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Introduction 

This Thesis presents a set of papers of the authoress that were produced during 

her doctoral study, commented in the context of up-to-date research in the area of 

conducting polymers and carbon-like materials.  

In the first chapter, a short review concerning polyaniline (PANI), its assembly 

to various structures during polymerization, aniline oligomers, and carbonization of 

aniline-based materials is presented. Papers of the authoress are commented in the 

text referring both to bibliography and to the list of papers, the references being 

printed in boldface. The structure of this chapter does not follow the chronology of 

the work, but effort has been made to create an order leading the reader in a way 

hopefully comfortable to see the path leading the authoress to and through the 

individual projects. The second chapter is devoted to the methodology, experimental 

techniques used for the work are discussed in the context of the materials studied by 

the authoress, e.g., PANI, aniline oligomers and carbon materials. In the third 

chapter, the aims and their fulfilling are discussed. The text is closed with a 

summarizing conclusion. The individual papers are presented in the order 

corresponding to chapter 1 at the end of the thesis. 

The authoress has become an important member of the research team gathered 

around Dr. Stejskal and Dr. Trchová. Her role consists mainly of the analysis of 

conducting polymers, their corresponding oligomers, and carbonaceous materials 

with Fourier transform infrared (FTIR) and Raman spectroscopies. She focused on 

searching for an explanation of the formation of films and coatings of PANI on the 

basis of the molecular structure of the materials, collecting information on the 

molecular structure of aniline oligomers and following the evolution of the molecular 

structure of aniline-based material during heating to temperatures up to 800 °C. Two 

of the topics – aniline oligomers and carbonization of PANI – were connected at the 

end by the study of the carbonization of aniline oligomers that lead to further 

understanding of the oligomeric microspheres formation. 

The authoress was involved also in other research projects of the team. She 

contributed to some papers not included in this Thesis, concerning poly(para-

phenylenediamine)–silver composites [Ćirić-Marjanović 2011], the resistance of 

PANI toward oxidative agents [Stejskal 2012a], and PANI coatings on various types 
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of multi-walled carbon nanotubes (MWCNT) [Tomšík 2013a] with Raman 

spectroscopy, and she helped creating a review of vibrational spectroscopy studies of 

PANI thin films [Trchová 2012a]. 

The work of the authoress in this area continues. Many problems are still to be 

solved or are being intensively worked on. She has analysed the thermal stability of 

PANI doped with ionic liquids with FTIR spectroscopy. A few works concerning 

aniline oligomers, their role in nanostructure formation, and their Raman spectra, 

oxidation of aniline with various oxidants, and composites of a conducting polymer 

with carbon material are being created. She is involved in various experiments 

concerning other conducting polymers in cooperation with other teams in Czech 

Republic.  
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1. Polyaniline 

Conducting polymers belong to popular research topics lately. One of them, 

PANI, receives increasing attention due to its ease of preparation, good level of 

electrical conductivity, redox and ion-exchange properties, and environmental 

stability [MacDiarmid 1987, Bernier 1999, Wallace 2003, Inzelt 2008, Eftekhari 

2010, Stejskal 2010a]. Polyaniline is prepared by oxidation of aniline with a suitable 

oxidant in acidic media [Stejskal 2002a] in the form of powders, colloids, or thin 

films on substrates.  

Polyaniline exists in variety of oxidation and protonation forms (Scheme 1), 

that can be transformed into each other reversibly [Stejskal 1993, Inzelt 2008] 

(Scheme 1). The most important form is the emeraldine salt (protonated emeraldine, 

Scheme 1). It is the final product of the oxidation of aniline [Stejskal 2002a, Stejskal 

2002b]. Its colour is green (UV–visible absorption maxima around 255, 425 and 

850 nm) [Huang 1993]. It is the typical conducting form of PANI, its conductivity 

reaches units of Siemens per centimetre while the other forms have conductivities at 

the order of 10−9 S cm−1 [Chiang 1986, Stejskal 2002b].  

 

Scheme 1. Oxidation and protonation forms of polyaniline and the reversible 
transitions among them [Stejskal 1993]. 
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The emeraldine salt can be deprotonated to emeraldine base by treatment with 

an alkali, such as ammonium hydroxide. This transition is accompanied with 

a change of colour to blue (absorption maxima around 320 and 610 nm). 

