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Abstract 

This thesis is concerned with the interfacial interactions of the components in 

polyaniline (PANI) containing hybrids. It has focused on the interaction of two groups of 

substrates with PANI: inorganic fillers and biopolymers. The first group includes model 

substrates, such as silica and alumina, and also zeolites and clays, where the silanol 

groups on their surfaces were considered as the target for modification. Stable interaction 

of PANI with an inorganic substrate was developed via a new facile one-pot and one-step 

silylation method with an aniline functionalised coupling agent, namely 3-

phenylaminopropyltrimethoxysilane (PAPTMOS). The products of silylation were 

applied to prepare the PANI containing hybrids which were mostly electrically 

conductive due to the emeraldine salt form of PANI doped with methanesulfonic acid 

(MSA) being present. The evidence of the formation of the hybrid material and the nature 

of interactions between the individual components of the hybrid materials were revealed 

by different characterisation methods, such as FTIR, XPS, Solid state NMR, Elemental 

analysis (EA), Electrical conductivity measurements, and SEM. The second group of 

substrates were biopolymers. Zein (corn protein) has been shown to interact with PANI in 

both heterogeneous (suspension) and homogeneous (solution) conditions. Strong 

interactions, mostly by means of nitrogen containing and carbonyl groups, were detected 

in FTIR studies. Zein-PANI(MSA) composites were studied in the forms of powders and 

films. They were electrically conductive. The powders showed a good free electron 

scavenging capacity in the DPPH test. A plasticisation effect of PANI on zein matrix was 

found in films. FTIR spectroscopic studies of the modified zein with the lateral amide 

groups of Glutamine and Asparagine changing to ester groups confirmed their 

involvement in the interactions with PANI. Another important biopolymer, cellulose, was 

attempted in the silylation process with PAPTMOS followed by binding of PANI(MSA). 

The electrically conductive products in the case of cellulose fibres and cellulose powder 

were obtained. In comparison with untreated celluloses, PANI was strongly connected to 

the silylated cellulose surface and could not be removed with common solvents. Thus the 

current research promises a novel and facile pathway to create stable PANI containing 

hybrid materials based on commercially available inorganic and organic substrates. 
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Chapter 1. Introduction: Polyaniline Containing Hybrid 

Materials (Literature Review) 

1.1. Hybrid materials 

Functionalisation of inorganic or organic substrates with conducting polymer (CP) 

has been an area of active research over the last few decades. This Chapter describes 

promising methods of preparing hybrid materials and interactions between components, 

primarily focusing on binary systems containing polyaniline (PANI) as a CP and 

substrates based on inorganic material (metal and silicon oxides) or organic polymer 

(biopolymer). It also reviews the basic science that entails optimal design and 

development of hybrid systems based on PANI, which further elucidates the interfacial 

interactions involved in the process. 

In general, a hybrid material is a material that includes two moieties blended 

together on the molecular scale. The term ‘hybrid material’ is used for many different 

systems made from  different materials, such as crystalline highly ordered coordination 

polymers, amorphous sol–gel compounds, and materials with and without interactions 

between the inorganic and the organic units. Weak interactions such as Van der Waals, 

hydrogen bonding or electrostatic (ionic) interactions or strong chemical interactions like 

covalent and coordinative type bond formation between the components may occur in the 

hybrid materials (Kickelbick 2007). The formation of a covalent bond between the active 

material and host material could further increase the stability of these hybrid materials 

and therefore strengthen the applications of these novel compounds, however, preparation 

of hybrid materials by means of non-covalent interactions between components is also 

important (Kickelbick 2007).  
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1.2. Conducting polymers and polyaniline 

CPs is a multi-functional group of materials with a growing variety of applications 

in modern society. The concept “electrically conducting polymer” appeared about 50 

years ago when an attempt to prepare polymers using monomers containing “diene” 

functionality was described. A deeply coloured polymer product of such a procedure was 

electrically conductive (French, Roubinek et al. 1960). In another approach non CP are 

rendered conductive by blending with electrically conducting fillers such as metal 

powders or conductive carbon blacks (Lupinski 1965) and thus the era of CP started. 

PANI is a widely recognised CP that was even mentioned as the most promising CP for 

commercial applications such as antistatic materials, transparent electrically conducting 

films, anticorrosion coatings, IR absorbers (Laska 1999). The properties of some 

intrinsically CP (ICPs), in particular PANI, were investigated thoroughly and applied for 

commercial benefits, e. g. for making accumulators with organic (PANI) components (De 

Surville, Jozefowicz et al. 1968).  

A linear octameric structure of the quinone-imine type in the para-position, for the 

product obtained by the chemical oxidation of aniline was proposed more than 100 years 

ago (Green and Woodhead 1910). The base of the octamer is leucoemeraldine (fully 

reduced polyaniline), which exhibits four distinct states of oxidation. These are: 

protoemeraldine, emeraldine, nigraniline and pernigraniline. The authors gave various 

trivial names to PANI but they did not know the structure of the polymer at that time, 

believing it to be an octameric molecule. However, a chain structure of “aniline-black” 

(“nigraniline”) and “emeraldine” as the first stage in the oxidation of aniline in an acid 

medium was clearly defined.  

PANI chains can be designated by the general formula [(-B-NH-B-NH-)m (-B-

N=Q=N-)1-m]n, in which B and Q denote the C6H4 rings in the benzenoid and quinonoid 
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forms, respectively. They were described with many details in a review  (Kang, Neoh et 

al. 1998), including the ratio of amine nitrogen (reduced) and imine nitrogen (oxidised) in 

a PANI-chain which resulted in different names for them. If Nred : Nox in the mentioned 

formula is 2 : 2, the PANI form is called emeraldine. This is the most important form of 

PANI that shows the best electrical conductivity when doped. There are also other PANI 

forms with Nred : Nox = 4 : 0 (leucoemeraldine; all N reduced) and Nred : Nox = 0 : 4 

(pernigraniline; all N oxidised). Three main forms of PANI and the ways of their 

formation throughout the aniline oxidative polymerisation are shown in Figure 1-1 based 

on this and other published papers (MacDiarmid and Epstein 1989; Quillard, Louarn et al. 

1994).  

 

Figure 1-1. Aniline in situ oxidative polymerisation with APS and PANI structure.  

The real process is more complex and a mixture of PANI macromolecules can 

appear throughout the process and in the final product (Kolla, Surwade et al. 2005). For 

example, applying a 1 : 1 reactants’ ratio the colourless leucoemeraldine does not appear 

in the reaction mixture. It will be masked by other intensively coloured forms of PANI. 
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The length of PANI molecules vary in different synthetic conditions, some being short 

and therefore oligomeric (Stejskal and Trchova 2012). However the choice of optimal 

aniline to APS molar ratio can be easily understood by means of the proposed equations. 

The structure of a PANI molecule results in absorption of light of a specific wavelength 

and, therefore, in different colours of the products. Two colours of the PANI 

macromolecule visible by the human eye seem to be very important characteristic, i.e.  

blue colour of the EB and green colour of the ES, which is electrically conductive.  

1.2.1. Mechanism of the aniline oxidative polymerisation 

The mechanism of the aniline oxidative polymerisation in the presence of APS is 

shown in Figure 1-2.  

 

Figure 1-2. Mechanism of aniline polymerisation.  

The process includes three stages (Wei, Tang et al. 1989; Wei, Hariharan et al. 

1990; Wei, Jang et al. 1990; Gospodinova and Terlemezyan 1998; Jang 2006). The first 

stage is oxidation of the monomer (aniline) and the formation of radical-cations (2 and 3). 

In the next stage a coupling between them occurs and a dimer, para-aminodiphenylamine, 
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is formed. The third stage, chain propagation, consists of many steps (radical couplings) 

and finally leads to a polymer (PANI). The formation of a chemical bond between the 

nitrogen of the NH2 group and the carbon radical in the para- position in this case is 

called “head-to-tail” coupling. Obviously, some radicals can be formed in the ortho-

position and this process also takes place (Sapurina and Stejskal 2008). However, the first 

option dominates in the aniline polymerisation. 

The acidic medium usually applied for the polymerisation of aniline has a function 

to change aniline to its anilinium salt form and therefore to increase its solubility in water. 

A conventional acid for such a process is hydrochloric acid (HCl). Due to industrial 

requirements, this acid can be replaced by methanesulfonic acid (MSA). It was reported 

that PANI obtained by oxidative process of the aniline polymerisation with APS via the 

MacDiarmid method (MacDiarmid, Chiang et al. 1985) was then treated with 5.0% 

aqueous ammonia solution for 1 h to get a dedoped emeraldine base (EB) form. The 

product was re-doped with MSA and optimised with m-cresol ("synergistic doping" 

process). The emeraldine salt (ES) finally obtained had a high conductivity up to 35.5 

S·cm
-1 

(Zhang and Jing 2009). 

A two-step mechanism has been also proposed to explain the experimental data 

from monitoring the oxidation potential of the system (Manohar, MacDiarmid et al. 

1991). 

1.2.2. Polymerisation methodologies 

The synthesis of PANI from aniline and its derivatives have been discussed in a 

huge number of publications. Perhaps, the first paper about a product that could be PANI 

was published 178 years ago (Runge 1834). Among the few chemical compounds the 

author above reported was a black product obtained by treating aniline (“Kyanol”) with 
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chromic acid. It was a first historical evidence to form PANI deriving from aniline via an 

oxidative polymerisation process (Gizdavic-Nikolaidis 2005; Rumbau, Pomposo et al. 

2007). A few years later a similar product was described when the author (Fritzsche 

1840) reported the formation of a dark green substance after treating an aniline salt with 

chromic acid. Further evidence about a compound that also can be considered PANI was 

reported more than 20 years after this, when the author observed a precipitate of blue, 

green, purple and other colours, depending on the medium, when aqueous aniline 

hydrosulfate was oxidised on a platinum electrode (Letheby 1862). However, in all the 

cases the authors of the publications did not have an aim to obtain PANI and did not 

study or suggest any structure for the achieved products. A detailed study of PANI began 

later. 

One of the earliest reliable methods of preparing PANI via oxidative 

polymerisation of aniline was reported in already mentioned paper dealing with the PANI 

structure (Green and Woodhead 1910). In that paper a method of PANI preparation from 

aniline hydrochloride and sodium chlorate as an oxidiser in aqueous HCl was described. 

The same authors proposed a PANI preparation method from pure aniline (Green and 

Woodhead 1912). Aniline was suspended in water and carefully neutralised with 

hydrochloric acid. An excess of hydrochloric acid was further added, together with 

syrupy vanadium chloride. The solution was mixed with sodium chlorate in water. The 

emeraldine hydrochloride formed was then collected, thoroughly washed with water, 

stirred with an excess of dilute ammonia in order to basify it, again collected and 

repeatedly washed with water. The interaction of an emeraldine salt with aqueous 

ammonia giving an emeraldine base in the modern PANI terminology is called dedoping. 

The product thus obtained contains a varying amount of pernigraniline, which may be 

readily converted back into emeraldine by warming the precipitate with dilute 
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hydrochloric acid (re-doping). Pure emeraldine may also be obtained by dissolving the 

crude base in acetic acid. The latter process is an example of how to apply other dopants 

to the PANI molecules. 

Various methods for the synthesis of PANI from aniline were developed in the 

last decades. PANI was synthesised in various forms both chemically and 

electrochemically, usually in aqueous media. Electropolymerisation is useful in some 

cases, particularly when film samples are desired. A main advantage of the chemical 

oxidative polymerisation is a possibility of large scale PANI production. However, lateral 

reactions and by-products need special additional treatment (Toshima and Hara 1995), 

and require the development of new approaches for such a synthesis, e. g. a reduced 

number of stages, one-pot procedure or smaller amount of applied solvents.   

The development and improvements of the oxidative chemical method of aniline 

polymerisation were focused on its electrical conductivity as a principal advantage of the 

polymer. The most widely used oxidant for in situ polymerisation of PANI is ammonium 

peroxydisulfate, also called ammonium persulfate (APS). A conventional and frequently 

applied method of PANI synthesis is the polymerisation of aniline dissolved in aqueous 1 

M HCl to which another solution of APS was added dropwise, due to the exothermic 

character of the reaction. The reaction is carried out at room or a lower (e. g. 5 °C) 

temperature under mechanical stirring for a few hours. PANI forms a precipitate that can 

be used directly or additionally doped with 1 M HCl solution to achieve a better electrical 

conductivity (MacDiarmid, Chiang et al. 1985). Although, the laboratory experiments are 

carried with a small amount of reactants (usually a few grams), the equivalent aniline to 

APS molar ratio should be (1:1.25) which reflects the aniline/APS molar ratio in the 

chemical equation. A by-product of this reaction, sulphuric acid, seems to be a dopant for 

the PANI formed. However, the PANI powder obtained from pure water has a very low 
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electrical conductivity and can be considered as a non-conductive product. An acid 

solution for such a synthesis is, therefore, a compulsory ingredient of the reaction mixture 

if the goal is for a reasonably conductive product. On the other hand an acid is a 

favourable reactant for giving the ions, which are important to form intermediate products 

and to complete the reaction between ingredients.  

APS with an additional oxidiser, sodium hypochlorite, was applied. In a typical 

synthesis described by the authors, aniline (1.9 mL) was dissolved in 1 M HCl (100 mL). 

APS (5.7 g) was dissolved separately also in 1 M HCl (100 mL). Then 20 mL of APS 

solution were added quickly to the aniline mixture giving an aniline to APS molar ratio of 

1:1.25. The reaction vessel was maintained either at ice bath temperature (0 to 5 °C) or 

room temperature. When the reaction starts, 2 mL of an aqueous sodium hypochlorite 

(5%) solution was quickly added dropwise with agitation after which the stirring was 

stopped. The reaction vessel was then left standing without mixing for 25 min. The thick 

precipitated polymer was filtered, washed with 1 M HCl, deionised water and then with 

acetone, followed by drying in an oven at 80 °C overnight. The additional use of sodium 

hypochlorite with APS in the aniline polymerisation produced longer length (2 μm) and 

thinner (39 nm in diameter) PANI fibres compared to the fibres produced using APS 

alone (Rahy, Sakrout et al. 2008). This paper opens another field in PANI synthesis when 

a combination of various oxidisers used together with varying conditions lead to products 

with highly improved properties that can be controlled. 

Various dopants (acids) also affect the electrical conductivity of PANI. The 

changes to its conductivity after immersion in aqueous solutions of various dopants were 

reported (Blinova, Stejskal et al. 2008). EB form of PANI prepared in advance has been 

re-protonated (re-doped) with acetic, succinic, picric, camphorsulfonic and phosphoric 

acids. The first two acids showed a very low conductivity in the order of 10
-9 

S·cm
-1 

and 
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10
-6 

S·cm
-1 

respectively.
 
 Picric, camphorsulfonic and phosphoric acids were mentioned as 

good dopants and had conductivity in the order of 10
-1

 S·cm
-1

.  

Preparation of PANI from aniline hydrochloride has been reported (Stejskal and 

Gilbert 2002). This reactant (2.59 g, 20 mmol) was dissolved in distilled water in a 

volumetric flask to 50 mL of solution. Ammonium peroxydisulfate (5.71 g, 25 mmol) was 

dissolved in water also to 50 mL of solution. Both solutions were kept for 1 h at room 

temperature (18–24 °C), then mixed in a beaker, briefly stirred, and left at rest to 

polymerise. Next day, the PANI precipitate was collected on a filter, washed with three 

100-mL portions of 0.2 M HCl, and similarly with acetone. HCl doped PANI ES powder 

was dried in air and then in vacuum at 60 °C. However, PANI synthesis from pure aniline 

remains more popular due to a substantially lower price and the possibility to vary the 

dopants.  

A further development of the in situ polymerisation technique can be in the 

application of oxidants different from the ones mentioned above. Thus, a promising 

oxidant that deserves a very special attention, in particular with the “green chemistry” 

requirements, is hydrogen peroxide. Its application in the H2O2/Fe
2+

 and Fe
3+

/HCl system, 

has been reported (Sun, Geng et al. 1997). However, hydrogen peroxide used alone has a 

low oxidative capacity, and some further experiments should be done to achieve a higher 

yield of PANI.  

1.3. Polyaniline based hybrid materials 

PANI became a popular component of composite materials (Menon and 

Mukherjee 2004), in particular in hybrid polymers, where a CP is combined with 

commercial polymers, showing a wide range of exceptional properties. In majority of 

such materials PANI is applied in the form of a mixture with one or more other 
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components, mostly non-conductive. The importance of PANI in hybrid materials is 

strictly connected to its current and future applications. The areas of PANI application are 

different, such as chemical sensors and biosensors, data storage devices, supercapacitors, 

electrochromic devices, and surface protection (Jang 2006). The surface protection 

possibility of PANI is due to its anticorrosive properties(Wang, Li et al. 1999). 

Antimicrobial (antibacterial and antifungal) properties of PANI (Chauhan, Ameta et al. 

2010) make it a reliable  component of food packaging and medical devices (Gizdavic-

Nikolaidis, Bennett et al. 2011), including tissue engineering (Gizdavic-Nikolaidis, Ray et 

al. 2010). PANI was also used as a free radical scavenger. DPPH-radical assay showed a 

good scavenging capacity of this polymer that also could increase the number of its 

applications (Nand, Ray et al. 2011). The authors reported that PANI with a low level of 

oxidation should be more effective in the free radical scavenging. On the other hand, the 

electrical conductivity of PANI is higher in the samples with a higher oxidation level. 

This suggests that the electrical conductivity is not correlated to the radical scavenging 

capacity. 

1.3.1. Hybrid materials via direct aniline polymerisation onto a substrate 

PANI directly grafted to a substrate has been often reported in the literature. Thus, 

PANI was grafted to a polyacrylamide (PAM) by means of oxidative graft 

copolymerisation (Xiang and Xie 1996). In that paper it was reported that aqueous 

polyacrylamide solution was put into a reactor. Then aqueous HCl solution and water 

were added to adjust the final HCl concentration to 1 M. Aniline was added according to 

the required aniline/acrylamide molar ratio. The reactor was purged with nitrogen. APS 

was dissolved in 1 M aqueous HCl solution and dropped into the reactor in an ice-salt-

water bath with stirring. After addition of the oxidant solution, the graft polymerisation 

was carried out at the same temperature with stirring for about 3.5 h. The authors 
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mentioned that graft polymerisation had not taken place when polyacrylic acid instead of 

PAM was used. So, they suggested that the graft sites in PAM-g-PANI are probably on 

the nitrogen atoms of PAM. This is an important observation due to a possibility of PANI 

being able to be grafted onto another polymer or biopolymer molecules which contain 

amide groups, in similar conditions. For example zein, a corn protein contains about 26% 

of amide groups deriving from glutamine (21.4%) and asparagine (4.5%) radicals (Shukla 

and Cheryan 2001). 

Oxidative polymerisation of aniline was reported as a method of preparing silica-

PANI core-shell nanoparticles (Jang, Ha et al. 2006). In a typical procedure described it 

that work, silica solution was used as a source for silica nanoparticles with an average 

diameter of 22 nm. Aniline monomer was added to distilled water containing silica 

nanoparticles. An aqueous HCl solution was added dropwise to the above-prepared 

solution until the pH of the solution was 3, and stirred vigorously. APS dissolved in 

distilled water was added to the aniline/silica solution. This polymerisation of aniline was 

carried out at room temperature. After the polymerisation, a dispersion of the silica–PANI 

core–shell nanoparticles was obtained using centrifugation and re-dispersion of the 

nanoparticles in distilled water.  

Silica-PANI nanocomposites with a high dielectric permittivity were prepared by 

mixing SiO2 colloidal solution (sol) with aniline under sonication. Then APS solution 

maintaining the aniline to APS mole ratio of 1:1.25 was added dropwise under sonication. 

The solution was kept under sonication for complete polymerisation. The solution turned 

deep green indicating the formation of PANI in the presence of silica particles. The green 

precipitate was isolated by centrifugation. The resulting nanocomposites were washed 

with distilled water several times. Finally the composite samples were dried in a vacuum 

oven at 60 °C for 40 h (Dutta and De 2006). 
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In some cases, the substrates should possess specific structure; e.g. mesoporous 

silica. They can be prepared in advance at the same experimental procedure. Thus, SBA-

15 silica was prepared by dissolving pluronic 123 (P123) in 1.6 M HCl, after which 

tetramethylorthosilicate was added to the solution with vigorous stirring. The resulting gel 

was stirred at 45 °C followed by heating at 90 °C. The solids were recovered, washed 

with water and dried. The P123 template was removed from the SBA-15 by calcining the 

SBA-15. This substrate was applied for proton conducting PANI- molecular sieve 

composites by means of different PANI deposition methods. One of the reported methods 

(Method B) was a conventional oxidative polymerisation of aniline. The aniline monomer 

was introduced from the vapour phase under vacuum. Silica SBA-15 material was 

suspended above the aniline monomer in a flask under vacuum at room temperature. This 

powder was dispersed in 1 M HCl and a solution of APS in 1 M HCl (corresponding to a 

1:1 mole ratio of APS/Aniline) was added with stirring at room temperature. The reaction 

mixture was stirred at room temperature for 12 h. The dark green solids were filtered, 

washed thoroughly with deionised water and dried at 50 °C (Coutinho, Yang et al. 2005). 

This work has some other interesting approaches, such as preparation of silica with an 

aniline-group containing silane. It can result in the formation of a silylated substrate and 

improve PANI grafting by means of formation of covalent bonds involving the aniline 

functionality of the silane to build PANI chains. 

Some useful methods of the PANI (also polyacetylene and polypyrrol (PPy) 

containing conducting colloidal composites, when the polymer is dispersed  in a non-

conducting polymer matrix or grafted on it, were reviewed (Vincent 1995). Two original 

papers published a relatively long time ago, but still useful, reported this preparation in 

detail. In the first one (Li, Cao et al. 1987) the authors have prepared a composite, where 

PANI was grafted onto a polystyrene matrix containing aniline functionality 
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(polyaminostyrene, PAS). PAS was synthesised by hydrogenation of polynitrostyrene in 

phenylhydrazine at 160-200 °C. To the mixture of PAS with a high degree of amination, 

aniline and water (pH 3-4), an aqueous solution of APS was added. PAS with a lower 

degree of amination due to a low solubility in water was dissolved in dimethylformamide 

together with aniline. This mixture was added to an aqueous HCl solution of APS. The 

green powders obtained in both cases was washed and dried in vacuum. This procedure 

results in a covalently connected PANI-chain because the benzene rings of polystyrene were 

changed to incorporate aniline functionality, which were unequivocally involved in the aniline 

polymerisation process creating a substance with different properties from simple PAS and PANI 

composites. 

The second work described a procedure of preparing a stable PANI 

dispersion employing a steric stabiliser, poly(2-vinylpyridine-co-p-aminostyrene) 

(Armes and Aldissi 1989). Potassium iodate and stabilizer were dissolved together in 1.2 

M HCl at room temperature. Aniline was injected into the stirred reaction mixture and 

allowed to react for about 5 days. At the end of this period the solution had turned dark 

green with only trace precipitation of PANI being observed. This dispersion was 

centrifuged, the supernatant decanted, and the dark green sediment re-dispersed in de-

ionized water via ultrasonics. The particles had ‘rice grain’ morphology, with an average 

length of approximately 120 nm. 

1.3.2. Metal oxide-polyaniline hybrid materials via aniline polymerisation through a 

coupling agent 

The advantages of PANI as a conducting polymer sometimes cannot be applied in 

full range due to a physical character in majority of the interactions (hydrogen bonding, 

ionic and hydrophobic interactions) between or among components in the mentioned 
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systems. Therefore, a PANI-chain covalently connected to an inorganic substrate could be 

an alternative approach in the preparation of several materials. 

In the literature there has already been reported a few attempts to connect PANI 

covalently to a substrate. A three-step method has been reported for the preparation of 

polyaniline grafted silica nanoparticles (Peng, Weimin et al. 2004) (PANI-SNs), which 

had a surface area of 640 m
2
g

-1
 and a particle size of 10 nm. The silica was dried in 

vacuum at 110 °C for 48 h before use. The 3-aminopropyltriethoxysilane (APTES), 

named in the article as “γ-aminopropyltriethoxysilane”, was used as a coupling agent. The 

total process was carried out in three steps. In the first step 3-aminopropyl silica 

nanoparticles (APSNs) were prepared by the self-assembly of APTES onto the surfaces of 

silica nanoparticles. In that procedure, 5.0 g silica nanoparticles, 300 mL toluene and 50 

mL APTES were charged into a flask.  The mixture was dispersed with ultrasonic 

vibrations and then refluxed for 8 h using a magnetic stirrer. The reaction mixture was 

centrifuged; the precipitate was repeatedly washed with ethanol and dried in vacuum at 

room temperature. In the second step 1.5 g APSNs and 2.0 mL distilled aniline were 

mixed in 100 mL toluene and refluxed for 6 h while stirring. The product, 3-

phenylaminopropyl silica nanoparticles (PASN) was washed with ethanol then dried 

under vacuum. In the last step, PANI was grafted onto PASN via a conventional oxidative 

polymerisation of aniline in aqueous 1 M HCl medium. 1.5 g PASN was dispersed into 

100 mL HCl aqueous solution containing 0.50 × 10
-1

 mol of aniline. Then 50 mL 1.10 × 

10
-1 

mol aqueous solution of APS was added drop-wise. The mixture was stirred for 

another 4 h. The product was filtered, and washed first with water and then ethanol. Then 

it was dried under vacuum. The authors claimed the final product as a mixture of PANI 

silica nanocomposites (PANI/SN) and PANI grafted silica nanoparticles (PANI-SNs). 

They were separated by extracting the PANI/ SN with 1-methyl-2-pyrrolidone (NMP) for 
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20 h as was reported in an earlier publication (Ji, Kang et al. 2002). After a 4 h in-situ 

polymerisation of aniline onto the surfaces of PASNs, the yield was more than 90%. 

Results of elemental analyses (EA) were also reported showing an increased percentage 

of carbon and nitrogen. A percentage of grafting (PG% - weight ratio of grafted PANI 

and nanoparticles) of 234.0% and a grafting efficiency (GE% - weight ratio of grafted 

PANI and total PANI) of 54.1% were achieved, calculated from the EA. This was in 

agreement with the results obtained from thermogravimetric analysis (TGA). The authors 

published FTIR, UV-vis spectra of PANI-SNs and also scanning electron microscopic 

(SEM) images of PANI/SN nanocomposites and transmission electron microscope (TEM) 

images of PANI-SNs. The spectra contain some characteristic bands for such a substance. 

The band at 3410 cm
-1

 attributed to the N-H stretching mode, the 1568 and 1492 cm
-1

 of 

C=N and C=C stretching mode for the quinoid and benzenoid units, 1289 and 1234 cm
-1

 

of C-N stretching mode for benzenoid unit, 1114 cm
-1

 of Si-O-Si symmetric stretching 

mode and the CH stretching mode in plane bend, 817 cm
-1

 of the overlap peaks of Si-O 

and CH out of plane bend, and 467 cm
-1

 of δSi-O were found in the FTIR spectrum of 

PANI-SNs. The bands at 1661 and 617 cm
-1

 could be assigned to the νC=O and δN-C=O 

of the NMP remaining from the extracting procedure. The λmax absorption at 380 nm, 

connected with a π-π* transition centred on the benzenoid rings and distorted by the 

presence of amine groups, was also found in the UV/vis spectrum of PANI-SNs. The 

morphology of the PANI/SN composite particles thus prepared was found to consist of 

aggregates of individual porous spheres with particle sizes no more than 3 µm, from the 

SEM analysis. The authors mentioned that agglomerations are "soft" and could be broken 

into pieces by ultrasonic vibrations. The morphology of the PANI-SNs was characterized 

with a transmission electron microscope (TEM). The powders were dispersed in NMP in 

an ultrasonic bath for 5 min, and then deposited on a copper grid covered with a 
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perforated carbon film. The TEM image of the PANI-SNs showed that the polyaniline 

grafted silica nanoparticles (PANI-SNs) could be dispersed in NMP and the silica 

nanoparticles were connected by the PANI grafted on their surfaces. The authors detected 

C and N elements on the surfaces of the silica nanoparticles in the X-ray photoelectron 

wide-scan spectra (XPS) that confirmed a chemical oxidative graft polymerisation of 

aniline. The surface compositions of C and N elements were found to be 68.81% and 

11.21%, respectively. It was also evident that a chemical oxidation polymerisation had 

taken place on the surfaces of SNs. Finally, the conductivities of the polyaniline silica 

nanocomposites were measured. The conductivity of the products is reduced by two 

orders of magnitude compared to PANI (PANI/SN - 2.9×10
-3

 S·cm
-1

 and PANI-SNs - 

0.7×10
-3

 S·cm
-1 

at room temperature). The authors supposed that this happens because 

silica nanoparticles hinder carrier transport between different molecular chains of PANI 

and participate in an interaction at the interface of PANI and silica nanoparticle which 

leads to the reduction of the conjugation length in PANI chains. At the same time, the 

conductivity of PANI/SN is higher than that of PANI-SNs. It may be a result from the 

elimination of the HCl dopant during the extraction with NMP.  

The above mentioned procedure could be applied to modify various substrates. 

The reported method of the silylation step (Step 1) when the substrate is suspended in 

toluene at 110 °C is the “toluene reflux method”.  

The mechanism of the first step was reported in various papers (Blitz, Murthy et 

al. 1988; Vrancken, Possemiers et al. 1995; Van Der Voort and Vansant 1996; Impens, 

Van der Voort et al. 1999) and is summarised in the Figure 1-3. 

 



Chapter 1. Introduction: Polyaniline Containing Hybrid Materials (Literature Review) 

17 

 

 

Figure 1-3. Mechanism of silylation (“Flip-mechanism”) involving silanol groups from the silica 

surface. 

There are three stages of this process, which reflect the character of interaction 

between components (Impens, Van der Voort et al. 1999): a), b) physisorption (hydrogen 

bonding and proton transfer), c)-e) condensation (to siloxane) and f) main structure after 

curing. It was called the “flip-mechanism”, due to a change of the relative position of the 

amino group at the beginning and the end of the process. Each silane molecule covers an 

area of about 0.5 nm
2
 (Vrancken, Possemiers et al. 1995; Van Der Voort and Vansant 

1996). In the original paper about the surface modification of silica with 

aminoorganosilanes (Vrancken, Possemiers et al. 1995) the authors reported some proofs 

of such a covalent bonding. They performed an ethanol leaching test where a silylated 

sample is stirred with ethanol. Physically absorbed silane is dissolved in ethanol and then 

reacts with salicylic aldehyde forming a yellow Schiff’s base with maximum absorbance 

at 404 nm. Applying this method compared with n-butylamine, the authors have 

concluded that after 2 h of reaction 22% of the coating is in ionic interaction with the 

substrate, 10% is hydrogen bonded and 68% is covalently bonded. This is a model of 
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surface/interface siloxane with amine hydrogen bonding confirmed by some methods, e.g. 

XPS (ESCA) studies (Hook, Vargo et al. 1991). The mechanism is similar to the SN2 

reaction, but not exactly the same as for carbon chemistry (Clayden, Greeves et al. 2001). 

The described procedure depends on some other circumstances. Thus, the 

substrate should be treated at higher than room temperature to avoid excessive hydration 

of the surface. For example, the silica in different experiments was heated at 25 °C, 65 

°C, 110 °C and 200 °C in vacuum (Caravajal, Leyden et al. 1988), and even at higher 

temperature, e. g. 600 °C and 800 °C at atmospheric pressure (Vrancken, Van Der Voort 

et al. 1995) during several hours to reduce amount of water existing in it. However, even 

after a treatment some water still remains in the system including other reactants and 

solvents applied in a certain procedure. Some lateral reactions take place on the surface of 

a substrate, in particular, a chemical interaction between two or more different silane 

molecules. It was detected and described a relatively long time ago (Waddell, Leyden et 

al. 1981; Caravajal, Leyden et al. 1988). In this case a hydrolysed ethoxy group of a 

silane molecule (attached or not attached to the substrate) that transforms to a hydroxy 

group can interact with an amino group resulting in the mentioned SN2 mechanism with 

neighbouring APTES molecules to form a big quantity of a siloxane polymer (oligomer) 

as shown in Figure 1-4. This fact was also confirmed by means of procedure that occurred 

in an aqueous media. 

 

Figure 1-4. Siloxane Polymer Formation. 
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At the same time, it was mentioned that water is an important component of such 

a procedure, but not in excess (Caravajal, Leyden et al. 1988; Vrancken, Van Der Voort et 

al. 1995). Other authors reported that oligomerisation is suppressed by silylation from a 

1% solution in toluene in comparison with 10% and the curing times of 3 h at 80 °C are 

sufficient to achieve maximum silane-surface stability, where APTES with possible three 

covalent bonds is more surface stable (Waddell, Leyden et al. 1981).  

Unfortunately, the above mentioned publication (Peng, Weimin et al. 2004) 

contains some parts that became unclear in terms of chemical reactions. For example, a 

very interesting and obviously crucial Step 2 of the method did not get proved in detail. 

There is only the result of the elemental analysis for the product. 

The reaction occurs, in accordance with the authors’ description, between a 

primary amine and aniline at about 111 °C (boiling toluene). This is an unusual 

interaction between two primary amine groups because such a reaction is unexpected and 

therefore deserves more investigation. Perhaps a better way to achieve the same final 

results would be application of 3-phenylaminopropyltriethoxysilane (PAPTES) prepared 

in advance, e.g. from aniline and 3-chloropropyltriethoxysilane (CPTES) (Du, Chen et al. 

