 

Table 4.2 The summarization parameters to fabricate the polyaniline multilayered thin 

film 

No Parameters Fixed condition 

1. 

 

2. 

3. 

 

4. 

5. 

6. 

Polyaniline blend poly(sodium 4-styrene 

sulfonate) 

PDADMAC concentration 

NaCl in polyaniline blend poly(sodium 4-styrene 

sulfonate) solution 

NaCl in PDADMAC solution 

pH 

Dipping time 

Aniline:PSS ratio 10:5 

mM 

10 mM 

2.0 M 

 

0.2 M 

6 

5 min 

 

The increase in absorbance values of (PANi.PSS/PDADMAC)lys  multilayer 

films as the function of number of deposition polyaniline blend poly(sodium 4-styrene 

sulfonate) and PDADMAC layers was shown in Figure 4.16. It can be seen that after 

the deposition of a few layer (1-13) the increase in absorbance is constant for each 

deposition step because the amount of polymer being deposited for each dipping cycle 

is constant. The step increment is the function of the system parameter and is constant 

if the system parameter are kept constant. This provide a very convenient method to 

control the thickness of the films. 



 

Figure 4.16 The absorbance value as the function of number of 

(PANi.PSS/PDADMAC)lys 

 

 multilayer films. 

 

Figure 4.17 Representative digital picture images of assembled 

(PANi.PSS/PDADMAC) lys 

 

 multilayer films. 
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            Figure 4.18 Thickness of (PANi.PSS/PDADMAC) lys 

 

 multilayer films 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 Conductivity of the (PANi.PSS/PDADMAC) lys 

 

 multilayer films 

Figure 4.18 was shown the thickness of (PANi.PSS/PDADMAC)lys 
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 multilayer 

films. It can be seen that the thickness of polymer thin film as the function of number 

No measurement 



of layer for (PANi.PSS/PDADMAC)lys multilayer deposition on glass substrate. The 

thickness of multilayer films of polyaniline was found in the range of 50-800 nm 

when the number of layer varied from 1-19 layers. Figure 4.19 shows the electrical 

conductivity of doped (PANi.PSS/PDADMAC)lys  multilayer films. It was indicated 

that the electrical conductivity of the polymer films increased with increasing the 

number of layer. The 19 layers had appreciable conductivity 3.7 x 10-7 

 

S/cm after 

doped with 1.0 M HCl for 2 hours. This was a direct result of the conversion of the 

emeraldine base form to the emeraldine salt form, which is highly π-conjugated 

system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4 Sensing properties of polyaniline multilayer films and water - soluble 

polyaniline solution 

Recently, polyaniline have been used to prepare optical pH sensors. In this 

experiment PANI.PSS solution from interfacial polymerization and 

(PANi.PSS/PDADMAC) 
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multilayer films from layer-by-layer self assembly were 

used to investigate the optical pH sensors. Figure 4.20 shown the electronic 

absorption spectra of polyaniline solution in different pH. 

 

          Figure 4.20 Electronic absorption spectra of polyaniline solution in different pH 

 

The effect of pH on the change in electronic spectrum of polyaniline polymer 

can be explained by the defferent degree of protonation of the imine nitrogen atoms in 

the polymer chain. The electronic spectra of polyaniline in different pH are shown in  

Figure 4.20. The polyaniline solution are rendered fully deprotonated with λmax 542 

nm (pH 11). When the solution was treated with different pH buffer solution, they are 

protonated and  λmax were shifts to 761 nm (pH 3). During protonated/deprotonated 

reaction, a reversible color change from green to blue to purpus are observed. This 



reversible color change is a typical characteristic of polyaniline solution. Figure 4.21 

is a graph of λmax of polyaniline solution versus pH. In pH range 3-6 and 8-11, λmax 

change gradually. However, in pH region of 6-8, λmax change rapidly with the pH. 

The wavelength is observed between 3-11; therefore it is possible to measure solution 

pH by monitoring λmax.  

 

                        Figure 4.21 The relationship between λmax and solution pH 

 

Another alternative method of optical pH sensing using polyaniline solution is 

to monitor absorbance at λmax . A sigmoidal shape curve is obtained for absorbance 

change versus pH. Figure 4.22 was shown the absorbance change of polyaniline 

solution vs pH at 762 and 545 nm. The dynamic range was from 3-11. The appearance 

pKa is used to describe the sensor response. The appearance pKa is defined as the pH 

where response is half way between the minimum and maximum values, representing 

a distribution of pKa’s of polyaniline with varied length anddifferent structure. The 

pKa of  water - soluble polyaniline blend poly(sodium 4-styrene sulfonate) solution is 

7.73. 
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Figure 4.22 The absorbance change of polyaniline solution vs pH at 762 and 545 nm 

 

In order to compare the efficiency of optical pH sensors of polyanilie, the 

(PANi.PSS/PDADMAC)lys 
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 multilayer films were used to investigated the pH sensor 

performance.  

Figure 4.23 Electronic absorption spectra of (PANi.PSS/PDADMAC)lys 
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different pH . 

pKa =7.73 



The electronic absorption spectra of (PANi.PSS/PDADMAC)lys  multilayer in 

different pH was shown in Figure 4.23. The (PANi.PSS/PDADMAC)n multilayer 

film are rendered fully deprotonated with λmax 514 nm (pH 11). When the solution 

was treated with different pH buffer solution, they are protonated and  λmax were 

shifts to 765 nm (pH 3). The acid form of this polymer has much higher absorbance 

than its basic form. This implies that the acid from the polymer absorbs the emission 

of the UV light source more efficiently and will give optimal sensitivity for the 

colorimetric measurement. Figure 4.24 was shown the relationship between λmax of 

(PANi.PSS/PDADMAC)lys 

 

 multilayer films vs solution pH. In pH range 3-7 and 10-

11, λmax change gradually. However, in pH region of 7-10, λmax change rapidly with 

the pH. 