Leucoemeraldine, the reduced form of PANI, is colourless (absorption maxima 

around 260 and 315 nm) [Huang 1993]. The oxidized form, pernigraniline, figures in 

the oxidation of aniline to emeraldine salt as an intermediate [Gospodinova 1998]. Its 

salt is blue, but of a deeper shade than the emeraldine base (absorption maxima 

around 260, 520 and 680 nm) [D’Aprano 1992], and its base is violet (absorption 

maxima around 280 and 520 nm) [Huang 1993]. In addition to UV–Vis absorption 

spectroscopy, vibrational spectroscopies are convenient for detection of the 

interconversions among individual forms of PANI and of the changes in its 

electronic structure [Boyer 1998, Trchová 2012a]. 

The fact, that PANI exists in various forms, is important for potential 

application in sensors [Srivastava 2010, Du 2011], information storage [McCall 

1991], or electrochromic devices [Shen 2012]. The ability to form thin films on 

various surfaces makes PANI a potentially good material for coatings [Stejskal 

2005a, Arenas 2011, Karpakam 2011, Kim 2011] and composite membranes 

[Blinova 2007, Wang 2009a]. Other potential applications of PANI are in catalysis 

[Sapurina 2007, Toru 2010], solar cells [Tai 2011, Zhang 2011a, Tan 2012], fuel 

cells [Michel 2010, Shapoval 2011], supercapacitors [Palaniappan 2010], or 

rechargeable batteries [Pan 2010, Grgur 2012]. Polyaniline colloids can be used in 

printed electronics [Gomes 2012, Kandyla 2012]. 

1.1. Oxidation of aniline 

Polyaniline is typically prepared by the chemical oxidation of aniline or 

anilinium salt (hydrochloride, sulfate) in acidic aqueous medium, ammonium 

peroxydisulfate (APS) being the most common oxidant (Scheme 2) [Gospodinova 

1998, Stejskal 2002a]. Emeraldine salt is obtained in form of precipitate and thin 

films on surfaces available to the reaction mixture. Pernigraniline salt was observed 

as an intermediate [Gospodinova 1998] (Scheme 2). Formation of sulfuric acid as 

a by-product reduces pH during the reaction and allows following the reaction with 

pH measurement (Figure, 1 top) [Konyushenko 2006, Stejskal 2006]. Since the 

reaction is exothermic, the polymerization can be monitored also by temperature 

measurement (Figure 1, bottom). 
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Scheme 2. The oxidation of aniline with ammonium peroxydisulfate in acidic 
medium leading to emeraldine salt [Stejskal 2010a]. 

Depending on the acidity of the medium the proportion between the neutral 

aniline molecules and anilinium cation varies (pKA of aniline is 4.6). These two 

species have different oxidation potentials thus their oxidation is different [Ćirić-

Marjanović 2008a].  

At the beginning of the reaction, oxidation of the neutral aniline molecules 

takes place. These species prevail at higher pH and thus in the earlier stages of the 

reaction. The process is accompanied with rather rapid increase in temperature and 

decrease in pH (Figure 1, phase 1 – Oligomer mixture). The detailed reaction 

mechanism of aniline oxidation is still not fully understood, but the coupling both in 

para and ortho positions is expected [Mažeikiené 2005, Surwade 2009a, Stejskal 

2012b], a mixture of p-semidine and o-semidine, other aniline dimers and aniline 

trimers being the product [Ćirić-Marjanović 2008b, Trchová 2012a, Stejskal 2012b]. 

Sulfonation and hydrolysis may also be operative at this stage of the reaction 

[Stejskal 2012]. 

Due to the drop of pH during reaction, the aniline molecules become deficient 

and the reaction slows down, as it is manifested by the temperature stagnation and 

slow decrease of pH, so-called induction period takes place (Figure 1, phase 2 – 
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Induction period). Oligomers on the trimer level, so-called “nucleates”, are formed at 

this stage [Stejskal 2010a]. These oligomers are believed to be responsible for the 

formation of PANI films and nanostructures [Stejskal 2010a, Stejskal 2012b]. 