2004). Apart from reaction of aniline with CPTES the authors reported some other 3-

chloropropylalkoxysilanes. However, CPTES has shown better results in terms of yield 

and purity. In such a procedure, the reactants (silane and aniline) were put in a flask under 

inert atmosphere, while being stirred magnetically. The temperature was gradually 

increased and the mixture was heated for 2 h. Then it was cooled and some solvent (THF) 

was added. The precipitate that appeared was filtered and washed. The supernatant was 

distilled firstly at atmospheric pressure and then in vacuum to evaporate the solvent. The 

sample was collected and distilled in vacuum (b. p. 153-158 °C at 932 Pa (water pump 10 

mm Hg) giving 91% yield. The authors have tried different reactant ratios, getting the 
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best yield by applying 3 mole of aniline to 1 mole of CPTES. The authors showed that the 

reaction proceeds very easily and therefore the optimum reaction time could be less than 

2 h. If the time is too long, the probability to form a polymer (sticky polysiloxane) 

increases. The temperature of refluxing should be 185-195 °C, not higher, due to the same 

reason.  

CPTES can also be applied as a coupling agent to silylate a substrate. It was 

already reported for highly dispersed silica (Belyakova, Varvarin et al. 2006). The 

chemical interaction between CPTES and surface silica takes place at 200 °C. Moreover, 

the authors mentioned that in the presence of ammonia all silanol groups of silica react 

with CPTES at room temperature. However, the final objective of this paper was different 

from grafting PANI. The CP-derivative underwent the reaction of nucleophilic addition of 

triethylamine (TEA) to chloropropyl groups of organosilica at 25 °C to 200 °C producing 

quaternary ammonium groups on the silica surface. Perhaps further studies can apply the 

silica-CPTES hybrid to replace Cl to aniline functionality and to involve that product in 

an in situ polymerisation of aniline. 

All above mentioned methods that can be used for depositing PANI on the surface 

of a silylated inorganic substrate have the same disadvantage: the existence of free 

functionality of a coupling agent should be changed to another one that can be chemically 

involved to a PANI-chain formation by means of oxidative polymerisation of aniline. A 

possibly better method of covalent binding of PANI is application of a silane that 

contains an aniline moiety. Among a few of them, 3-phenylaminopropyltrimethoxysilane 

(PAPTMOS) seems to be a better option, due to its commercial availability and 

successful attempts to apply it as a good silylating agent for different inorganic substrates 

reported in many publications. In terms of a possible PANI grafting the main advantage 

of PAPTMOS is an N-substituted aniline functionality. 
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PAPTMOS was applied for silylation of the metals/silica oxides surface by two 

ways depending on the solvent in which reaction occurs. The first method is call the 

“toluene-reflux method” mentioned already for other silane when the silylation process is 

carried out in the boiling toluene (110 °C) with a reflux condenser. It was reported for 

silica (Hanada, Kamada et al. 1996; Kamada, Kominami et al. 1996) and different metal 

oxides, such as Al2O3, TiO2 and SnO2 (Kera, Kamada et al. 2001). The second method is 

based on a methanol solution of PAPTMOS (Kiseleva and Nesterenko 2000). The 

PAPTMOS silylated surfaces were also involved in PANI grafting creating covalent 

bonds between PANI and substrate. A successful attempt of the PAPTMOS silylation of 

TiO2 electrodes followed by in situ oxidative (APS) polymerisation of aniline has been 

reported (Senadeera, Kitamura et al. 2004). PANI was deposited via covalent grafting 

onto a silicon surface modified with PAPTMOS that was mentioned in a detailed review 

among other silane coupling agents (Ruckenstein and Li 2005). 

1.4. Biopolymer-polyaniline hybrid composites via direct aniline 

polymerisation 

Another important kind of hybrid composite contains biopolymer and PANI 

components. This group of PANI containing materials is still not highly developed in 

comparison with pure PANI or PANI-inorganic polymer materials. However, some 

successful attempts to combine them have been reported.  

1.4.1. Carbohydrate-polyaniline hybrid materials 

Carbohydrates are the best known group to be used in the preparation of 

electrically conductive material. Obviously, this depends on their natural availability. 

Three of them, starch, cellulose and chitin, are some of the most abundant natural 

polymers on earth. Together with some other carbohydrates they were reviewed as a class 
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of materials called electroactive polymers, or EAPs (Finkenstadt 2005). The authors 

discussed their importance due to so many applications, such as biosensors, artificial 

muscles, actuators, corrosion protection, electronic shielding, environmentally sensitive 

membranes, visual displays, solar materials, and components in high-energy batteries. It 

was mentioned that EAPs are usually classified into two categories, polymer electrolytes 

and CPs, depending on the mode of electron transport. CPs are polymeric materials that 

are electron conductors by virtue of π-electrons via conjugated double bonds and are 

referred to as ICPs. Polymer electrolytes achieve their functional conductance by ion 

conduction e. g. by dissolving different salts into the solid polymer (usually with a small 

amount of solvent), creating a solid polymer electrolyte. Thus, the dissociated ions are 

free to move within the matrix and can conduct electricity under applied voltage, just as 

they do in conventional solutions. In terms of our topic the most intriguing statement of 

this publication is the possibility to mix together a carbohydrate and ICP. The author 

mentioned PPy and PANI because some combinations of them were already achieved. 

Thus, PANI was deposited via oxidative polymerisation onto cellulose membrane and 

dinitrocellulose collodion film (Weiss, Pfefferkorn et al. 1989). Later, an interaction of 

PANI and a conformational change of its chain with a cyclodextrin were reported (Yuan 

and Kuramoto 2002).   

An important review in the field was published about nanocomposites which apart 

from a conducting polymer, e. g. PANI or PPy, and a biopolymer, including 

carbohydrates, contain a clay component, such as montmorillonite or hectorite (Aranda, 

Darder et al. 2005). 

Preparation of starch-PANI composites has been reported (Saikia, Banerjee et al. 

2010). A typical procedure was carried out as follows. Starch was suspended in cold 

water and rapidly stirred to form a uniform dispersion. Aniline was added to the 
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dispersion followed by the addition of HCl and the pH was maintained at 2.5. APS was 

used as oxidant and added dropwise to the starch/aniline dispersion with continuous 

stirring. The temperature was maintained at 0 °C using an ice bath to maximize the yield 

of PANI. The composites were obtained by in situ polymerisation varying the amount of 

aniline from 0.1 M to 1.0 M. However, the authors applied an unusual aniline to APS 

ratio 2:1 for all the composites that in my opinion will leave some aniline unreacted. An 

important conclusion has been drawn from the research. Antioxidant activity alone is not 

enough for biocompatibility and there is always a need for investigation of a biological 

media. This fact became clear from the contrast obtained from antioxidant activity and 

haemolysis prevention assay. It was observed that in spite of having very high antioxidant 

activity pure polyaniline is much more cytotoxic than any of the composites. Looking into 

the bioactivity of the starch-PANI composites it might have potential in the field of 

controlled drug release and scavenging of oxidant generated through chemotherapeutic 

drugs later of which can help in neutralizing chemotherapeutic side effects of cancer 

treatment tremendously.  

A recently published paper reported the successful preparation of chitosan-g-

PANI (Shukla and Tiwari 2011). In such a procedure a chitosan solution was prepared by 

mixing chitosan flakes with 1.0% acetic acid (pH 4.0). The resulting mixture was stirred 

at room temperature on a magnetic stirrer and a flake free solution was obtained. Aniline 

was dissolved in alcohol in separate beaker and mixed with the chitosan solution. After 

0.5 M aqueous CuSO4 solution was added drop by drop with constant stirring at room 

temperature. Finally a green coloured precipitate was obtained, which was allowed to 

settle overnight. The precipitate was filtered and dried in vacuum oven. The choice of 

CuSO4 as a polymerising agent was due to a possibility to apply an oxidative-radical 

copolymerisation method for this reaction. The authors suggested a mechanism and 
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presented a diagram of the copolymerisation reaction assuming formation of a covalent 

bond between nitrogen of chitosan and carbon of PANI rings. The latter fact has 

additional importance because the authors have claimed a covalent bonding between 

biopolymer and PANI. 

Formation of covalent bonding between PANI and a biopolymer has been also 

suggested in another publication (Tiwari, Sen et al. 2008). A PANI-carbohydrate 

composite was achieved from Acacia gum (AG) from the Acacia Senegal species. 

Actually, this product contains carbohydrates and glycoproteins. It was used after 

deproteinisation and fractional precipitation with ethanol. A definite amount of aniline 

(varied from 0.20 M to 0.40 M) with 0.50 M HCl was added to AG aqueous. The reaction 

was carried out at 35 °C with continuous stirring. After 30 min, 0.45 M APS solution was 

added drop by drop and the reaction was continued for 2 h. The reaction mixture was then 

precipitated with absolute ethanol. The resulting precipitate was washed with acetone, 

followed by NMP in order to separate unbonded PANI from the material. Finally, the 

product was dried in vacuum. In this case a diagram presented in the paper showed two 

different kinds of covalent bonds between carbohydrate and PANI. One of them binds O 

(from OH group connected to the carbohydrate ring) to C of the PANI rings, while the 

second one binds O (from CH2OH of carbohydrate) and N of the PANI molecule. The 

proof of covalent bond formation seemed to be not very reliable. The final product, which 

was obviously PANI ES due to HCl present in the reaction mixture, was washed with 

NMP. However, this solvent can dissolve PANI EB only, not ES. This means that the 

product achieved after washing can be a mixture of both AG-PANI and PANI-

homopolymer that will mask spectroscopic results and will not allow the authors to make 

sure whether or not a covalent bond was formed.  
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Another carbohydrate-g-PANI product has been reported using Guar gum (GG), a 

galactomannan (galactose and mannose containing carbohydrate) from the endosperm of 

guar beans (Tiwari and Singh 2008). A very similar procedure resulted in GG-graft-PANI 

formation. The authors also suggested a structure of the final product, but with all PANI-

carbohydrate covalent bonds between the oxygen of GG and nitrogen of PANI. In this 

case, the “chemical” proof of an individual substance is more reliable. The product was 

firstly washed with 5% NaOH (dedoping) and then washed with NMP. However, in all 

three papers about chitosan, AG and GG the authors (Tiwari, Sen et al. 2008; Tiwari and 

Singh 2008; Shukla and Tiwari 2011) did not present real evidence for the covalent bond 

formation. Moreover, they explained some shifts in FTIR and NMP spectra as a result of 

hydrogen bonding interaction. There was, therefore, a discrepancy between proposed 

diagrams and results of characterisation. Definitely, the conclusion about formation of a 

real graft copolymer can be true. But they require other detailed experiments and clearer 

spectroscopic or other evidence of the chemical bond formation. 

In a paper about chitosan-PANI composites published later the authors applied the 

same methodology of depositing PANI by means of oxidative (APS) polymerisation of 

aniline (Karthikeyan, Kumar et al. 2011). However, they avoided giving conclusive 

statements about covalent combination of the components, and suggested a diagram 

where all the connections had the character of hydrogen bonding. The goal of this study 

was to remove fluorine ions from an aqueous solution that has been successfully 

achieved. 

The influence of pH on the formation of a chitosan-PANI semi-interpenetrating 

network (IPN) was reported (Kim, Shin et al. 2005). The authors concluded that its 

electrical conductivity increases with increasing PANI content and pH < 1. The increase 

in the conductivity caused by interaction of the components also reflects the charge 
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transfer associated with the acidic doping of PANI. As a result, PANI EB can be switched 

by protonic acid solution, leading to a conductive ES form., The chitosan-PANI semi-IPN 

system can, therefore, be useful for microelectronics applications such as biosensors, 

chemical sensors, and molecular sensors.  

Preparation of PANI-chitosan nanoparticles has been reported in another paper 

(Cheng, Xia et al. 2005). Different concentrations of aqueous chitosan solutions were 

prepared by dissolving chitosan in 0.2 M HCl solution. A typical procedure was described 

as follows. Aniline was added to the chitosan solution (1.0% w/v) before it was cooled to 

the temperature 12.5 °C. The polymerisation began when APS was poured into the 

mixture and the reaction was maintained for 12 h. After that the reaction mixture was 

centrifuged and the resulting sediment was re-dispersed in deionised water using an 

ultrasonic bath. This centrifugation-re-dispersion cycle was repeated three times in order 

to remove the excess chitosan and other by-products completely. The green composite 

mass was washed with acetone and dried under reduced pressure. Pure doped PANI was 

also prepared under the same conditions without chitosan for comparison. The formation 

of PANI-chitosan nanoparticles was explained by the authors as a result of the interaction 

between chitosan and PANI chains by a steric stabilisation mechanism. It means that at 

the beginning of the polymerisation, the particle nucleation begins in the aqueous phase 

with the generation of oligomers containing the initiators. These oligomers agglomerate, 

and nucleate a particle, when the polymerisation has extended their size to the point 

where they become water-insoluble. At the same time, chitosan physically adsorbs onto 

PANI by hydrogen bonding to prevent precipitation. If the initiation occurs around the 

core particles, and the produced oligomers deposits on their surfaces, the further reaction 

would also mainly take place on the surfaces of core particles rather than in the aqueous 

bulk phase, because the dimer and succeeding oligomers have lower oxidation potentials 
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than aniline. The authors concluded that polymerisation of aniline in this case proceeds 

preferentially close to nucleated particles, which explains a relatively low polydispersity 

of dispersion particles. When the polymerisation is complete, the PANI-chitosan 

nanoparticles are formed. The inner part of the particles is composed of both PANI and 

chitosan, while the outside is covered by a shell of chitosan. It was confirmed by XPS 

studies. Three signals were assigned in the spectra: at 285.6 eV (C-C bonds which 

belongs to PANI and chitosan), 287.2 eV (C-N, C-O, or C-O-C bonds that belong to 

chitosan), and 288.9 eV (C=O or O–C–O bonds that also belong to chitosan), because 

chitosan usually contains some of the acetamido groups that come from the original 

chitin. On the basis of high surface specificity of XPA, the author concluded that chitosan 

is present on the surface (or within the first few nanometres) of the functionalised 

nanoparticles. 

The authors of another work have demonstrated a route to form PANI-sodium 

alginate (SA) nanofibers (Yu, Zhihuai et al. 2006). In the procedures described in the 

paper, the purified SA was dissolved in deionised water to make a 0.2 wt% aqueous 

solution. Then 2 mmol of aniline was added to the homogeneous solution and the 

resulting solution cooled to 0 °C. On stirring, a precooled solution of deionised water 

containing 2 mmol of APS was added to the homogeneous solution and the resulting 

solution was stirred. Then the reaction mixture was allowed to stand at 0 °C under 

nitrogen without stirring for 48 h. The resulting product was collected by filtration and 

washed with deionized water and methanol several times until the washing solution 

became clear. Finally, the product was dried in vacuum at room temperature. A blank 

experiment was also done, where PANI was synthesised without SA by means of the 

same process. Blank experiments are very important comparative procedures for all the 

syntheses with complex reactants, such as biopolymers. A large quantity of uniform 
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PANI-sodium alginate nanofibres were synthesised by a template-guided process in a 

dilute solution of sodium alginate. The authors mentioned that this approach is an easy, 

inexpensive, environmentally friendly, and scalable one-step method to produce uniform 

nanofibers with controllable average diameters in bulk quantities. They also have found 

that the diameter of the PANI-SA nanofibres could be easily controlled by the 

concentration of aniline and SA.  

1.4.2. Protein-polyaniline hybrid materials 

This field has not been properly developed at the present time. It is possibly due to 

a not very high stability of the majority of proteins at normal ambient conditions and a 

low resistance to elevated temperature to be processable together with other polymers, 

such as PANI. However, some proteins, e.g. from the Family Poaceae, can accept 

unusual conditions and can keep their structures and properties after being exposed to 

higher temperature or solvent (alcohol) action without be denatured. In addition, some of 

them have a relatively low nutritional value and are lateral products of other processes, 

for example, of starch or ethanol preparation. From this group of biopolymers zein, the 

prolamin fraction of corn (Zea mais) is one of the promising products that can be used in 

a combination with PANI. Zein by itself is a widely applied substance with a number of 

useful properties, such as hydrophobicity, processibility, capability to be mixed with 

antimicrobial, antioxidative substances and even with some drugs to be delivered in 

humans (Ku and Song Kyung 2007). The main application of zein is the preparation of 

zein-base coating for cosmetics, electronic devices, paper, edible coatings for food 

products etc. It is also applied to make zein-based textile fibres, anticariogenic chewing 

gum, surgical closure of body organs and blood vessels, and wound dressing (Shukla and 

Cheryan 2001; Lawton 2002). A possibility to process PANI with many different 

biopolymers, including zein was mentioned in a patent (Rivas 1997).   
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1.4.3. Hybrid materials based on other biopolymers and polyaniline 

PANI prepared via oxidative polymerisation was attempted in combination with 

poly(L-lactic acid) (PLLA as the biopolymer (Patra, Bhattacharyya et al. 2009). 

Dodecylbenzene sulfonic acid (DBSA) doped PANI and PLLA have been dissolved in a 

common solvent (mixture of chloroform and DMF) and electrospun to manufacture a 

DBSA-doped PANI/PLLA nanofibrous mat. It had an extraordinarily smooth surface and 

its fibres' diameter ranged from 75 to 100 nm. The authors have been claimed an 

application of this PANI-biopolymer composite in electrical, magnetic and biomedical 

devices. 

PANI prepared in advance was applied in NMP solution to make a biopolymer 

laminate strip where PANI was cast on an Au/polyimide film (Pei, Inganaes et al. 1993). 

The authors reported an artificial electrochemical muscle built from a conducting 

polymer, PANI, and an electro-inactive polymer, polyimide. The advantages that 

conjugated polymers provide in the biopolymer muscles are: their high electronic 

conductivity, which ensures a fast charge transport and accordingly fast dimensional 

changes even in the thick films; electroactivity, which triggers the moving of the muscles; 

and moderate volume changes compared to conventional polyelectrolyte gels, where the 

large volume changes cause problems of layer adhesion, and compared to piezoelectric 

polymers where volume change is too small for many applications.  

In a paper (Li, Bidez et al. 2007) the author described and reviewed some 

promising materials for neuronal and cardiac tissue engineering, in particular grafting 

various adhesive peptides onto the surface of prefabricated conducting polymer films or 

into the polymer structures during the synthesis. One of the problems discussed in that 

paper is how to improve biocompatibility of PANI. A way to do it is to covalently attach 

the PANI backbone to biologically active oligopeptides, such as Tyr-Ile-Gly-Ser-Arg 
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(YIGSR) and a scrambled control sequence Arg-Tyr-Ser-Gly-Ile (RYSGI) based on 

chloromethylation reaction of PANI benzene rings. The reaction occurs with CH3OCH2Cl 

(THF, SnCl4, ice bath). The covalently attached tryptophan was originally established as a 

model amino acid. The fluorescence properties of tryptophan allowed for validation of its 

covalent attachment. So, PANI, which has no fluorescence, after modifications with 

tryptophan, displayed an emission peak at 344 nm as the native tryptophan.  

Subsequently, PANI modifications with YIGSR and RYSGI peptides were performed 

based on the methodology developed with tryptophan. The structure of peptide-modified 

PANI was evaluated using UV-Vis, IR and fluorescence spectroscopy. UV-Vis spectra 

showed a significant shift for the covalently attached peptides from 630 nm for native 

PANI to 564 nm for peptide-modified PANI. The authors reported the appearance of a 

peak at 1646 cm
−1

 (Amide I) in the IR spectra, which indicated the presence of carboxylic 

functional group of peptides. The newly modified polymer was cast into films and surface 

fluorescence was measured. A peak at 309 nm confirmed the presence of the peptide on 

the surface of the polymer. This job has shown a possible route to use PANI as a matrix 

modified in accordance with particularities of its further applications. 

1.5. The aim and objectives of the thesis 

CPs is a highly functional group of materials due to their variety of applications in 

modern society. An effective way to further develop their applications is preparation of 

“hybrid polymers”, where a CP is combined with commercial polymers, showing a wide 

range of exceptional properties. One of the most important and successfully applied CP is 

PANI. Various methods for the synthesis of PANI and its combination with other 

polymers were developed in the last few decades. The PANI containing products were 

characterised by means of different methods and experimental techniques. However, not 

all of synthetic procedures are suitable for the preparation of hybrid materials due to 
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inappropriate solvents, catalysts, and conditions of chemical reactions that makes it 

difficult to combine them with important conventional polymers. Moreover the key 

characteristics of such combinations, in particular interfacial interactions between 

components that are not miscible with each other, are not clear at the present time. There 

are also a number of questions about the effects of the size and shape of the conducting 

polymer particles on the ability of the conducting polymers to be effectively combined 

with conventional thermoplastics in such a way that the functionality of the conducting 

polymer is not compromised.  

The aim of the present research is therefore to study the interfacial interactions of 

PANI in contact with substrates, in particular inorganic fillers and biopolymers. There are 

a few objectives to support this aim.  

The research examines physical and chemical interactions in “PANI-silane-

commercial polymer” using a silane with aniline functionality or “PANI-commercial 

polymer” hybrids taking into account the characters of such interactions and also the 

shapes and sizes of the conducting polymer particles.  

At the same time it is very important to create a strong binding, including a 

covalent bond, between conducting and commercial polymers by means of developing a 

suitable and simplified method for the silylation of the substrates targeting silanol or other 

OH groups on their surfaces followed by binding of PANI that could increase stability 

and therefore spheres of applications of these novel materials.  

The data are required to quantify the interaction forces between PANI and 

materials with which it is in contact. Interfacial interactions in solid systems in which this 

conducting polymer is one component are examined in the present research on the basis 

of FTIR spectroscopy, XPS, Elemental analysis. Some additional instrumental 

techniques, such as NMR spectroscopy, GPC are also applied in the particular cases. 
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Due to the PANI presence, the achieved hybrids are tested for their electrical 

conductivity.  

The character of interactions results in the morphological characteristics of the 

hybrids. They are studied by means of SEM.  

Taking into consideration all of the above mentioned information the current 

research attempts to find new ways to create and to study new hybrid materials, where 

one of the components is a CP such as PANI and the second could be either an inorganic 

polymer or a biopolymer. New methods and materials are developed including some of 

them that can be applied on a semi-industrial scale in New Zealand. The electrically 

conductive polymers have a combination of properties that is not matched by other 

materials in common use, which makes them potentially useful for a very broad range of 

applications.  

The current research is important, because it will examine the basic science that 

will enable optimal design and development of practical hybrid systems based on CPs. 
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Chapter 2. Characterisation Methods  

2.1. Fourier Transform Infrared (FTIR) Spectroscopy  

All the products achieved in the current research were solid. FTIR spectra were 

taken in the solid state of analysed samples using a Thermo Electron NICOLET 8700 FT-

IR spectrometer with Diamond or Germanium crystal ATR attachment. Germanium 

crystal ATR was applied for all the PANI containing samples. 64 scans at resolution 4 

cm
-1 

were averaged for each sample. The signals were processed using OMNIC software. 

Some most important strong absorption PANI peaks were found at the following 

wavenumbers (rounded): 3200-3400 cm
-1

 for ν(N-H), 1600 cm
-1

 ν(quinoid band), 1500 

cm
-1

 ν(benzenoid band), 1300 cm
-1

 ν(C-N), 1160 cm
-1

 δ(C-H) of deprotonated PANI, 830 

cm
-1

 out-of-plane δ(C-H) of 1,4-disubstituted ring (Yong, Suzhen et al. 1986; Furukawa, 

Ueda et al. 1988; Monkman and Adams 1991; Boyer, Quillard et al. 1998; Tao, Hong et 

al. 2007; Gizdavic-Nikolaidis and Bowmaker 2008; Dmitrieva and Dunsch 2011; 

Trchova and Stejskal 2011). The actual wavenumbers are frequently shifted at the 

different experimental conditions, such as the presence of a dopant or due to the 

interfacial interaction between PANI and other components of the hybrids.  

2.2. X-Ray Photoelectron Spectroscopy (XPS). 

The XPS data were collected on a Kratos Axis UltraDLD equipped with a 

hemispherical electron energy analyser. Spectra were excited using monochromatic Al 

Kα X-rays (1486.69 eV) with the X-ray source operating at 150 W. This instrument 

illuminates a large area on the surface and then using hybrid magnetic and electrostatic 

lenses collects photoelectrons from a desired location on the surface. In this case the 

analysis area was a 300 by 700 µm spot (=hybrid/slot). The measurements were carried 
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out in normal emission geometry. A charge neutralisation system was used to alleviate 

sample charge build-up, resulting in a shift of approximately 3eV to lower binding 

energy. Survey scans were collected with 160 eV pass energy, whilst core level scans 

were collected with pass energy of 20 eV. The analysis chamber was at pressures in the 

10
-9

 Torr range throughout the data collection. 

Data analysis was performed using CasaXPS (www.casaXPS.com). Shirley 

backgrounds were used in the peak fitting. Quantification of survey scans utilised relative 

sensitivity factors supplied with the instrument. Core level data were fitted using 

Gaussian-Lorentzian peaks (30% Lorentzian). The binding energy scale was corrected for 

the neutraliser shift by using the C 1s signal from saturated hydrocarbon at 285.0 eV as an 

internal standard. Core level scans were calibrated based on a peak fit to the C 1s scan, 

with the component due to adventitious hydrocarbon set to 285.0 eV for zein and 284.6 

eV for PANI and PAPTMOS containing hybrids. 

2.3. 13
C and 

29
Si 

 
solid state NMR spectroscopy  

All solid-state NMR experiments were carried out on dry powder samples using a 

Bruker AVANCE 300 spectrometer operating at 300.13 MHz proton frequency. The 

magic angle was adjusted by maximizing the sidebands of the 
79

Br signal of a KBr 

sample. The rotation frequency was 7000  1 Hz for all of the samples.  

13
C CP MAS NMR spectroscopy: The carbon frequency was 75.48 MHz. The 

proton 90° pulse duration was 4.2 μs. The contact time was 1.5 ms and the recycle delay 

was 1 s. The spectral width was 40 kHz. The 
13

C chemical shift scale is referenced to 

TMS. The numbering of carbon atoms in a PANI EB molecule is shown in Figure 2-1 

(Zujovic, Wang et al. 2011). Their chemical shifts were reported as: 1 – 147.1 ppm; 2, 3 – 

123.7 ppm; 4, 5 – 141.4 ppm; 6 – 113.7 ppm; 7(Q) – 158.1 ppm, 8(Q) – 137.0 ppm 

(Monkman and Adams 1991; Kilmartin, Gizdavic-Nikolaidis et al. 2005). 
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Figure 2-1. The numbering of carbon atoms in PANI(EB). 

29
Si CP MAS NMR Spectroscopy: The 

29
Si frequency was 59.62 MHz. The proton 

90° pulse duration was 6 μs and the recycle delay was 2s. The contact time was 1 ms. The 

29
Si chemical shift scale is referenced to the 

29
Si signal from TMS. The spectral width 

was 20 kHz.  

29
Si DP (direct polarization) MAS NMR Spectroscopy: The 

29
Si pulse duration 

was 1.7 μs, and the recycle delay was 100s. 

2.4. 1
H NMR spectroscopy 

1
H NMR spectra were recorded at 400 MHz using a Bruker DRX400 

spectrometer.  Samples were dissolved in a mixture of acetone-d6 with 99.9 atom% D 

(containing 1% v/v TMS; supplied by Sigma-Aldrich) and deuterium oxide (acetone: 

D2O=6:1; i.e. 85.7% v/v acetone in D2O). The spectral data were processed using the 

TOPSPIN and MestReC 4.7.0.0 software packages. 

2.5. Elemental analysis 

Elemental analysis was carried out using Carlo Erba Elemental Analyser EA 

1108. The analytical method was based on the complete and instantaneous oxidation of 

the sample by “flash combustion” at 1020 °C which converts all organic and inorganic 

substances into combustion products. The sample is held in a tin capsule and dropped into 

a vertical quartz tube, containing catalyst (tungstic oxide) and copper, which is 
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maintained at a temperature of 1020 °C. The helium carrier gas is temporarily enriched 

with pure oxygen as the sample is dropped into the tube. The sample and its container 

melt and the tin promotes a violent reaction. Under these favourable conditions, even 

thermally resistant substances are completely oxidised. Quantitative combustion is then 

achieved by passing the mixture of gases over a catalyst layer, then through copper to 

remove excess oxygen and reduce nitrogen oxides to nitrogen. The resulting mixture is 

directed to the chromatographic column where the components (carbon dioxide, water, 

sulfur dioxide and nitrogen) are separated and detected by a thermal conductivity detector 

which gives an output signal proportional to the concentration of the individual 

components of the mixture. The information is fed into a work station and the percentages 

calculated using the weight of sample. The Elemental analysis results of the current 

research shown in the present research were calculated as an average of two 

determinations. 

Some other calculations were done on the basis of the elemental analysis results. 

The percentage of the PAPTMOS (Silyl) moiety bound to the surface of Silica or of 

another inorganic substrate can be calculated as following: 

M (silyl) 162 g·mol
-1

 (PAPTMOS without three CH3O groups) 

This moiety contains 9 C atoms (108 g·mol
-1

), 1 N atom (14 g·mol
-1

) and 12 H 

atoms (12 g·mol
-1

). 

 

108 (9 C atoms)/%C (from EA) = 162 (silyl)/X (% of silyl); 

14 (one N atom)/%N (from EA) = 162 (silyl)/X (% of silyl); 

12 (12 H atoms)/%H (from EA) = 162 (silyl)/X (% of silyl); 
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Therefore: 

X = %C × 162/108 = %C × 1.5 

X = %N × 162/14 = %N × 11.6 

X = %H × 162/12 = %H × 13.5 

The most reliable calculations were done on the basis of the nitrogen contents: 

 

X = %N × 162/14 = %N × 11.6  Eq. 2.1 

 

This formula is preferable, because only one N atom is introduced in the system 

after binding the substrate and PAPTMOS. Carbon content can be slightly variable due to 

an incomplete replacement of methoxy groups. Hydrogen content also depends on 

additional groups, such as hydroxy groups on the substrate surface or some remaining 

water. 

2.6. Electrical conductivity measurement 

The electrical conductivity of compressed pellets or films was measured by means 

of Jandel RM2 instrument (four-point probe measurement technique) at room temperature 

applying the formula (Gizdavic-Nikolaidis 2005; Gizdavic-Nikolaidis, Zujovic et al. 

2010): 

 

Where d - sample thickness; 

 I - electric current passed through two adjacent contacts; 

 V – voltage measured across two other contacts. 

Eq. 2.2 
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2.7. Gel Permeation Chromatography (GPC) 

The GPC system consisted of a Waters 515 HPLC pump, a Degassex DG-4400 

on-line degasser connected to a series of three GPC columns (a Waters Styrogel HR6 

column and two Polymer Labs PolyPore columns) with a PolyPore guard and 0.5um in-

line filter. The eluent was NMP and the flow rate was 0.3 mL·min
-1

. Sample 

concentrations were 2 mg·mL
-1

 and injection volume was 200 μL. The detector used was 

a Waters 2410 Differential Refractometer. Both the columns and RI detector were 

maintained at 35 °C. Data acquisition and processing were performed using the ASTRA 4 

software (Wyatt Technologies Corporation). The Polymerlabs EasyCal PS-1 set of ten 

Polystyrene standards were dissolved in the same eluent at 2 mg·mL
-1

 and used for the 

Calibration curve under the same conditions. The chromatographic traces were resolved 

using band resolution, with the peak fitting function of the Origin software using the 

Gaussian function. 

2.8. Differential Scanning Calorimetry (DSC) 

DSC was performed using a DSC Q1000 instrument (TA Instruments, USA). The 

test samples were contained in aluminium pans and heated at 10 °C min
-1

 in an 

atmosphere of flowing, oxygen-free nitrogen. For all samples the following cycle was 

used: heat from 0 to 170 °C, cool to 0 °C; heat from 0 to 170 °C. The data were analysed 

using TA Universal Analysis software. 

2.9. Dynamic Mechanical Thermal Analysis (DMTA).  

DMTA was carried out using a TA instrument DMA Q 800 at the oscillatory 

frequency 1 Hz and the rate of temperature increase 3 °C min
−1

. This method was applied 

to study the properties of the composites prepared in the form of films. 
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2.10. Radical scavenging activity assay 

Described in Chapter 8.2.2 

2.11. Scanning Electron Microscopy (SEM)  

SEM was performed using Philips XL30S FEG. Because of charging effects, the 

samples were prepared on the surface of a carbon film and coated in vacuum with 

platinum by PVD (physical vapour deposition) method. 
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Chapter 3. A Novel Low Solvent Method for Grafting 

Polyaniline to Silylated Silica 

This Chapter has been presented as: 

WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S. ‘Grafting polyaniline to 

silica – a novel low solvent method’, Polychar 18 (18
th

 World Forum on Advanced 

Materials), Siegen, Germany, 7-10
th

 April 2010  

and published as: 

WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S. ‘A novel low solvent 

method for grafting polyaniline to silylated silica’, Macromolecular Symposia, 298(1), 

51-56, 2010 (Wheelwright, Ray et al. 2010). 

3.1. Introduction 

CPs are speciality polymers with multifunctional properties.(Vincent 1995) A 

route to effective utilisation of their functionality is preparation of hybrid materials, 

where a CP is combined with an inorganic substrate. Silica is one of the most popular 

substrates due to its many existing and potential applications. To combine the properties 

of silica and PANI in a single hybrid material, it is important to create a strong bond 

between the CP and the inorganic substrate, so that potential applications of these novel 

hybrid materials can be realized.  