Figure 4.24 The relationship between λmax and solution pH of 

(PANi.PSS/PDADMAC)  

 

 multilayer 

By considering the sigmoidal shape of (PANi.PSS/PDADMAC)n
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 multilayer 

films in Figure 4.24. It can be seen that, the pKa value was found at 8.69.  



 

Figure 4.25 The absorbance change of (PANi.PSS/PDADMAC) 

 

 multilayer vs pH at 

763 and 517 nm. 

In conclusion, the pH sensing of the water - soluble polyaniline blend 

poly(sodium 4-styrene sulfonate) solution and (PANi-PSS/PDADMAC)n multilayer 

films were shown the reversible color change from 3 to 11. By monitoring the 

absorbance at a fixed wavelength or λmax, it is possible to detect pH solution. The 

different in apparent pKa either in PANI.PSS solution and (PANi-PSS/PDADMAC)n

 

 

multilayer films may  be cause from the parameter from thin film formation. 
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4.4 Dispersion of Multiwall Carbon Nanotubes with Poly(diallydimethyl 

ammonium chloride) 

Multiwall Carbon Nanotubes have been of interest since their discovery 

because their unique architecture and remarkable mechanical, thermal and electronic 

properties. According to the van der waals force between nanotubes surface, carbon 

nanotubes trend to aggregate to each other as a bundle. Therefore, this major problem 

lead carbon nanotubes hardly dispersed in any kind of solvent and induced the next 

problem which was how to disperse carbon nanotube before applying in any 

application. Normally, there are two main approaches for modifying carbon nanotubes 

surface such as noncovalent and covalent surface modification. In these experiment, 

PDADMAC was used to dispersed MWCNTs by noncovalent surface modification 

based on the interaction as hydrophobic. 

            

4.4.1 Effect of PDADMAC concentration on the  dispersion of  MWCNTs  

The pristine MWCNT was dispersed in PDADMAC to the extent of 5 mg/ 100 

mL PDADMAC and ultrasonic at 100 KHz for 2 hr. The concentration of 

PDADMAC has a profound effect on the dispersion of MWCNTs, therefore, different 

concentration of PDADMAC (0, 0.01. 0.05, 0.1, 0.2, 0.3, 1.0 and 3.0 mM) were 

prepared to sonication with MWCNTs. As expected, the pristine MWCNTs could be 

dispersed.  

Figure 4.26 shown the plot of the changes in absorbance of the solution as the 

function of the added PDADMAC concentration. From the initial solution of 

aggregated MWCNTs, as PDADMAC concentration is increased from 0.01 to 0.1 

mM, the adsorption of the polymer onto MWCNTs leads to dispersion. The increase 

in absorbance quickly level off suggesting that all the MWCNTs, present in the 
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solution have been dispersed. Further increase of the PDADMAC concentration to 3 

mM, it does not induce any increase in absorbance. 

Figure 4.26 Effect of PDADMAC concentration of 0, 0.01. 0.05, 0.1, 0.2, 0.3, 1.0 and 

3.0 mM on the dispersion of MWCNTs. 

 

The intermolecular interaction improves the solubility of MWCNTs in water 

by the quaternary ammonium group of PDADMAC represent the most hydrophobic 

to be adsorbed and arranged into rolled-up preferentially onto the surface of 

MWCNTs.  The suitable concentration of PDADMAC could account for the stable 

dispersion of MWCNTs through noncovalent surface modification.   

 

4.4.2 Monolayer of MWCNTs dispersed with the different concentration of  

PDADMAC  

One of the interesting in the series of PDADMAC polyelectrolyte 

concentration onto the dispersion of MWCNTs is to explain what concentration of 

PDADMAC to dispersed in MWCNTs shown the high efficiency to fabrication 

composite thin film by layer-by-layer self assembly method. The 4 layers of 
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negatively-charges hydrophilic glass slide substrates were immersed into the 

MWCNTs-PDADMAC solution. The films were dipped over night in order to form 

the monolayer of the substrate surface. The performance of the MWCNTs-

PDADMAC monolayer films were characterized by UV-Vis spectrometer. Figure 

4.27 shown the monolayer of MWCNTs dispersed with the different concentration of  

PDADMAC of 0, 0.01. 0.05, 0.1, 0.2, 0.3, 1.0 and 3.0 mM. This can be seen the 

absorbance monolayer found to increase when increase the concentration of 

PDADMAC from 0.01 to 0.1 mM. The 0.1 mM PDADMAC dispersed was displayed 

the high absorbance. Then the absorbance monolayer was found to decrease when 

increase the concentration of PDADMAC from 0.2 to 1.0 mM. The deposition was 

found to decrease due to the excess of unreacted PDADMAC stricked onto the 

surface of the substrate. So from this experiment 0.1 mM PDADMAC was used to 

dispersed MWCNTs. 

 

Figure 4.27 Monolayer of MWCNTs dispersed with the different concentration of  

PDADMAC of  0, 0.01. 0.05, 0.1, 0.2, 0.3 and 1.0 mM. 

0.1 mM PDADMAC 



4.4.3 Effect of sonication times on MWCNTs dispersed with PDADMAC 

Sonication time is also an important influence factor to disperse MWCNTs 

with PDADMAC. The sonication process was necessary step to temporarily dispersed 

MWCNTs in PDADMAC solution. Although the MWCNTs was sonicated, but it still 

hardly dispersed in solution because of the strong hydrophobic properties. So this 

studied was carried out by mixing 5 mg of MWCNTs with 0.1 mM PDADMAC 

solution. The dispersion was investigates in the time intervals ranging from 0.15, 

0.30, 1.0, 1.5, 2.0 and 3.0 hours. The mixture solution was stored at room temperature 

for 24 hours and measured the turbidity by UV-Vis spectroscopy. Figure 4.28 was 

shown the effect of sonication time onto the dispersion. It shows that the absorbance 

response of MWCNTs-PDADMAC were highly depentdent on the sonication time. 