 

Figure 1. Temperature and pH profiles of a polymerization of aniline started in 
neutral medium. Three phases of aniline oxidation are denoted according to the 
temperature and pH evolution [Stejskal 2010a]. 

If the pH drops below 2.5 the oxidation of anilinium cations begins (Figure 1, 

phase 3 – Polymerization), coupling of anline with already existing structures in para 

positions takes place [Gospodinova 1998, Stejskal 2010a]. The process manifests 

itself with rapid temperature increase and moderate pH decrease (Figure 1). The 

PANI chains propagate in the protonated pernigraniline form (Scheme 2) [Stejskal 

2010a, Trchová 2012a]. As aniline is still present after the oxidant is consumed, 

pernigraniline oxidize aniline reducing itself to protonated emeraldine, the final 

product (Scheme 2) [Gospodinova 1998, Stejskal 2010a].  
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The oxidation of aniline can be started at any pH. Some phases of the reaction 

may be missing. If the oxidation of aniline starts in a strongly alkaline medium, the 

pH may not reach the value 2.5 necessary for chain propagation, and oligomers 

linked both in para and ortho positions are formed [Konyushenko 2006, Stejskal 

2012b]. When the oxidation of aniline is started at neutral to mildly acidic media, 

PANI is produced [Stejskal 2002a, Konyushenko 2006]. In strongly acidic medium 

only short oligomers are produced [Stejskal 2008]. 

1.2. Morphologies of polyaniline 

PANI can be prepared in various morphologies depending on the reaction 

conditions. Specifically for conditions based on “standard” oxidation of aniline 

[Stejskal 2002a], the morphology dependence on the pH profile of the reaction has 

been studied [Stejskal 2008, Konyushenko 2010, Tran 2011, Gao 2011]. A fused 

granular structure (Figure 2a), the most common morphology of PANI, is obtained 

by the precipitation polymerization of aniline in acidic media [Stejskal 2002a].  

Nanotubes (Figure 2b) [Stejskal 2006] are produced in the presence of weak 

organic acids [Konyushenko 2006, Stejskal 2006, Park 2007, Song 2007], polymeric 

acids [Zhang 2007a, Zhang 2007b], at low concentrations of strong inorganic acids 

[Zhang 2002, Wu 2008a], or in the absence of acids [Trchová 2006a, Chiou 2007, 

Huang 2009], i.e. under the conditions of moderate acidity at the beginning of the 

oxidation process. 

Microspheres of several micrometre-sizes (Figure 2c) have often been 

a product of aniline oxidation started under alkaline conditions [Wang 2005, Stejskal 

2008, Wang 2010, Jin 2010, Stejskal 2012b, Trchová 2012b, Morávková 2013a]1. 

They are composed mostly or entirely of aniline oligomers [Trchová 2006a, Stejskal 

2008, Trchová 2012b, Morávková 2013a]. 

The addition of miscible organic solvents to aqueous media also affects the 

morphology of PANI. The transition from the granular morphology in favour of 

nanofibers and/or nanotubes was observed when the reaction mixture contained, e.g., 

methanol [Konyushenko 2011, Zhang 2011b] or ethanol [Ghiurea 2011, Yang 2012, 

Morávková 2012a]. Hydrogen bonding between the aniline and ethanol molecules 

was observed to form in such a system [Wang 2010c, Huang 2010a]. 

                                                 
1 The papers consituting this Thesis are refered to in boldface. 
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Figure 2. Scanning (left) and transmission (right) electron microscopy images of 
PANI prepared: in strongly acidic solutions (a), under mildly acidic conditions (b), 
and aniline oligomers prepared in alkaline media (c) [Stejskal 2008]. 

A number of attractive morphologies have been reported for aniline oligomers 

prepared at various conditions (various oxidants, acidities, and monomer:oxidant 

ratios). For example, flower-like [Sun 2012, Yang 2012, Zhao 2013], urchin-like, 

rambutan-like, and dandelion-like [Wang 2009, Li 2011a, Tan 2011, Zhou 2011, 

Prasanna 2011, Wang 2011] or linear structures [Wang 2010, Leng 2011, Li 2012] 

have been prepared. 