Although PANI is a frequently used CP in combination with different 

fillers,(Gangopadhyay and De 2000; Ray, Gizdavic-Nikolaidis et al. January 28th-31st  

2009) direct attachment of PANI by polymerizing aniline in the presence of a substrate 

such as silica is relatively difficult to achieve. Coupling agents such as silanes are widely 

used to result in indirect bonding of a polymer to a surface (Ji, Kang et al. 2002; Ray and 
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Bhowmick 2002; Peng, Weimin et al. 2004). In terms of functionalisation of the silica 

surface one of the more promising silylating agent is 3-(phenylaminopropyl) 

trimethoxysilane (PAPTMOS) that has N-substituted aniline functionality.(Ruckenstein 

and Li 2005)  

It has been reported that for silanes, including PAPTMOS, to react with silica a 

large amount of solvent, usually toluene (toluene reflux method) or methanol (for glass 

surface silylation) is required.(Kamada, Kominami et al. 1996; Kiseleva and Nesterenko 

2000; Wu, Yeh et al. 2001; Ruckenstein and Li 2005) In the present investigation a novel 

“low solvent” method was developed for silylation of silica gel using a very small amount 

of methanol as solvent, which has the advantages of both a “green chemistry” approach 

and a simplified procedure. The substituted aniline-functionalised silanised silica was 

used as an active template for linking to polyaniline by in situ polymerisation of aniline 

monomer. 

3.2. Experimental 

Silica gel 922 (ECP-CHR Chromatography Reagent, Silae2E2457-1KG) was 

supplied by ECP-LTD (Auckland, New Zealand) and had the following characteristics: 

particle size 200-325 mesh (74-44 µm); surface area 450 m
2 

g
-1

; pore diameter 6 nm; pore 

volume 0.75 mL g
-1

. PAPTMOS, APS, methanol, acetone, tetrahydrofuran (THF), N-

methyl pyrrolidinone (NMP), hydrochloric acid and MSA were all analytical grade 

reagents and were used as supplied by Sigma-Aldrich.  

3.2.1. Silylation of Silica Gel  

0.25 g of PAPTMOS dissolved in 1 g (about 1.25 mL) of methanol was placed in 

a small ceramic crucible. 1 g of silica gel that had been pre-treated by heating in a 

vacuum oven at 120 °C for 24 h was thoroughly mixed with the PAPTMOS/methanol 
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mixture. The crucible was covered with a ceramic lid, maintained at 70 °C for 0.5 h and 

then heated under vacuum for 42 h at 110 °C. The product was washed four times with 

methanol (30 mL; centrifugation, 10 min, 3000 rpm, following by decanting each time) 

then vacuum dried at 60 °C for 16 h. 

3.2.2. Grafting of PANI to Silylated Silica  

0.5 g (5 mmol) of aniline was added with stirring to 20 mL of 1 M aqueous HCl. 

0.5 g of silylated silica was dispersed in the aniline solution with continuous magnetic 

stirring, and 1.37 g (6 mmol) of APS, dissolved in 10 mL of water, was added dropwise 

over a period of about 30 min at ambient temperature. The resulting mixture was 

continuously stirred for 5 h at ambient temperature, then centrifuged, and the precipitate 

separated by decanting the supernatant. The precipitate was washed three times with 

water (30 mL, centrifugation-decanting, 3000 rpm, 7 min. each time). After the final 

decantation the solid product was dedoped by continuous stirring overnight with 30 mL 

of 2.8% aqueous ammonia. The purpose of dedoping was to ensure that free (i.e. non-

grafted) PANI was converted to the EB form the oligomers of which are soluble in THF, 

and non-oligomeric PANI is soluble in NMP, whereas the ES (doped) form is insoluble. 

The solid product was then washed consecutively with water to remove water-soluble 

impurities; THF and NMP to remove PANI that was not bonded to silica; and acetone to 

remove residual THF and NMP. The dedoped product containing grafted chains of PANI 

in the EB form was vacuum dried for 24 h at 40 °C. 

A blank experiment with non-silylated silica was also attempted. However, FTIR 

of the final product did not reveal PANI remaining on the silica surface. 
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3.2.3. Re-doping of SiO2-PANI (EB) Hybrid  

The purpose of re-doping was to convert the PANI chains in the hybrid material to 

the conductive ES form. The hybrid material (0.5 g) was suspended in 20 mL of 1 M 

aqueous MSA with magnetic stirring. The reaction mixture was continuously stirred 

overnight at ambient temperature, then centrifuged and the supernatant decanted. The 

solid product was washed with water and acetone, then vacuum dried at 50 °C for 20 h. 

The overall process (assuming complete de-methoxylation of PAPTMOS) is 

shown in the Figure 3-1. 

 

 

Figure 3-1. Overall process of combining PANI with silylated silica. 

3.3. Results and Discussion 

The silylation reaction was carried out at 110 C to allow comparison with the 

toluene reflux method. The reaction time of 42 h was used to optimise the extent of 

reaction. A possible mechanism for the silylation of silica with 3-

aminopropyltriethoxysilane (APTES) has been proposed.(Ruckenstein and Li 2005) We 
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envisage that the reaction of silica with PAPTMOS occurs in a similar fashion, as 

indicated in Figure 3-1.  

3.3.1. FTIR 

The appearance of major diagnostic bands for aromatic ring groups (1601 and 

1503 cm
-1

) of the aniline function in the silane treated silica indicates that silica gel was 

successfully silylated (Figure 3-2a). After grafting PANI to the silylated silica and 

isolation of the product, diagnostic bands at 1598 and 1509 cm
-1

, characteristic of the 

quinonoid form and benzenoid rings of PANI, appeared in the FTIR spectrum (Figure 3-

2b, spectrum 1), and the Si-O-Si band at 1070 cm
-1

 was largely unaffected, except for the 

more prominent shoulder on the high wavenumber side of that band, in the spectrum of 

the silylated silica. The shoulder is attributed to the Si-O-Si band of the silyl moiety. Re-

doping the PANI chain with MSA was confirmed by the FTIR spectrum (Figure 3-2b, 

spectrum 2) in which the aniline bands shifted by about 9 cm
-1

, which is typical for 

conversion of the undoped emeraldine base to the doped emeraldine salt form of 

polyaniline. The appearance of the broad peak in the region 3700 cm
-1

 to 3000 cm
-1

 in 

Figure 3-2b is due to the grafting of PANI containing N-H groups onto silica. 

 

Figure 3-2. FTIR spectra of a) silica gel 922 and the product of its silylation; b) dedoped silica-PANI 

hybrid and its emeraldine salt form doped with MSA. Axes: X–Wavenumber, Y–Absorbance (a.u.). 
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3.3.2. Elemental analysis 

Elemental analysis data are given in Table 3-1. The C:N atomic ratio (9.99:1) found for 

the product of silica silylation is somewhat higher than for PAPTMOS (9:1). The 

discrepancy can be accounted for by incomplete reaction of the methoxy groups of 

PAPTMOS with silica; the atomic ratios suggest >90% reaction.  

 

COMPOUND 

C, 

% 

H, 

% 

N, 

% 

S, 

% 

C:N, 

atoms 

N:S, 

atoms 

Silica-PAPTMOS 9.56 1.47 1.11 - 9.99:1 - 

Silica-PAPTMOS-PANI 19.35 2.08 3.57 - 6.33:1 - 

Silica-PAPTMOS-PANI-

MSA 

19.88 2.36 2.77 0.96 8.36:1 6.60:1 

Table 3-1. Elemental analysis data and derived atomic ratios for the reaction products.  

With the simplifying assumption that the silylated silica (Silica-PAPTMOS) 

comprises SiO2 and silyl moieties (i.e. PAPTMOS molecules from which three CH3O 

groups have been eliminated), the elemental analysis data indicate that the silylated silica 

was about 86 wt% silica and 14 wt% silyl moiety. That composition corresponds to about 

94 mol% SiO2. The degree of grafting, DG(%), defined by  

 DG(%)=100×(mf - m0)/m0  

where m0 and mf are the initial mass of silica gel and the mass of silylated 

product, respectively, was 16.3%.  

3.3.3.  13
C solid state NMR spectroscopy  

In addition to the characteristic peaks for PANI, (110-160 ppm) the 
13

C spectrum 

(Figure 3-3) exhibits peaks in the aliphatic region. The assignment of the latter peaks as 
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follows (Sudholter, Huis et al. 1985). SiCH2(I)CH2(II)CH2(III)NH: C(I)=9-11 ppm; 

C(II)=20-27 ppm; C(III)=44-46 ppm; CH3O=49-57 ppm. The peaks in the aliphatic 

region (50-10 ppm) suggest that the coupling agent has been introduced into the structure. 

Also, the relatively weak peak of methoxy group (around 50 ppm) confirms (as noted 

above) complete de-methoxylation of PAPTMOS did not occur. 

 

Figure 3-3. 
13

C solid state NMR spectra of Silica-PAPTMOS-PANI (EB). 

3.3.4.  29
Si solid state NMR spectroscopy of Silica-PAPTMOS hybrid  

There are two distinct regions (Figure 3-4) in the spectrum of the sample: a) 

upfield, from ca. -90-110 ppm and b) downfield, from ca. -45 -70 ppm.  

All peaks have been assigned according to literature data (Sudholter, Huis et al. 

1985): 
 

a) A predominant peak at -101 ppm, (HO)*Si(OSi≡)3; and less 

intensive at -110 ppm, *Si(OSi≡)4. There is also a low intensity peak at -92 ppm 

assigned to (HO)2*Si(OSi≡)2. 

These are characteristic of a silica structure.  
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b) Three new resonances appear at lower field (-48, -57, and -66 ppm) 

corresponding to three possible types of surface bonds of the silane on the silica 

surface. 

 

Figure 3-4. 
29

Si solid state NMR spectrum of Silica-PAPTMOS. 

3.3.5. XPS data 

A survey scan from 0–1300 eV is obtained to determine the elements present at or 

near the surface of the silylated silica (Silica-PAPTMOS). The binding energy scale of all 

spectra is calibrated such that the peak maximum of the C(1s) spectrum was located at 

284.6 eV. Deconvolution of the Si(2p) peak gives rise to major peak at 103.3 eV and a 

small peak at 104.1 eV (Figure 3-5a). The peak at 104.1 eV confirms the presence of Si-O 

linkages on the substrate surface. The peak binding energies due to O(1s) for the silica 

sample are observed in the 530–535 eV region, where the peaks at 532.6 eV and 533.7 eV 

are due to Si-O-Si and Si-O-C respectively (Figure 3-5b)(Ray and Bhowmick 2002). A 

weak peak at 399.4 eV attributed for N(1s) from PAPTMOS moiety was also clearly 
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seen.(Wu and Chen 1997) Presence of carbon was observed at 282–288 eV regions with 

peak maxima at 284.6 eV. 

 

Figure 3-5. XPS deconvoluted spectra for Silica-PAPTMOS product (a) Si, (b) O. 

The conductivity (σ) of the final product, Silica-PAPTMOS-PANI hybrid doped 

with MSA, was measured by the four-point probe method as (1.2±0.1)×10
-3

 S cm
-1

 at 

ambient temperature, whereas the unmodified silica is a non-conductor. 

3.3.6. SEM 

The SEM images shown in Figure 3.6 show a change of the relatively smooth 

surface of silica (Figure 3-6 A) to a surface coated with silane (Figure 3-6 B), and the 

PANI (EB)-coated surface. The final (conductive) hybrid (Figure 3-6 D) has an even 

layer of PANI emeraldine salt with spherical particles mostly 15-20 nm and up to 40-50 

nm in diameter. It has similar morphology to the dedoped PANI form (Figure 3.6 C).  
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Figure 3-6. SEM images of silica and products (magnification x250000): A – silica gel 922, B – 

silylated silica, C – Silica-PAPTMOS-PANI dedoped, D – Silica-PAPTMOS-PANI hybrid doped with 

MSA. 

3.4. Summary 

Silica has been successfully silylated with PAPTMOS by means of a “Low 

Solvent Method”. PANI was grafted to the silylated silica. The hybrid material obtained 

by this method has shown significant electrical conductivity. The method is being applied 

in our laboratory to other oxide and silicate surfaces. 

.
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Chapter 4. Interfacial Interactions of Polyaniline Grafted 

Alumina Hybrid  

This Chapter has been presented as: 

WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; COONEY, R. P. ‘A 

novel method of alumina functionalisation by silylation and covalent grafting of 

polyaniline’, 11th Biannual UNESCO/IUPAC Workshop and Conference on Functional 

Polymeric Materials and Composites, Stellenbosch, South Africa, 26-29
th

 April 2011. 

4.1. Introduction  

There is a growing interest to develop multi-functional hybrid materials using 

various inorganic substrates as the template material. Among the inorganic oxides, 

alumina is used as a filler in a variety of processes such as removal of impurities, catalyst 

preparation and others (Demirbas 2009), including coatings with hydrophobic surfaces 

(Richard, Aruna et al. 2012). It is also a constituent of natural and artificial clays. 

Moreover, alumina is always present on the surface of aluminium, so that functionalising 

an aluminium surface involves functionalisation of aluminium oxide. CPs have been used 

to functionalise various inorganic substrates, namely clay, alumina etc. to introduce multi-

functional properties in the hybrid materials. PANI is one of the most promising CPs not 

only due to its multi-functional properties but also for low cost raw materials, ease of 

synthesis in high yields (MacDiarmid and Epstein 1989). Interestingly, the popular 

approach of combining PANI with these inorganic substrates is via in situ polymerisation 

of aniline without paying much attention to bind the functional material through covalent 

bonding (Li, Bian et al. 2003). However, by creating covalent bonding between the 

templated substrates and the functional material the functionalisation of the substrate can 

be more effective and hence can enhance the stability which is desirable during 
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applications. To effect such a linkage a coupling agent can be used. Attempts to 

functionalise alumina and other oxides with silanes, in particular with 3-

(phenylaminopropyl)trimethoxysilane (PAPTMOS) by the toluene-reflux method have 

been reported (Kera, Kamada et al. 2001), however without further interaction with 

PANI. We have recently developed a method of silylation of substrates using a very small 

amount of methanol, followed by grafting of PANI to the silylated surface (Wheelwright, 

Ray et al. 2010).  

In this present study, alumina was silylated with the coupling agent PAPTMOS 

followed by grafting PANI onto the silylated surface by in situ polymerisation of aniline. 

Also a novel approach was developed in comparison with the published method 

(Wheelwright, Ray et al. 2010) to improve the removal step of PANI homopolymer from 

the hybrid material which formed as a by-product by using NMP-aliphatic amine binary 

solvent, which can dedope the emeraldine salt form of PANI in a single, one-pot 

procedure and make it soluble in NMP. Re-doping with MSA was performed to introduce 

electrical conductivity in the hybrid material. The interfacial interactions within the 

hybrid material were investigated by several analytical techniques. 

4.2. Experimental 

4.2.1. Materials and reagents 

The alumina used in the experiments was “Aluminium oxide 90 Standardized” 

supplied by Merck (particle size 63-200 µm; surface area 120 m
2
 g

-1
; pore volume 0.27 

mL g
-1

; pore size 9 nm). It was thermally pre-treated in vacuum at 120 °C for 24 h. 

Aniline, PAPTMOS, APS, methanol, acetone, NMP, aliphatic amines, and MSA were all 

analytical grade reagents that were used as supplied by Sigma-Aldrich. 
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4.2.2.  Preparation 

Stage 1: Silylation of Alumina (Figure 4-1).  Alumina (1 g) was added to a 

solution of 0.25 g PAPTMOS in 1 mL methanol in a porcelain crucible. The crucible was 

covered with a lid and the reaction mixture was slowly heated in a vacuum oven at 

atmospheric pressure from room temperature to 110-120 ºC, then under vacuum for 42-44 

h at the same temperature. After washing with methanol and acetone followed by 

centrifugation and decanting, the final product was vacuum dried at 60 ºC for 24 h. 

 

Figure 4-1. Stage 1: Silylation of alumina. 

Stage 2: PANI Grafting (Figure 4-2). Silylated alumina (0.5 g) was dispersed 

with stirring in 20 mL of 1 M aqueous MSA containing 0.5 g (5 mmol) of aniline. APS 

(1.37 g, 6 mmol) dissolved in 10 mL of 1 M aqueous MSA was added dropwise over a 

period of about 30 min at ambient temperature. The resulting mixture was continuously 

stirred for 5 h at ambient temperature, then the dark green precipitate was separated by 

centrifugation and washed with water. 
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Figure 4-2. Stage 2: Grafting PANI to silylated alumina. 

The product was a mixture of MSA-doped PANI grafted to silylated alumina, and 

MSA-doped PANI homopolymer. The precipitate was subjected to a novel one-step 

procedure to separate these two components. The conventional dedoping stage with 

aqueous ammonia (Wheelwright, Ray et al. 2010) was omitted. In the new procedure the 

solid product was washed twice with a binary solvent system containing NMP and 

diethylamine (DEA) with volume ratio NMP:DEA=30:2.5. This treatment converts doped 

PANI to its dedoped EB form, via acid-base reaction with the strong aliphatic base, and 

efficiently solubilises the PANI homopolymer and thereby removes it from the reaction 

mixture in a single step. A third washing was done with pure NMP. After additional 

washing with acetone to remove residual NMP, the product was vacuum dried at 50 ºC 

for 24 h. Re-doping was carried out to convert the PANI chains in the hybrid material to 

the conductive ES form. A suspension of the hybrid material in 20 mL of 1 M aqueous 
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MSA was continuously stirred overnight at ambient temperature then centrifuged, washed 

with water and acetone, and then vacuum dried at 50 ºC for 20 h. 

A blank experiment with non-silylated alumina was also attempted. However, 

FTIR of the final product did not reveal PANI remaining on the alumina surface. 

 

4.3.  Results and Discussion 

A possible mechanism for the silylation of silica with 3-

aminopropyltriethoxysilane (APTES) has been proposed by Blitz et al (Blitz, Murthy et 

al. 1988). An analogous mechanism for silylation of alumina with PAPTMOS by the low 

solvent method is proposed in Figure 4-3. 

 

Figure 4-3. A possible mechanism for silylation of alumina with PAPTMOS. 
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4.3.1.  Evidence for the formation of hybrid material 

FTIR spectra of alumina and the silylated products are shown in Figure 4-4. The 

appearance of peaks at 1601 and 1505 cm
-1 

due to aromatic rings in the spectrum of 

PAPTMOS treated alumina (Figure 4-4B) indicates successful silylation. The spectrum of 

the PANI grafted silylated alumina has diagnostic bands with high intensity at 1597 and 

1508 cm
-1

, characteristic of the quinonoid form and benzenoid rings of PANI. After re-

doping with MSA the benzene ring bands were shifted by about 10 cm
-1

, which is typical 

for conversion of the undoped to the doped form of PANI. The broad band in the region 

3700 to 2500 cm
-1

 in Figure 4-4C,D is presumably due to grafting of PANI containing N-

H groups onto silylated alumina. 

 

Figure 4-4. FTIR spectra of the Alumina (A) and  products: (B) – Alumina-PAPTMOS, (C) – 

Alumina-PAPTMOS-PANI (EB), (D) –Alumina-PAPTMOS-PANI (ES). Axis Y – Absorbance (a.u.). 

 

4.3.2.  Interaction of PANI with the silylated alumina 

From FTIR studies evidence for the presence of PANI in Alumina-PAPTMOS-

PANI hybrid material has been noticed. In addition to aromatic groups, PAPTMOS 
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coupling agent also contains aliphatic and silicon containing parts in the molecule. 
13

C 

and 
29

Si solid state NMR studies have been performed to futher investigate the interaction 

of PANI with the silylated alumina, which could allow detecting all these functionalities 

and the structure of PANI backbone.  

4.3.3. 13
C and 

29
Si solid state NMR spectroscopy  

(Sudholter, Huis et al. 1985; Zujovic, Bowmaker et al. 2009)  

In addition to the typical PANI signals (110-160 ppm, downfield) all 
13

C spectra 

(Figure 4-5) exhibited signals in the aliphatic region (0-60 ppm, upfield). 

 

Figure 4-5. 
13

C (A, B) and 
29

Si (C, D) solid state NMR spectra: (A, C) – Alumina-PAPTMOS, (B, D) – 

Alumina-PAPTMOS-PANI (EB). 

a) Assignment–aromatic part. 

The 
13

C spectra show characteristic peaks at lower field similar to those seen in 

standard PANI presented in Figure 4-6 adapted from (Zujovic, Bowmaker et al. 2009). 

The relative intensities of the peaks in these spectra imply an irregular head-to-tail 

coupling in the PANI(EB) structure.  
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Figure 4-6. Chemical structure and 
13

C NMR signals assignment of PANI(EB). 

b) Assignment–aliphatic part: 

SiCH2(I)CH2(II)CH2(III)NH2 

The chemical shifts are assigned as follows. δ(C(I))=9-11 ppm; δ(C(II))=20-27 

ppm; δ(C(III))=44-46 ppm; δ(CH3O)=49-58 ppm. The signals in the aliphatic region (50-

10 ppm) in Alumina-PAPTMOS and Alumina-PAPTMOS-PANI(EB) samples suggest 

that the coupling agent was present in the structure. Also, the relatively weak signal for 

methoxy group could imply that the coupling has occurred according to the suggested 

mechanism (Figure 4-3), where some of the methoxy groups in the silane remain 

unaffected.  

c) 
29

Si solid state NMR:  

The resonances that appear (Figure 4-5c,d) at the fields -42 ppm to -67 ppm 

confirms silane coupling with the substrate. They correspond to possible types of surface 

bonds (Sudholter, Huis et al. 1985). 

4.3.4. XPS studies 

FTIR and NMR studies indicate the presence and interactions of the individual 

components in the Alumina-PAPTMOS and Alumina-PAPTMOS-PANI hybrid materials. 

More detailed information about the kind of interfacial interactions in these hybrid 

materials was provided by XPS.  
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A survey scan from 0 to 1300 eV binding energy was obtained to determine the 

elements present at or near the surface of the PAPTMOS-silylated alumina. The binding 

energy scale of spectra was calibrated such that the peak maximum of the C(1s) spectrum 

was located at 284.6 eV for alumina-PAPTMOS and for alumina-PAPTMOS-PANI 

hybrids. The appearance of C and N and Si peaks in alumina-PAPTMOS (Table 4-1) is 

due to the interaction of the silane coupling agent, PAPTMOS with alumina.  

In the case of alumina-PAPTMOS-PANI(ES), incorporation of PANI in this 

silylated alumina significantly increased the intensity of the C and N peaks. The peaks for 

O, C, N, Si and Al were observed with their typical binding energies (Metson, Hyland et 

al. 1994; Lisowski, van den Berg et al. 1995; Wu and Chen 1997; Ray and Bhowmick 

2002).  

 

Element 

 

Binding energy, 

eV 

 

Area  of peak 

 

At% 

AP
a 

APP
b 

AP APP AP APP 

C 1s 284.1 285.0 4905.4 20551.4 24.1 64.2 

N 1s 399.1 400.0 668.0 3711.7 1.9 6.8 

O 1s 531.1 531.0 23517.7 17243.6 41.1 19.2 

Si 2p 102.1 102.0 1709.7 825.5 7.1 2.2 

Al 2p 74.1 74.0 3646.3 1718.5 25.8 7.7 

a 
Alumina–PAPTMOS 

b 
Alumina-PAPTMOS-PANI (ES) 

Table 4-1. The results of XPS wide scan spectra of alumina-PAPTMOS and alumina-PAPTMOS 

PANI (ES). 
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Alumina-PAPTMOS: 

The deconvoluted spectra of C1s and N1s are shown in the Figure 4-7. 

 

Figure 4-7. Deconvoluted XPS spectra of the C1s and N1s from Alumina-PAPTMOS. 

Three components were found for C1s: at 284.4 eV (68.6 At%) for C=C of the 

aromatic ring (component 1), at 285.6 eV (28.9 At%) for C-N and C-C of the silane 

(component 2) and at 287.3 eV (2.4 At%) for Si-C (component 3). Due to the chemical 

structure of this compound one component was found for N1s at 399.2 eV (Wu and Chen 

1997). 

Alumina-PAPTMOS-PANI: 

The signals of Si2p and Al2p which appeared on the wide scan spectrum were 

almost the same, at 102.0 eV and 74.0 eV respectively (Table 4-1). The deconvoluted 

spectra of C1s, and N1s are shown in the Figure 4-8.  

Three components were found for C1s: at 284.4 eV (45.5 At%) for C=C, at 285.4 

(45.5 At%) for C-N and at 286.4 (8.9 At%) for S-C of MSA used as a dopant. N1s was 

deconvoluted to four signals: at 397.7 eV (8.1 At%) for –N= (component 1), at 399.4 eV 

(72.2 At%) for –NH- (component 2), at 400.8 eV (16.9 At%) for =NH
+
- (component 3) 

and at 402.0 eV (2.7 At%) for –NH2
+
- (component 4). 
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Figure 4-8. Deconvoluted XPS spectra of the C1s and N1s from Alumina-PAPTMOS-PANI(ES). 

Components 1 and 3 are from PANI(ES). A higher amount of the amine nitrogen 

(component 2) is due to the silane part of the compound. It also depends on an unequal 

ratio of benzenoid and quinoid parts in a PANI-chain. The last very minor component at 

402.0 eV appeared due to the possibility of the PANI amine nitrogen being 

protonated (Hennig, Hallmeier et al. 1998), however with much lower extent than imine 

nitrogen which has a higher pKa value. Hence, the results of XPS further corroborate 

FTIR and NMR studies. 

4.3.5.  Elemental analysis  

Analytical data for the Alumina-PAPTMOS, Alumina-PAPTMOS-PANI(EB) and 

Alumina-PAPTMOS-PANI(ES) products are given in Table 4-2. With the simplifying 

assumption that the silylated alumina (Alumina-PAPTMOS) produced in Stage 1 

comprised Al2O3 and silyl moieties (i.e. PAPTMOS molecules from which three CH3O 

groups have been eliminated), the elemental analysis data for carbon indicate that the 

silylated alumina was 88.7 wt% alumina and 11.3 wt% silyl moiety. That composition 

corresponds to 92.6 mol% alumina and 7.4 mol% silyl moiety. 

PAPTMOS has a C/N atomic ratio of 12.00. In case of elimination of three 

methoxy groups from PAPTMOS during silylation reaction, the C/N atomic ratio should 
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be 9.00. The C/N atomic ratio found from elemental analysis (9.06) corresponds very 

nearly to elimination of three methoxy groups from PAPTMOS. 

 

COMPOUND %C
 

%H
 

%N
 

%S
 

C:N N:S 

Alumina-PAPTMOS 7.54 1.13 0.97 n/a 9.06 n/a 

Alumina-PAPTMOS-PANI(EB) 16.33 2.03 2.27 n/a 8.39 n/a 

Alumina-PAPTMOS-PANI(ES) 17.20 2.18 2.04 1.04 9.83 4.49 

Table 4-2. Elemental analysis data and derived atomic ratios for the reaction products. 

The presence of sulfur in the Alumina-PAPTMOS-PANI(ES) product confirms 

that the PANI component of the material was re-doped, since the sulfur could only have 

come from MSA. The N/S atomic ratio indicates a degree of doping about 22%. 

4.3.6. Conductivity measurements 

Both unmodified and silylated aluminas are obviously non-conductors. However, 

the MSA-doped alumina-PAPTMOS-PANI hybrid showed a conductivity (8.00±0.2)×10
-

5
 S·cm

-1
 at ambient temperature, which further emphasises the successful inclusion of 

PANI in its doped form with alumina substrate.  

4.3.7.  Morphological studies 

SEM images of unmodified alumina and its modified products are shown in 

Figure 4-9. The silane treatment changed the topography of alumina to a relatively 

smooth surface, and the porosity disappeared (Figure 4-9B). In the case of alumina-

PAPTMOS-PANI(ES), the presence of typical aggregated PANI with spherical primary 

particles about 20 nm in diameter on the smooth silylated alumina was observed, which 

increased the surface roughness (Figure 4-9C). 

 



Chapter 4. Interfacial Interactions of Polyaniline Grafted Alumina Hybrid 

62 

 

 

Figure 4-9. SEM images of alumina and the products (magnification 250000x): A, alumina; B, 

silylated alumina; C, polyaniline (ES) grafted silylated alumina. 

4.3.8. Summary 

The low solvent silylation method was applied to silylation of alumina, with 

subsequent grafting of PANI. The PANI homopolymer formed in the reaction was 

dedoped and removed by NMP-amine treatment in a single step. After re-doping with 

MSA the hybrid material became electrically conductive. Formation of silylated substrate 

and the combining doped PANI with the silylated substrate was detected by FTIR, NMR 

and XPS studies. Elemental analysis studies further indicate that in situ oxidative 

polymerisation of aniline onto silylated alumina surface produces a hybrid material 
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containing PANI. Thus the functionality of the conducting polymer was successfully 

captured in a material that has a wide variety of applications 

.
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Chapter 5. Functionalising Zeolites by Low Solvent Method of 

Silylation and Binding of Polyaniline 

This part of the Chapter (Zeoflair200) has been partially presented as: 

WHEELWRIGHT, W. V. K.; RAY, S.; COONEY, R. P. ‘Functionalising zeolites 

by low solvent method of silylation and binding of polyaniline’ Polychar 20 (20th World 

Forum on Advanced Materials), Dubrovnik, Croatia, 26-30
th

 March 2012 

5.1. Introduction 

Zeolites are a group of microporous crystalline aluminosilicates featured by 

exhibiting molecular sieve and shape selective properties (Serrano, Aguado et al. 2006). 

They have many important applications, first of all being catalysts for reactions such as 

isobutene–n-butene alkylation, alkane hydroisomerisation, aromatic acylation, methyl 

tert-butyl ether synthesis, and other (Aguado, Serrano et al. 2008). They are also applied 

in absorption and ion exchange processes (Serrano, Aguado et al. 2006). It was also 

reported that zeolites may incorporate a large number of heteroatoms in four-coordinated 

sites in the crystalline lattice and may be used as supports for dispersed metals and metal 

oxides (Serrano, Aguado et al. 2009). Formation of zeolite-PANI containing hybrids that 

allows one to combine the mentioned properties of zeolites and the electroconductivity of 

PANI requires special attention. In situ formations of various conducting polymers 

including polyaniline (PANI) on different zeolites have been reported previously (Bartlett 

and Cooney 1987; Bein and Enzel 1989; Martinez, Luna D'Amicis et al. 2011; Ray, 

Gizdavic-Nikolaidis et al. 2011). However, functionalisation of zeolites by using aniline 

substituted silanes leads to strong adhesion of PANI. In the present study, a synthetic 

zeolite was first silylated with an aniline substituted coupling agent PAPTMOS by the 

low solvent method followed by in situ polymerisation of PANI on its surface. The 
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method was previously reported for silica (Wheelwright, Ray et al. 2010) and alumina 

(Wheelwright, Easteal et al. 2011). 

5.2. Experimental 

5.2.1. Materials 

Synthetic zeolite, “ZEOflair200” (hydrophobic type, particle size 4 m, surface 

area: 650 m
2
g

-1
, diameter of pores: up to 7.6 Å) was supplied by Zeochem AG, 

Switzerland. PAPTMOS, APS, methanol, acetone, NMP, HCl, MSA and ammonium 

hydroxide solution (28%) were all analytical grade reagents and were used as supplied by 

Sigma-Aldrich.  

5.2.2. Zeoflair200 silylation 

The coating was achieved as follows. 0.6 g of PAPTMOS was dissolved in 2 g 

(2.5 mL) of absolute methanol and mixed with 1.3 g of zeolite powder. The reaction 

mixture was heated in vacuum for 40-44 h to ensure complete reaction. After washing 

with methanol (centrifugation and decanting) the product was vacuum dried at 60 C for 

24 h. 

5.2.3. Binding of PANI 

Binding: 

a) PANI was bonded at room temperature onto 0.5 g of the silylated product 

suspended in the solution, containing 0.5 g (5.4 mmol) of aniline dissolved in 15 mL 

of 1 M MSA, where 1.37 g (6.0 mmol) of ammonium peroxydisulfate dissolved in 5 

mL of water was added dropwise and magnetically stirred for 5 h. The reaction 

product was washed with water.  
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b) A blank experiment was also attempted by the same procedure, but using 

untreated (non-silylated) Zeoflair200. 

Isolation: 

The removal of PANI homopolymer (not grafted to silylated Zeoflair200) was 

achieved by two different approaches: 

a) A conventional approach (de-doping), in which reaction mixture 

after the washing with water was magnetically stirred in 30 mL in 3% aqueous 

ammonia for 5 h. After separation (centrifugation) of the precipitate it was with 

water, NMP and acetone. The final dark blue product was dried in vacuum at 40 

°C for 24 h. 

b) A novel approach, in which the conventional de-doping stage of 

PANI with aqueous ammonia described in a) was omitted and the precipitate was 

simply washed with a binary solvent, containing NMP and diethylamine (volume 

ratio, 30:2.5). After separation (centrifugation) the final dark blue product was 

washed with water to remove the remaining solvent, with acetone and then dried 

in vacuum at 40 °C for 24 h. 

Re-doping: 

The isolated product was suspended in 20 mL of 1M aqueous MSA and 

magnetically stirred at room temperature for 14 h. After separation (centrifugation) the 

final dark green product was washed with water, acetone and then vacuum dried 50 °C for 

24 h. 