The absorbance was found to increase as the sonication time increased from 0.15, 

0.30 hour and then stable with further sonication time. It can be seen that the 

MWCNTs are totally dispersed at sonication time 0.30 hour. 

 

 

 

 

 

 

 

 

 

Figure 4.28 Effect of sonication time onto the dispersion of MWCNTs with 

PDADMAC 
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4.4.4  Stability of MWCNTs dispersed with PDADMAC  

It is well known that noncovalent functionalization of MWCNTs using 

polymer, surfactant and biomolecule provided the weak interaction between the 

hydrophobic backbone of the dispersing agent and hydrophobic nanotubes surface. 

Therefore, in order to known the stability of MWCNTs dispersed with PDADMAC 

solution. The effect of   functionalization times, salt types, salt concentration and pH 

were investigated. 

 

4.4.4.1 Effect of functionalization times on the stability of MWCNTs 

This experiment was carried out by dispersing 5.0 mg of MWCNTs in 0.1 mM 

PDADMAC solution. The solution was sonicated by probe sonicator for 2 hours in 

order to form the dispersion of MWCNTs. The mixture solutions were kept for 24 

hours and measure the performance of each mixture solution by UV-Vis spectrometer. 

Figure 4.29 was shown the stability of noncovalent surface modification of MWCNTs 

dispersed with PDADMAC, as the function of time. The dispersion was stable up to 2 

weeks.  
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Figure 4.29 Stability of noncovalent surface modification of MWCNTs dispersed with 

PDADMAC, as the function of time. 

 

The obtained stability was highly homogeneous and showed drastically 

improved stable properties of MWCNT dispersed with PDADMAC as compared to 

other prepared by same method. 

 

4.4.4.2 Effect of ionic interaction on the stability of MWCNTs 

It is well known that noncovalent surface modification of MWCNTs is not 

straightforward for the stability because its provided the weak interaction between the 

dispersing species and MWCNTs surface. In this part the stability in term of salt type 

and salt concentration were investigated. Figure 4.44 shown the stability of 

noncovalent surface modification of MWCNTs dispersed with PDADMAC, as the 

function of salt type (NaCl, Na2SO4  and Na3HPO4

 

) and salt concentration. 



0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.00 0.10 0.20 0.30 0.40 0.50

NaCl concentration, M

A
bs

or
ba

nc
e 

un
it

 

Figure 4.30  Stability of noncovalent surface modification of MWCNTs dispersed 

with PDADMAC, as the function of salt type and salt concentration: where ♦ = NaCl, 

■ = Na2SO4  and ▲ = Na3HPO4

 

) 

The influences of Cl-, SO4
2- and HPO4

3- on the stability of MWCNTs 

dispersed with PDADMAC were investigated.  The SO4
2- and HPO4

3- ions produced 

a similar shape of precipitation curve of the dispersed MWCNTs in PDADMAC 

solution. MWCNTs dispersed was precipitated quickly when the di-, and tri- valent 

salt added. . The precipitation could be attributed to the depressed of hydrophobic 

interaction  by the added ions, which could lower the electrostatic repulsion between 

MWCNTs and thus lead to the aggregation and sedimentation of MWCNTs On the 

other hand mono valent, Cl-

 

 was shown the slowly precipitation. At low NaCl 

concentration, NaCl could screen the MWCNTs surface, but the hydrophobic 

properties was still higher than the van der Waals attractive force of MWCNTs, hence 

it was shown the high stability more than high concentration added.  
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4.4.4.3 Effect of pH on MWCNTs dispersed with PDADMAC 

To investigate the influence of the pH on the stability of MWCNTs dispersed 

with PDADMAC, MWCNTs dispersed with PDADMAC was conducted in buffers 

with the variable of pH. A curve obtained at different pH varied from 3-11 is depicted 

in Figure 4.31. From the graph, it is clearly seen that the absorbance curve stable in all 

pH. pH solution can control the dissociation of PDADMAC. Normally PDADMAC is 

a strong polyelectrolyte which can play the positive charges in all the pH. So 

MWCNTs can be stable in all aqueous solution 

 

 

Figure 4.31 Stability of noncovalent surface modification of MWCNTs dispersed with 

PDADMAC, as the function of pH 

 

The dispersion of MWCNTs was also investigated using TEM. The TEM 

images taken after dispersed 5 mg MWCMTs with 0.1 mM PDADMAC and wait it 

stable before 24 hours. Figure 4.32 shown TEM nanograph in different scale bar. The 

noncovalent surface modification MWCNTs with PDADMAC were seen to be 

Acetic buffer solution     Phosphate buffer solution              NaOH 



dispersed. The observation presented in Figure 4.32 (a) display that most of the 

individual nanotubes are uniform. The calculated thickness of the dispersion of 

MWCNTs was 14 nm. 

 

(a)   (b)   

(c)  

 

 

 

 

 

Figure 4.32 TEM micrograph of MWCMTs dispersed in PDADMAC (a) scale bar 50 

nm, (b) scale bar 20 nm and (c) scale bar 7 nm. 

 

 

 

 

3.5 nm  

 

14 nm  

 



4.5 Dispersion of Multiwall Carbon Nanotubes with polyaniline blend 

poly(sodium 4-styrenesulfonate, PANi.PSS) 

Our hypothesis was that the used of conducting polymer as the dispersing 

agent to disperse MWCNTs might allow better conductivity.   In this experiment, 

PANi.PSS was used as the dispersing agent for MWCNTs. This part was discussed 

the effect of polymer concentration, pH onto the dispersion of MWCNTs and the 

stability of the solution only.  

 

4.5.1 Effect of PANi.PSS concentration on the dispersion of MWCNTs 

The concentration of PANI.PSS has a profound effect on the dispersion of 

MWCNTs, therefore, different concentration of PANI.PSS were prepared to 

sonication with MWCNTs. The 5.0 mg pristine MWCNT was dispersed in 100 mL of 

pH 6 PANi.PSS. The polymer concentration was varied from 0.01. to 0.15 %.weight. 