1.3. Polyaniline thin films and coatings 

Many applications of PANI, such as sensors [Deshpande 2009, Ayad 2009], 

hole-injection layers in light-emitting devices [Del Mauro 2011], or dye-sensitized 

solar cells [Li 2009, Zhang 2011a], require thin films. The in-situ surface 
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polymerization, giving rise to PANI coating on various substrates [Stejskal 2005b], is 

an easy and often used method for their preparation. All solid surfaces in contact 

with the reaction mixture used for the preparation of PANI become covered with thin 

PANI film [Fedorova 2002, Surwade 2009b]. It is believed that the adsorption of 

aniline oligomers plays a fundamental role in the film formation [Stejskal 2005b, 

Stejskal 2010a, Trchová 2012a]. It was observed that the growth of the PANI film on 

surfaces starts sooner than the polymerization of aniline in bulk that yields PANI 

precipitate [Fedorova 2002, Trchová 2005].  

For applications, the stability of the film is crucial. The thermal degradation 

mechanisms of PANI have been studied earlier using vibrational spectroscopy, which 

is an efficient tool to access the changes in the molecular structure during ageing 

[Trchová 2004, Šeděnková 2008a, Šeděnková 2008b]. We have studied the stability 

of various PANI films on two different substrates using Raman microspectroscopy 

[Rozlívková 2011a]. Thin PANI films prepared during the in-situ precipitation or 

dispersion polymerizations of aniline hydrochloride on gold or silicon supports in 

forms of emeraldine salt and base were characterized by UV–Vis, FTIR, and Raman 

spectroscopies. Freshly-prepared and one-year-old films were compared using 

Raman spectroscopy. In Figure 3, this is illustrated by a comparison of fresh and 

aged films of standard PANI salt on gold support. 

It has been shown that the films prepared by dispersion polymerization (i.e. in 

the presence of stabilizer poly(N-vinylpyrrolidone) (PVP)) [Stejskal 2005b] are more 

resistant to heating and chemical deprotonation by ammonium hydroxide. This result 

is supported with UV–Vis and FTIR spectra in addition to the Raman spectra. The 

films are also less affected by heating by the laser radiation. The PANI films on 

silicon substrates were shown to be more stable in time than the films on gold 

supports (Figure 3), which were, on the other hand, more resistant to chemical 

deprotonation. 

From the different behaviour of the films and precipitates and by the 

comparison of dispersion and standard films of PANI salt and PANI base, it has been 

concluded that the parts of the film closer to the support are less affected by laser 

heating. By comparison with the Raman spectra of the first products of aniline 

oxidation [Ćirić-Marjanović 2008c] and their observed resistance toward the 

deprotonation and ageing [Šeděnková 2008a, Šeděnková 2008b, Trchová 2010], it 

has been concluded that the molecular structure and stability of the films is 
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determined by the oxidized oligomeric products which are adsorbed on the surface of 

the substrate at the first stages of the reaction [Sapurina 2001]. The ratio of the 

oligomers is higher in the case of the films prepared during dispersion 

polymerization and this is reflected in the corresponding Raman spectra. It has also 

been observed that the PANI film on silicon support cracks and peels off after 

converting to PANI base (Figure 4), which is associated with volume contraction.  
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Figure 3. Microscopic images and Raman spectra of thin Polyaniline salt film on 
gold substrate as prepared (fresh) and after a year of ageing on air (old) [Rozlívková 
2011a]. 

It was proposed that aniline oligomers, produced at the early stages of aniline 

oxidation, are hydrophobic, separate from the aqueous medium, and adsorb at any 

available surfaces [MacDiarmid 1997, Sapurina 2001] (Figure 5). The oligomers 

then initiate the growth of PANI chains [Stejskal 2008, Stejskal 2010a]. The brush-



11 
 

like ordering of PANI chains in the film has been suggested [Sapurina 2001]. If this 

concept is correct, the composition of film interface adhering to the support should 

be different from the top of the film.  

 

Figure 4. Optical images of Polyaniline film on silicon support in its salt (a) and base 
(b) form. The film of Polyaniline base cracked and peeled off [Rozlívková 2011a]. 