5.3. Results and Discussion 

Due to a very similar composition of the products achieved with and without de-

doping stage the following discussion will be done on the base of the second one. 
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The evidence of the presence of the silane and then of PANI on the surface of 

Zeoflair200 were obtained by means of FTIR spectroscopy, Elemental analysis and 

physical properties (colour). The morphology of the products was also studied by means 

of SEM.  

5.3.1. FTIR of Zeoflair200 containing hybrids 

FTIR spectra of all the final products in comparison with untreated zeolite are 

shown in the Figure 5-1. The easiest way of their analysis was the detection of the 

diagnostic signals of benzene rings present in both PAPTMOS and PAPTMOS-PANI 

zeolite derivatives. They are clearly seen and can be definitely assigned. Zeoflair200 has 

no benzene ring in the structure and obviously the area of 1500 cm
-1

 and 1600 cm
-1

 has no 

the signals. However, the intensities of the diagnostics are not very high in the case of the 

products. They are also shown separately in Figure 5-1 Evidence for the PANI present on 

the surface of the zeolite is indicated by an approximate doubling of absorbance for the 

aromatic bands 1500-1600 cm
-1

. The low difference in the ratio of aromatics rings 

vibrations between the PAPTMOS and PAPTMOS-PANI containing hybrids could be 

due to a relatively thick film of physically coated PAPTMOS. In this case, only a small 

fraction of the surface silane (the surface layer of the PAPTMOS coating) would then be 

accessible to the PANI formation. Another reason, that seemed to be very important if 

Zeoflair200 is applied, depends on its structure. It has a large surface area. However, this 

includes both external (surface of particles) and internal (surface of a huge number of 

channels). In the silylation stage PAPTMOS covers both. It penetrates in the channels 

interacting with their internal walls. There is a steric difficulty in the next stage for aniline 

and APS molecules to interact with PAPTMOS moieties inside the channels. Therefore, 
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PANI can be bound more easily only with moieties on the external surfaces which are in 

the minority. 

 

Figure 5-1. FTIR spectra of Zeoflair200 and the products of its interaction with PAPTMOS and 

PANI. Axis Y – Absorbance (a.u.). 

Moreover, it was already mentioned in the Introduction part (Literature review), 

that the process of binding silane and therefore PANI depends on the free silanol groups 

(Si-OH) found on a substrate surface. In the case of zeolites, hydrogen atoms are replaced 

by counter-ions, e.g. Na
+
 and others depending on the type of a zeolite. So the number of 

achievable OH groups is very small. It was reported that in the ZSM-5-type zeolites the 

total amount of silanol groups, considered as a defect of zeolite preparation, is up to 8% 



Chapter 5. Functionalising Zeolites by Low Solvent Method of Silylation and Binding of Polyaniline 

 

69 

 

(Hunger, Kaerger et al. 1987). Some additional amount of them can also be formed in the 

process of the interaction by hydrolysis, methanolysis and other suitable processes. 

However, the total number of OH groups is too small in comparison with the surface of 

the silica or metal oxides that results in a very small amount of bound compounds.  

5.3.2. Elemental analysis Zeoflair200 containing hybrids 

Elemental analysis results are shown in Table 5-1. Theoretical carbon to nitrogen 

ratio for the components is: PAPTMOS 12.00:1, PAPTMOS moiety (PAPTMOS without 

methoxy groups) 9.00:1, PANI(EB) 6.00:1. On the basis of them we can conclude that the 

elimination of CH3O groups was complete in the process of zeolite silylation. 

Zeoflair200-PAPTMOS hybrid had 11.6%N = 11.6 × 1.82 = 21w% of silyl moiety on the 

surface. The C:N ratio of Zeoflair200-PAPTMOS-PANI in de-doped form, moved 

towards a lower ratio due to the PANI presence. It is slightly higher in the product with 

the PANI doped with MSA due to some additional carbon deriving from this acid.  

COMPOUND 

C, 

% 

H, 

% 

N, 

% 

S, 

% 

C:N, 

atoms 

N:S, 

atoms 

Zeoflair200-PAPTMOS 13.64 1.72 1.82 - 8.74:1 - 

Zeoflair200-PAPTMOS-PANI(EB) 16.93 2.11 2.64 - 7.48:1 - 

Zeoflair200-PAPTMOS-PANI(MSA) 16.13 2.00 2.14 0.56 8.77:1 8.85:1 

Table 5-1. Elemental analysis results and atomic ratios for Zeoflair200 containing products.  

The product Zeoflair200-PAPTMOS-PANI(MSA) was electrically conductive in 

order of 1.05±0.02×10
-3

 S·cm
-1

.  

An additional feature of the products was the colour. Zeoflair200-PAPTMOS 

product was white or very light lilac. PANI(EB) containing product was blue, and 
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PANI(MSA) containing product was green. Those colours are characteristic for undoped 

and doped forms of PANI respectively. 

The products of the blank experiment proceeded with the untreated (non-silylated) 

zeolite did not show any signal in the diagnostic area in FTIR spectra. They have some 

remaining PANI not completely removed from the samples, but their colours were very 

light. 

5.3.3. SEM of Zeoflair200 containing hybrids 

The SEM images at a high magnification are shown in Figure 5-2. The size and 

shape of zeolite particles were not affected throughout the procedure. The surface of the 

silylated zeolite seemed to be a little bit smoother that zeolite by itself, as it was also 

found for the alumina surface. A number of the round shaped pieces of PANI mostly 

about 20 nm in diameter were seen on the surface of the final product, containing 

conductive MSA doped form of PANI.  

 

Figure 5-2. SEM images of the surface of Zeoflair200 containing products.  
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5.4. Summary (Zeoflair200) 

A new green Zeoflair200-PAPTMOS-PANI (MSA doped) composite product has 

been prepared and characterised. It was electrically conductive in order of 

(1.05±0.02)×10
-3

 S·cm
-1

). It is assumed that the binding involves the external surface of 

the zeolite, not the internal channel structures.  

5.5. Zeolites CBV100 (Faujasite) and CBV3024E 

The experimental approach described for Zeoflair200 was attempted for two more 

zeolites: a Faujasite type Na
+
 (nominal cation form) CB100 and NH4

+
 (nominal cation 

form) zeolite CBV3024E. The products of their interaction with PAPTMOS and then 

with PANI were prepared and characterised by FTIR spectroscopy, XPS and Elemental 

analysis.  

5.5.1. FTIR of CBV100 and CBV3023E containing hybrids 

The results of FTIR spectroscopic studies of CBV100 containing products are 

shown in Figure 5-3. The silane containing hybrid shows two diagnostic signals of the 

PAPTMOS benzene rings. A weak signal at about 2930 cm
-1

 is assigned to CH2 of 

PAPTMOS. When PANI is bound to the silylated CBV100 the intensity of 1600 cm
-1

 and 

1500 cm
-1

 area peaks decreases which confirms an additional deposition of the benzene 

ring containing material (PANI) on the surface of the substrate.  

Other evidence of PANI bound to the surface is a large peak at ~3213 cm
-1

 

assigned for ν (N-H). The signal at ~1306 cm
-1

 appertains to ν (C-N) in a secondary 

aromatic amine (Dmitrieva and Dunsch 2011).  
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Figure 5-3. FTIR spectra of CBV100-PAPTMOS and CBV100-PAPTMOS-PANI EB hybrids. 

FTIR spectra of CBV3024E containing products are shown in Figure 5-4. The 

peak assignments are very similar to the CBV100 containing hybrids, being of the 

aromatic PAPTMOS rings (1603.3 cm
-1

 and 1506.1 cm
-1

) and of PAPTMOS CH2 groups 

(~2930 cm
-1

) in the CBV3024E-PAPTMOS product. 
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Figure 5-4. FTIR spectra of CBV3024E-PAPTMOS and CBV3024E-PAPTMOS-PANI EB hybrids. 

A similar increase of the intensity of the diagnostic signals at 1604.1 cm
-1

 and 

1502.7 cm
-1

, which are assigned for the quinoid and benzenoid form of PANI rings, 

together with ν(N-H) at ~3215 cm
-1

 and ν (C-N) at ~1306 cm
-1

 of a secondary aromatic 

amine also confirm the presence of such a substance on the zeolite surface. 

5.5.2. XPS CBV100 and CBV3023E containing hybrids 

XPS deconvoluted spectra for C1s and N1s of the final CBV100-PAPTMOS-

PANI EB hybrid are shown in Figure 5-5.  
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Figure 5-5. FTIR spectra of the CBV100-PAPTMOS-PANI EB hybrid. 

Due to the absence of a dopant in PANI chains, only two components were 

deconvoluted for C1s: Component 1 at 284.3 eV (66.8 At%) and Component 2 at 285.5 

eV (33.2 At%) assigned for C=C and C-N carbon atoms respectively. Also two 

components were found in N1s spectrum: at 399.2 eV (81.4 At%) for imine nitrogen and 

400.7 eV (18.6 At%) for amine nitrogen of PANI molecule.  

The results of the XPS studies of the CBV3023E containing hybrids are shown in 

Figure 5-6. The deconvoluted C1s spectrum of CBV3023E-PAPTMOS product is similar 

to the same hybrid containing CBV100 zeolite, with components at 284.8 eV (71.9 At%) 

and 286.2 (28.1 At%) also assigned for C=C and C-N respectively. In both CBV100 and 

CBV3024 zeolite containing products the amount of each kind carbon atoms derived from 

benzene groups correlates with the theory. In each aromatic ring the number of carbon 

atoms connected only to the other neighbouring carbon atoms and to a hydrogen atom is 

two times higher than the number of carbon atoms connected to a nitrogen atom. This 

ratio in each ring is 4:2. N1s deconvoluted spectrum showed only one component at 399.7 

eV of PAPTMOS moieties. 
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Figure 5-6. XPS C1s and N1s deconvoluted spectra of CBV3024E-PAPTMOS and CBV3024E-

PAPTMOS-PANI EB hybrids. 

Also two C1s components were found in the deconvoluted spectrum of 

CBV3024E-PAPTMOS-PANI hybrid: at 284.7 eV for C=C (Component1) and at 286.1 

eV for C-N (Component 2). Two components of N1s deconvoluted spectrum appertain to 

the imine nitrogen atoms (399.6 eV, 70.4 At%) and to the amine nitrogen atoms (401.2, 

29.6 At%).  

5.5.3. Elemental analysis of CBV100 and CBV3023E containing hybrids 

The elemental analysis results also confirmed the presence of the ingredients on 

the surface of both zeolites. They are shown in Table 5-2. The amount of carbon and 

nitrogen from zeolite-PAPTMOS to zeolite-PAPTMOS-PANI(EB) products increases 

due to the deposition of a longer PANI chain on the silylated substrates. Carbon to 

nitrogen ratio 9.77:1 in the CBV100-PAPTMOS system is a little bit higher than in the 

PAPTMOS moiety with all methoxy groups replaced (9:1) in the reaction process. It is 
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suggested some remaining CH3O groups in the hybrid which was already shown on the 

example of the interaction of PAPTMOS with Silica and Alumina. However the same 

results clearly showed that some CH3O group replacement was achieved because the C:N 

ratio of the unaffected PAPTMOS is 12:1. The percentage of the PAPTMOS connected to 

CBV100 is about 15% (11.6×%N = 15.2). This result seemed to be the highest among all 

the silylated substrates attempted in the current research. It can be due to the huge surface 

area of this zeolite (900 m
2
·g

-1
) and therefore a larger amount of the active surface groups 

interacting with PAPTMOS. C:N atom ratio after binding PANI to the silylated CBV100 

was 7.4:1. It suggested about 50% of each ingredient found on the surface of zeolite 

because of the C:N ratios 9:1 and 6:1 of the PAPTMOS moiety and PANI respectively. 

In the case of the CBV3024E-PAPTMOS hybrid, C:N ratio was much lower. The 

ratio mentioned in the Table 5-2- cannot be used to calculate the amount of ingredients 

due to some additional nitrogen coming from the ammonium cation of the unmodified 

CBV3024E (also shown in Table 5-2).  

COMPOUND 

C, 

% 

H, 

% 

N, 

% 
C:N, atoms 

CBV100-PAPTMOS 10.97 2.07 1.31 9.77:1 

CBV100-PAPTMOS-PANI(EB) 14.80 2.96 2.34 7.40:1 

CBV3024E (from Zeolyst) - 1.09 0.93 n/a 

CBV3024E-PAPTMOS 7.08 1.32 1.43 5.77:1 

CBV3024E-PAPTMOS-PANI(EB) 16.13 2.00 2.14 8.77:1 

Table 5-2. Elemental analysis results and atomic ratios for zeolites CBV100 and CBV3024E 

containing products. 
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5.6. Summary (CBV100 and CBV3023E) 

The results of the characterisation of CBV100 and CBV3024E zeolites suggested 

that the described silylation method followed by PANI deposition via oxidative 

polymerisation of aniline is also applicable for different kinds of zeolites. The PANI 

containing hybrids achieved in this study had a higher zeolite/PANI ratio in comparison 

with Zeoflair200 which was shown by FTIR spectroscopy. This can be due to a larger 

surface area, in particular of zeolite CBV100. 
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Chapter 6. Binding of PANI onto the Surface of Clays 

6.1. Introduction 

In general, the concept behind the fabrication of organic – inorganic type hybrid 

materials is to successfully connect the individual components i.e., connecting the organic 

moiety onto the inorganic substrate, where the organic substrate offers the functional 

properties and the inorganic substrates act as the template or carrier. However, just 

physically combining an inorganic substrate with a functional organic material may not 

lead to adequate binding between these two components due to dissimilarities between 

their surface chemistry. Thus a special class of chemicals known as coupling agents are 

commonly used which can anchor these individual components effectively through 

chemical bonding. In this present study, an attempt has been made to functionalise 

different clay substrates using a functional polymer, PANI with the help of a silane 

coupling agent (PAPTMOS).  

Several types of clay were chosen for the current research, which are 

commercially available in New Zealand and have a wide number of applications.  

One of them is Halloysite. This clay has the formula Al2Si2O5(OH)4·2H2O is a 1:1 

layer aluminosilicate. This is an extra-fine clay material, having some ultramicroscopic 

hollow tubules that are multi-layered in nature. Some applications of Halloysite as an 

absorbent, catalyst support, and nanocomposite or nanoscale reaction vessel have been 

reported (Zhang and Liu 2008). Halloysite was also used in an attempt to prepare 

Halloysite-PANI composites in the form of PANI-coated nanotubes, whose physical and 

chemical properties are different from the properties of pure polymers (Zhang, Wang et 

al. 2008). Silylation of Halloysite with PAPTMOS has never been reported. An attempt to 

combine Halloysite and a silane, aminopropyltriethoxysilane (APTES), by the toluene 
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reflux method was, however, successful (Yuan, Southon et al. 2008). In this paper the 

authors discussed the Halloysite structure and composition obtained by FTIR 

spectroscopy. 

The second clay is Laponite (synthetic Hectorite). Its formula is 

Na0.7[(Si8Mg5.5Li0.3)O20(OH)4]·H2O. This clay does not contain aluminium oxide and 

therefore is not an aluminosilicate. Laponite contains Si-OH active groups on the edge of 

its sheets and was used to immobilise Mn(III) salen catalysts in enantioselective 

epoxidation (Das, Silva et al. 2009). The surface of Laponite was also treated with 

octyltrimethoxysilane to be used as host inorganic matrix for intercalation of 

intraconazole (Park, Shim et al. 2004). In most published reports the modification of 

Laponite has been focused on its silylation.  (Bourlinos, Jiang et al. 2004; Park, Shim et 

al. 2004; Wang, Wheeler et al. 2005; Daniel, Frost et al. 2008). Silylation of this clay by 

aminopropyltriethoxysilane (APTMOS) and two more other silanes (not PAPTMOS) in 

water was also reported (Wang, Wheeler et al. 2004). Laponite films were used as 

inorganic scaffolds in combination with other materials such as CdSe quantum dots and 

catalytic surfaces that promote the in situ polymerisation of PANI to yield 

nanocomposites for light emitting diodes and solar cell applications (Kehlbeck Joanne, 

Hagerman Michael et al. 2008).  

Bentonite has good intercalation and exfoliation properties between silicate layers, 

and also has nano-sized layered structure, which together with nano-sized layered 

structures makes it suitable for strengthening material in nanocomposite  (Ha, Rhee et al. 

2007). Some enzymes can be immobilised on bentonite modified with APTES (Sarkar, 

Leonowicz et al. 1989). It also can be used for the preparation of polymer/clay 

nanocomposites because of its high surface area, high aspect ratio, improved adhesion 

between polymer and particle, and lower amount of loading (Singhal and Datta 2007).  
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Kaolinite has been reported as a component to prepare composites containing 

PANI or PPy. After reduction of silver on its surface the composite obtained anti-

microbial properties (Burridge, Johnston et al. 2009). Cloisite is also important clay 

applied as filler. Preparation of a composite containing modified PANI and Cloisite has 

been recently reported (Olad and Rashidzadeh 2012). However some existing and 

potential applications of clays and clay containing hybrids, in particular with CPs require 

a strong combination of PANI with such substrates including covalent bonding. Perhaps 

only one prospective way exists to do so: the substrate surface should contain an aniline 

moiety. The substrates usually do not have any aniline functionality. The latter can be 

introduced my means of a suitable coupling agent or a series of chemical modifications of 

an initial clay. It is obvious that the number of such transformations should be low. Even 

a two-step procedure is not very desirable due to certain difficulties of working with 

sensitive reactants and getting a low yield of the required material. The best method in the 

case of clays is to apply PAPTMOS as a silylating agent and then to bind PANI to their 

surfaces.  

This part of the Chapter focuses on the method of silylation of clays with 

PAPTMOS followed by PANI deposition. The described procedure has never been 

reported in the literature. Another aim of this part of the Chapter 6 is to present some 

additional information about the applied reactants (PAPTMOS), or about experimental 

conditions, and to show some other approaches to optimise the method in the future. 

6.2. Experimental 

6.2.1. Materials 

Halloysite MP (Kaolin, Halloysite clay) was supplied by Imerys Minerals New 

Zealand; Imerys Tableware Asia Limited. Laponite RD was supplied by Laporte 
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Industries Ltd. (former Laporte Inorganics) (Mongondry, Tassin et al. 2005; Huang and 

Berg 2006). Bentonite and Kaolinite were supplied by Sigma-Aldrich. Meta-Kaolinite 

(Engelhard MetaMax) was supplied by BASF Company (New Zealand branch). Cloisite 

was supplied by Southern Clay Products, Inc. Australia. Clays were thermally pre-treated 

before the experimental procedure by heating in a vacuum oven at 120 °C for 24 h. Other 

reactants supplied by Sigma-Aldrich (PAPTMOS) were of analytical grade reagents and 

were used as received. 

6.2.2. Silylation method for Halloysite 

In a Petri dish 4 g of Halloysite were mixed with 1 mL of PAPTMOS dissolved in 

4 mL of absolute methanol. The mixture was evenly distributed on the bottom of dish and 

heated in a vacuum oven at 120 °C for 44 h. The product was washed with methanol and 

dried in vacuum at 60 °C for 24 h.  

6.2.3. Silylation method for Laponite 

1 g of Laponite was mixed in a ceramic crucible with 0.25 mL of PAPTMOS 

dissolved in 0.75 mL of methanol. The crucible containing the reaction mixture was 

covered with a ceramic lid and heated in a vacuum oven at 110 °C for 48 h. After 

washing with methanol the product was vacuum dried at 60 °C for 24 h. 

6.2.4. Silylation method for Bentonite, meta-Kaolinite, Kaolinite and Cloisite 

1.3 g of a substrate was mixed in a ceramic crucible with 0.33 g of PAPTMOS 

dissolved in 1-1.5 mL of methanol. The crucible was closed with a ceramic lid and the 

reaction mixture was heated in a vacuum oven at 110 °C for 42 h. The solid reaction 

mixture was washed in a centrifuge tube with methanol and acetone (centrifugation and 

decanting) and then dried in vacuum at 60 °C for 24 h. 
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6.2.5. Binding of PANI to silylated Halloysite and Laponite 

Binding: 

a) 0.5 g of Halloysite or Laponite was suspended in 20 mL of 1 M 

aqueous HCl containing 0.5 g of dissolved aniline stirred magnetically 

at room temperature. 10 min. later 1.37 g of APS dissolved in 10 mL 

of water was added dropwise. After additional stirring for 5 h. at the 

same conditions the green precipitate was separated by centrifugation 

and decanting, then washed with water. 

b) The same method was applied using 1 M MSA as PANI dopant. 

Isolation: 

Conventional (dedoping with aqueous ammonia) and novel (ammonia dedoping 

stage replaced by one-step binary solvent treatment) approaches were applied at this 

stage. 

a) Conventional approach: The green product from the silylation stage 

was magnetically stirred in 30 mL of 3% aqueous ammonia for 5 h. 

The final dark blue product was separated by centrifugation and 

decanting and washed with water. It was then washed a few times with 

NMP and finally with acetone. The product was then dried in vacuum 

at 40 °C for 24 h.  

b) Novel approach: The green product from the silylation stage was 

washed by centrifugation and decanting twice with a binary NMP-

DEA (30:2.5 v/v) solvent and one time with pure NMP. The dark blue 

product was washed with water to remove the solvent residue and 

finally with acetone. The hybrid was vacuum dried at 40 °C for 24 h. 
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Re-doping: 

The product isolated in the previous stage was suspended in 20 mL of 1M aqueous 

MSA while stirring magnetically at room temperature for 14 h. The final dark green 

product was washed with water, acetone and then dried in vacuum at 50 °C for 24 h. 

6.2.6. Binding of PANI to Bentonite, meta-Kaolinite, Kaolinite and Cloisite  

Binding and Isolation: 

0.5 g (5.37 mmol) of aniline was dissolved in 20 mL of 1 M aqueous HCl. 0.5 g of 

clay was suspended in this solution while stirring magnetically at room temperature. Then 

1.53 g (6.71 mmol) of APS dissolved in water was added dropwise. After adding all APS 

solution the mixture was magnetically stirred for 5 h. The green precipitate was separated 

by centrifugation and decanting and washed with water. Then it was washed twice with 

NMP-DEA (30:2.5 v/v) binary solvent and one time with pure NMP (centrifugation and 

decanting each time). To remove the remaining solvent the product was washed with 

water and acetone. The final dark blue hybrid was dried in vacuum at 60 °C for 24 h. 

6.3. Results and Discussion 

The results of interactions of the components were studied by FTIR spectroscopy, 

Elemental analysis, XPS, Electrical conductivity measurement and SEM. 

6.3.1. Halloysite 

The results of FTIR spectroscopy of PAPTMOS and Halloysite or Halloysite 

containing hybrids are in Figure 6-1 to 6-3. Figure 6-1 displays the spectrum of 

PAPTMOS.  
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Figure 6-1. FTIR spectrum of PAPTMOS. 

A relatively sharp stretch mode 3393.7 cm
-1 

is due to N-H group in the PAPTMOS 

molecule. Four signals around the area of 3000 cm
-1

 appertain to C-H stretch vibrations of 

methoxy groups (2942 cm
-1

 and 2840 cm
-1

) and benzene rings (3051.0 cm
-1 

and 3022.9 

cm
-1

). The most important diagnostic signals of PAPTMOS that can be seen in 

PAPTMOS containing hybrids even if its amount is low are stretch modes of benzene 

ring at 1604.1 cm
-1

 and 1508.1 cm
-1

. The peaks at 1322.0 cm
-1

 (δ Si-CH), 1256.4 cm
-1

 (δ 

scissoring CH3), 1086.2 cm
-1

 (ν Si-O in plane) and 818.9-693.6 cm
-1

 (ν and δ of Si-O) are 

overlapped by stronger peaks of the same origin from alumina, silica or PANI in the 

hybrid and cannot be clearly assigned. 

Figure 6-2 shows the spectra of Halloysite thermally pre-treated at 120 °C for 24 h 

in a vacuum oven and the Halloysite-PAPTMOS hybrid.  
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Figure 6-2. FTIR spectra of Halloysite and silylated Halloysite.  

The signals of Halloysite are assigned in Table 6-1 on the basis of published data 

(Yuan, Southon et al. 2008). After modification two new signals appeared on the 

spectrum of Halloysite-PAPTMOS hybrid: 1603.3 cm
-1

 and 1507 cm
-1

. They are 

diagnostic signals from the benzene ring of PAPTMOS moieties. A very weak signal of 

the stretch mode of CH2 groups is presented at 2934.3 cm
-1

. This signal was not seen in 

the spectrum of pure PAPTMOS due to a high intensity of the methoxy groups’ 

vibrations. The absences of the vibration of the methoxy groups confirm the possible 
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mechanism of the PAPTMOS-Halloysite interaction. Some other FTIR peak assignments 

of Halloysite from our experiments in comparison with published date are shown in Table 

6-1.  

Peak assignment 

Wavenumber , 

cm
-1 

from (Yuan, 

Southon et al. 

2008) 

Wavenumber, 

cm
-1 

from our 

experiment 

(rounded) 

ν (O-H) of inner-surface hydroxyl groups 3696, 3656 3696 

ν (O-H) of inner hydroxyl groups 3618 3622 

δ (O-H) of water 1630 1629 

ν (Si-O) perpendicular 1112 1119 

ν (Si-O) in-plane  1088, 1025 1041, 1015 

δ (O-H) of inner hydroxyl groups 912 914 

ν (Si-O) symmetric  790 798 

ν (Si-O) perpendicular  755 754 

ν (Si-O) perpendicular  697 690 

δ (Al-O-Si) 536 538 

δ (Si-O-Si) 470 468 

δ (Si-O) 432 434 

Table 6-1. FTIR group assignment for Halloysite. 

They are slightly shifted in comparison with native Halloysite due to the impact of 

similar groups from the PAPTMOS moiety. 

The spectra of the silylated Halloysite after binding PANI and isolating the 

Halloysite-PAPTMOS-PANI EB product and the same hybrid after re-doping (ES form 

of PANI) are shown on Figure 6-3.  
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Figure 6-3. FTIR spectra of Halloysite-PAPTMOS EB and ES hybrids. 

These spectra have signals of both Halloysite and PANI with some impact of 

PAPTMOS. An evidence of the PANI EB deposited on the surface of silylated Halloysite 

are two peaks at 1599.0 cm
-1

 and 1506.4 cm
-1

 of N=Q=N and N-B-N stretching modes 

respectively. Their intensities are much higher than in the case of Halloysite-PAPTMOS 

product due to a larger number of benzene rings in the PANI. The area of 3388.7 cm
-1

 and 

3269.2 cm
-1

 is due to stretching vibrations of N-H of PAPTMOS and PANI groups. Two 

more signals that confirm PANI deposition are at 1379.1 cm
-1

 and 828.6 cm
-1

. The first is 
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due to ν (C-N) in the neighbourhood of a quinoid ring (in QBQ). The second is out-of-

plane bending mode of C-H in 1,4- disubstituted ring that also is an evidence of the 

formation of a conventional PANI-chain. The signal at 1307.4 cm
-1

 is due to ν (C-N) in a 

secondary aromatic amine (Dmitrieva and Dunsch 2011). 

The spectrum of Halloysite-PAPTMOS-PANI ES is very similar to the spectrum 

of PANI EB containing hybrid. Just one difference can be seen: the signals of quinoid and 

benzenoid ring are slightly shifted towards the lower wavenumbers, 1594.5 cm
-1

 and 

1503.2 cm
-1

 respectively. The same observation was seen for Silica and Alumina 

containing hybrids and it was also reported in the literature for pure PANI samples 

(Dmitrieva and Dunsch 2011). 

Elemental analysis results for Halloysite containing products are shown in the 

Table 6-2 

COMPOUND 

C, 

% 

H, 

% 

N, 

% 

S, 

% 

C:N, 

atoms 

N:S, 

atoms 

Halloysite-PAPTMOS 3.98 1.87 0.50 - 9.28:1 - 

Halloysite-PAPTMOS-

PANI EB 
8.10 2.11 1.44  0.3 6.56:1 - 

Halloysite-PAPTMOS-

PANI-MSA 
7.32 2.10 1.02 0.56 8.40:1 4.19:1 

Table 6-2. Elemental analysis data and derived atomic ratios for the Halloysite containing products.  

Percentage of silylation of Halloysite with PAPTMOS calculated from the 

nitrogen contents is 11.6 × %N = 5.8%. Carbon to nitrogen ratio for the silylated 

Halloysite is near to 9:1. This is the atom ratio in the PAPTMOS moiety when methoxy 

groups are completely displaced. When PANI EB is bound to the silylated Halloysite, this 
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ratio decreases due to the presences of PANI molecules. Theoretical C:N atom ratio in the 

PANI EB is 6:1. The ratio achieved in the experiment confirms the relatively large 

deposition of PANI on the surface of silylated Halloysite. After MSA re-doping, the C:N 

ratio increases because of some additional carbon coming from sulfonic acid being 

present. The nitrogen to sulfur ratio is an important characteristic of PANI to predict its 

electroconductivity. Polarons formation and therefore the movement of charges in an 

electric field depend on the number of protonated imine nitrogen atoms. Assuming that 

from four nitrogen atoms in a PANI-chain, two are of imine origin, it is possible to 

conclude that about 50% of this kind of nitrogen is doped. This conclusion was also 

ascertained by electrical conductivity measurement. The conductivity of the Halloysite-

PAPTMOS-PANI MSA doped was (2.3±0.2)×10
-2

 S·cm
-1

. The obtained electrical 

conductivity was the highest in all the PANI containing samples with silylated inorganic 

substrates.  

The evidence of successful formation of the PAPTMOS silylated Halloysite and 

its hybrid with PANI was also obtained from XPS studies of the hybrids. All the main 

elements present at the surface or near the surface of the hybrids were detected by survey 

scan from 0 to 1300 eV binding energy. The peak maximum of the C1s spectrum was 

calibrated at 284.6 eV. The deconvoluted C1s and N1s spectra are shown in Figure 6-4. In 

the C1s spectrum three components were found: at 284.5 eV (66.3 At%) for C=C of the 

aromatic ring (component 1), at 285.6 eV (29.2 At%) for C-N and C-C of the silane 

(component 2) and at 286.7 eV (4.4 At%) for Si-C (component 3). One component was 

found for N1s at 399.3 eV corresponding to the amine nitrogen of PAPTMOS moiety 

(Wu and Chen 1997).  

In the deconvoluted spectra of the PANI (MSA) containing hybrid also three C1s 

components were assigned: at 284.3 eV (55.1 At%) for C=C (component 1), at 285.3 



Chapter 6. Binding of PANI onto the Surface of Clays 

 

90 

 

(36.2 At%) for C-N (Component 2) and at 286.7 (8.7 At%) for S-C of MSA used as a 

dopant (Component 3). The deconvoluted spectrum of N1s showed three signals: at 398.5 

eV (69.6 At%), at 399.7 eV (23.9 At%) and at 401.1 eV (6.5 At%) assigned for –N=, –

NH- and =NH
+
- respectively.  

 

Figure 6-4. XPS deconvoluted spectra (C1s and N1s) of the Halloysite containing hybrids. 

The morphology of the hybrids was studied by means of SEM. Some images are 

shown in Figure 6-5. The pristine Halloysite has both chunky and tubular particles 

(Figure 6-5 A). This structure is not changed throughout the procedure. The surface of the 

Halloysite-PAPTMOS (Figure 6-5 B) is very similar and looks even smoother than the 

surface of Halloysite. The surface of the Halloysite-PAPTMOS-PANI EB and Halloysite-

PAPTMOS-PANI ES become rough due to deposition of relatively large PANI-chains, 
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which form some visible aggregates from 10-20 nm of diameter. The colour (naked eye) 

of the PANI containing hybrids is dark blue for EB and dark green for ES form. 

 

Figure 6-5. SEM images of Halloysite containing products (Magnification 250000x): A – Halloysite, B 

– Halloysite-PAPTMOS, C – Halloysite-PAPTMOS-PANI EB, D – Halloysite-PAPTMOS-PANI ES. 

In the present research some other experiments of silylation of Halloysite with 

PAPTMOS were attempted to compare the described “Low solvent” method of silylation 

with the conventional “toluene reflux” method. This substrate was more difficult to be 

silylated in comparison with Silica and Alumina. Assuming that all the silicon dioxide 

or/and aluminium oxide containing substrates can be successfully silylated with 

PAPTMOS another ratio of reactants was applied. The amount of silane was decreased to 

1 mL of PAPTMOS to 1 g of Halloysite. In a typical experiment (Yuan, Southon et al. 

2008) the mixture 15 g of the pristine Halloysite suspension and 15 mL of PAPTMOS 

dissolved in toluene was refluxed for 22 h. However, the desirable product was not 
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formed. It was also noticed that decantation of toluene was very difficult due to resistance 

of the Halloysite suspension. Therefore, the product was vacuum filtered directly. But 

even filtration was difficult. The reaction mixture had the consistency of real glue-like 

clay, and the speed of filtration was very slow.  

Centrifugation followed by decanting was used in all other experiments with 

Halloysite and even other substrates. The toluene reflux method did not give the product 

with PAPTMOS attached to Halloysite’s surface in comparison with APTES previously 

reported (Yuan, Southon et al. 2008). FTIR spectra did not confirm absorbance in the 

1600 and 1500 cm
-1

 region. A better result was achieved when Halloysite was thermally 

pre-treated in a vacuum oven at 120 °C for 24 h. The absorbance 1600 and 1500 cm
-1 

was 

seen, but with a very low intensity. A next step to improve the Halloysite silylation 

process and to make it easier was an attempt to apply the silane without any solvent 

(“Solvent free method”). However the sample was not obtained due to impossibility to 

mix a very small volume of the silane (0.5 mL) with the required volume of Halloysite (2 

g). In that procedure the silane did not wet all the Halloysite. Maybe it was possible to 

increase the silane volume. However it was neglected, because of the relatively high price 

of that chemical and therefore inexpediency of its application in such conditions. 