Figure 4.33 shown the plot of the changes in absorbance of the solution as the 

function of the added PANi.PSS concentration. The absorbance of the mixture 

solution starts increasing at the polymer concentration from0.01 to 0.05 % weight and 

turn to stable when polymer concentration increase from  0.05 to 0.15 % weight. 

During the dispersing process, intermolecular interaction improves the solubility of 

MWCNTs in PANi.PSS by the planar aromatic species of polyaniline have been 

found to adhere tightly to the side wall of carbon nanotune surface via π-π stacking. It 

was suggested that the π-π stacking interactions generated the dispersing of MWCNTs  
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Figure 4.33 Effect of PANi.PSS concentration (0, 0.01. 0.02, 0.05, 0.1, 0.13 and 0.15 

%.weight) onto the dispersion of MWCNTs.  
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Figure 4.34 Monolayer of MWCNTs dispersed with the different concentration of 

PANi.PSS (0, 0.01. 0.02, 0.05, 0.1, 0.13 and 0.15 %.weight) on glass substrate. 

 

0.05 % weight 

0.01 % weight 



The monolayer of MWCNTs dispersed with the different concentration of  

PANi.PSS of 0, 0.01. 0.02, 0.05, 0.1, 0.13 and 0.15 %.weight was shown in Figure 

4.34. The absorbance of the monolayer was displayed maximum at the polymer 

concentration of 0.01 % weight. Then the absorbance monolayer was found to 

decrease when increase the concentration of PDADMAC from 0.02 to 0.15 % weight. 

The deposition of the monolayer was found to decrease due to excess of unreacted 

PANi.PSS stricked onto the surface of the substrate. 

 

4.5.2 Effect of pH  on the dispersion of MWCNTs 

This experiment was conducted by varied the pH of the PANi.PSS and fixing 

the concentration of the polymer constantly. The 5.0 g of MWCNTs was mixed with 

different pH of polymer solution under the sonication process. The mixture solutions 

was kept for 1 day in room temperature and measure the turbidity of the sulutionby 

UV-Vis spectroscopy at the wavelength of 550 nm. 
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Figure 4.35 Effect of pH of PAN.PSS onto the dispersion of MWCNTs. 



Figure 4.35 shown pictures of solution corresponding to MWCNTs dispersed 

with the various pH of PANi.PSS. It can be seen that when increasing the pH of 

polymer solution from 6 to 10, there is no change in the absorbance of mixture 

solution. The intermolecular interaction of the noncovalent surface modification of 

MWCNTs was shown the role of π-π stacking interaction with PANi.PSS at all pH 

range.  

 

4.5.3  Stability of MWCNTs dispersed with PANi.PSS: functionalization times 

In order to optimize the stability of MWCNTs dispersed with PANi.PSS, the 

effect of functionalization times of the mixture solution was evaluated. The 5.0 mg 

MWCNT was mixed with 0.01 % PANi.PSS solution under the sonication process for 

2 hours. The performance of the mixture solution was measured the characteristic by 

UV-Vis spectrometer for the half of month. The result was shown in Figure 4.36. 
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Figure 4.36 Stability of noncovalent surface modification of MWCNTs dispersed with 

water - soluble polyaniline blend poly(sodium 4-styrenesulfonate, PSS), as the 

function of time. 



The stability of noncovalent surface modification of MWCNTs dispersed with 

PANi.PSS as the function of time was found to stable more than 2 weeks. The π-π 

noncovalent surface modification was found much stronger than a simple 

hydrophobic association. 

 

(a)                     

(b)  

Figure 4.37 TEM micrograph of MWCMTs dispersed in PANi.PSS (a) scale bar 100 

nm and (b) scale bar 50 nm. 

11.3 nm 

21.5 nm 



In order to confirm the  dispersion efficiency of noncovalent surface 

modification of MWCMTs dispersed in PANi.PSS, TEM was used to investigate. It is 

clearly observed that the noncovalent surface modification of MWCMTs dispersed 

well in the PANi.PSS solution implying that PANi.PSS is better dispersion medium 

foe MWCNTs. The observation presented in Figure 4.37 (a) and (b) display that most 

of the individual nanotubes are uniform. The calculated thickness of the dispersion of 

MWCNTs was 21.5 nm. 

 

4.6 Layer-by-layer self assembly of MWCNTs 

In this section, the LbL self assembled method was used to prepare the 

different composite multilayer films by the different series of polyanion and 

polycation and the properties of the obtained composite multilayer films were 

examined by measure the electrical conductivity, thickness and surface morphology.  

 

4.6.1 Layer-by-layer self assembly of MWCNTs dispersed with 

poly(diallydimethyl ammonium chloride) /  poly(sodium 4-styrene sulfonate); 

(MWCNTs.PDADMAC)/PSS. 

Our initial approach was to study the incorporation of MWCNTs dispersed 

with PDADMAC into the PSS polymer. The polyanionic and polyionic with the best 

stability and solubility were chosen for the multilayer fabrication. In these case 

polycationic which was dispersed 5 mg MWCNTs with 0.1 mM PDADMAC  were 

used for film fabrication. These MWCNTs dispersed with PDADMAC have a linear 

ionic charge density similar to that of common highly charged polyelectrolyte such as 

PDADMAC. The deposition conditions for the polyelectrolyte were used as 10 min 



dipping time. The mechanism of layer-by-layer self assembly of 

(MWCNTs.PDADMAC)/PSS multilayer thin films was shown in Figure 4.38.  

 

Figure 4.38 Schematic mechanism of layer-by-layer self assembly of 

(MWCNTs.PDADMAC)/PSS multilayer thin films. 

 

The composite thin film was fabricated by the electrostatic interaction between 

the sulfonic group of PSS and quaternary ammonium group of  MWCNTs dispersed 

with PDADMAC. The progress of film formation in the term of increasing in number 

of layer were shown in Figure 4.39 and 4.40. The data was reported as the function of 

absorbance and thickness, respectively. 