In order to test the above hypothesis, we have conducted following experiment 

(Figure 6) [Tomšík 2013b]: PANI films of submicrometer thickness were deposited 

in situ during the polymerization of aniline on polystyrene support, some of the films 

were deprotonated to PANI base (Figure 6a). Aqueous PVP solution was 

subsequently poured on the top of PANI films and evaporated (Figure 6b). The film 

was then peeled off, so the PANI film was transferred to a PVP film (Figure 6c). 

Both sides of the PANI film, the top surface of the film deposited on polystyrene, 

and the bottom surface originally in contact with a polystyrene dish, became 

subsequently available for the analysis by Raman and X-ray photoelectron 

spectroscopies. 

 

Figure 5. The aniline oligomers (triangles) are generated in the aqueous medium and 
adsorb on available solid supports. Polyaniline chains subsequently grow from them 
to produce a Polyaniline film [Stejskal 2010a]. 

The top and bottom sides of the films have different molecular structures, as 

reflected by Raman and X-ray photoelectron spectroscopies. For the protonated film, 

the top sides corresponded to protonated emeraldine, while the bottom side to 
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partially deprotonated constitutional units and cross-linked phenazine-like structures. 

This result supports the concept of hydrophobic phenazine-like oligomers that are 

adsorbed at immersed surfaces during the oxidation of aniline, and PANI chains that 

grow from them, creating a brush-like PANI morphology. 

 

Figure 6. The thin polyaniline films were deposited on the walls of polyastyrene dish. 
The produced polyaniline salt was in some cases converted to a corresponding 
polyaniline base (a). Polyvynilpyrrolidone solution was poured over the polyaniline 
film and dried (b). The polyaniline film was transferred from the polystyrene support 
to polyvynilpyrrolidone (c) [Tomšík 2013b]. 

1.4. Aniline oligomers 

As it has been noted above, aniline oligomers are believed to guide the growth 

of PANI nanostructures and thin PANI films via their self-assembly under non-

covalent interactions, such as hydrogen bonding, hydrophobic forces, and π–π 

stacking. [Stejskal 2008, Stejskal 2010a]. The studies of the aniline oligomers is thus 

crucial for the understanding of their self-assembly and the existence of such 

a variety of morphologies of PANI and its ability to form thin films. 

The formation of PANI or aniline oligomers is strongly dependent on reaction 

conditions. It is believed that under all conditions the oxidation of aniline leads at 

first to short aniline oligomers that guide the assembly during further stages of 

aniline oxidation (Scheme 3) [Stejskal 2012b]. The higher aniline oligomers are 

formed if the oxidation of aniline is started under alkaline conditions (pH > 7) and 

the pH does not drop below 4 during the reaction (Scheme 3) [Stejskal 2012b].  

There are various opinions on the molecular structure of short aniline 

oligomers. Some scientists assume that aniline molecules are linked entirely in para-
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positions [Laska 2005, Ćirić-Marjanović 2008a, Ćirić-Marjanović 2008b, Wang 

2010], as in PANI. Others admit the possibility of the ortho-coupling at the 

oligomeric stage [Surwade 2009c, Kříž 2009, Kříž 2011, Ferreira 2011, Rakić 2011, 

Stejskal 2012b]. Some authors propose even ortho-linking in the polymer [Dmitrieva 

2011]. Concrete structures based on these two directions are also subject to a vivid 

discussion. The presence of quinonoid units in the molecular structure of aniline 

oligomers was proposed by [Venancio 2006] (Figure 7a). A mechanism of formation 

of the aniline oligomers based on the Boyland-Sims rearrangement and Michael-type 

addition has been suggested by Surwade et al. [Surwade 2009c] and supported by 

later studies [Ferreira 2011, Silva 2011, Rakić 2011, Silva 2012] (Figure 7b). Kříž et 

al. [Kříž 2009, Kříž 2011] have suggested the formation of oligoaniline containing 

a quinoneimine structure (Figure 7c). The phenazine-like structure in aniline 

oligomers has been also proposed [Trchová 2006a, Ćirić-Marjanović 2008b]. Zujovic 

et al. [Zujovic 2008, Zujovic 2010] suggested the presence of quinoneimine in the 

molecular structure of phenazine-like aniline oligomers (Figure 7d). 