Nevertheless, that experiment was mentioned due to the possibility that it could be 

successful with some other substrates, which require a smaller amount of a silane to 

become wetted.  

6.3.2. Laponite 

FTIR spectra of the Laponite-PAPTMOS and both PANI EB and ES containing 

hybrids are shown in Figure 6-6. 

All the diagnostic signals of PAPTMOS and PANI were assigned for the Laponite 

containing hybrids. The Laponite-PAPTMOS spectrum has 1602.6 cm
-1

 and 1507 cm
-1
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signals characteristic for benzene rings of a PAPTMOS moiety bound to the surface. 

When PANI is deposited on it their intensities increase [signals at 1600.5 cm
-1

 for 

ν(N=Q=N) and 1507 cm
-1

 for ν(N-B-N)]. The signals at 1309.0 cm
-1

 (PANI EB) and 

1301.1 cm
-1

 (PANI ES) due to ν(C-N) in a secondary aromatic amine (Dmitrieva and 

Dunsch 2011) are also present. Similar to the case of Halloysite the signals of quinoid and 

benzenoid form of aromatic rings are shifted to lower wavenumbers, being 1581.8 cm
-1

 

and 1498.0 cm
-1

 respectively. The peaks of the Laponite substrate, e. g. around 1000 cm
-1

, 

650 cm
-1

 and 450 cm
-1

 (Bourlinos, Jiang et al. 2004), were unaffected. 
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Figure 6-6. FTIR spectra of Laponite containing hybrids. 

The results of the Elemental analysis of the Laponite-PAPTMOS and PANI EB 

containing hybrids are shown in Table 6-3. 
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COMPOUND 

C, 

% 

H, 

% 

N, 

% 

C:N, atom 

ratio 

Laponite-PAPTMOS 6.17 1.72 0.79 9.12:1 

Laponite-PAPTMOS-PANI EB 15.12 2.665 2.72 6.48:1 

Table 6-3. Elemental analysis data for Laponite containing hybrids.  

Percentage of silylation in this case is 0.79×11.6 = 9.2%. The C:N ratio in the 

PANI EB containing hybrid is lower due to the deposition of PANI EB in which the 

compound C:N theoretical ratio is 6:1.  

After re-doping the Electrical conductivity was measured. It was (1.05±0.05)×10
-4

 

S·cm
-1

. 

A survey XPS scan was performed from 0 to 1300 eV binding energy to determine 

the elements present at the surface of the Laponite containing hybrids. The binding 

energy scale was calibrated for the peak maximum at 284.6 eV of the C1s. The presence 

of all the main elements in the Laponite-PAPTMOS hybrid was observed with peak 

maxima at: O(1s) – 532.2 eV, C1s – 285.2 eV, Si(2p) – 103.2 eV. N1s had the peak 

maxima at 399.4 eV that is characteristic for amine nitrogen from a PAPTMOS moiety. 

When deconvoluted, the N1s peak was monocomponent. The similar peaks were also 

observed in the Laponite-PAPTMOS-PANI ES hybrid. The N1s deconvoluted spectrum 

of the final electrically conductive product is shown in Figure 6-7. Four components were 

found in that spectra: at 397.5 eV (7.2 At%) for –N= (component 1), at 399.5 eV (70.9 

At%) for –NH- (component 2), at 400.7 eV (17.8 At%) for =NH
+
- (component 3) and at 

402.1 eV (4.1 At%) for –NH2
+
- (component 4). This deconvoluted spectrum represents all 

four possible forms of nitrogen atoms in a PANI ES molecule and is consistent with the 

published data (Hennig, Hallmeier et al. 1998). 



Chapter 6. Binding of PANI onto the Surface of Clays 

 

96 

 

 

Figure 6-7. N1s XPS deconvoluted spectra of Laponite-PAPTMOS-PANI(MSA) hybrid. 

SEM images shown in Figure 6-8 represent some morphological details of the 

Laponite containing products.  

The surface morphology of the pristine Laponite and Laponite-PAPTMOS hybrid 

is very similar, being however smoother in the second case. The surface of PANI(MSA) 

containing hybrid has a relatively even coating layer of PANI ES conductive form (dark 

green for naked eye). This layer consists of round shaped PANI aggregates mostly small 

in diameter (from 10 nm to 20 nm, some to 40-50 nm). The PANI layer on the silylated 

Laponite surface looks very similar to the PANI ES on the surface of the silylated silica 

described previously due to the same main component (SiO2) of this clay. 
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Figure 6-8. SEM images of Laponite containing products (Magnification 250000x):  A – Laponite, B – 

Laponite-PAPTMOS, C – Laponite-PAPTMOS-PANI(MSA). 

6.3.3. Bentonite, meta-Kaolinite, Kaolinite and Cloisite 

The experiments with Bentonite, meta-Kaolinite, Kaolinite and Cloisite clays 

were attempted with the aim to apply “the low solvent” method of silylation followed by 

combining with PANI using a simplified isolation  procedure, which were developed in 

the present research, for some other commercially available and industrially applied 

substrates.  

As an example the FTIR spectra for Kaolinite containing hybrids are shown in 

Figure 6-9. Due to a very small amount of PAPTMOS connected to the clay surface the 

intensity of diagnostic signals is very low, although they are definitely seen on the 

spectrum. In the hybrid with PANI EB the intensity of those signals increases due to a 

larger amount of benzene rings appearing on its surface. FTIR studies also confirmed that 
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the signals of the pristine kaolinite were untouched, because PAPTMOS can interact with 

free silanol groups only and then with the aniline molecules in the process of their 

oxidative polymerisation. Due to a very similar chemical composition of Kaolinite and 

 

Figure 6-9. FTIR spectra of Kaolinite containing hybrids. 

Halloysite (actually it is a kind of Kaolinite) they FTIR spectra seemed to be very 

similar. All the FTIR spectra of other clays containing hybrids had diagnostic signals in 

the area of 1600 cm
-1

 and 1500 cm
-1

.  

The Elemental analysis data are shown in Table 6-4. 
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Hybrid C,% H,% N,% 

% of PAPTMOS 

moiety in hybrid 

Bentonite-PAPTMOS 7.68 1.45 0.70 8.1 

m-Kaolinite-PAPTMOS 2.17 0.42 0.24 2.8 

Kaolinite-PAPTMOS 1.58 1.38 0.21 2.4 

Cloisite-PAPTMOS 
5.45 1.30 0.46 5.3 

Table 6-4. Elemental analysis data for Bentonite, meta-Kaolinite, Kaolinite and Cloisite containing 

hybrids silylated with PAPTMOS. 

The percentage of the PAPTMOS in the hybrid was calculated on the basis of the 

nitrogen content as: %N × 11.6×100. The Elemental analysis results correlate with FTIR 

spectroscopy where the intensity of the aromatic rings vibration signals were very weak 

due to a small amount of silane present on the surface. 

The data for silylated clays with PANI EB deposited on them are shown in Table 

6-5. A common trend for all the PANI EB containing hybrids is an increased amount of 

both carbon and nitrogen content. Carbon to nitrogen atom ratio shows a balance between 

PAPTMOS (9:1) and PANI EB (6:1) in the clays hybrids.  

At the present stage of the research only the EB form of PANI bound to silylated 

Bentonite, meta-Kaolinite, Kaolinite and Cloisite clays were prepared. In the future work 

more clays will be attempted also achieving electrically conductive hybrids by means of 

the re-doping of PANI EB bound to the surface. 
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Hybrid C,% H,% N,% 

C:N atom 

ratio 

 

Bentonite-PAPTMOS-PANI EB 

 

12.45 

 

2.11 

 

2.31 

 

6.30:1 

m-Kaolinite-PAPTMOS-PANI EB 4.64 0.56 0.74 7.31:1 

Kaolinite-PAPTMOS-PANI EB 3.08 1.50 0.54 6.65:1 

Cloisite-PAPTMOS-PANI EB 11.62 2.25 2.38 5.69:1 

Table 6-5. Elemental analysis data for PANI EB containing Bentonite, meta-Kaolinite, Kaolinite and 

Cloisite clays silylated with PAPTMOS. 

 

Two additional experiments were attempted: 

6.3.4. Heating pure PAPTMOS under experimental conditions.  

To clarify the chemical behaviour of PAPTMOS under experimental conditions 

0.47 g of PAPTMOS was placed in a small flask covered only with a piece of aluminium 

foil and heated in a vacuum oven at 120 °C for 24 h. After this procedure the PAPTMOS 

has lost 0.011g that corresponds to 2.34% of the initial mass. No changes in appearance 

were detected. The FTIR spectrum did not show differences between thermally treated 

PAPTMOS and the original one. Its high solubility in methanol and acetone also 

remained. Perhaps, other solvents, such as acetone where PAPTMOS is highly soluble, 

can be used, instead of methanol.  The solvent did not play any significant role in the 

process. Its function is only to make the surface of the substrate wet and therefore to 

distribute PAPTMOS evenly on it.  
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6.3.5. PANI blank dissolution in NMP-amine binary solvent 

PANI(MSA doped): 

To check the applicability of the NMP-amine binary solvent to remove PANI EB 

0.5 g of aniline was dissolved in 20 mL of 1 M aqueous MSA. Then 1.37 g of APS 

dissolved in 5 mL of water was added dropwise, while stirring magnetically at room 

temperature. The mixture was additionally stirred for 5 h. After washing with water by 

centrifugation and decanting the separated precipitate was: 

a) Washed with a binary solvent containing 30 mL of NMP and 3 mL of TEA 

(two times).  

OR 

b) Washed with a binary solvent, containing 30 mL of NMP and 2.5 mL of DEA 

(two times) 

OR 

c) Washed with a binary solvent, containing 30 mL of NMP and 1.5 mL of EDA 

(two times) 

For all the methods the remaining precipitate was washed and separated by 

centrifugation. 

PANI(HCl doped): 

The method was the same but 1 M aqueous HCl was applied as solvent. 

In all the experiments the dark green colour of the precipitate has changed to dark 

blue due to dedoping of PANI ES with a base (TEA, DEA or EDA). PANI EB formed in 

this process was almost completely dissolved in the binary solvents after the first NMP-
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amine washing. Although the absolute amount of the remaining precipitates was very 

small it was larger for the EDA containing system, less for TEA and much less for DEA. 

I assume that it depends on the characteristics of amines, such as pKa, being 10.84 for 

DEA, 10.75 for TEA, and 9.92 for EDA (Haynes 2012-2013). The first one is the 

strongest and the last is the weakest base among them which correlates with the 

experimental observation. After the second washing no remaining PANI was found in the 

containers.  

It was concluded that the concentration of NMP-amine solution of PANI EB 

prepared by oxidative polymerisation of 0.5 g of aniline is about 1.5% and the applied 

aniline to binary solvent ratio is enough to remove PANI not bound to a substrate (PANI 

homopolymer) using the conditions of the described experiments. 

6.3.6. Summary 

The “low solvent” method of silylation followed by binding of PANI was 

adapted for some common clays, such as Halloysite, Laponite, Bentonite, meta-Kaolinite, 

Kaolinite and Cloisite. In the cases of Halloysite and Laponite new green hybrids were 

prepared and characterised. Both hybrids were electrically conductive. The deposition of 

PANI on the surface of other clays in the blue EB form was confirmed. The method can 

be applied for other commercially available and industrially important clays when a filler 

with electroconductivity is required, e. g. in the catalysts, adsorbents, in electromagnetic 

devices, to prepare electrostatic, anticorrosion and maybe antimicrobial coatings and 

surfaces. 

.
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Chapter 7. Zein-Polyaniline Blends – a Route to Electrically 

Conductive Biopolymer 

This Chapter has been partially presented as: 

WHEELWRIGHT, W. V. K.; RAY, S.; EASTEAL, A. J. ‘Zein-polyaniline blends 

– a route to electrically conductive biopolymers’, 11
th

 International Conference on 

Frontiers of Polymers and Advanced materials, Pretoria, South Africa, 22-27
th

 May 

(Book of Abstracts, p.160: ISBN 978-1-86854-946-7), 2011 

And published as: 

WHEELWRIGHT, W. V. K.; RAY, S.; EASTEAL, A. J. ‘Zein-Polyaniline 

Blends - a Route to Electrically Conductive Biopolymer’ Molecular Crystals and Liquid 

Crystals 554 (1), 252-263, 2012 (Wheelwright, Ray et al. 2012). 

7.1. Introduction 

PANI is a frequently used conducting polymer in combination with different 

inorganic fillers (Gangopadhyay and De 2000; Ray, Gizdavic-Nikolaidis et al. January 

28th-31st  2009) or as a polymer blend (Ray, Easteal et al. 2009). There are only a few 

publications dealing with PANI blended with biopolymers, such as cellulose (Weiss, 

Pfefferkorn et al. 1989; Trivedi and Dhawan 1993; Lukasiewicz, Ptaszek et al. 2007), 

starch (Sarma and Chattopadhyay 2004; Saikia, Banerjee et al. 2010), chitosan 

(Thanpitcha, Sirivat et al. 2006) and acacia gum (Tiwari, Sen et al. 2008). PANI based 

materials offers a number of applications, such as in electronic devices, rechargeable 

batteries, sensors, switchable membranes, anticorrosive coatings, etc. Moreover, 

combining PANI with a biopolymer can improve PANI properties, like poor mechanical 

strength of the films formed from pure PANI (Thanpitcha, Sirivat et al. 2006). Zein (the 
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prolamine fraction of corn, Zea mais) is one of the promising biopolymers that can be 

used in a combination with PANI. It is a mixture of different polypeptides soluble in 

aqueous alcohols, where about 80% is α-zein. The second major fraction is β-zein. Some 

minor fractions were also referred, such as γ-zein, zein-2, C-zein, D-zein etc. Zein 

molecules consist of about 20 amino acids, including nonpolar amino acids (leucine, 

proline, and alanine), -OH containing amino acids (serine, threonine and tyrosine), -S 

containing amino acids (methionine and cysteine), basic amino acids (lysine, arginine and 

histidine) and acidic amino acids, -COOH containing (glutamic and aspartic acids). The 

last two amino acids in commercially available zein exist in the form of their amides 

(glutamine and asparagine), which represent about 30% of the amino acid composition in 

zein molecule being the most promising sites for interactions between zein and PANI 

molecules. Zein fractions (α-, β- and other) have different amounts of individual amino 

acids and therefore slightly different solubility. Zein by itself is a widely applied 

substance with a number of useful properties, such as hydrophobicity, processibility, 

capability to be mixed with anti-microbial, antioxidative substances and even with some 

drugs to be delivered in humans.  The main application of zein is the preparation of zein-

base coating for cosmetics, electronic devices, paper, edible coatings for food products, 

etc. It is also applied to make zein-based textile fibres, anticariogenic chewing gum, 

surgical closure of body organs and blood vessels, wound dressing (Shukla and Cheryan 

2001). When it is processed with plant- and animal-derived plasticisers, due to the 

brittleness of pure zein, it produces rigid and flexible sheets showing high ductility and 

tensile strength compared to other biopolymers. They are applied to manufacture 

packaging and other materials where biodegradability is required (Padua, Lai et al. 1997). 

In the present work, zein-methanesulfonic acid doped PANI blends were 

investigated with the aim of adding functionality to zein, thus utilising the natural 



Chapter 7. Zein-Polyaniline Blends – a Route to Electrically Conductive Biopolymer 

105 

 

biopolymer to provide an abundant, readily processable, biodegradable ‘carrier’ for the 

relatively non-processable conducting polymer, and on the other hand to achieve 

electrical conductivity of a non-conductive natural biopolymer. A commercially available 

and cheap product, corn gluten meal (CGM), which typically contains about 60% of zein 

and is a raw material source for zein, was also attempted for the same procedure.  

7.2. Experimental 

7.2.1. Materials 

Zein (Lot No. 8479H) was supplied by MP Biomedicals, Inc. CGM (“Avongold”) 

was supplied by Penford (New Zealand). Aniline, APS, methanol, NMP, MSA and 

triethylamine (TEA) were all analytical grade reagents and were used as supplied by 

Sigma-Aldrich. 

7.2.2. Preparation of the blends 

Approach 1: Zein-PANI blends from their homogeneous solutions in NMP. In a 

typical synthesis of MSA doped PANI, 1.5 g (16.1 mmol) of aniline was dissolved in 60 

mL of 1 M aqueous MSA. 4.11 g (18.0 mmol) of APS was added dropwise under 

constant stirring, followed by additional stirring for 5 h. The reaction was carried out at 

20 °C-25 °C. The resulting PANI precipitate was filtered, washed with 100 mL of water, 

vacuum dried at 40 °C for 24 h. and used for the preparation of the zein-PANI films and 

also for the PANI (Blank) in the Approach 2 (MacDiarmid, Chiang et al. 1985).  

A solution of 4 g of zein in 40 mL of NMP was divided it four portions by 10 mL. 

Then a solution of 1 g of PANI doped with MSA in a mixture of 20 mL of NMP and 2 

mL of triethylamine (TEA) was prepared. For each 10 mL of zein solution, 1 mL, 2 mL, 4 

mL and 6 mL of PANI solution in NMP-TEA were added respectively. It gives PANI 

contents 5%, 10%, 20% and 30%. Zein-PANI blend films were made by casting the 
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solution mixtures in aluminium containers, and allowing the solvent to evaporate at 70 

°C.  

Approach 2.1: In situ polymerisation of aniline onto zein or CGM in 

heterogeneous conditions  

0.5 g (5.4 mmol) of aniline was dissolved in 20 mL of 1 M aqueous MSA. 0.5 g of 

zein (or CGM) was dispersed in the aniline solution with continuous magnetic stirring, 

and 1.37 g (6.0 mmol) of APS, dissolved in 10 mL of water, was added dropwise over a 

period of about 30 min at 20 °C. The resulting mixture was continuously stirred for 5 h at 

20 °C-25 °C. The product was filtered in vacuum, washed with 100 mL of water and 

vacuum dried for 24 h at 40 °C. 

Approach 2.2: In situ polymerisation of aniline in homogeneous conditions 

2.2.1 0.5 g of zein was dissolved in the mixture of 20 mL of 

methanol and 5 mL of water while stirred magnetically. Then 1.92 g of MSA 

and 0.5 g (5.4 mmol) of aniline were dissolved in there. To this solution 1.37 g 

(6.0 mmol) of APS dissolved in the mixture of 20 mL of methanol and 5 mL 

of water, containing also 1.92 g of MSA, was added dropwise. Therefore, APS 

was added to aniline. The resulting mixture was continuously stirred for 15 h 

at 20-25 °C, then centrifuged for 20 min (3000 rpm). The precipitate was 

separated by decanting the supernatant and vacuum dried for 24 h at 40
 
°C.  

2.2.2 0.5 g of zein and 1.37 g (6 mmol) of APS were dissolved in 

the mixture of methanol and 5 mL of water while stirred magnetically. Then 

1.92 g of MSA was also dissolved in there. To this solution 0.5 g (5 mmol) of 

aniline dissolved in the mixture of 20 mL of methanol and 5 mL of water, 

containing also 1.92 g of MSA, was added dropwise. Therefore, aniline was 

added to APS. The resulting mixture was continuously stirred for 15 h at 20 
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°C-25 °C, then centrifuged for 20 min (3000 rpm). The precipitate was 

separated by decanting the supernatant and vacuum dried for 24 h at 40 °C.  

The primary difference between the Approaches 2.2.1 and 2.2.2 is the sequence of 

addition of the reactants (monomer and oxidant). 

Treatment of the supernatants from 2.2.1 and 2.2.2  

Each supernatant was put in a beaker and then 50 mL of water were added. In few 

hours the mixture was separated by centrifugation. Some additional precipitate was 

collected and vacuum dried at 40 °C for 46 h. 

7.3. Results and Discussion 

7.3.1. Approach 1: Zein-PANI blends from their homogeneous solutions in NMP. 

Like most conjugated polymers, PANI is insoluble in common solvents and 

difficult to process. However, dissolution of the doped PANI in NMP can be achieved 

adding a small amount of TEA (Mav, Zigon et al. 1999) or another amine, e.g. 

diethylamine, ethylenediamine. On the contrary, many solvents for zein were mentioned 

(Evans and Manley 1941; Manley and Evans 1943; Evans and Manley 1944), but NMP 

has never been reported among them, according to our knowledge. However it is a good 

solvent for zein as well, which allows up to 10% concentration at room temperature. Thus 

it can be used as a common solvent for both PANI and zein. 

Electrical conductivity (σ) of PANI doped with MSA was measured by the four-

point probe method at 20 °C-25 °C showed conductivity (3±0.1)×10
-1

 S cm
-1

. The 

conductivity of the films containing PANI at 5% and 10% in the zein-PANI blends was 

too low to detect. Zein-PANI blends containing 20% or 30% of PANI were electrically 

conductive having (2.7±0.3)×10
-7

 S cm
-1

 and (2.4±0.3)×10
-6

 S cm
-1

 respectively. The 

PANI present in the blend could be partially dedoped due to the acid-base reaction with 
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TEA, making it soluble in NMP. This conversion causes low conductivity of films 

prepared from zein and PANI. An attempt to re-dope these films with 1 M aqueous MSA 

for 24 h did not provide any significant improvement of electrical conductivity. 

FTIR spectroscopic studies of a representative zein-PANI (20%) blend and its 

individual components were shown in Figure 7-1.  

 

 

Figure 7-1. FTIR spectra of zein, PANI and zein-PANI film.  

The characteristic peaks at 1653 cm
-1

 (Amide I), 1540 cm
-1

 (Amide II), 2929 cm
-1

 

(stretching vibrations from CH3, CH2 and CH groups) and a wide peak at 3296 cm
-1

 due 

to NH stretching vibrations were observed for zein (Zhang, Luo et al. 2010). Typical IR 

peak positions for PANI i.e., stretching of quinoid (N-Q-N) and benzenoid (N–B–N) 

double bonds were found at 1567 cm
-1

 and 1455 cm
-1

 respectively (Ray, Easteal et al. 

2009). In the case of zein-PANI blend, the weak quinoid signal from PANI was masked 

by the strong amide I peak from zein. However, the benzenoid signal from PANI was 
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clearly visible, but shifted to 1505 cm
-1

 that indicates partial dedoping of the PANI (Ray, 

Easteal et al. 2009) or even be a sign of a zein-PANI interaction, e.g. hydrogen bonding 

as well as ionic interaction between the dopant ion and the nitrogen containing or other 

polar moieties in zein molecules, which corroborates the findings from electrical 

conductivity studies. 

The same zein-PANI (20%) blend film was compared with a film made from pure 

zein by DMTA studies (Figure 7-2).  

 

 

Figure 7-2. DMTA of zein and zein-PANI 20% film. 

Incorporation of PANI in zein reduced the storage modulus values of the blend 

and shifted Tg towards lower temperature, suggesting plasticization effect of PANI on 

zein. 

The SEM images (Figure 7-3) demonstrated that PANI in granular form was well 

dispersed in the zein matrix that was an advantage of preparing films from homogeneous 

solutions. However, the individual PANI particles were separated from each other at 

submicron level and as a result did not form continuous conducting network. Hence, the 

partial de-doping effect from TEA on PANI as well as the inadequate network path 

formation caused low conductivity in these films. 
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Figure 7-3. SEM images of: (a) zein; (b) zein-PANI 20% film. 

7.3.2. Approach 2.1: In situ polymerisation of aniline onto zein or CGM in 

heterogeneous conditions 

In situ polymerisation of aniline onto zein or CGM was carried out by a 

conventional method (MacDiarmid, Chiang et al. 1985) applying MSA as a dopant. Blank 

experiments, such as MSA and APS treatment of zein and preparation of a MSA doped 

PANI were also performed for comparison purpose.  

Electrical conductivity measurements showed that both the zein-PANI and CGM-

PANI composites were electrically conductive. They have about 1/2 of conductivity of 

PANI doped with MSA prepared at the same conditions: PANI (3.1±0.1)×10
-1

 S cm
-1

; 

zein-PANI (1.2±0.2)×10
-1

 S cm
-1

; CGM-PANI (1.4±0.1)×10
-1

 S cm
-1

. This approach 

showed an improved conductivity of the zein-PANI product as compared to the previous 



Chapter 7. Zein-Polyaniline Blends – a Route to Electrically Conductive Biopolymer 

111 

 

approach. The reason for such an improvement is a higher amount of the conductive ES 

form of PANI present in these blends.  

FTIR spectroscopy of these zein-PANI or CGM-PANI products using both 

ATR(Ge) and transmission method by KBr pellets revealed only the presence of PANI 

that could be due to the formation of PANI coating on zein surface. As a result the 

characteristic peaks for zein were undetectable. 

The individual components of the in situ polymerised product in the system were 

detected by GPC (Figure 7-4).  

 

 

Figure 7-4. GPC of zein, PANI and zein-PANI product (Approach 2.1). 

The chromatographic traces were multicomponent as they were broad with 

shoulders due to the eluted peaks overlapping. The major deconvoluted peaks for zein 

appeared at elution volume 19.37 mL and 20.39 mL, and those for PANI at 17.77 mL, 
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19.31 mL, 21.00 mL and 24.29 mL. In case of the zein-PANI product, the peaks at 18.81 

mL and 19.90 mL resemble those of zein whereas the peaks at 21.45 mL and 23.95 mL 

are similar to pure PANI. The 17.77 mL and 19.37 mL peaks for PANI could be 

overlapped by zein peaks. Relative changes in peak intensities and the shifting of all four 

peaks in the final product suggest possible interaction between zein and PANI. 

Elemental analysis data of the blank samples and the zein-PANI or CGM-PANI 

products are shown in Table 7-1.  

SAMPLE 

 

C, 

% 

H, 

% 

N, 

% 

S 

% 

C:N, 

atom 

ratio 

PANI (Blank) 58.84 4.98 11.03 5.54 6.22:1 

Zein (Blank) 51.05 7.51 14.15 < 0.3 4.21:1 

Zein-PANI 54.01 6.10 12.25 3.27 5.14:1 

CGM (Blank) 50.00 7.57 10.79 1.25 5.40:1 

CGM-PANI 54.70 6.26 10.86 2.95 5.88:1 

Table 7-1. Elemental analysis results for Approach 2.1.  

The value of the C:N atom ratio allows to evaluate the relative amount of 

individual components present in the product. For example, the C:N ratio was higher for 

PANI (6.22:1) as compared to zein (4.21:1). In case of the zein-PANI product, the C:N 

ratio was 5.14:1, which indicates 54% of zein and 46% of PANI in it. Similarly, CGM-

PANI product contained 42% of CGM and 58% of PANI, i.e. similar to the initial mass 

ratio of the reactants (aniline monomer:zein or CGM = 50:50).  

Zein-PANI product and the blank zein and PANI were compared by XPS studies. 

The binding energy scale was calibrated by using the C(1s) signal from saturated 

hydrocarbon at 285.0 eV for zein and 284.6 eV for both PANI and zein-PANI product as 

an internal standard. Deconvoluted spectra of C(1s) are shown in Figure 7-5.  
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Figure 7-5. XPS C 1s deconvoluted spectra of (A) zein (Blank), (B) PANI (Blank) and (C) zein-PANI 

product (from the Approach 2.1). 

Four components were found in zein (Figure 7-5A) at 284.9 eV (63.9 Atom%) for 

C-C (component 1), 286.0 eV (10.5 At%) for C-N (2), 286.8 eV (6.5 At%) for C-O (3) 

and 288.4 eV (19.1 At%) for C=O (4). Three components for PANI (Figure 7-5B) 

appeared at 284.5 eV (52.1 At%) for C-C (1), 285.7 eV (36.0 At%) for C-N (2) and 287.0 

eV (11.9 At%) for C-S from MSA (3). Also three components for zein-PANI product 

(Figure 7-5C) were observed at 284.8 eV (64.0 At%) for C-C (1), 285.9 eV (27.2 At%) 

for C-N (2) and 287.8 eV (7.8 At%) for C-S (3).The absence of C=O peak and the 

occurrence of C-S peak in zein-PANI product suggests the presence of PANI coating on 

the outer surface in it. A decreased At% of the carbon connected to nitrogen (Figure 5-

5C, component 2) can appear due to hydrogen bonding or covalent bonding between zein 
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and PANI, in particular NH2 and OH groups in zein molecules. These types of 

interactions were reported for chitosan (Tiwari and Singh 2007; Tiwari and Shukla 2009) 

and polysaccharide (Tiwari, Sen et al. 2008) in their combination with PANI. The N(1s) 

peaks were also seen in all the samples. In the zein sample this element had the peak 

maximum at 399.8 eV (N1s of amide moiety (Briggs, Beamson et al. 1992,  p.188-200)), 

while in the PANI and zein-PANI.  

Morphological studies of zein, PANI and zein-PANI product by SEM were shown 

in Figure 7-6. 

 

Figure 7-6. SEM images of (A) zein (as received), (B) PANI (Blank), (C) zein (Blank) and (D) zein-

PANI product. 

Pure zein as received showed porous structured morphology. However, such 

structured morphology was absent when zein was treated with MSA and APS in a blank 

experiment, but the porosity still remained. PANI showed aggregated granular 
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morphology. In the case of zein-PANI product, the zein surface was covered with 

granular PANI particles and therefore, the morphology was quite similar to PANI itself. 

The SEM images of CGM and CGM-PANI product were shown in Figure 7-7.  

 

Figure 7-7. SEM images of (A) CGM (as received), (B) CGM (Blank) and (C) CGA-PANI product 

(magnification 100000x). 

A relatively smooth surface topography was observed for both the as received and 

blank samples of CGM, whereas a nodular, aggregated rough surface was noted in the 

case of CGM-PANI product. The surface topography of the product resembles the 

presence of coherent PANI coating due to the in situ polymerisation of aniline monomer 

on the substrate, CGM. These results corroborate similar finding as were observed in 

FTIR and XPS studies. 

7.3.3. Approach 2.2: In situ polymerisation of aniline in homogeneous conditions 

This experiment was carried out by two different ways: adding an oxidiser (APS) 

to the aniline containing solution (2.2.1) as a conventional approach, and adding aniline to 

the oxidiser containing solution (2.2.2). The second way was attempted with the aim to 

study some possible interactions between zein and PANI reported already for some other 

products containing PANI prepared by in situ oxidative polymerisation, e.g. 

polysaccharide-PANI (Tiwari, Sen et al. 2008) and chitosan-PANI (Tiwari and Singh 

2007; Tiwari and Shukla 2009) because such an order of mixing ingredients is more 

favourable for a grafting polymerisation rather than formation of homopolymer.  
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The Electrical conductivity of the zein-PANI products from 2.2.1 and 2.2.2 

approaches were (8.0±0.1)×10
-2

 S cm
-1

 and (1.8±0.2)×10
-4

 S cm
-1

 respectively.  

FTIR spectra of the zein-PANI products performed by ATR on Ge crystal are 

shown in Figure 7-8.  

 

Figure 7-8. FTIR spectra of the physical Zein + PANI mixture (50:50) and the zein-PANI products 

obtained in Approach 2.2.  

The mass ratio of the reactants was 50:50 and hence for comparison purposes, a 

physical mixture of PANI and zein in the mass ratio 50:50 was also examined. For a 

simple zein and PANI mixture, both zein and PANI were identified from their 

characteristic peaks described in Approach 1. The diagnostic signals of components in the 

zein-PANI products differ by intensity and more overlapping. The strong characteristic 

signals of PANI, e.g. in the area about 1500 cm
-1 

and 1600 cm
-1

, compared with a very 

weak amide I signal from zein at about 1640 cm
1
, suggest PANI as a major component of 

the products. This fact also correlates with the Elemental analysis results (Table 7-2) 

where the C:N atom ratio is shifted towards the PANI homopolymer value. 

The FTIR spectra of the precipitates obtained from the supernatants from both 

ways of synthesis were found to be similar to zein. The atom ratio of C:N from the 

Elemental analysis (Table 7-2) also indicates the dominance of zein. The electrical 
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conductivity of these precipitates obtained from the supernatants was too low to measure 

further supports this finding.  

 

 

 

SAMPLE 

 

C, 

% 

H, 

% 

N, 

% 

S 

% 

C:N, 

atom 

ratio 

PANI-Zein  

(Approach 2.2.1) 
53.81 5.84 10.85 5.75 5.78:1 

PANI-Zein  

(Approach 2.2.2) 
58.00 6.33 11.50 2.02 5.88:1 

Precipitate from 

supernatant (2.2.1) 
49.63 7.29 12.78 3.37 4.53:1 

Precipitate from 

supernatant (2.2.2) 
50.67 6.90 12.53 2.74 4.72:1 

Table 7-2. Elemental analysis results for Approach 2.2. 

The zein-PANI product from both synthetic methods showed flake-like 

morphology, whereas the precipitates obtained from the supernatants were globular in 

nature as observed from SEM images (Figure 7-9).  
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Figure 7-9. SEM images of zein-PANI products from (A) Approach 2.2:1, (B) Approach 2.2.2, (C) 

precipitate from the supernatant of 2.2.1, (D) precipitate from the supernatant of 2.2.2.  

7.4. Summary 

Zein-PANI electrically conductive blends were prepared by several routes either 

by casting films from homogeneous solutions or via in situ polymerisation. Due to the 

presence of conductive coating in situ polymerised products showed higher conductivity 

than the cast films. Blends made by in situ polymerisation show strong interaction 

between zein and PANI components. Incorporation of PANI in zein showed a 

plasticisation effect on zein. These materials could be useful for electrostatic dissipation 

or EMI applications. 