 

Figure 4.39 Plot of the changes in absorbance of Layer-by-layer self assembly of 

(MWCNTs.PDADMAC)/PSS 
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Figure 4.40 Thickness of (MWCNTs.PDADMAC) / PSS multilayer thin films. 

 

Figure 4.39 shows the absorbance of MWCNTs.PDADMAC)/PSS multilayer 

thin films as the function of number of layer. The absorbance was found to increase 

when increase the number of layer. The multilayer growth was found linear due to 

each adsorbed layer imparts a constant amount of charge to the growing films. This 

reason could be confirmed by measure the thickness of the films by AFM. The 

thickness was found to increase when increase the number of layer (Figure 4.40). 

 

        

Figure 4.41 AFM pictures for the (MWCNTs.PDADMAC)/PSS 15 layers. 



The AFM images of (MWCNTs.PDADMAC)/PSS multilayer thin films at 

number of layer 15 were investigated. It was found that the  MWCNTs thin film have 

an interconnected network structure with have an average diameter of 15±5 nm. The 

electrical conductivity of (MWCNTs.PDADMAC)/PSS multilayer thin films was 

shown in Figure 4.42. It can be seen that the electrical conductivity of the multilayer 

films increased with increasing  number of layer. The 15 layers of multilayer films 

had the conductivity up to 8.54 x 10-5
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Figure 4.42 Conductivity of (MWCNTs.PDADMAC)/PSS multilayer thin films by 

varying number pf layer. 

 

In order to investigate the optical and electrical properties of 

(MWCNTs.PDADMAC)/PSS multilayer thin films in term of pH changes, the 15 

layers of composite films were dipped into the different pH buffer solution for 2 

hours. The optical and electrical properties were measured by UV-Vis 

spectrophotometer and 4 point probe, respectively. The results were shown in Figure 

4.43-4.44. 

 



0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

350 450 550 650 750 850 950

Wavelength, nm

A
bs

or
ba

nc
e 

un
it

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

 

Figure 4.43 The UV-Vis spectra of 15 layers (MWCNTs.PDADMAC)/PSS multilayer 

thin films at pH 1 to 12. 
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Figure 4.44 Conductivity of 15 layers (MWCNTs.PDADMAC)/PSS multilayer thin 

films by varying pH. 

 



Figure 4.43 and 4.44 shows the optical and electrical properties of 

(MWCNTs.PDADMAC)/PSS multilayer thin films in term of pH changes. It was 

already mentioned that the optical and electrical properties of 

(MWCNTs.PDADMAC)/PSS multilayer thin films are not pH dependent. The optical 

properties were found very stable. At the same time, almost no changes are observed 

in the specific conductivity curve of 15 layers (MWCNTs.PDADMAC)/PSS 

multilayer thin films by varying pH. All this indicates that the 

(MWCNTs.PDADMAC)/PSS multilayer thin films are very stable in term of optical 

and electrical properties in all pH.  

 

4.6.2 Layer-by-layer self assembly of MWCNTs dispersed with 

poly(diallydimethyl ammonium chloride /  water - soluble polyaniline blend 

poly(sodium 4-styrenesulfonate); (MWCNTs.PDADMAC)/PANi.PSS 

The key approach to provide the best conductivity of composite thin films is to 

use the conducting polyelectrolyte as the layer film. In this part, PANi.PSS was used 

as the anionic polyelectrolyte for fabricate the composite thin films of 

(MWCNTs.PDADMAC). The electrostatic interaction between sulfonic group (of 

PANi.PSS and quaternary ammonium group of  MWCNTs dispersed with 

PDADMAC was displayed for film fabrication (Figure 4.45). 

Figure 4.45 Schematic mechanism of layer-by-layer self assembly of (MWCNTs. 

PDADMAC)/ PANi.PSS multilayer thin films. 



The progress of composite film fabrication can be seen in Figure 4.46. When 

increase the number of layer the absorbance was found to increase. The multilayer 

growth of (MWCNTs. PDADMAC)/ PANi.PSS multilayer thin films was found 

linear due to each adsorbed layer imparts a constant amount of charge to the growing 

films. 

 

Figure 4.46 Plot of the changes in absorbance of Layer-by-layer self assembly of 

MWCNTs. PDADMAC / PANi.PSS multilayer thin films. 

 

Figure 4.47  was shown the thickness of the composite films. By considering 

the comparison of the thickness of the (MWCNTs.PDADMAC)/PSS multilayer thin 

films (Figure 4.40) and (MWCNTs.PDADMAC)/PANi.PSS multilayer films (Figure 

4.47), it can be seen that the thickness of MWCNTs.PDADMAC/PANi.PSS has 

thicker. It could be concluded that, the ionic surface charges density of  PANi.PSS is 

greater than that of PSS. The AFM images of (MWCNTs.PDADMAC)/PANi.PSS 

multilayer thin film (Figure 4.48) show more densely packed MWCNTs network 

structure. 
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Figure 4.47 Thickness of (MWCNTs. PDADMAC) / PANi.PSS multilayer thin films. 

 

 

 

Figure 4.48 AFM pictures for the (MWCNTs. PDADMAC) / PANi.PSS multilayer 

thin films, at 15 layers. 
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Figure 4.49 Conductivity of MWCNTs. PDADMAC / PANi.PSS multilayer thin films 

 

The effect of PANi.PSS as the polyanion to fabricate the multilayer films with 

(MWCNTs.PDADMAC) as the function of electrical conductivity was shown in 

Figure 4.49. It was found that the electrical conductivity of the multilayer films 

increased when increasing the number of layer. The 15 layers of composite films were 

shown the electrical conductivity 9.77 x 10-5

 

 S/cm. The conductivity of 

MWCNTs.PDADMAC/PANi.PSS multilayer films was shown the high electrical 

conductivity when compare with MWCNTs.PDADMAC/PSS multilayer thin films 

due to the effect of polyanion conducting polymer. The emeraldine salt form of 

PANi.PSS was shown the conducting layer for film fabrication. 