 

Scheme 3. Aniline is oxidized to short aniline oligomers and the reaction further 
proceeds to aniline oligomers at pH > 4 or to PANI at pH < 2.5, or it stops at the 
short-oligomer stage in intermediate pH range 2.5–4 [Stejskal 2012b]. 

The aniline oligomers prepared by the oxidation of aniline with APS have 

some common features. (1) In FTIR spectra, the bands at 1445 cm–1 (corresponding 

to the stretching vibration of the aromatic ring), 1415 cm–1 (assigned, probably, to 

the ring-stretching of the phenazine constitutional unit) and 860 cm–1 (due to 

trisubstituted benzene rings), 758, 694 cm–1 (due to monosubstituted aromatic rings) 

are observed [Stejskal 2012b, Trchová 2012a]; (2) in UV–Vis spectra, the absorption 

maxima are located at 275, 370 or 420 nm, and there are no absorption peaks around 

630 or 800 nm [Ding 2010], typical of PANI base and salt, respectively [Gruger 

2003]; (3) the products have high crystallinity as determined by X-ray diffraction 

[Laslau 2011], and (4) they have low conductivity, below 10–3 S cm−1 [Hu 2012]. 
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Figure 7. The examples of oligomer structures proposed by (a) Venancio et al. 
[Venancio 2006] (b) Surwade et al. [Surwade 2009a], Ferreira et al. [Ferreira 2011] 
and Rakić et al. [Rakić 2011] (c) Kříž et al. [Kříž 2009, Kříž 2011] and (d) Zujovic 
et al. [Zujovic 2010]. 

We have prepared the aniline oligomers in mildly acidic medium using 

lowered oxidant / monomer mole ratio [Zhao 2013]. The oxidation products are 

composed mostly of aniline tetramers to hexamers. Due to good structural uniformity 

of the species produced in the early stages of oxidation, i.e. at low reaction 

conversion, they are crystalline.  

Aniline oligomers are insoluble in the reaction medium and produce 

micrometre-sized flower-like objects (Figure 8). A model of formation of the leaf-

like morphology was proposed, assuming that aniline oligomer molecules self-

assemble preferentially in various directions (Figure 9), the preference being 

dependent on the molecular structure and the balance between interactions, such as 

π–π stacking, hydrogen bonding, ionic bonding, hydrophobic interactions, etc. 

Oxygen-containing molecules have been shown to be present in the oxidation 

products because of a co-oligomerization of aniline with p-quinoneimine or related 

co-monomers. The oxidation products obtained at higher conversions are structurally 

polydisperse and, consequently, they do not form well-defined supramolecular 

assemblies. 

If the oligomeric product is prepared at increased starting pH of the reaction 

medium, the point where the PANI formation starts needs to be specified. 

Oligoanilines have been prepared by oxidation of 0.2 M aniline with 0.2 M APS in 
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0.1, 0.2, 0.5, and 1 M ammonium hydroxide and in water [Trchová 2012b]. Their 

formation on silicon and gold supports has been studied by FTIR and Raman 

spectroscopies, optical and electron-microscopic techniques, and UV–Vis 

spectroscopy. 

 

Figure 8. Scanning electron micrograph of the flower-like oligoaniline 
microstructures formed during aniline oxidation with low amount of ammonium 
poroxydisulfate in mildly acidic medium [Zhao 2013]. 

 

Figure 9. A model of petal growth via self-assembly of aniline oligomers in specific 
directions given by various intermolecular interactions, depicted by different colour 
[Zhao 2013]. 

Under alkaline conditions, aniline is present in the neutral form, which has 

a limited solubility in water. For that reason, aniline microdroplets appear in the 

reaction mixture, and by oxidation at the aniline–water interface, oligomeric 

microspheres are produced (Figure 10) [Stejskal 2012b]. 



16 
 

   

Figure 10. Scanning electron micrographs of the films obtained by the oxidation of 
aniline with ammonium peroxydisulfate in 1 M ammonium hydroxide on silicon 
support [Morávková 2013a]. 

 

Figure 11. pH profiles of aniline oxidations started at various concentrations of 
ammonium hydroxide. For the 0.2 M ammonium hydroxide, the pH drops below 3.5 
and polyaniline starts to be formed [Trchová 2012b]. 