.
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Chapter 8. Comparative Studies of Interactions in Zein-

Polyaniline Electrically Conductive Composites 

8.1. Introduction 

A comparative study of the interactions of zein PANI hybrids with differing 

amounts of the components is a very important research field due to the possibility of 

their application in various devices (Rivas 1997) and coatings. The structures of zein and 

PANI were already mentioned in the Chapter 7. Figure 8-1 represents the amino acids 

composition and a typical proportion of them (%) in a commercially available zein 

(Shukla and Cheryan 2001) together with a part of an MSA doped PANI chain. Amino 

acids given in bold have functionalities different from hydrocarbons and, therefore, can 

easily interact with a charged PANI molecule.  

 

Figure 8-1. Amino acid composition of zein and PANI structure. 

The main component of a commercially available zein is α-zein. It was proposed 

that its structural unit has the shape of a rectangular prism 160×46 Å (Argos, Pedersen et 
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al. 1982; Matsushima, Danno et al. 1997). In accordance with that model every zein unit 

consists of 9–10 helical segments folded in an anti-parallel fashion. They are linked by 

glutamine-rich turns and held in place by hydrogen bonds. The top and bottom glutamine 

loops contain surfaces of the molecule that are hydrophilic, while surfaces containing the 

a-helix sides are hydrophobic (Wang, Xian et al. 2008). This model seems to be in 

agreement with quantitative composition of zein which contains more that 21% of 

glutamine. The objective of the present Chapter is to vary the PANI/zein ratio and to 

characterise and elucidate the interactions of the resulting hybrids. 

8.2. Experimental 

8.2.1. Materials 

Zein (Batch # 110M0186), aniline, APS, methanol, NMP, MSA, acetone and 2,2-

diphenyl-1-picrylhydrazyl (DPPH) were all analytical grade reagents and were used as 

supplied by Sigma-Aldrich, except for aniline, which was freshly distilled. 

8.2.2. Radical scavenging activity assay 

20 mL of a 55 µM DPPH solution in absolute methanol was added to 1±0.05 mg 

(5 digit balance) of test sample and left to react at room temperature for 24 h. Then the 

absorbance of the supernatant at 516 nm, λmax of the DPPH solution, was measured using 

a Shimadzu UV-1700 UV–visible spectrophotometer. Three trials of each sample and a 

control experiment, without any test sample, were undertaken. The amount of DPPH• that 

reacted over a 24 h. period was calculated after subtracting away the background loss of a 

DPPH• solution without added test sample, using an adaptation of the DPPH assay for use 

with polymeric samples (Nand, Ray et al. 2011). 



Chapter 8. Comparative Studies of Interactions in Zein-Polyaniline Electrically Conductive Composites 

 

121 

 

8.2.3. Zein-PANI composites preparation by direct PANI deposition via in situ 

polymerisation of aniline 

Aniline was dissolved in 40 mL of 1 M aqueous MSA. Zein was dispersed in the 

aniline solution with continuous magnetic stirring. Then APS dissolved in 10 mL of 1 M 

aqueous MSA was added dropwise over a period of about 15 min. at ambient temperature 

(20 °C). The aniline to APS molar ratio was 1:1.1. The resulting mixture was 

continuously stirred for 24 h. The product (dark green precipitate) was filtered in vacuum, 

washed with 100 mL of water and dried for 24 h. at room temperature (20 °C–25 °C), 

then in vacuum at 25 °C for 28 h. (Wheelwright, Ray et al. 2012). Different zein-aniline 

and therefore zein-PANI ratios in the final products were attempted. They are shown in 

Table 8-1that includes zein-aniline mixtures (samples ZP5, ZP10, ZP20, ZP30, ZP40 and 

ZP50) and also blank experiments applied for pure zein without adding aniline (sample Z) 

and PANI control synthesis without zein (sample P).  

Sample 

 

 

Zein 

 

g 

Aniline in 

40 mL MSA 

g 

APS in 

10 mL MSA 

g 

Zein-Aniline 

Mass ratio 

 

Z 2.0 0.0 2.740 100:0 

ZP5 1.9 0.1 0.274 95:5 

ZP10 1.8 0.2 0.548 90:10 

ZP20 1.6 0.4 1.096 80:20 

ZP30 1.4 0.6 1.644 70:30 

ZP40 1.2 0.8 2.192 60:40 

ZP50 1.0 1.0 2.740 50:50 

P 0.0 2.0 5.480 0:100 

Table 8-1. Experimental data for zein-PANI composites prepared via in situ polymerisation of 

aniline. 
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8.2.4. NMP as a zein plasticiser 

In each of four glass containers 0.5 g of zein was dissolved in 10 mL of acetone-

water (8 : 2, v/v) mixture at room temperature. The first container was left as a control. 

To three other containers NMP was added in the quantity 50 mg, 100 mg and 150 mg 

giving concentrations of 9%, 17% and 23% respectively. Films (sheets) were cast using 

round shaped 4.3 cm diameter (13.5 cm
2
) aluminium containers at room temperature for 

46 h. 

8.2.5. Preparation of zein-PANI containing films of correspondent composites 

1 g of a powdered zein-PANI composite was magnetically stirred in a closed glass 

container in 10 mL of NMP at ambient temperature for 24 h. The films (sheets) were then 

cast from round shaped aluminium containers (4.3 cm diameter) at 50 °C for 96 h. 

8.3. Results and discussion  

8.3.1. Composites prepared by direct PANI deposition onto zein via oxidative 

polymerisation of aniline (8.2.3.) 

FTIR spectra of the composites formed when aniline is polymerised in increasing 

amounts in the presence of zein are given in Figures 8-2, 8-3 and 8-4. Comparison of the 

pure spectra of zein and PANI show that some of the bands of each compound are 

affected through the polymerisation process.  

Some changes were observed in the C-H and N-H stretch regions (Figure 8-2). 

With increasing aniline the CH2 stretch modes at 2928 cm
-1

 and 2855 cm
-1 

of the zein 

shift to lower wavenumbers, to 2920 cm
-1 

and 2838 cm
-1

. The N-H mode of zein at 3300 

cm
-1

 is red shifted to 3281 cm
-1 

as the amount of aniline is increased from 5% to 10% 

aniline. For addition of 30 to 50% aniline a new band appears at 3233 cm
-1

, which is due 

to PANI. This band shifts to 3237 cm
-1 

when bonded to zein for 50% addition of aniline, 
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to 3236 cm
-1 

for 40% and to 3235 cm
-1 

for 30%. For pure PANI this band should appear at 

higher wavenumbers (3376 cm
-1

) (Trchova and Stejskal 2011), but occurs at this low 

wavenumber due to MSA treatment. The band is most likely due to N-H stretch of the 

PANI units.  

The shifts in frequency of the N-H stretch modes of the composites indicate that 

interaction has occurred between the PANI and the zein. 

 

 

Figure 8-2. FTIR spectra of zein-PANI composites expanded over the C-H and N-H stretch mode 

region. 

Changes are also observed in the fingerprint region (Figures 8-3 and 8-4). A big 

difference is observed in the intensity of absorbance signals between PANI and zein, so 

that comparison of the bands between zein and the zein-PANI composites on the same 

scale was not possible, particularly as the aniline content increased. The zein-PANI 

composites with different amounts of added aniline are therefore represented in two 
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different Figures (8-3 and 8-4). The composites with lower percentage of PANI where the 

spectrum of zein dominates are overlaid for comparison in Figure 8-3.  

 

 

Figure 8-3. FTIR spectra of zein, PANI and zein-PANI composites of lower PANI composition 

expanded over the fingerprint region.  

The composites with higher PANI content, where the bands of the PANI 

dominate, are given in Figure 8-4.  

For the zein sample polymerised with 5% aniline a new band appears at 1515 cm
-1 

on the amide II band at 1532 cm
-1

 and increases in intensity for the 10% aniline polymer 

(Figure 8-3). This band is presumably a new amide II component resulting from bonding 

of some of the primary amide groups (Gln, Asn) and guanidine groups (Arg) of zein with 

PANI. For the higher amounts of PANI the bands in this region of the zein are obscured 

by the C-H deformation of the benzenoid and quinoid rings of PANI at 1488 cm
-1

 and 

1564 cm
-1

 respectively.  
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Figure 8-4. FTIR spectra of zein, PANI and zein-PANI composites of higher PANI percentage 

expanded over the fingerprint region. 

At lower frequencies in the fingerprint region of zein, new bands appear at 1169 

cm
-1

 and 1307 cm
-1

 with addition of 5% aniline and increase in intensity relative to the 

amide I and II bands with addition of 10% aniline (Figure 8-3). These bands are due to 

the C-H in-plane bending mode of Q=NH
+
-B which occur at 1149 cm

-1 
and 1304 cm

-1
 

(Dmitrieva and Dunsch 2011). Two bands occur for PANI around 1300 cm
-1

 at 1289 cm
-1

 

and 1304 cm
-1 

(Figures 8-3 and 8-4), due to C-H bending modes of the benzenoid and 

quinoid rings respectively. When polymerised with zein, these bands appear as one band 

centred at 1306 cm
-1

 for 10% aniline and undergo a small shift in position to 1300 cm
-1

 as 

the aniline is increased from 30% to 50% (Figure 8-4).  

The 1149 cm
-1

 band of PANI is significantly blue shifted when bonded to the zein, 

appearing at 1169 cm
-1

 for 5% aniline. However, with addition of 10% aniline this band 



Chapter 8. Comparative Studies of Interactions in Zein-Polyaniline Electrically Conductive Composites 

 

126 

 

undergoes a red shift to 1163 cm
-1 

(Figure 8-3) and with increasing addition of 30% to 

50% aniline the band has shifted even further to 1134 cm
-1 

(Figure 8-4).  

The band at 1040 cm
-1 

in PANI also undergoes a small shift in the presence of 

zein and appears as a shoulder at 1033 cm
-1

 on the 1045 cm
-1

 C-O stretch mode of zein 

(Chen, Xu et al.) (Figure 8-3).  

The amide I band of zein at 1651 cm
-1

 (C=O stretch) undergoes a slight red shift 

to 1649 cm
-1

 with addition of small amounts of PANI (Figure 8-3). The bands in the 

region between 880 cm
-1

 and 693 cm
-1

 that appear in the spectra of the PANI-zein 

composites are due to the ring deformations and C-N-C bend of PANI.  

Zein-PANI composites and the blank zein and PANI were compared in XPS 

studies. The scale of binding energy was calibrated by using the C(1s) signal from the 

saturated hydrocarbon at 285.0 eV for zein, ZP5 and ZP10 zein-PANI composites as an 

internal standard. For the higher PANI concentrations it was 284.6 eV. The results of 

XPS analysis of deconvoluted C(1s) spectra are shown in the Table 8-2.  

The choice of carbon rather than other elements was due to a reasonable 

difference in binding energies among various types of carbon atoms, first of all in the zein 

molecule. Four and three components were found in zein and PANI respectively. The 

shape of the C(1s) curve in ZP5 sample is very similar to pure zein. The curves in all 

other samples are similar to PANI. Even ZP10 sample has many similarities with PANI 

being however slightly different in terms of binding energy and atomic percentage. This 

occurs due to a tough PANI coating on the zein surface. 

Further evidence of this process is disappearance of the C=O peak from the 

composites and a consequently increased percentage of C=S component from the PANI 

dopant. The last finding corroborates with an increased electrical conductivity of the 

samples. The composites showed a lower atomic percentage of the carbon connected to 
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the nitrogen (C-N) in comparison with pure PANI that suggests some interactions 

between zein and PANI, e.g. hydrogen bonding, involving NH2 and OH groups of the 

zein molecule. 

Sample 

 

 

 

C-C 

 

C-N 

 

C-O 

 

C=O 

 

C-S 

eV At% eV At% eV At% eV At% eV At% 

Z 284.9 63.9 286.0 10.5 286.8 6.5 288.4 19.1 - - 

ZP5 284.9 71.8 286.3 16.0 287.8 8.1 288.9 4.2 - - 

ZP10 284.9 73.3 286.7 8.3 - - 288.5 4.0 - - 

ZP20 284.6 82.0 286.9 3.9 - - - - 288.3 2.8 

ZP30 284.5 76.3 285.7 13.6 - - - - 287.7 4.5 

ZP40 284.2 38.4 285.2 33.0 - - - - 286.8 6.2 

P 284.5 52.1 285.7 36.0 - - - - 287.0 11.9 

Table 8-2. Assignments of XPS signals for deconvoluted spectra of C(1s). 

There are some publications that reported formation of covalent bonds 

between PANI and other biopolymers such as chitosan (Shukla and Tiwari 2011) and 

polysaccharide (Tiwari, Sen et al. 2008). Some deconvoluted C(1s) spectra allowed to 

distinguish another component in the area of 282 eV. This component was reported for 

PANI-merino wool composites as COH···N interaction. Together with the C-O 

component of alcohols shifted to a higher binding area, the chemical bonding of PANI to 

the wool surface involving the nitrogen lone pairs with the hydroxyl groups of the amino 

acids was suggested (Kelly, Johnston et al. 2008). It can also be a case for zein where OH 

groups are present in substantial quantity (Figure 8-1). The position of the N(1s) peaks in 

the XPS scans depended on the PANI content, being 399.9 eV in pure zein and 399.0 eV 
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in pure PANI. In the hybrid samples the N(1s) peak was shifted towards the lower 

binding energies (between 399.2 eV and 399.0 eV) due to increasing PANI content. 

Elemental analysis results for the composites are shown in Table -8-3.  

SAMPLE 

 

C, 

% 

H, 

% 

N, 

% 

S 

% 

C:N atom 

ratio 

N:S 

Atom 

ratio 

σ 

S cm
-1 

Z 51.05 7.51 14.15 < 0.3 4.21:1 - - 

ZP10 53.14 7.38 14.42 1.33 4.30:1 24.82:1 0.00005 

ZP20 54.74 7.04 13.89 1.88 4.60:1 16.95:1 0.05 

ZP30 54.84 6.82 13.48 2.26 4.75:1 13.65:1 0.2 

ZP40 56.94 6.61 13.41 2.98 4.95:1 10.32:1 0.5 

ZP50 55.89 6.36 12.80 3.23 5.09:1 9.07:1 0.9 

P 58.84 4.98 11.03 5.54 6.22:1 4.64:1 3.0 

Table 8-3. Elemental analysis results and Electrical conductivity measurements (σ). 

The main advantage of this method to characterise zein-PANI composites is the 

possibility to get information about the element atom ratio, in particular C:N and N:S.The 

first ratio allows one to suggest the amount of each component in a composite. The 

calculated C:N ratios for the blank experiments were 4.2:1 for zein and 6.3:1 for MSA 

doped PANI. If the ratio of the composite shifts towards the ratio of zein this means there 

is a larger amount of this component in the composite and vice versa. The ratios 

calculated from the Elemental analysis showed a good correlation with the suggested 

theoretical amount of the components. Thus, the difference of the carbon to nitrogen atom 

ratio between zein and PANI is 2.0 (6.2 – 4.2). For ZP30 sample: 4.8 (ratio in the sample) 

- 4.2 (ratio in zein) = 0.6. Then, 0.6 : 2.0 = 0.3 (or ×100 = 30%) of PANI in the composite 
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(and 70% of zein). Actually in some cases the C:N ratio calculated from an elemental 

analysis can slightly differ from the theory, due to an incomplete polymerisation of 

aniline or some loss of components throughout the preparation process. The N:S ratio has 

a trend to be decreased from a lower to a higher PANI content. This depends on increased 

amount of MSA providing more sulfur to a composite. A decreasing N:S ratio suggests a 

higher electrical conductivity due to a larger amount of dopant which is confirmed by the 

measurements and also shown in the Table 8-3. The conductivity of ZP5 was not possible 

to measure by means of the mentioned method (lower than 10
-7

 S·cm
-1

 and that sample is 

not included in the Table 8-3. 

The electrically conductive zein-PANI composites underwent a Radical 

scavenging activity assay. The results are shown on the Figure 8-5. 

 

Figure 8-5. DPPH scavenging capacity of zein-PANI composites. 
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All the samples were attempted in this assay without any additional treatment. The 

samples of zein and PANI were also checked in such a procedure. The scavenging 

activity of pure zein and PANI were already reported in such a procedure (Vitaglione, 

Napolitano et al. 2008; Zhang, Luo et al. 2010; Nand, Ray et al. 2011). They were also 

measured in our experiments. Obviously all the PANI containing composites showed an 

increased activity in accordance with the amount of PANI in them. The scavenging 

capacity depends on the surface area of the particles. Another factor to affect the degree 

of scavenging is the oxidation state of nitrogen in PANI. The capacity to interact with 

DPPH radical depends on oxidation of the reduced benzenoid units of PANI converting 

them to a reduced quinoid form (Figure 8-1). It was reported that PANI with a low level 

of oxidation should be more effective in the free radical scavenging. On the other hand 

the electrical conductivity of PANI is higher in the samples with a higher oxidation level 

because they can be doped easily (Nand, Ray et al. 2011). This suggests that the electrical 

conductivity is not correlated and it is even contradictory to the radical scavenging 

capacity. However, in our experiments the samples with a higher conductivity have also 

shown a higher level of scavenging. This happened due to a similar oxidation state of all 

the samples prepared at the same experimental conditions and was correlated only with 

the absolute amount of PANI on the zein surface. Good scavenging activity of zein-PANI 

composites can open new fields for the application of such hybrid products by getting the 

advantages of both biodegradable and conductive components in them. 

Morphological studies by means of SEM of zein as received; zein blank that was 

treated with APS and MSA (without aniline) at the same experimental conditions, PANI 

MSA doped and the samples are shown in Figure 8-6.  

Pure zein showed a smooth surface, while on the surface of the zein blank some 

caverns are visible. This is due to long stirring in the solution that can affect the surface 
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area damaging it or even removing some admixtures or soluble components. However the 

zein surface is not seriously changed. The morphology of the PANI sample is typical for 

such a procedure being highly aggregated in nature and having the shape of rods. PANI 

on the surface of the ZP5 sample is not really detectable. However the sample is green but 

not as dark as other samples with a higher PANI content. The ZP10 sample showed some 

PANI particles present on the surface having comparatively loose, granular morphology 

without aggregation. The absolute amount of PANI in this sample is still very small and 

does not allow full coverage of the zein surface. 

From ZP20 sample PANI looks like a dominant component. In the ZP30 and in 

ZP40 samples zein is coated with a very thick layer of PANI and has the shape of almost 

pure PANI. However due to the binding of PANI to the zein it forms structures that are 

oriented away from the zein surface. This is perfectly seen on the ZP40 sample image 

take from a side position (Figure 8-6h). The ZP50 sample (the mass ratio of components 

50:50) is not included due to a large amount of PANI that looks just like bulk PANI. 
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Figure 8-6. SEM images of zein, PANI and zein-PANI composites: a) zein (sample Z), b) zein treated 

at the same experimental conditions without aniline, c) PANI (sample P), d) sample ZP5, e) sample 

ZP10, f) sample ZP20, g) sample ZP30, h) sample ZP40.  
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8.3.2. NMP as a zein plasticiser  

Some zein-PANI powdered composites were used to prepare the films. NMP was 

reported as a good zein solvent (Wheelwright, Ray et al. 2012) and a solvent suitable to 

dissolve PANI, in particular in its dedoped form (Yilmaz and Kuecuekyavuz 2010). 

Plasticisation is a way to prepare films or sheets from zein and PANI. In the present 

research it was shown that zein and PANI interact as powders or as films prepared by the 

casting of their solutions. However the film quality depends on the components and also 

on the method of their preparation which includes the solvents applied in each case. In the 

present research NMP was attempted as a novel zein plasticiser.  

The Glass transition temperature (Tg) of the samples prepared as described was 

measured by DSC. The results for the samples containing 0.5 g of zein and 50 mg, 100 

mg and 150 mg of NMP respectively in comparison with pure zein (sample Z-NMP0) are 

shown in the Figure 8-7.  

The decreasing Tg of the samples with a higher amount of NMP confirmed a 

plasticisation effect of such a solvent on zein. Moreover NMP contributes to the 

suggested plasticisation effect of PANI on the zein matrix in the films, particularly in first 

stages of their preparation. 
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Figure 8-7. Glass transition temperatures of zein samples plasticized with NMP. 

8.3.3. Zein-PANI containing films 

This system contains zein completely dissolved in NMP and also a PANI 

suspension with some amount of it dissolved in NMP due to partial de-doping of the ES 

form. Figure 8-8 provides DMTA results for zein-PANI films with different composition. 

A decrease of the tanδ values suggested a plasticisation effect by the additional 

ingredients on the zein matrix. It was suggested that this effect is not coming solely from 

NMP as it was shown in the previous part. Due to the same amount of NMP being used in 

each case of the film preparation we can argue that PANI has also contributed to the 

plasticisation process. 
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Figure 8-8. DMTA of zein-PANI films prepared from composites. 

SEM images of the same films are shown in Figure 8-9. 

By increasing the proportion of PANI in the zein –PANI composite films more 

aggregated particulate features appear due to a denser interconnecting network of PANI 

in the film. This morphology correlates with the Electrical conductivity measurements. 

The conductivity of the ZP10Film sample was very low just like the powdered samples of 

the same ratio (less than 10
-7

 S·cm
-1

). Conductivity of the samples ZP20Film and 

ZP30Film were (1.24±0.02)×10
-3

 S·cm
-1

 and (1.28±0.02) )×10
-3

 S·cm
-1 

respectively. 
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Figure 8-9. SEM images of films (S – surface, X – cross section, magnification 100000x): A - 

ZP10Film S, B - ZP10Film X; C - ZP20Film S, D - ZP20Film X; E - ZP30Film S, F - ZP30Film X. 

8.4. Summary 

Zein-PANI composites with differing zein to PANI ratios were prepared and 

characterised. FTIR and XPS studies confirmed different interactions between the 

components, in particular between nitrogen containing functionalities of both zein and 

PANI. The hybrids with a larger amount of PANI (20% and more) were electrically 
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conductive. Zein-PANI(MSA) composites gave positive free electron scavenging activity 

in all the DPPH tests. Zein-PANI(MSA) films were cast from NMP solutions. They 

showed a lower Tg in comparison with pure zein. NMP was also successfully used as a 

novel zein plasticiser.  
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Chapter 9. Deposition of PANI on the Surface of Modified Zein 

9.1. Introduction 

Zein has a very complex chemical composition having about 20 different amino 

acid moieties. Among them Glutamine is the main amino acid (~21%) which has free 

primary amide functionality. With additional amount of another amide, Asparagine 

(~5%), these two amino acids compose about ¼ of the zein molecule. Forming some 

periodically repeated loops (Wang, Xian et al. 2008), Glutamine seems to be an easily 

accessible site for the process of interaction with PANI molecules that was also shown 

previously on the basis of FTIR spectroscopic studies. The present part of the research is 

an attempt to study PANI-zein interactions using a modified zein molecule with reduced 

number of the lateral amide containing moieties. A simple method of the direct 

replacement of NH2 groups from amides by CH3O groups in one step via methylation 

process was published as: 

WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; NIEUWOUDT, M. K. 

‘A One-Step Approach for Esterification of Zein with Methanol’ Journal of Applied 

Polymer Science, 127, 3500-3505, 2013 (Wheelwright, Easteal et al. 2013). 

9.2. Experimental 

9.2.1. Materials 

Zein was supplied by MP Biomedicals, Inc. Two different batches were used (Lot 

Nos.6246H and 8479H), which is significant because the two batches of zein had slightly 

different solubility in 99.9% methanol. The first lot was 100% soluble (at the desired 

concentration), but the second lot was less soluble at room temperature. However, in the 

experimental conditions that were used, they were both sufficiently soluble. The FTIR 
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and 
1
H NMR spectra of the two lots of zein were identical. Methanol (99.9%, HPLC 

Grade) was supplied by Burdick & Jackson. para-Toluenesulfonic acid monohydrate 

((pTSA; 97.5%) was supplied by Acros Organics. Aniline and APS were supplied by 

Sigma-Aldrich. All chemicals were used as received. 

9.2.2. Methylation of zein 

A mixture of 2 g of zein and 20 g of pTSA was dissolved in 100 mL of 99.9% 

methanol in a 500 mL flask. The flask containing the slightly opalescent solution was 

stoppered and left at room temperature for 120 h, and then the reaction mixture was 

heated under reflux for 4 h at 65 °C. Following reflux 250-300 mL of water was added to 

the reaction mixture, whereupon a white precipitate was immediately formed. The 

mixture was allowed to stand until the precipitate settled on the bottom of the flask, then 

most of the supernatant liquid was decanted and replaced by aqueous Na2CO3 solution to 

neutralise residual acid. The precipitate was isolated by vacuum filtration, washed on the 

filter with a small quantity of cold water and then dried in vacuum for 24 h at 40 °C. 1.2 g 

of slightly off-white solid product (“Zeinate”) was recovered after drying. 

9.2.3. Zeinate-PANI composite via in situ polymerisation of aniline 

Aniline (0.125 g) was dissolved in 20 mL of water. Zeinate (0.5 g) was suspended 

in it at room temperature while stirring magnetically. APS (0.343 g) was dissolved in 5 

mL of water. This solution was added dropwise to the zeinate suspension. The reaction 

mixture was stirred magnetically at room temperature for 20 h. The precipitate was then 

separated by centrifugation and decanting and washed with water by the same method. 

The final product was dried in vacuum at 35 °C for 20 h. 

9.2.4. PANI (blank) preparation via in situ polymerisation of aniline 

The same method and amount of reactants were applied without adding zeinate. 
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9.3. Results and discussion 

9.3.1. Methylation of zein 

The method affects the amide groups of glutamine and asparagine in the zein 

molecule and the carboxylic groups of glutamic and aspartic acids also present in a small 

amount (~1.5%) in the zein molecule  

Formation of desirable product was confirmed by FTIR spectroscopy and 
1
H 

NMR.  

The results of FTIR spectroscopic studies of zeinate in comparison with the 

pristine zein are shown in Figure 9-1.  

Comparison of the FTIR spectra of the pure zein (Figure 9-1a) and zein 

methylation product (Figure 9-1b) reveals new bands at 1739 cm
-1

and 1173 cm
-1

 in the 

spectrum of the methylated product. These are assigned to the C=O and C-O stretching 

vibrations, respectively, of methyl ester groups (Biswas, Sessa et al. 2005). There is also a 

significant increase in the intensities of the CH3 stretching modes at 2957 cm
-1 

and 2871 

cm
-1

 and bending mode at 1369 cm
-1

 relative to the CH2 modes at 2931 cm
-1

 and 2857 

cm
-1

. This indicates that formation of methoxy groups has occurred during the 

methylation process. The other major change is the substantial reduction in the area of the 

NH stretch mode centred at 3295 cm
-1

. This multi-component band includes contributions 

from the primary amides of the amino acid moieties at 3203 cm
-1

, 3295 cm
-1

 and 3450 

cm
-1

, and from secondary amides of the main chain at 3300 cm
-1 

as well as a smaller band 

at 3073 cm
-1

 (Socrates 1994). 
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Figure 9-1. FTIR spectra of (a) zein and (b) zein methylation product (zeinate). 

The intensities of the primary amide components at 3203 cm
-1 

and
 
3450

 
cm

-1 
are 

reduced during the esterification process, causing the overall decrease of the mentioned 

NH stretch mode. The intensities of the secondary amide components remained 

unchanged. A similar dynamic at a lower scale is observed in the amide I and II bands. 

The amide I band at 1654 cm
-1

 is due to the C=O stretch mode of both primary and 

secondary amides, however it also contains some contribution from the amide II band of 

the primary amides (Socrates 1994; Sessa and Woods 2011). This band was slightly 

reduced after the esterification process, whereas the amide II band at 1531 cm
-1

 and the 

band at 1450 cm
-1

 remained unchanged, as these bands are due to C-N stretching and N-H 

deformation of the secondary amides. The secondary amides of the peptide bonds from 

the protein chains were therefore not affected by the esterification method. 
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The changes observed in the FTIR spectra confirm that replacement of primary 

amide groups with methoxy groups was successful. 

1
H NMR spectroscopy was used to provide a further spectroscopic comparison of 

zein and the methylation product.  

 

Figure 9-2. 
1
H NMR spectrum of (a) zein and (b) zein methylation product (zeinate). 

Initial experiments with samples dissolved in deuterated methanol revealed a 

broad intense solvent signal in the vicinity of 3 ppm that overlapped the methoxy CH3 

signal that was expected at 3.67 ppm (Mello, Oliveira et al. 2008). Changing to deuterated 

acetone-d6:D2O (6:1 v/v) solvent, gave the spectra shown in Figure 9-2, for the zein 

methylation product and pure zein, respectively, with the spectrometer locked for 

acetone-d6. The signal at 3.67 ppm in the spectrum of the zein methylation product can be 

confidently assigned to the protons of the CH3 group from an ester group on zein (Mello, 

Oliveira et al. 2008). That signal is absent from the spectrum for pure zein, and it 

correlates well with the predicted chemical shift for the CH3 protons. In general, the full 

spectra of both zein and methylated zein possess typical signals of protein protons with 
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characteristic chemical shifts. Apart from the signals of the protons of acetone (δ 2.05 

ppm) and water (δ about 4.00 ppm) many other signals can be distinguished (δ ppm) 

(Rutar 1989; Biswas, Sessa et al. 2005; Shi, Huang et al. 2011):
 
CH3 (0.88-0.90); CH2 

from the aliphatic radicals (1.23 to 2.19 region); CH2-CO from the amino acids radicals 

(2.21 to 2.32 region); single protons attached to the α-carbon atom of the main chain 

(αCH 4.00 to 5.00 region partially overlapped by the strong water signal). The protons of 

the primary amide groups of the amino acid moieties (7.20-7.30) and the secondary amide 

protons from the chain (a very broad and weak band centred at 8.30) are seen just after 

the proton signals of the aromatic rings (6.75-6.81). The intensity of the NH2 protons is 

slightly reduced due to their replacement by the ester groups. However, the most reliable 

diagnostic signal of the successful esterification is the singlet of OCH3 group, present 

only in the spectrum of the methylated zein. 

The results of the Elemental analysis are shown in Table 9-1.  

Name C,% H,% N,% C:N atom ratio 

Zein 
54.4 7.7 14.6 4.3:1 

Methylated zein 56.9 7.9 11.4 5.8:1 

Table 9-1. Elemental analysis results for zein and methylated zein (zeinate). 

The C:N atom ratio was calculated on the basis of atom percentage of the 

elements. Zein: (54.4/12)/(14.6/14) = 4.5/1.04 = 4.3 carbon atoms to 1 nitrogen atom. 

Methylated zein: (56.9/12)/(11.4/14) = 4.7/0.81 = 5.8 C atoms to 1 N atom. This reflects 

an increased amount of carbon in the product of the reaction and a reduced amount of 

nitrogen. The differences in the C and N contents of zein and the zein methylation 

product are consistent with conversion of a significant proportion of the –CONH2 groups 

in zein to -COOCH3 groups in its methylated analogue. 
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9.3.2. Zeinate-PANI interactions 

The products were characterised by Elemental analysis and FTIR spectroscopy. 

The Elemental analysis results are shown in Table 9-2.  

Name C,% H,% N,% C:N atom ratio 

Zeinate-PANI 
63.67 4.70 12.15 6.11:1 

PANI blank 57.32 7.30 11.45 5.84:1 

Table 9-2. Elemental analysis results for zeinate-PANI hybrid and PANI blank. 

The carbon to nitrogen ratio for zeinate containing product is higher than for the 

PANI due to some additional carbon coming from zeinate chain. 

To avoid introducing additional radicals from a dopant, the aniline polymerisation 

process was carried out in distilled water. However the sulphuric acid formed as a by-

product of such a reaction is also a dopant for PANI. pH of the solutions after the 

complete removal of the precipitates was 1.63 for both experiments (zeinate-PANI and 

PANI blank). Although the final products were washed a few times with water, sulfur was 

found both in the composite and pure PANI. In the pure PANI the sulfur content was 

1.51% that corresponds to an N:S atom ratio equal to 17.36:1. It is a very low ratio also 

confirming a very low amount of a dopant found in PANI prepared without an acid.  

FTIR spectra of zeinate-PANI and pure PANI are shown in Figure 9-3. 
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Figure 9-3. FTIR spectra of zeinate-PANI composite and PANI prepared at the same conditions. 

The main change observed in the N-H stretch region is a blue shift of N-H mode 

at ~3262 cm
-1

 to ~3287 cm
-1

. Due to a larger amount of zeinate in the composite this band 

is most likely from the zeinate molecule. However the shift in frequency of the N-H 

stretch mode of the zeinate-PANI hybrid in comparison to pure zeinate (3295 cm
-1

) 

indicates an interaction with PANI units. The ester groups of zeinate molecules were not 

affected under the experimental conditions used. The C=O stretch mode is clearly seen. 

However, this band is also shifted to a lower wavenumber (1731 cm
-1

) in comparison 
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with zeinate molecule (1739 cm
-1

) that could be due to hydrogen bonding with the PANI 

molecules. This observation suggested accessibility of methoxy groups which replaced 

the lateral NH2 groups of the Glutamine (and Asparagine) moieties. Therefore the 

Glutamine loops seemed to be organised in the same structure as it was shown in the 

pristine zein. Some other important changes were observed in the fingerprint region. The 

amide I band that appeared due to ν(C=O) of the amides, and its clearly seen lower 

wavenumber component at 1628 cm
-1

 indicate their involvement in an interaction with 

PANI molecules. The amide II band at 1531 cm
-1

 due to ν (C-N) and the band at 1450 cm
-

1
 due to δ (N-H) of the secondary amide groups are shifted to the ~1538 cm

-1
 and 1446 

cm
-1

 respectively. These groups are found in the peptide bonds of zeinate (zein also). This 

fact shows a participation of the back bone of the protein in the process of interaction 

with PANI chains. 