Figure 4.50 and 4.51 shows the optical and electrical properties of 15 layers 

(MWCNTs. PDADMAC) / PANi.PSS multilayer thin films at pH 1 to 12. It was 

found that the color of (MWCNTs. PDADMAC) / PANi.PSS multilayer thin films 



change with pH, which is the basic for an all optical pH sensor based on PANi.  The 

effect of pH on the change in electronic spectra of (MWCNTs. PDADMAC) / 

PANi.PSS multilayer thin films can be explained by the different degree of 

protonation of the imine nitrogen atoms in the PANi polymer chain. 
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Figure 4.50 The UV-Vis spectra of  15 layers (MWCNTs. PDADMAC) / PANi.PSS 

multilayer thin films at pH 1 to 12. 
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Figure 4.51 Conductivity of 15 layers (MWCNTs. PDADMAC) / PANi.PSS 

multilayer thin films by varying pH from 1-12. 



It has been demonstrated previously that the electrical properties of PANi thin 

films depends strongly on its environmental pH. So the electrical properties of 15 

layers (MWCNTs. PDADMAC) / PANi.PSS multilayer thin films should also be 

studied by a change of pH. Shown in Figure 4.51 is the conductivity of 15 layers 

(MWCNTs. PDADMAC) / PANi.PSS multilayer thin films by varying pH from 1-12. 

It is clear that the electrical properties shows different potential response in different 

pH solution. The electrical conductivity of the composite films decreased when pH 

increased from 1 to 12. The pH 1 had appreciable highest conductivity around 9.654  

x 10-5

 

 S/cm. On the other hand, after the composite thin films were dipped into the 

high pH 2-12, the electrical conductivity of the films decreased and stable at pH 4-12. 

This was a direct result of the convension of emeraldine salt form to emeraldine base 

form. At pH 4-12, the electrical conductivity of the composite films were shown only 

the conductivity of MWCNTs.  

4.6.3 Layer-by-layer self assembly of MWCNTs dispersed with  water - soluble 

polyaniline blend poly(sodium 4-styrenesulfonate) / poly(diallydimethyl 

ammonium chloride) multilayer thin films; (MWCNTs.PANi.PSS)/PDADMAC 

The layer-by-layer deposition can also carried out with anionic MWCNTs and 

polycation, e.g. with PDADMAC. So in this part the PANi.PSS was used as the 

noncovalent surface charge  modification of MWCNTs in order to promote anionic 

MWCNTs for polyelectrolyte multilayer deposition. 5 mg of MWCNTs was dispersed 

with the 0.01 % PANi.PSS concentration The intermolecular interaction improves the 

solubility of MWCNTs in water by the π-π interaction of PANi.PSS and  MWCNTs 

backbone. The composite thin films was fabricated by the electrostatic interaction 

between sulfonic group of MWCNTs dispersed with  PANi.PSS and quaternary 



ammonium group of  PDADMAC. The possible mechanism was shown in Figure 

4.52. 

 

Figure 4.52 Schematic mechanism of layer-by-layer self assembly of 

(MWCNTs.PANi.PSS) / PDADMAC multilayer thin films. 

 

Working with anionic MWCNTs is straightforward as with cationic one. 

Because cationic MWCNTs were easily precipitate during substrate incubation, 

probably due to the negatively charged substrate. Figure 4.53 shows the absorbance of 

the composite thin film of (MWCNTs.PANi.PSS0.01% weight) /PDADMAC when the 

number of layer was varied. All (MWCNTs.PANi.PSS)/PDADMAC multilayer thin 

films growth are linear although less irregular than that of cation MWCNT multilayer, 

perhaps due to low density charge. The absorbance of (MWCNTs.PANi.PSS0.01% weight) 

/PDADMAC multilayer thin films was shown the highest absorbance. The high 

growth rate of (MWCNTs.PANi.PSS0.01% weight

 

) /PDADMAC multilayer thin films was 

found to increase due to the strong interpenetration between oppositely charged 

electrolyte.  



Figure 4.53 Plot of the changes in absorbance of Layer-by-layer self assembly of 

(MWCNTs.PANi.PSS0.01% weight

 

)  / PDADMAC multilayer thin films. 

The thickness of (MWCNTs.PANi.PSS0.01% weight
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) /PDADMAC multilayer thin 

films was shown in Figure 4.54. The first layer of the composite film was found to 

increase when increase the number of layer. The first number of layer was shown the 

thickness around 5.367 nm. Moreover Figure 4.55 shows AFM pictures for the 

composite one by vary the number of layer. The network structure of the LbL 

assembled MWCNTs thin films can be observed with the first number of layer. All 

AFM images clearly show that MWCNTs thin films have an interconnested network 

structure and shown more densely packed MWCNTs network structure when 

increasing the number of layer. 
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Figure 4.54 Thickness of (MWCNTs.PANi.PSS0.01% weight

(a)

) /PDADMAC multilayer 

thin films. 

   (b)  

 (c)     (d)  

Figure 4.55 AFM pictures for the (MWCNTs.PANi.PSS0.01% weight) /PDADMAC 

multilayer thin films at (a) 1, (b) 3, (c) 9 and (d) 15 layers. 
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Figure 4.56 Conductivity of (MWCNTs.PANi.PSS0.01% weight

 

) /PDADMAC multilayer 

thin films 

Figure 4.56 shows the electrical conductivity of (MWCNTs.PANi.PSS0.01% weight) 

/PDADMAC multilayer thin films as the function of number of layer. The films were 

doped with 1 M HCl for 2 hours, the electrical conductivity of the multilayer films 

increased significantly with increasing the number of layer. The films of 15 layer had 

appreciable conductivity 1.36 x 10-4

Figure 4.57 and 4.58 shows the optical and electrical properties of 15 layers 

(MWCNTs.PANi.PSS

 S/cm.  

0.01% weight) /PDADMAC multilayer thin films at pH 1 to 12. The 

optical properties of the (MWCNTs.PANi.PSS0.01% weight) /PDADMAC multilayer thin 

films at pH 1 to 12 were not observed changes in optical spectra suitable for pH 

sensor. It is clear that the former is much weaker than the previous composite 

materials. The main reason for this is that the MWCNTs networks have a negligible 



effect on the optical properties of the PANi. The MWCNTs networks were shown 

more featureless spectra in the visible range.  
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Figure 4.57 The UV-Vis spectra of  15 layers (MWCNTs.PANi.PSS0.01% weight
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/PDADMAC multilayer thin films at pH 1 to 12. 

 

Figure 4.58 Conductivity of 15 layers (MWCNTs.PANi.PSS0.01% weight

 

) /PDADMAC 

multilayer thin films by varying pH from 1-12. 



Figure 4.58 shows the electrical conductivity of 15 layers (MWCNTs.PANi.PSS0.01% 

weight) /PDADMAC multilayer thin films as the function of pH. The result was 

indicated that the electrical conductivity of the composite films were found stable in 

all pH. The stable electrical conductivity of (MWCNTs.PANi.PSS0.01% weight

 

) 

/PDADMAC multilayer thin films in all pH may be due to the main electrical 

conductivity of MWCNTs in composite films. 

4.6.4 Layer-by-layer self assembly of MWCNTs dispersed with 

poly(diallydimethyl ammonium chloride) / MWCNTs dispersed water - soluble 

polyaniline blend poly(sodium 4-styrenesulfonate) multilayer thin films; 

(MWCNTs.PANi.PSS)/(MWCNTs.PDADMAC) 

This experimental the anionic and cationic of MWCNTs polyelectrolytes were 

used to prepared composite thin films.  The anionic and cationic of MWCNTs 

polyelectrolyte were prepared by noncovalent surface charge modification with 

PANi.PSS and PDADMAC, respectively which offer a possibility to construct pure 

nanotube multilayers in a controlled fashion. To demonstrate this, we have fabricated 

(MWCNTs/MWCNTs) multilayers using oppositely charged nanotubes by their 

alternate adsorption. The possible mechanism of film formation was shown in Figure 

4.59. The films were fabricate by the electrostatic interaction between sulfonic group 

of (MWCNTs.PSS) and quaternary ammonium group of  (MWCNTs.PDADMAC). 

Without any added electrolyte in the nanotube solutions, the growth of multilayer 

films were shown in Figure 4.60. The trend of deposition was found to increase when 

increase the number of layer.  

 



 

Figure 4.59 Schematic mechanism of layer-by-layer self assembly of 

(MWCNTs.PDADMAC) / (MWCNTs.PANi.PSS) multilayer thin films 

 

 

Figure 4.60 Plot of the changes in absorbance of Layer-by-layer self assembly of 

(MWCNTs.PDADMAC) / (MWCNTs.PANi.PSS) multilayer thin films. 
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Figure 4.61 Thickness of (MWCNTs.PDADMAC)/ (MWCNTs.PANi.PSS) 

multilayer thin films. 

 

Figure 4.62 Representative digital picture images of assembled (MWCNTs 

PDADMAC) /(MWCNTs.PANi.PSS) multilayer thin films. 

 

Figure 4.61 and 4.62 shows the thickness and digital picture images of 

assembled of (MWCNTs.PDADMAC) / (MWCNTs.PANi.PSS) multilayer thin films 

at various number of layers. The films darken with increasing the number of layer and  

appear at a thickness greater than 50-100 nm when the number of layer varied 

from10-16, which could also lead to thinner films with somewhat denser packing 

between nanotubes. The trend of film growth was found to linear when increase the 

number of layer.  



(a) (b)   

(c) (d)  

(e)   (f)  

Figure 4.63 AFM pictures for the (MWCNTs.PDADMAC) / (MWCNTs.PANi.PSS) 

multilayer thin films at (a) 2, (b) 4, (c) 6,  (d) 8 ,  (e) 10 and (f) 16 layers 

 



Figure 4.63 shows tapping mode AFM images of (MWCNTs.PDADMAC) / 

(MWCNTs.PANi.PSS) multilayer thin films assembled at different number of layer. 

All AFM images clearly show that MWCNTs thin films have an interconnection 

network structure with separated individual MWCNTs. The LbL films shows the 

separated individual MWCNTs due to the electrostatic repulsion between nanotubes 

that act against van der Waals interactions that yield close packed aggregate, as well 

as electrostatic cross-linking between positively and negatively charge MWCNTs 

during the LbL process that lead to randomly oriented, kinetically driven CNT 

arrangements in the film. 
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Figure 4.64 Conductivity of (MWCNTs.PDADMAC)/(MWCNTs.PANi.PSS)  

multilayer thin films. 

 

Figure 4.64 shows the electrical conductivity of (MWCNTs.PDADMAC) / 

(MWCNTs.PANi.PSS) multilayer thin films as the function of number of layer. The 

films were doped with 1 M HCl for 2 hours, the electrical conductivity of the 



multilayer films increased significantly with increasing the number of layer. The films  

of 16 layer had appreciable conductivity 2.39 x 10-3

 

 S/cm. 

Figure 4.65 and 4.66 shows the optical and electrical properties of 16 layers 

(MWCNTs.PDADMAC) /(MWCNTs.PANi.PSS) multilayer thin films at pH 1 - 12. 

The optical properties of the (MWCNTs.PDADMAC) /(MWCNTs.PANi.PSS) 

multilayer thin films at pH 1 - 12 were found the same trend like the 

(MWCNTs.PANi.PSS0.01% weight
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) /PDADMAC multilayer thin films. When the 

(MWCNTs.PDADMAC) /(MWCNTs.PANi.PSS) composite thin films were treated 

with different pH buffer solution, the spectra of composite thin films were changed to 

the different form due to the protonated-deprotronated phenomena of PANi..  