9.4. Summary 

The methylated zein (zeinate) in the form of a suspension interacted with PANI 

molecules obtained via in situ polymerisation of aniline. The comparison of the zeinate-

PANI composite with the original zeinate confirmed various interactions between the 

ingredients suggesting that the majority of them can occur by means of the nitrogen 

containing functionalities from both main chains (zeinate and PANI) and lateral groups 

(zeinate). Additional spectroscopic studies of zein and zeinate were performed which 

resulted in a better understanding of the structures of such biopolymers and their 

interactions with PANI. 
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Chapter 10. Silylated Cellulose and Polyaniline Interactions 

10.1. Introduction 

As was mentioned in the Introduction (Chapter 1), cellulose is one of the most 

abundant natural polymers with many applications. One of the earliest interactions of 

HCl-doped PANI and a cellulose-propionate matrix was reported 25 years ago (Wessling 

and Volk 1987). A composite containing PANI and caboxymethylcellulose was also 

reported (Ghosh, Vishalakshi et al. 1992). The authors have found that PANI in the 

composite exists in the conductive state even if the system is equilibrated with a neutral 

aqueous medium. Due to the conductive properties and the availability of cellulose and its 

derivative containing materials, the PANI-cellulose hybrids, especially with cellulose 

fibres, have attracted attention for the manufacture of conducting composite films and 

applications based on such materials (Casado, Quintanilla et al. 2012). In the same paper 

the authors, on the basis of a literature analysis, have concluded that the cellulose, in 

particular in the form of nanofibres, can be extracted from different plants. It possesses 

several advantages, such as low cost, low density, non-toxicity, renewable nature, 

biodegradability, capability of forming stable aqueous suspensions and remarkable 

mechanical properties that allows improving mechanical performance of polymers at 

quite low fibre concentrations. In addition to these advantages, cellulose-based nano-

reinforcements are entirely organic, providing some of the mechanical improvements 

observed in the use of nanoclays and the added versatility of easy modification by 

applying well-understood cellulose chemistry (Casado, Quintanilla et al. 2012). 

Throughout the last few years PANI-cellulose blends and composites in the form of 

powders and membranes have been reported (Sivakkumar and Kim 2007; Mo, Zhao et al. 

2009; Pereira, Cerqueira et al. 2009; Rodriguez, Castillo-Ortega et al. 2009; Rodriguez, 
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Castillo-Ortega et al. 2009; Qian, Shen et al. 2010). However, all the achievements in the 

field involved only weak interactions between the components, e. g. hydrogen bonds and 

electrostatic forces. In my opinion, a new route to improve their properties by connecting 

them chemically is worthwhile. It will create a hybrid which could enlarge the area of 

industrial applications. For example, PANI covalently bound to the cellulose matrix can 

maintain its properties and can stabilise the composition of such a hybrid. It could be 

useful for some biomedical applications, such as artificial tissues or some biocompatible 

devices working in dynamic conditions, such as flowing liquids. In this Chapter a novel 

method of interactions of silylated cellulose and PANI is described.  

10.2. Experimental 

10.2.1. Materials 

Cellulose, fibrous, medium (FC), was supplied by Sigma. Cellulose, 

microcrystalline, powder (PC) was supplied by Sigma-Aldrich. 3-PAPTMOS, aniline, 

APS, methanol, acetone, NMP, MSA and diethylamine (DEA) were all analytical grade 

reagents and were used as supplied by Sigma-Aldrich. 

10.2.2. Cellulose silylation  

Samples FC-PAPTMOS and PC-PAPTMOS: 0.5 g of PAPTMOS was 

dissolved in methanol (4 g for FC and 3 g for PC) in a porcelain crucible. 2 g of cellulose 

were mixed with the PAPTMOS solution and left in the oven at 80 °C for 1 hour to 

evaporate excess methanol. The crucible was then closed with a porcelain lid and the 

reaction mixture was heated in vacuum at 120 °C for 40 h. The product was washed with 

methanol and acetone, and then dried in vacuo at 60 °C for 24 h. 
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10.2.3. Grafting PANI onto silylated cellulose  

a) Samples FC-PAPTMOS-PANI(EB) and PC-PAPTMOS-PANI(EB): 

0.5 g (5 mmol) of aniline was dissolved in 20 mL of 1 M aqueous MSA. 1 g of 

silylated cellulose was suspended in this by magnetic stirring. Then a solution of 1.37 

g (6 mmol) of APS dissolved in 5 mL of 1 M aqueous MSA was added dropwise. The 

reaction mixture was continuously stirred for additional 5 h at ambient temperature. 

The dark green precipitate was separated by centrifugation and washed with water, 

NMP-DEA binary solvent (30:2.5 v/v), pure NMP and finally with acetone. The 

product was vacuum dried at 50 °C for 24 h. 

b) Samples FC(+PANI) and PC(+PANI): A “Blank experiment” was also 

carried out by the same methodology, but applying untreated cellulose.  

10.2.4. Re-doping samples FC-PAPTMOS-PANI(EB) and PC-PAPTMOS-

PANI(EB) 

0.5 g of the product was magnetically stirred in 10 mL of 1 M aqueous MSA for 

24 h. Green precipitate was separated by centrifugation, then washed with water and 

acetone. The final product was dried in vacuum at 50 °C for 24 h. Two new products 

were prepared: FC-PAPTMOS-PANI(MSA) and PC-PAPTMOS-PANI(MSA). 

10.3. Results and Discussion 

The chemical process that occurs on the surface of cellulose in its interaction with 

PAPTMOS was already described in the previous chapters (see Chapter 4). In the case of 

cellulose, the proposed mechanism of such an interaction is highly reliable due to the 

large amount of free OH groups found in cellulose. The evidence of successful binding of 

PAPTMOS with cellulose was confirmed by Elemental analysis and FTIR. The results of 
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the Elemental analysis for both silylated fibrous and powdered celluloses in comparison 

with untreated celluloses are shown in the Table 10-1. 

Sample C,% H,% N,% C:N atom ratio 

FC-PAPTMOS 43.98 6.35 0.36 145:1 

PC-PAPTMOS 44.16 6.44 0.70 74:1 

FC 42.84 6.38 - n/a 

PC 42.64 6.29 - n/a 

Table 10-1. Elemental analysis results for silylated and untreated celluloses. 

Untreated cellulose does not contain nitrogen while cellulose connected to 

PAPTMOS has some nitrogen in its composition. Absolute nitrogen content is higher in 

the cellulose in the form of a powder. It obviously depends on the larger surface area of a 

rough crystalline powder in comparison with longer cellulose fibres. The higher carbon to 

nitrogen ratio also confirmed a larger amount of PAPTMOS attached to the PC sample. 

The calculation already mentioned in the previous chapter gives a degree of PAPTMOS 

attachment of about 4% (11.6 × %N) for the fibrous cellulose product (FC-PAPTMOS) 

and about 8% for the powdered cellulose (PC-PAPTMOS). A rate of PAPTMOS 

connection is also seen by means of C:N atom ratio. It is about 2 times higher in the case 

of PC. The untreated celluloses have no nitrogen.  

The Elemental analysis results after PANI grafting and removal of the PANI 

homopolymer are given in the Table 10-2. The absolute amount of nitrogen has been 

increased for PANI containing silylated celluloses, obviously accompanied by a 

decreasing carbon to nitrogen ratio. In the case of untreated celluloses some nitrogen still 

remains due to it being impossible to remove 100% of the PANI mixed with the substrate. 
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However the nitrogen content in the non silylated substrates is very low which was 

confirmed by FTIR spectroscopy. 

 

Sample C,% H,% N,% C:N atom ratio 

FC-PAPTMOS-PANI(EB) 45.82 6.60 1.66 32:1 

PC-PAPTMOS-PANI(EB) 47.60 6.60 2.27 20:1 

FC(+ PANI) 43.54 6.68 0.40 126:1 

PC(+ PANI) 43.37 6.77 0.49 103:1 

Table 10-2. Elemental analysis results for silylated and untreated celluloses after PANI grafting and 

removal of homopolymer. 

Moreover, the photographs shown in the Figure 10-1 also allow us to draw the 

conclusion about a very low (if any) amount of PANI on the surface of untreated 

cellulose.  

 

 

Figure 10-1. Photographs of silylated and untreated celluloses after PANI grafting and removal of 

homopolymer.  
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The samples prepared from the untreated cellulose have a light turquoise colour 

being black (very dark blue when wet) in the samples containing a substantial amount of 

PANI. Re-doping of the samples containing PANI(EB) gives an increase to the carbon to 

nitrogen atom ratio due to the additional carbon coming with the dopant. This process is 

also accompanied by the change of colour to a very dark green. The results of the 

Elemental analysis of the re-doped samples are shown in the Table 10-3. Nitrogen to 

sulfur atom ratio achieved in the products showed that about 25% of PANI in the 

products was in the doped form. It is also slightly higher in the PC containing hybrid. A 

careful weighing of all the samples after grafting PANI, removal of the homopolymer, 

and vacuum drying showed an increased mass in the case of the silylated hybrids: about 

10% higher for FC-PAPTMOS-PANI(EB) and about 14% higher for PC-PAPTMOS-

PANI(EB). The mass of the samples prepared from untreated celluloses was the same 

which confirmed almost complete removal of PANI.  

Sample C,% H,% N,% S,% 

C:N atom 

ratio 

N:S atom 

ratio 

FC-

PAPTMOS-

PANI(MSA) 

45.05 6.37 1.23 0.73 43:1:1 3.9:1 

PC-

PAPTMOS-

PANI(MSA) 

45.59 6.28 1.90 1.18 28:1 3.7:1 

Table10-3. Elemental analysis results for the hybrids re-doped with MSA. 

FTIR spectra of the silylated and untreated celluloses are shown in Figures 10-2 

and 10-3. As it was already mentioned for the PAPTMOS silylated substrates, the best 

evidence of the silane bound to the cellulose surface are two diagnostic signals of the 
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benzene ring of the aniline moiety in the area about 1500 cm
-1 

 and 1600 cm
-1. 

 Those 

signals are not found in the FTIR spectra of cellulose due to the absence of benzene rings 

in the cellulose molecule and the mentioned area is actually free from all other signals.  

On the spectra of the silylated fibrous celluloses (Figure 10-2, Sample FC-

PAPTMOS) those signals are clearly seen in the same region.  

  

Figure 10-2. FTIR spectra of FC and FC-PAPTMOS hybrid. 

This is the main evidence of PAPTMOS existing on the surface of cellulose. Some 

characteristic peaks of the cellulose molecule can be assigned: ~ 3340 cm
-1

 (OH group 
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stretching vibrations), ~ 2900 cm
-1

 (asymmetrical stretching vibration of CH in pyranoid 

ring), ~ 1429 cm
-1

 (HCH and OCH in plane bending vibrations), the bands between ~ 

1204 cm
-1

 and ~ 982 cm
-1 

(contribution of various groups, such as C-O, C-O-C (Mo, Zhao 

et al. 2009)), ~ 665 cm
-1

 (C-OH out-of-plane bending mode and some others (Kondo and 

Sawatari 1996; Oh, Yoo et al. 2005; Mo, Zhao et al. 2009). 

 

 

Figure 10-3. FTIR spectra of PC and PC-PAPTMOS hybrid. 
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The same PAPTMOS ring diagnostic signals (Figure 10-3 Sample PC-

PAPTMOS) have slightly higher intensity. As in the case of the Fibrous Cellulose (Figure 

10-2), they are missing in the spectra of Powdered Cellulose (Figure 10-3).  

The FTIR spectra of all the products after grafting PANI and removal of 

homopolymer are shown in Figure 10-4.  

 

Figure 10-4. FTIR spectra of FC-PAPTMOS-PANI(EB) hybrid and PC-PAPTMOS-PANI(EB) 

hybrids. 

The characteristic PANI peaks, 1598.4 cm
1
 and 1502.3 (1502.2) cm

-1
 confirmed 

the presence of PANI on the surface of the silylated celluloses. Some PANI signals are 

PANI 

S

ignals 

PANI 

S

ignals 
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overlapped by more intense cellulose signals due to only a small amount of PANI being 

grafted. However, some PANI bands in the area around 800 cm
-1

 are also present on the 

spectra of silylated celluloses.  

The spectra of the samples prepared from untreated celluloses did not show any 

valuable band in that region after the PANI removal (isolation) stage. They are shown in 

Figure 10-5. Together with the colours this is further evidence of the removal of PANI 

from the surface of cellulose.  

 

Figure 10-5. FTIR spectra of FC(+PANI) and PC(+PANI) after PANI removal.  
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The diagnostic signals of the aromatic rings remain on the spectra of the hybrids 

after MSA re-doping shown in Figure 10-6. However they are shifted towards a lower 

wavenumber which is a characteristic feature of a doped form of PANI (Dmitrieva and 

Dunsch 2011). 

 

 

Figure 10-6. FTIR spectra of FC-PAPTMOS-PANI(MSA) and PC-PAPTMOS-PANI(MSA) hybrids. 

The Electrical conductivity of FC-PAPTMOS-PANI(MSA) and PC-PAPTMOS-

PANI(MSA) was measured. Both hybrids were electrically conductive. The hybrid 
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containing PC form of cellulose was slightly more conductive [(3.54±0.01)×10
-3 

S·cm
-1

] 

than the hybrid prepared on the basis of FC form [(2.69±0.02)×10
-3 

S·cm
-1

]. This 

correlates with the results of the Elemental analysis and FTIR spectroscopy about a 

higher content of PANI in the PC containing product. 

The morphology of the products was studied by means of SEM. FC containing 

samples are shown in Figure 10-7. The surface of the FC was not changed substantially 

from the original to the silylated stage. However, at higher magnification (Figure 10-7F) 

the rough cellulose surface confirmed the interaction of the components and the presence 

of PANI on it. 

 

Figure 10-7. SEM images of FC (A-2500x, B-100000x); FC-PAPTMOS (C-2500x, D-100000x); FC-

PAPTMOS-PANI(EB) (E-2500x, F-100000x). 
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Similar morphology changes are seen on the surface of PC containing hybrids 

shown in Figure 10-8. At a higher magnification (Figure 10-8F) PANI grafted onto the 

cellulose powder appeared as short round shaped structures on the surface.  

 

Figure 10-8. SEM images of PC (A-2500x, B-100000x); PC-PAPTMOS (C-2500x, D-100000x); PC-

PAPTMOS-PANI(EB) (E-2500x, F-100000x). 

The surfaces of the products obtained from the untreated celluloses after 

interaction with PANI and the removal of the PANI homopolymer have very similar 

morphology as the celluloses in their original state. They are shown in Figure 10-9. 
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Figure 10-9. SEM images of FC(+PANI) (A-2500x, B-100000x); PC(+PANI) (C-2500x, D-100000x). 

10.4. Summary 

Cellulose in its fibrous form and in the form of a powder was silylated by the low 

solvent method followed by PANI grafting onto the surface. The PANI was strongly 

attached and could not be removed by the solvents suitable for PANI(EB) homopolymer. 

Elemental analysis, FTIR spectroscopy, SEM morphology studies and physical properties 

of the hybrids (colours) confirmed the presence of the components on the cellulose 

surface. The MSA doped samples were electrically conductive. The same experiment 

carried out with the untreated celluloses, did not result in the PANI containing products. 
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Chapter 11. Conclusions and Future Work 

11.1. Conclusions 

The general conclusions derived from the aim and objectives of the present 

research follow. Different types of interfacial interactions between PANI and various 

organic and inorganic substrates were revealed.  

The first group of such substrates were inorganic materials. The primary 

disadvantage of combining PANI with various substrates is due to relatively weak bonds 

between the components. To improve the interactions of PANI with an inorganic 

substrate a novel method of silylation with PAPTMOS was developed. It requires a small 

amount of methanol (about 1 mL for 1 g of substrate) as a solvent for PAPTMOS (0.25 g) 

and is a one-step and one-pot procedure. The silanes with aniline functionality, e. g. 

PAPTMOS, can be directly involved in the polymerisation process. This novel “low 

solvent method” was firstly attempted for a silicon oxide substrate (silica). On the basis of 

the silylated silica a hybrid with PANI was obtained. The evidence for the presence of the 

individual components and interactions among them were proved by FTIR, 
13

C and 
29

Si
 

solid state NMR and XPS studies. The achieved hybrid was electrically conductive 

(1.2×10
-3

 S cm
-1

).  

The same method was applied to aluminium oxide (alumina). The stage of PANI 

binding onto the surface of substrate includes an isolation process that is necessary to 

separate the hybrid from PANI homopolymer not bound to the surface. In the case of 

silica it was done by means of a conventional approach where the reaction mixture was 

de-doped by aqueous ammonia to obtain the EB form of PANI. This form is soluble in 

NMP so the PANI not bound to the insoluble silylated substrate was removed leaving 

only bound PANI. This stage was substantially improved and simplified for the alumina 
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containing hybrid. The novel approach did not require the de-doping procedure. The 

reaction mixture was simply washed with NMP-amine (DEA) binary solvent. As a result 

of such a treatment PANI ES form was converted to the soluble PANI EB which was 

therefore removed from the reaction mixture. This novel approach where the conventional 

de-doping of PANI ES was omitted can be applied in all other cases involving inorganic 

substrates and biopolymers insoluble in NMP, e. g. cellulose. After MSA re-doping the 

hybrid was electrically conductive (8×10
-5

 S·cm
-1

). A lower electrical conductivity of 

alumina containing hybrid in comparison with silica containing hybrid is due to a smaller 

amount of silanol groups found on the alumina surface which take part in coupling and 

therefore less PANI in comparison with the Silica surface. The surface area of silica 

applied in the current research was about four times larger than that of the alumina 

surface. 

The next stage of the current research was application of the novel “low solvent 

method” and “de-doping stage omitted method” for the commercial inorganic substrates 

that have both silica and alumina components in their structure. Thus they were applied 

for three kind of zeolites commercially available in New Zealand, Zeoflair200, CBV100 

(Faujasite) and CBV3024E. A green electrically conductive (1.05×10
-3

 S·cm
-1

) 

Zeoflair200-PAPTMOS-PANI(MSA) hybrid was obtained. The interactions of the 

components were studied by means of FTIR and XPS which together with the Elemental 

analysis results confirmed the formation of the hybrid. However it has been found that 

PANI deposition occurred on the surface of this substrate and not in the internal channels. 

PANI was also deposited on the surface of PAPTMOS silylated CBV100 (Faujasite) and 

CBV3024E in the form of EB that was also detected by FTIR spectroscopic studies and 

Elemental analysis. The amount of the PANI deposited on their surfaces was higher than 
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in the case of Zeoflair200 which makes them promising substrates for further 

experiments.  

The novel silylation method followed by PANI deposition was also attempted for 

clays which are kinds of aluminosilicates. The electrically conductive hybrids were 

obtained in the form of Halloysite-PAPTMOS-PANI(MSA) and Laponite-PAPTMOS-

PANI(MSA). The component interactions were studied by FTIR and XPS which 

confirmed combination of PAPTMOS with the clays surfaces and deposition of PANI on 

them. Green Halloysite containing hybrid had the highest electrical conductivity among 

all the hybrids obtained in the present research (2.3×10
-2

 S·cm
-1

). Green Laponite 

containing hybrid was also electrically conductive (1.05×10
-4

 S·cm
-1

). Other clays such as 

Bentonite, meta-Kaolinite, Kaolinite and Cloisite were successfully applied to produce 

substrate-PAPTMOS-PANI EB hybrids using the novel methods of silylation and 

isolation of the PANI containing hybrids.  

The second group of the substrates was biopolymers. Two of them have been 

chosen for the present research: zein and cellulose. Zein is a biopolymer which is a 

byproduct of ethanol and corn meal industrial preparations and commercially available in 

New Zealand. Zein-PANI MSA doped electrically conductive blends were prepared using 

different approaches. Zein-PANI films from homogeneous solutions of the components in 

NMP-amine binary solvent were made by the casting method. In addition NMP was 

found to be a novel solvent for zein which has never been reported. Although the amine 

present in NMP neutralises MSA in the PANI molecule, it was proven that under the 

experimental conditions used, when all the solvent is evaporated, the films containing 

about 20% or more PANI were still electrically conductive (in order of 10
-7

-10
-6

 S cm
-1

). 

An advantage of preparing films from homogeneous zein and PANI solutions that was 

revealed by SEM studies was that a good dispersion of PANI in the zein matrix was 
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obtained. PANI has some plasticisation effect on zein that was confirmed by a lower Tg of 

zein-PANI films in comparison with pure PANI. In another approach, in situ 

polymerisation of aniline in the presence of zein was performed. It was carried out in 

heterogeneous conditions onto a suspension of zein. The first attempt was carried out with 

zein to aniline ratio 1:1 wt./wt. The hybrids studied by FTIR spectroscopy did not reveal a 

substantial amount of zein due to a strong interaction with the PANI molecules, which 

form a tough layer of PANI on the zein surface. Elemental analysis results and GPC 

studies confirmed however the presence of both components in the blend. Corn Gluten 

(CGM) was also successfully applied to prepare zein-CGM blend at the same conditions. 

Zein-PANI and CGM-PANI products were electrically conductive: 1.2 S cm
-1

 and 1.4 S 

cm
-1

 respectively. Zein-PANI blends were also prepared homogeneously with zein and 

aniline dissolved in aqueous alcohol with the same ratio of components (50:50). It was 

shown that PANI was insoluble in alcohol and precipitated during this procedure 

containing some zein components. From the solvent remaining after this reaction, zein 

coated with a small amount of PANI was precipitated by adding water.  

Zein-PANI composites were studied comparatively with different ratios of 

components. FTIR spectroscopy allowed us to conclude that the principal sites of 

interactions are NH2 and other nitrogen containing groups of zein and PANI. The 

characteristic bands in the NH stretch and fingerprint area are shifted accordingly. XPS 

studies also provided evidence of interaction of the N-C functionality of PANI with NH2 

groups of zein: a lower atomic percentage of the carbon connected to the PANI nitrogen. 

All the composites were electrically conductive in accordance with amount of PANI in 

them. Zein-PANI composites showed positive free radical scavenging activity also 

increasing with an increased amount of PANI.  
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A zein derivative, namely methylated zein (zeinate), was applied to be combined 

with PANI. FTIR spectra of zein and zeinate were described in detail and provided 

information about the possible sites of zein molecule that could interact with PANI. Due 

to the removal of NH2 groups of the primary amides and their replacement by methoxy 

ester groups it was found that PANI interacted in this case with both N-H and C=O 

groups of the peptide bonds and also with newly form ester groups in the zein molecule. 

The second biopolymer was cellulose. Two forms of the cellulose were applied in 

the present research: cellulose fibre (fibrous cellulose, FC) and cellulose powder 

(powdered cellulose, PC). Due to a very low solubility of both in common solvents and 

NMP and the presence of clearly defined OH groups on their surfaces, the low solvent 

method of silylation followed by PANI deposition was applied. A very strong interaction 

between PANI and cellulose was proved suggesting a covalent interaction of the 

components in the hybrid in comparison with untreated celluloses when PANI containing 

hybrid was not obtained in the same experimental procedure (in situ oxidative 

polymerisation of aniline at ambient temperature in the presence of cellulose suspension). 

This allows us to suggest that in the last case the PANI obtained in such a procedure does 

not interact strongly with the cellulose surface groups and can possibly participate only in 

weak interactions, e. g hydrogen or electrostatic bonding. Cellulose-PAPTMOS-

PANI(MSA) hybrids were electrically conductive: (2.69±0.02)×10
-3 

S·cm
-1

 for FC and 

(3.54±0.02)×10
-3 

S·cm
-1 

for PC containing hybrids. These cellulose containing hybrids are 

stable in common solvents like it was found for inorganic substrates-PAPTMOS-

PANI(MSA) hybrids. From these organic or inorganic based hybrids PANI cannot be 

removed even if a good solvent such as NMP is applied. 

In general it was confirmed that the electrical conductivity of all the hybrids 

studied depends on the amount of the conductive component (PANI ES). In the samples, 
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such as zein-PANI composites where PANI is mainly physically bound, the conductivity 

increased with increased proportion of PANI. In the case of PANI bound to a substrate by 

means of PAPTMOS (silica, alumina, zeolites, clays and cellulose) the conductivity was 

lower, due to the removal of weakly bound PANI by NMP washing (Table 11-1). All the 

“PANI free” compounds above were assumed and in some cases demonstrated to be 

insulators when using four-point probe measurement technique.  

 

PANI Containing Material Conductivity S·cm
-1

 

Silica-PAPTMOS-PANI 1.2×10
-3 

Alumna-PAPTMOS-PANI 8.0×10
-4 

Zeoflair-PAPTMOS-PANI 1.1×10
-3 

Halloysite-PAPTMOS-PANI 2.3×10
-2 

Laponite-PAPTMOS-PANI 1.1×10
-4 

Cellulose(fibres)-PAPTMOS-PANI 3.5×10
-3 

Cellulose(powder)-PAPTMOS-PANI 3.7×10
-3 

Zein-PANI (5%) Not detectable 

Zein-PANI (10%) 5.0×10
-5

 

Zein-PANI (20%) 5.0×10
-2

 

Zein-PANI (30%) 2.0×10
-1

 

Zein-PANI (40%) 5.0×10
-1

 

Zein-PANI (50%) 1.2×10
-1

 and 9.0×10
-1

 

Corn Gluten Meal-PANI (50%) 1.4×10
-1

 when zein-PANI (50%) was 1.2×10
-1

 

PANI 
3.1×10

-1 
when zein-PANI (50%) was 1.2×10

-1
 

3.0 when zein-PANI (50%) was 9.0×10
-1

 

Zein-PANI Film (20%) 1.2×10
-3

 

Zein-PANI Film (30%) 1.3×10
-3

 

 

Table 11-1. Summary of Conductivities for PANI Containing Materials in this Thesis 
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11.2. Future work 

Although the current research has achieved the suggested aims and objectives it is 

possible to envisage some further developments. 

The novel silylation method developed in this study could be applied in various 

inorganic substrates to bind them with other multi-functional conducting polymers for 

example, polypyrrole, polymethoxyanilne etc. Further improvement in binding these 

conducting polymers could be possible by increasing the amount of functional sites on the 

inorganic substrates by surface pre-treatment. For example, the amount of PANI bonded 

to the surface of zeolite was low due to lack of free silanol groups. In future work, surface 

pre-treatment of zeolite can be attempted to increase the amount of free silanol groups 

and therefore to achieve a hybrid with a larger amount of PANI. 

The stable interaction achieved between silylated cellulose and PANI implies that 

it could be possible to fabricate electrically conductive hybrid materials based on different 

cellulose containing substrates for example, various natural fibres namely, cotton, sisal, 

jute, flax etc.  

Even without silylation, the firm interaction between zein and PANI indicates this 

work could be extended for various amide containing polymeric substrates for example, 

proteins similar to zein, polyacrylamide etc. 

Combining PANI with various insulating inorganic or organic substrates 

transformed them into electrically conducting materials. In addition, free radical 

scavenging ability of PANI was detected in zein-PANI composites. PANI is also known 

to be an anti-microbial material. These functional properties of PANI in the hybrids can 

be evaluated with the aim to be used in different applications such as in smart coatings, 

textile, packaging, electromagnetic devices etc. 

 



List of Publications and Presentations 

168 
 

References 

Aguado, J., D. P. Serrano, et al. (2008). "Zeolite Beta with hierarchical porosity prepared 

from organofunctionalized seeds." Microporous Mesoporous Mater. 115(3): 504-

513. 

Aranda, P., M. Darder, et al. (2005). "Relevance of polymer- and biopolymer-clay 

nanocomposites in electrochemical and electroanalytical applications." Thin Solid 

Films 495(1-2): 104-112. 

Argos, P., K. Pedersen, et al. (1982). "A Structural Model for Maize Zein Proteins." The 

Journal of Biological Chemistry 257(17): 9984-9990. 

Armes, S. P. and M. Aldissi (1989). "Novel colloidal dispersions of polyaniline." J. 

Chem. Soc., Chem. Commun.(2): 88-89. 

Bartlett, J. R. and R. P. Cooney (1987). Spectroscopy of Inorganic-based Materials. 

Raman Spectroscopic Studies in Chemisorption and Catalysis. J. Wiley: 187- 283. 

Bein, T. and P. Enzel (1989). "Encapsulation of polyaniline in zeolite Y and mordenite." 

Synth. Met. 29(1): E163-E168. 

Belyakova, L. A., A. M. Varvarin, et al. (2006). "Direct chemical assembly of quaternary 

ammonium groups on a surface of highly dispersed silica." Appl. Surf. Sci. 

253(2): 784-791. 

Biswas, A., D. J. Sessa, et al. (2005). "Microwave-assisted rapid modification of zein by 

octenyl succinic anhydride." Cereal Chem. 82(1): 1-3. 

Blinova, N. V., J. Stejskal, et al. (2008). "Control of polyaniline conductivity and contact 

angles by partial protonation." Polym. Int. 57(1): 66-69. 



List of Publications and Presentations 

 

169 

 

Blitz, J. P., R. S. S. Murthy, et al. (1988). "The role of amine structure on catalytic 

activity for silylation reactions with Cab-O-Sil." J. Colloid Interface Sci. 126(2): 

387-392. 

Bourlinos, A. B., D. D. Jiang, et al. (2004). "Clay-Organosiloxane Hybrids: A Route to 

Cross-Linked Clay Particles and Clay Monoliths." Chem. Mater. 16(12): 2404-

2410. 

Boyer, M. I., S. Quillard, et al. (1998). "Vibrational Analysis of Polyaniline: A Model 

Compound Approach." J. Phys. Chem. B 102(38): 7382-7392. 

Briggs, D., G. Beamson, et al. (1992,  p.188-200). High resolution XPS of organic 

polymers : the Scienta ESCA300 database, Chichester England ; New York : 

Wiley, c1992. 

Burridge, K. A., J. H. Johnston, et al. (2009). "Hybrid materials of kaolinite clay with 

polypyrrole and polyaniline." J. Nanosci. Nanotechnol. 9(12): 6813-6822. 

Caravajal, G. S., D. E. Leyden, et al. (1988). "Structural characterization of (3-

aminopropyl)triethoxysilane-modified silicas by silicon-29 and carbon-13 nuclear 

magnetic resonance." Anal. Chem. 60(17): 1776-1786. 

Casado, U. M., R. M. Quintanilla, et al. (2012). "Composite films based on shape 

memory polyurethanes and nanostructured polyaniline or cellulose-polyaniline 

particles." Synth. Met. 162(17-18): 1654-1664. 

Chauhan, N. P. S., R. Ameta, et al. (2010). "Biological activity of emeraldine bases of 

polyaniline." J. Indian Counc. Chem. 27(2): 128-133. 

Chen, K., Q. Xu, et al. (2012). "Controlled fabrication and electrical-magnetic properties 

of poly(OT-co-AN)/Ba0.8La0.2Al2Fe10O19 composites." Sci. China Technol. 

Sci. 55(1): 6-15. 



List of Publications and Presentations 

 

170 

 

Cheng, D., H. Xia, et al. (2005). "Synthesis and characterization of surface-functionalized 

conducting polyaniline-chitosan nanocomposite." J. Nanosci. Nanotechnol. 5(3): 

466-473. 

Clayden, J., N. Greeves, et al. (2001). Organic chemistry. Oxford ; New York, Oxford 

University Press. 

Coutinho, D., Z. Yang, et al. (2005). "Proton conducting polyaniline molecular sieve 

composites." Microporous Mesoporous Mater. 81(1-3): 321-332. 

Daniel, L. M., R. L. Frost, et al. (2008). "Edge-modification of laponite with dimethyl-

octylmethoxysilane." J. Colloid Interface Sci. 321(2): 302-309. 

Das, P., A. R. Silva, et al. (2009). "Enantioselective Epoxidation of Alkenes by Jacobsen 

Catalyst Anchored onto Aminopropyl-functionalized Laponite, MCM-41 and 

FSM-16." Catal. Lett. 129(3-4): 367-375. 

De Surville, R., M. Jozefowicz, et al. (1968). "Electrochemical chains using protolytic 

organic semiconductors." Electrochim. Acta 13(6): 1451-1458. 

Demirbas, A. (2009). "Gasoline-rich liquid from sunflower oil by catalytic pyrolysis with 

alumina-treated sodium hydroxide." Energy Sources, Part A 31(8): 671-678. 

Dmitrieva, E. and L. Dunsch (2011). "How Linear Is "Linear" Polyaniline?" J. Phys. 

Chem. B 115(Copyright (C) 2012 American Chemical Society (ACS). All Rights 

Reserved.): 6401-6411. 

Du, X.-l., S.-y. Chen, et al. (2004). "Synthesis of N-phenylaminopropylalkoxysilane." 

Wuhan Daxue Xuebao, Lixueban 50(4): 446-448. 

Dutta, K. and S. K. De (2006). "High dielectric permittivity in silica-polyaniline 

nanocomposites." J. Nanosci. Nanotechnol. 6(2): 499-504. 

Evans, C. D. and R. H. Manley (1941). "Solvents for zein. Primary solvents." J. Ind. Eng. 