 

Figure 4.65 The UV-Vis spectra of 16 layers (MWCNTs.PDADMAC) 

/(MWCNTs.PANi.PSS)  multilayer thin films at pH 1 to 12. 

 

The electrical conductivity of (MWCNTs.PDADMAC) /(MWCNTs.PANi.PSS)  

multilayer thin films as the function of pH was shown in Figure 4.82. The electrical 



conductivity of composite films were found to stable in all pH due to the main 

electrical conductivity of composite films depend on the MWCNTs behavior.  
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Figure 4.66 Specific conductivity of 16 layers (MWCNTs.PDADMAC) 

/(MWCNTs.PANi.PSS)  multilayer thin films by varying pH from 1-12. 

 

 In conclusions: This research demonstrated the penetration of MWCNTs in already-

prepared LbL films. The noncovalent surface modification of MWCNTs using the 

different polyanionic and polycationic such water - soluble polyaniline in the presence 

of poly(sodium 4-styrenesulfonate) and poly(diallydimethylammonium chloride) can 

be used for preparation of thin films by LbL self assembly method. All the prepared 

MWCNTs multilayers films are shown a very stable. 

 

 

 

 

 



4.7 Gas sensing 

4.7.1  Dependance of the sensors response on NH3

In this section, (MWCNTs.PDADMAC)/ (MWCNTs.PANi.PSS) multilayer 

thin films was used to study the response of NH

 concentration 

3

Figure 4.67 Relative resistance variation of (MWCNTs.PDADMAC) / 

(MWCNTs.PANi.PSS) multilayer thin films based sensor versus time exposed to  

 gas. The activity of 

(MWCNTs.PDADMAC)/ (MWCNTs.PANi.PSS) multilayer thin films based sensor 

had been investigated by measuring the changes of sensor electrical responsivity. The 

composite films based sensor were exposed to ammonia gas with concentration of 

100, 50, 10 and 5 ppm. Typical change of basic resistance of composite films based 

sensor with ammonia concentration were illustrated in Figure 4.67. 

 

The onset of stable response was defined as the response time of sensor. For 

NH3 concentration of 100, 50 and 10 ppm, the response time of all sensors were 

shown 30, 50 and 61 sec, respectively. It cab be inferred that the 

(MWCNTs.PDADMAC) / (MWCNTs.PANi.PSS) multilayer thin films based sensor 

could detect NH3
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increase of NH3

 Figure 4.68 shows the  

 concentration enhances the rate of diffusion of ammonia molecules 

towards and into the composite polymer thin films. The number of molecules that 

achieve contact with the sensing sites on the film in a giving time increases and 

therefore the response time decreases.  
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Figure 4.68 Relative resistance variation of (MWCNTs.PDADMAC) / 

(MWCNTs.PANi.PSS) multilayer thin films based sensor versus time exposed to 

moist at room temperature. 

 

 

 

 

 

 

 

 

 



CHAPTER V 

CONCLUSIONS 

 

Water-soluble polyaniline were synthesized via the aqueous/ organic 

interfacial polymerization route with the aid of PSS.  Using different concentration of 

PSS had a strong effect on the solubility efficiency of polyaniline. The aniline 

monomers can be absorbed completely through the electrostatic interaction onto the 

negatively charged sulfonic groups of PSS during the polymerization, leading to the 

alignment  in the conjugation of the polyaniline backbone. The PSS with the 

concentration higher than 3 mM also displayed the good dispersion when 10 mM of 

aniline monomer and 5 mM ammonium persulfate were fixed. As for the polyaniline 

multilayer films were successfully prepared via the LbL method. The obtained 

multilayer thin films were very stable and conductive in the protonated form of 

polyaniline. They also showed a stable toward the deprotonated form of polyaniline, 

which make it a good candidate as the pH sensor. The polyaniline multilayer films 

show reversible color change in the pH region of 3 to 11, the strong color shift from 

green-blue-purple. The pH sensing can be monitored by observed the absorbance 

change when fixed wavelength or λ max of the sensing devices. It is possible to used 

the polyaniline multilayer films for pH sensing because the films have an apparent 

pKa around 8.69 which have the accurate pH measurement around 3-11. 

The noncovalent surface modigfication of MWCNTs carrying anionic and cationic 

group such as water - soluble polyaniline blend poly(sodium 4-styrenesulfonate) and 

poly(diallydimethylammonium chloride), respectively. MWCNTs polyelectrolyte can 

be used for the preparation of composite thin films by the layer-by-layer self assembly 

technique in an aqueous media. This is very general and powerful technique for the 



fabrication of thin carbon nanotubes films of arbitrary composition and architecture. 

The charge compensation in these MWCNTs multilayer is intrinsic, which shows that 

the electrostatic interaction mainly responsible for the multilayer buildup. 

Interpenetrating MWCNTs in the assembly make networks that can achieve high 

electronic conductivity. The electrostatic layer-by-layer self assembly of MWCNTs is 

a fesible method to fabricate MWCNTs films with thickness from a few nanometers 

to ten or hundred of nanometers. The incorporation of other components can be done 

as easily as with other polyelectrolyte multilayers. The process is carried out entirely 

in aqueous medium, which is important for biocompatibility and offers, therefore, a 

possibility for an environmental-friendly, solvent-free method for the fabrication of 

carbon nanotubes films and composite. The ammonia sensing capability of the thin 

films are investigated and the optimal film characteristics are established. A 15 layers 

of LbL films is found to be the most suitable system. The MWCNTs composite 

multilayers based sensor films exhibits stable, reproducible and reversible resistance 

changes in the ammonia in the 5-100  ppm range. The response time is quite short, in 

the range 30-110 s  depending on the ammonia concentration. The thin polyaniline 

sensors and MWCNTs composite sensors 

 

could be used as freshness indicator for 

food packaging for seafood and meats. 
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