Chem. (Washington, D. C.) 33: 1416-1417. 



List of Publications and Presentations 

 

171 

 

Evans, C. D. and R. H. Manley (1944). "Ternary solvents for zein." Journal of Industrial 

and Engineering Chemistry (Washington, D. C.) 36: 408-410. 

Finkenstadt, V. L. (2005). "Natural polysaccharides as electroactive polymers." Appl. 

Microbiol. Biotechnol. 67(6): 735-745. 

French, P. V., L. Roubinek, et al. (1960). "Deeply colored electrically conducting 

polymers." Proc. Chem. Soc., London: 248-250. 

Fritzsche, J. (1840). "About Aniline, a new Product of the Indigo Decomposition [Ueber 

das Anilin, ein neues Zersetzungsproduct des Indigo]." Journal fur Praktische 

Chemie [since 2001: Advanced Synthesis & Catalysis] 20: 453-459. 

Furukawa, Y., F. Ueda, et al. (1988). "Vibrational spectra and structure of polyaniline." 

Macromolecules 21(5): 1297-1305. 

Gangopadhyay, R. and A. De (2000). "Conducting Polymer Nanocomposites: A Brief 

Overview." Chem. Mater. 12(3): 608-622. 

Ghosh, S., B. Vishalakshi, et al. (1992). "Polyaniline in the conducting state in neutral 

medium." Synth. Met. 46(3): 349-352. 

Gizdavic-Nikolaidis, M. (2005). Spectroscopic studies of chemically synthesized 

polyaniline and its ability to act as radical scavenger. PhD Thesis, The University 

of Auckland, http://hdl.handle.net/2292/2257. 

Gizdavic-Nikolaidis, M. and G. A. Bowmaker (2008). "Iodine vapor doped polyaniline." 

Polymer 49(13-14): 3070-3075. 

Gizdavic-Nikolaidis, M., S. Ray, et al. (2010). "Electrospun Functionalized Polyaniline 

Copolymer-Based Nanofibers with Potential Application in Tissue Engineering." 

Macromol. Biosci. 10(12): 1424-1431. 

Gizdavic-Nikolaidis, M. R., J. R. Bennett, et al. (2011). "Broad spectrum antimicrobial 

activity of functionalized polyanilines." Acta Biomater. 7(12): 4204-4209. 

http://hdl.handle.net/2292/2257


List of Publications and Presentations 

 

172 

 

Gizdavic-Nikolaidis, M. R., Z. D. Zujovic, et al. (2010). "Chemical synthesis and 

characterization of poly(aniline-co-ethyl 3-aminobenzoate) copolymers." J. 

Polym. Sci., Part A Polym. Chem. 48(6): 1339-1347. 

Gospodinova, N. and L. Terlemezyan (1998). "Conducting polymers prepared by 

oxidative polymerization: polyaniline." Prog. Polym. Sci. 23(8): 1443-1484. 

Green, A. G. and A. E. Woodhead (1910). "Aniline Black and Allied Compounds. I." J. 

Chem. Soc., Trans. 97: 2388-2403. 

Green, A. G. and A. E. Woodhead (1912). "Aniline-black and allied compounds. Part II." 

J. Chem. Soc., Trans. 101: 1117-1123. 

Ha, S.-R., K.-Y. Rhee, et al. (2007). "Study on fracture behavior of surface treated 

montmorillonite/epoxy nanocomposites." J Nanosci Nanotechnol 7(11): 4210-

4213. 

Hanada, Y., M. Kamada, et al. (1996). "Dispersion of phosphovanadates on silica gel 

chemically modified with silane coupling agents having an amino group and their 

catalytic activities for methanol oxidation." Catal. Lett. 37(3,4): 229-233. 

Haynes, W. M. (2012-2013). Section 5: Thermochemistry, Electrochemistry, and 

Kinetics. Table: Dissociation Constants of Organic Acids and Bases. Handbook of 

Chemistry and Physics, 93rd Edition 

 

Hennig, C., K. H. Hallmeier, et al. (1998). "XANES investigation of chemical states of 

nitrogen in polyaniline." Synth. Met. 92(2): 161-166. 

Hook, D. J., T. G. Vargo, et al. (1991). "Silanization of radio frequency glow discharge 

modified expanded poly(tetrafluoroethylene) using (aminopropyl)triethoxysilane." 

Langmuir 7(1): 142-151. 



List of Publications and Presentations 

 

173 

 

Huang, A. Y. and J. C. Berg (2006). "High-salt stabilization of Laponite clay particles." J. 

Colloid Interface Sci. 296(1): 159-164. 

Hunger, M., J. Kaerger, et al. (1987). "Investigation of internal silanol groups as structural 

defects in ZSM-5-type zeolites." J. Chem. Soc., Faraday Trans. 1 83(11): 3459-

3468. 

Impens, N. R. E. N., P. Van der Voort, et al. (1999). "Silylation of micro-, meso- and non-

porous oxides: a review." Microporous Mesoporous Mater. 28(2): 217-232. 

Jang, J. (2006). "Conducting polymer nanomaterials and their applications." Advances in 

Polymer Science 199(Emissive Materials: Nanomaterials): 189-259. 

Jang, J., J. Ha, et al. (2006). "Synthesis and characterization of monodisperse silica-

polyaniline core-shell nanoparticles." Chem. Commun. (Cambridge, U. K.)(15): 

1622-1624. 

Ji, L. Y., E. T. Kang, et al. (2002). "Oxidative Graft Polymerization of Aniline on PTFE 

Films Modified by Surface Hydroxylation and Silanization." Langmuir 18(23): 

9035-9040. 

Kamada, M., H. Kominami, et al. (1996). "Deposition and interaction of 

phosphododecatungstate on a silica gel surface modified with a silane coupling 

agent having anilino groups." J. Colloid Interface Sci. 182(1): 297-300. 

Kang, E. T., K. G. Neoh, et al. (1998). "Polyaniline: a polymer with many interesting 

intrinsic redox states." Prog. Polym. Sci. 23(2): 277-324. 

Karthikeyan, M., K. K. S. Kumar, et al. (2011). "Batch sorption studies on the removal of 

fluoride ions from water using eco-friendly conducting polymer/bio-polymer 

composites." Desalination 267(1): 49-56. 

Kehlbeck Joanne, D., E. Hagerman Michael, et al. (2008). "Directed self-assembly in 

laponite/CdSe/polyaniline nanocomposites." Langmuir 24(17): 9727-9738. 



List of Publications and Presentations 

 

174 

 

Kelly, F. M., J. H. Johnston, et al. (2008). "Functionalised hybrid materials of conducting 

polymers with individual wool fibers." J. Nanosci. Nanotechnol. 8(4): 1965-1972. 

Kera, Y., M. Kamada, et al. (2001). "Chemical modification of metal oxide carrier's 

surfaces with a silane coupling agent and an application of the method to catalyst 

preparation." Compos. Interfaces 8(2): 109-119. 

Kickelbick, G. (2007). "Introduction to hybrid materials." Hybrid Mater.: 1-48. 

Kilmartin, P. A., M. Gizdavic-Nikolaidis, et al. (2005). "Free radical scavenging and 

antioxidant properties of conducting polymers examined using EPR and NMR 

spectroscopies." Synth. Met. 153(1-3): 153-156. 

Kim, S. J., S. R. Shin, et al. (2005). "Synthesis and characteristics of a semi-

interpenetrating polymer network based on chitosan/polyaniline under different 

pH conditions." Journal of Applied Polymer Science 96(3): 867-873. 

Kiseleva, M. G. and P. N. Nesterenko (2000). "Phenylaminopropyl silica - a new specific 

stationary phase for high-performance liquid chromatography of phenols." J. 

Chromatogr., A 898(1): 23-34. 

Kolla, H. S., S. P. Surwade, et al. (2005). "Absolute Molecular Weight of Polyaniline." J. 

Am. Chem. Soc. 127(48): 16770-16771. 

Kondo, T. and C. Sawatari (1996). "A Fourier transform infrared spectroscopic analysis 

of the character of hydrogen bonds in amorphous cellulose." Polymer 37(3): 393-

399. 

Ku, K. and B. Song Kyung (2007). "Physical properties of nisin-incorporated gelatin and 

corn zein films and antimicrobial activity against Listeria monocytogenes." J 

Microbiol Biotechnol 17(3): 520-523. 



List of Publications and Presentations 

 

175 

 

Laska, J. (1999). "Polyaniline - The most promising conducting polymer for commercial 

applications." Advances in Plastics Technology, APT '99, Conference Papers, 3rd, 

Katowice, Poland, Nov. 16-18, 1999: 20/21-20/10. 

Lawton, J. W. (2002). Zein: a history of processing and use. 

Letheby, H. (1862). "On the Production of a Blue Substance by the Electrolysis of 

Sulphate of Aniline." Journal of the Chemical Society 15: 161-163. 

Li, M.-y., P. Bidez, et al. (2007). "Electroactive and nanostructured polymers as scaffold 

materials for neuronal and cardiac tissue engineering." Chin. J. Polym. Sci. 25(4): 

331-339. 

Li, S., Y. Cao, et al. (1987). "Soluble polyaniline." Synth. Met. 20(2): 141-149. 

Li, X., C. Bian, et al. (2003). "Polyaniline on surface modification of diatomite: a novel 

way to obtain conducting diatomite fillers." Appl. Surf. Sci. 207(1-4): 378-383. 

Lisowski, W., A. H. J. van den Berg, et al. (1995). "Characterization of thin alumina films 

prepared by metal-organic chemical vapor deposition (MOCVD) by high 

resolution SEM, (AR)XPS and AES depth profiling." Fresenius' J. Anal. Chem. 

353(5-8): 707-712. 

Lukasiewicz, M., A. Ptaszek, et al. (2007). "Carboxymethylcellulose/polyaniline blends. 

Synthesis and properties." Polym. Bull. (Heidelberg, Ger.) 58(1): 281-288. 

Lupinski, J. H. (1965). "Electrically conducting plastics." Sci. J. 1(4): 46-50. 

MacDiarmid, A. G., J. C. Chiang, et al. (1985). "Polyaniline: interconversion of metallic 

and insulating forms." Mol. Cryst. Liq. Cryst. 121(1-4): 173-180. 

MacDiarmid, A. G. and A. J. Epstein (1989). "Polyanilines: a novel class of conducting 

polymers." Faraday Discuss. Chem. Soc. 88: 317-332. 

Manley, R. H. and C. D. Evans (1943). "Binary solvents for zein." J. Ind. Eng. Chem. 

(Washington, D. C.) 35: 661-665. 



List of Publications and Presentations 

 

176 

 

Manohar, S. K., A. G. MacDiarmid, et al. (1991). "Polyaniline: pernigraniline, an isolable 

intermediate in the conventional chemical synthesis of emeraldine." Synth. Met. 

41(1-2): 711-714. 

Martinez, M. L., F. A. Luna D'Amicis, et al. (2011). "Synthesis and characterization of 

new composites: PANI/Na-AlSBA-3 and PANI/Na-AlSBA-16." Mater. Res. Bull. 

46(7): 1011-1021. 

Matsushima, N., G.-i. Danno, et al. (1997). "Three-dimensional structure of maize α-zein 

proteins studied by small-angle X-ray scattering." Biochim. Biophys. Acta, 

Protein Struct. Mol. Enzymol. 1339(1): 14-22. 

Mav, I., M. Zigon, et al. (1999). "Sulfonated polyaniline." Synth. Met. 101(1-3): 717-718. 

Mello, V. M., F. C. C. Oliveira, et al. (2008). "Determination of the content of fatty acid 

methyl esters (FAME) in biodiesel samples obtained by esterification using 1H-

NMR spectroscopy." Magn. Reson. Chem. 46(11): 1051-1054. 

Menon, R. and A. K. Mukherjee (2004). "Polyaniline fractal nanocomposites." 

Encyclopedia of Nanoscience and Nanotechnology 8: 715-729. 

Metson, J. B., M. M. Hyland, et al. (1994). "X-ray photoelectron spectroscopy 

applications to corrosion and adhesion at metal oxide surfaces." Colloids Surf., A 

93: 173-180. 

Mo, Z.-l., Z.-l. Zhao, et al. (2009). "Heterogeneous preparation of cellulose-polyaniline 

conductive composites with cellulose activated by acids and its electrical 

properties." Carbohydr. Polym. 75(4): 660-664. 

Mongondry, P., J. F. Tassin, et al. (2005). "Revised state diagram of Laponite 

dispersions." J. Colloid Interface Sci. 283(2): 397-405. 

Monkman, A. P. and P. Adams (1991). "Structural characterization of polyaniline free 

standing films." Synth. Met. 41(3): 891-896. 



List of Publications and Presentations 

 

177 

 

Nand, A. V., S. Ray, et al. (2011). "Factors affecting the radical scavenging activity of 

polyaniline." Synth. Met. 161(13-14): 1232-1237. 

Oh, S. Y., D. I. Yoo, et al. (2005). "FTIR analysis of cellulose treated with sodium 

hydroxide and carbon dioxide." Carbohydr. Res. 340(3): 417-428. 

Olad, A. and A. Rashidzadeh (2012). "Poly(N-vinylpyrrolidone) modified 

polyaniline/Na+-cloisite nanocomposite: Synthesis and characterization." Fibers 

Polym. 13(1): 16-20. 

Padua, G. W., H. M. Lai, et al. (1997). "Properties of biodegradable plastics derived from 

corn proteins." Making a Business from Biomass in Energy, Environment, 

Chemicals, Fibers and Materials, Proceedings of the Biomass Conference of the 

Americas, 3rd, Montreal, Aug. 24-29, 1997 2: 1001-1008. 

Park, M., I.-K. Shim, et al. (2004). "Modification of external surface of laponite by silane 

grafting." J. Phys. Chem. Solids 65(2-3): 499-501. 

Patra, S. N., D. Bhattacharyya, et al. (2009). "Electrospun poly(lactic acid) based 

conducting nanofibrous networks." IOP Conf. Ser. Mater. Sci. Eng. 4: 

012020/012021-012020/012026. 

Pei, Q., O. Inganaes, et al. (1993). "Bending bilayer strips built from polyaniline for 

artificial electrochemical muscles." Smart Mater. Struct. 2(1): 1-6. 

Peng, L., L. Weimin, et al. (2004). "Preparation and characterization of polyaniline 

grafted silica nanoparticles." Polymers & Polymer Composites 12(8): 695-698. 

Pereira, R. F. P., D. A. Cerqueira, et al. (2009). "Effects of pH and temperature on the 

sorption of sodium dodecyl sulfate by cellulose acetate/polyaniline blend 

membranes." J. Appl. Polym. Sci. 111(4): 1947-1953. 



List of Publications and Presentations 

 

178 

 

Qian, X., J. Shen, et al. (2010). "Influence of pulp fiber substrate on conductivity of 

polyaniline-coated conductive paper prepared by in-situ polymerization." 

BioResources 5(2): 0899-0907. 

Quillard, S., G. Louarn, et al. (1994). "Vibrational analysis of polyaniline: a comparative 

study of leucoemeraldine, emeraldine, and pernigraniline bases." Phys. Rev. B 

Condens. Matter 50(17): 12498-12508. 

Rahy, A., M. Sakrout, et al. (2008). "Polyaniline Nanofiber Synthesis by Co-Use of 

Ammonium Peroxydisulfate and Sodium Hypochlorite." Chemistry of Materials 

20(15): 4808-4814. 

Ray, S. and A. K. Bhowmick (2002). "Novel electron beam-modified surface-coated 

silica fillers: physical and chemical characteristics." J. Appl. Polym. Sci. 83(10): 

2255-2268. 

Ray, S., A. J. Easteal, et al. (2009). "Structure and properties of melt-processed 

PVDF/PMMA/polyaniline blends." Mater. Chem. Phys. 113(2-3): 829-838. 

Ray, S., M. Gizdavic-Nikolaidis, et al. (January 28th-31st  2009). Multifunctional 

nanoclay/conducting polymer hybrid filler. IRE09, 5th International Exhibition 

and Conference. 

Ray, S., M. Gizdavic-Nikolaidis, et al. (2011). Novel nano-scale fabrication of zeolite-

based multifunctional hybrid material. Second International Conference on 

Multifunctional, Hybrid and Nanomaterials,. Strasbourg, France, 6-10 March. 

Richard, E., S. T. Aruna, et al. (2012). "Superhydrophobic surfaces fabricated by surface 

modification of alumina particles." Appl. Surf. Sci. 258(24): 10199-10204. 

Rivas, V. A. (1997). Electromagnetic interference (EMI) shielding and electrostatic 

discharge (ESD) degradable polymers and monomers and electronic device 



List of Publications and Presentations 

 

179 

 

housings from them. WO9743771  (A1) ― 1997-11-20 (Rivas, Victor A., USA). 

27 pp. 

Rodriguez, F., M. M. Castillo-Ortega, et al. (2009). "Preparation, characterization, and 

adsorption properties of cellulose acetate-polyaniline membranes." J. Appl. 

Polym. Sci. 111(3): 1216-1224. 

Rodriguez, F., M. M. Castillo-Ortega, et al. (2009). "Adsorption of a gold-iodide complex 

(AuI-2) onto cellulose acetate-polyaniline membranes: Equilibrium experiments." 

J. Appl. Polym. Sci. 113(4): 2670-2674. 

Ruckenstein, E. and Z. F. Li (2005). "Surface modification and functionalization through 

the self-assembled monolayer and graft polymerization." Adv. Colloid Interface 

Sci. 113(1): 43-63. 

Rumbau, V., J. A. Pomposo, et al. (2007). "A new bifunctional template for the enzymatic 

synthesis of conducting polyaniline." Enzyme Microb. Technol. 40(5): 1412-1421. 

Runge, F. F. (1834). "About some Products of the Coal Destilastion [Ueber einige 

Producte der Steinkohlendestillation]." Annalen der Physik und Chemie 31 [107 

in the Wiley Online Library](33): 513-524. 

Rutar, V. (1989). "Magic angle sample spinning NMR spectroscopy of liquids as a 

nondestructive method for studies of plant seeds." J. Agric. Food Chem. 37(1): 67-

70. 

Saikia, J. P., S. Banerjee, et al. (2010). "Biocompatible novel starch/polyaniline 

composites: Characterization, anti-cytotoxicity and antioxidant activity." Colloids 

Surf., B 81(1): 158-164. 

Sapurina, I. and J. Stejskal (2008). "The mechanism of the oxidative polymerization of 

aniline and the formation of supramolecular polyaniline structures." Polym. Int. 

57(12): 1295-1325. 



List of Publications and Presentations 

 

180 

 

Sarkar, J. M., A. Leonowicz, et al. (1989). "Immobilization of enzymes on clays and 

soils." Soil Biol. Biochem. 21(2): 223-230. 

Sarma, T. K. and A. Chattopadhyay (2004). "Reversible Encapsulation of Nanometer-

Size Polyaniline and Polyaniline-Au-Nanoparticle Composite in Starch." 

Langmuir 20(11): 4733-4737. 

Senadeera, G. K. R., T. Kitamura, et al. (2004). "Deposition of polyaniline via molecular 

self-assembly on TiO2 and its uses as a sensitizer in solid-state solar cells." J. 

Photochem. Photobiol., A 164(1-3): 61-66. 

Serrano, D. P., J. Aguado, et al. (2006). "Hierarchical Zeolites with Enhanced Textural 

and Catalytic Properties Synthesized from Organofunctionalized Seeds." Chem. 

Mater. 18(10): 2462-2464. 

Serrano, D. P., J. Aguado, et al. (2009). "Molecular and Meso- and Macroscopic 

Properties of Hierarchical Nanocrystalline ZSM-5 Zeolite Prepared by Seed 

Silanization." Chem. Mater. 21(4): 641-654. 

Sessa, D. J. and K. K. Woods (2011). "Purity Assessment of Commercial Zein Products 

After Purification." J. Am. Oil Chem. Soc. 88(7): 1037-1043. 

Shi, K., Y. Huang, et al. (2011). "Reducing the Brittleness of Zein Films through 

Chemical Modification." J. Agric. Food Chem. 59(1): 56-61. 

Shukla, R. and M. Cheryan (2001). "Zein: the industrial protein from corn." Industrial 

Crops and Products 13(3): 171-192. 

Shukla, S. K. and A. Tiwari (2011). "Synthesis of chemical responsive chitosan-grafted-

polyaniline bio-composite." Adv. Mater. Res. (Durnten-Zurich, Switz.) 306-

307(Pt. 1, Emerging Focus on Advanced Materials): 82-86. 

Singhal, R. and M. Datta (2007). "Development of nanocomposites of bentonite with 

polyaniline and poly(methacrylic acid)." J. Appl. Polym. Sci. 103(5): 3299-3306. 



List of Publications and Presentations 

 

181 

 

Sivakkumar, S. R. and D.-W. Kim (2007). "Polyaniline/carbon nanotube composite 

cathode for rechargeable lithium polymer batteries assembled with gel polymer 

electrolyte." J. Electrochem. Soc. 154(2): A134-A139. 

Socrates, G. (1994). Infrared Characteristic Group Frequencies: Tables and Charts. 

Second Edition. Chapter 10. 

Stejskal, J. and R. G. Gilbert (2002). "Polyaniline. Preparation of a conducting polymer 

(IUPAC technical report)." Pure and Applied Chemistry 74(5): 857-867. 

Stejskal, J. and M. Trchova (2012). "Aniline oligomers versus polyaniline." Polym. Int. 

61(2): 240-251. 

Sudholter, E. J. R., R. Huis, et al. (1985). "Solid-State Silicon-29 and Carbon-13 NMR 

Spectroscopy Using Cross-Polarization and Magic-Angle-Spinning Techniques to 

Characterize 3-Chloropropyl and 3-AminopropyI-Modified Silica Gels." Journal 

of Colloid and Interface Science 103(2): 554-560. 

Sun, Z., Y. Geng, et al. (1997). "Chemical polymerization of aniline with hydrogen 

peroxide as oxidant." Synthetic Metals 84(1-3): 99-100. 

Tao, S., B. Hong, et al. (2007). "An infrared and Raman spectroscopic study of 

polyanilines co-doped with metal ions and H+." Spectrochim. Acta, Part A 66A(4-

5): 1364-1368. 

Thanpitcha, T., A. Sirivat, et al. (2006). "Preparation and characterization of 

polyaniline/chitosan blend film." Carbohydrate Polymers 64(4): 560-568. 

Tiwari, A., V. Sen, et al. (2008). "Synthesis, characterization, and hoping transport 

properties of HCl doped conducting biopolymer-co-polyaniline zwitterion 

hybrids." Polym. Adv. Technol. 19(7): 909-914. 



List of Publications and Presentations 

 

182 

 

Tiwari, A. and S. K. Shukla (2009). "Chitosan-g-polyaniline: a creatine amidinohydrolase 

immobilization matrix for creatine biosensor." eXPRESS Polym. Lett. 3(9): 553-

559. 

Tiwari, A. and S. P. Singh (2008). "Synthesis and characterization of biopolymer-based 

electrical conducting graft copolymers." J. Appl. Polym. Sci. 108(2): 1169-1177. 

Tiwari, A. and V. Singh (2007). "Synthesis and characterization of electrical conducting 

chitosan-graft-polyaniline." eXPRESS Polym. Lett. 1(5): 308-317. 

Toshima, N. and S. Hara (1995). "Direct synthesis of conducting polymers from simple 

monomers." Prog. Polym. Sci. 20(1): 155-183. 

Trchova, M. and J. Stejskal (2011). "Polyaniline: the infrared spectroscopy of conducting 

polymer nanotubes (IUPAC technical report)." Pure Appl. Chem. 83(10): 1803-

1817. 

Trivedi, D. C. and S. Dhawan (1993). "Antistatic applications of conducting polyaniline." 

Polym. Adv. Technol. 4(5): 335-340. 

Van Der Voort, P. and E. F. Vansant (1996). "Silylation of the silica surface a review." J. 

Liq. Chromatogr. Relat. Technol. 19(17&18): 2723-2752. 

Vincent, B. (1995). "Electrically conducting polymer colloids and composites." Polym. 

Adv. Technol. 6(5): 356-361. 

Vitaglione, P., A. Napolitano, et al. (2008). "Cereal dietary fibre: a natural functional 

ingredient to deliver phenolic compounds into the gut." Trends Food Sci. Technol. 

19(9): 451-463. 

Vrancken, K. C., K. Possemiers, et al. (1995). "Surface modification of silica gels with 

aminoorganosilanes." Colloids Surf., A 98(3): 235-241. 



List of Publications and Presentations 

 

183 

 

Vrancken, K. C., P. Van Der Voort, et al. (1995). "Surface and structural properties of 

silica gel in the modification with gamma -aminopropyltriethoxysilane." J. Colloid 

Interface Sci. 174(1): 86-91. 

Waddell, T. G., D. E. Leyden, et al. (1981). "The nature of organosilane to silica-surface 

bonding." J. Am. Chem. Soc. 103(18): 5303-5307. 

Wang, J., P. Wheeler, et al. (2004). "Synthesis of edge functionalized Laponite clay." 

Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 45(1): 866-867. 

Wang, J., P. A. Wheeler, et al. (2005). "Synthesis and characterization of dual 

functionalized Laponite clay." Polym. Prepr. (Am. Chem. Soc., Div. Polym. 

Chem.) 46(1): 564-565. 

Wang, Q., W. Xian, et al. (2008). "Topography and biocompatibility of patterned 

hydrophobic/hydrophilic zein layers." Acta Biomater. 4(4): 844-851. 

Wang, X. H., J. Li, et al. (1999). "Polyaniline as marine antifouling and corrosion-

prevention agent." Synth. Met. 102(1-3): 1377-1380. 

Wei, Y., R. Hariharan, et al. (1990). "Chemical and electrochemical copolymerization of 

aniline with alkyl ring-substituted anilines." Macromolecules 23(3): 758-764. 

Wei, Y., G. W. Jang, et al. (1990). "Polymerization of aniline and alkyl ring-substituted 

anilines in the presence of aromatic additives." J. Phys. Chem. 94(19): 7716-7721. 

Wei, Y., X. Tang, et al. (1989). "A study of the mechanism of aniline polymerization." J. 

Polym. Sci., Part A Polym. Chem. 27(7): 2385-2396. 

Weiss, H., O. Pfefferkorn, et al. (1989). "The synthesis and characterization of 

polyaniline/polysaccharide conducting composites." J. Electrochem. Soc. 136(12): 

3711-3714. 

Wessling, B. and H. Volk (1987). "Postpolymerization processing of conductive 

polymers." Synth. Met. 18(1-3): 671-676. 



List of Publications and Presentations 

 

184 

 

Wheelwright, W. V. K., A. J. Easteal, et al. (2011). A novel method of alumina 

functionalisation by silylation and covalent grafting of polyaniline 11th 

UNESCO/IUPAC Workshop and Conference on Functional Polymeric Materials 

& Composites Stellenbosch, South Africa, Apr 26 - Apr 29. 

Wheelwright, W. V. K., A. J. Easteal, et al. (2013). "A one-step approach for 

esterification of zein with methanol." J. Appl. Polym. Sci. 127: 3500-3505. 

Wheelwright, W. V. K., S. Ray, et al. (2010). "A novel low solvent method for grafting 

polyaniline to silylated silica." Macromol. Symp. 298: 51-56. 

Wheelwright, W. V. K., S. Ray, et al. (2012). "Zein-Polyaniline Blends-a Route to 

Electrically Conductive Biopolymer." Mol. Cryst. Liq. Cryst. 554(1): 252-263. 

Wu, C.-G. and J.-Y. Chen (1997). "Chemical Deposition of Ordered Conducting 

Polyaniline Film via Molecular Self-Assembly." Chem. Mater. 9(2): 399-402. 

Wu, C. G., Y. R. Yeh, et al. (2001). "Electroless surface polymerization of ordered 

conducting polyaniline films on aniline-primed substrates." Polymer 42(7): 2877-

2885. 

Xiang, Q. and H.-Q. Xie (1996). "Preparation and characterization of alkali soluble 

polyacrylamide-g-polyaniline." Eur. Polym. J. 32(7): 865-868. 

Yilmaz, F. and Z. Kuecuekyavuz (2010). "Solution properties of polyaniline." Polym. Int. 

59(4): 552-556. 

Yong, C., L. Suzhen, et al. (1986). "Spectroscopic and electrical characterization of some 

aniline oligomers and polyaniline." Synth. Met. 16(3): 305-315. 

Yu, Y., S. Zhihuai, et al. (2006). "Facile synthesis of polyaniline-sodium alginate 

nanofibers." Langmuir 22(8): 3899-3905. 



List of Publications and Presentations 

 

185 

 

Yuan, G.-L. and N. Kuramoto (2002). "Water-Processable Chiral Polyaniline Derivatives 

Doped and Intertwined with Dextran Sulfate: Synthesis and Chiroptical 

Properties." Macromolecules 35(26): 9773-9779. 

Yuan, P., P. D. Southon, et al. (2008). "Functionalization of Halloysite Clay Nanotubes 

by Grafting with gamma -Aminopropyltriethoxysilane." J. Phys. Chem. C 

112(40): 15742-15751. 

Zhang, B., Y. Luo, et al. (2010). "Development of Silver-Zein Composites as a Promising 

Antimicrobial Agent." Biomacromolecules 11(9): 2366-2375. 

Zhang, B., Y. Luo, et al. (2010). "Effect of acid and base treatments on structural, 

rheological, and antioxidant properties of α-zein." Food Chem. 124(1): 210-220. 

Zhang, K. and X. Jing (2009). "Preparation and characterization of polyaniline with high 

electrical conductivity." Polym. Adv. Technol. 20(8): 689-695. 

Zhang, L. and P. Liu (2008). "Facile fabrication of uniform polyaniline nanotubes with 

tubular aluminosilicates as templates." Nanoscale Res. Lett. 3(8): 299-302. 

Zhang, L., T. Wang, et al. (2008). "Polyaniline-coated halloysite nanotubes via in-situ 

chemical polymerization." Appl. Surf. Sci. 255(5, Pt. 1): 2091-2097. 

Zujovic, Z. D., G. A. Bowmaker, et al. (2009). "Solid-state NMR of polyaniline 

nanofibers." Synth. Met. 159(7-8): 710-714. 

Zujovic, Z. D., Y. Wang, et al. (2011). "Structure of ultralong polyaniline nanofibers 

using initiators." Macromolecules 44(8): 2735-2742. 

 

***** 

 

 

 



List of Publications and Presentations 

 

186 

 

List of Publications and Presentations 

Publications (with Permissions from the Publishers)   

1. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S. ‘A novel low solvent 

method for grafting polyaniline to silylated silica’, Macromolecular Symposia, 

298(1), 51-56, 2010. 

 

2. WHEELWRIGHT, W. V. K.; RAY, S.; EASTEAL, A. J. ‘Zein-Polyaniline 

Blends - a Route to Electrically Conductive Biopolymer’ Molecular Crystals and 

Liquid Crystals 554 (1), 252-263, 2012. 



List of Publications and Presentations 

 

187 

 

  

3. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; NIEUWOUDT, M. K. 

‘A One-Step Approach for Esterification of Zein with Methanol’ Journal of 

Applied Polymer Science, 127, 3500-3505, 2013 

 



List of Publications and Presentations 

 

188 

 

International Presentations 

1. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S. ‘Grafting polyaniline to 

silica – a novel low solvent method’, Polychar 18 (18
th

 World Forum on Advanced 

Materials), Siegen, Germany, 7-10
th

 April 2010 

2. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; COONEY, R. P. ‘A 

novel method of alumina functionalisation by silylation and covalent grafting of 

polyaniline’, 11th Biannual UNESCO/IUPAC Workshop and Conference on 

Functional Polymeric Materials and Composites, Stellenbosch, South Africa, 26-

29
th

 April 2011. 

3. WHEELWRIGHT, W. V. K.; RAY, S.; EASTEAL, A. J. ‘Zein-polyaniline blends 

– a route to electrically conductive biopolymers’, 11
th

 International Conference on 

Frontiers of Polymers and Advanced materials, Pretoria, South Africa, 22-27
th

 

May (Book of Abstracts, p.160: ISBN 978-1-86854-946-7), 2011. 

4. WHEELWRIGHT, W. V. K.; RAY, S.; COONEY, R. P. ‘Functionalising zeolites 

by low solvent method of silylation and binding of polyaniline’ Polychar 20 (20th 

World Forum on Advanced Materials), Dubrovnik, Croatia, 26-30
th

 March 2012 

 

Local Presentations 

1. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S. ‘Grafting polyaniline to 

silica – a novel low solvent method’,  

a) PERC/HP Symposium, The University of Auckland, 3
rd

 December 2009. b 

b) The University of Auckland Chemistry Research Showcase, Auckland, 9
th

 

June 2010. 

2. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; COONEY, R. P. ‘A 

novel method of alumina functionalisation by silylation and covalent grafting of 



List of Publications and Presentations 

 

189 

 

polyaniline’, The University of Auckland Chemistry Research Showcase, 

Auckland, 8
th

 June 2011. 

3. WHEELWRIGHT, W. V. K.; EASTEAL, A. J.; RAY, S.; COONEY, R. P. 

‘Electrically Conductive Zein-Polyaniline Composites’ 7
th

 PERC/2
nd

 HP 

Symposium, Auckland, 5-6
th

 December 2011. 

4. WHEELWRIGHT, W. V. K.; RAY, S.; COONEY, R. P. ‘Functionalising zeolites 

by low solvent method of silylation and binding of polyaniline’ The University of 

Auckland Chemistry Research Showcase, Auckland, 6
th

 June 2012. 

***** 

 