The oxidation of 0.2 M aniline with 0.2 M APS gradually generates sulfuric 

acid. The acid is partially neutralized by aniline, reaction intermediates, and especially 

by ammonium hydroxide. At its 0.1 M concentration, ammonium hydroxide becomes 

completely neutralized, and the pH drops to acidic values (Figure 11, line 1). The 

formation of PANI on the surface of already-formed oligoaniline microspheres thus 

becomes possible in the advanced stages of aniline oxidation. The 0.5 and 1 M 

ammonia was sufficient to maintain the alkaline medium throughout the reaction 

(Figure 11, lines 2 and 3). UV–Vis spectra were shown to be the most sensitive to the 

presence of PANI fraction, which manifest itself with a band around 800 nm (Figure 

12, line 1). 
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Figure 12. UV–Vis spectra of the powders obtained by the oxidation of 0.2 M aniline 
with 0.2 M ammonium peroxydisulfate in 0.2, 0.5, and 1.0 M ammonium hydroxide. 
Adapted from [Trchová 2012b]. 

1.5. Carbonization of polyaniline 

The carbonization of conducting polymers, leads to new materials, nitrogen-

containing carbons. The bulk morphology of the polymer is retained after 

carbonization (Figure 13), conversion of the polymer to nanocarbons takes place.  

Such nanostructured materials may serve as catalyst supports [Lepró 2008], 

electrocatalysts [Jin 2010, Gavrilov 2011, Janosević 2012], in hydrogen storage 

[Germain 2009, Niemann 2009], in supercapacitors [Jin 2010, Li 2010, Yan 2010, 

Yang 2010, Xiang 2011a], in electrorheology [Yin 2010, Yin 2011], or as anode 

materials for secondary batteries [Li 2011b, Li 2011a, Xiang 2011a, Xiang 2011b, 

Xiang 2011c]. There are also studies connected with the flame retardation effect of 

PANI [Stejskal 2005a, Stejskal 2005c].  

Heating PANI in air [Trchová 2006b] or especially in an inert atmosphere 

[Langer 2007, Trchová 2009, Mentus 2009] allows easy preparation of bulk 

quantities nanostructured carbonaceous material. Various PANI morphologies, such 

as granular PANI [Trchová 2006b, Lin 2008, Rozlívková 2011b], PANI nanotubes 

[Langer 2007, Mentus 2009, Trchová 2009, Yang 2010, Yin 2010, Morávková 

2013b], nanospheres [Zhu 2009], colloidal PANI nanoparticles [Stejskal 2010b], or 

PANI films and coatings [Morávková 2012a, Morávková 2012b, Zhou 2012, 

Tomšík 2013a] were carbonized to yield nitrogen-containing carbon analogues. 
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Figure 13. The morphology of the granular (a) [Trchová 2006b] and nanotubular 
PANI (b) [Trchová 2009] is preserved during carbonization (left – before 
carbonization, right – carbonized). 

When talking about thermal treatment of conducting polymers, the term 

“carbonization” should be used carefully. The carbonization is defined as a process, 

leading to a carbonaceous material. To study the carbonization process the material is 

heated also to somewhat lower temperatures such as 300 °C, but this is not 

a carbonization, because the conversion to carbon is not complete. An alternative 

term “pyrolysis” can be used [Stejskal 2005a, Stejskal 2005c, Trchová 2006b, Zhou 

2012], but it has its limitations too. According to IUPAC 

(http://goldbook.iupac.org/P04961.html), pyrolysis is a thermal decomposition, 

usually associated with exposure to a high temperature. The term refers to a reaction 

in an inert environment as generally used. According to Oilgae encyclopaedia 

(http://www.oilgae.com/ref/glos/pyrolysis.html), the process does not involve 

reactions with oxygen or any other reagents but can take place in their presence. The 

pyrolysis is often one of the processes operative during heating of conducting 

a 

b 
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polymer at higher temperatures in air, when oxygen is involved. Due to these 

terminology problems, the description of chemical process is being avoided by using 

neutral terms such as “heating” or “thermal treatment”. 

The changes in the molecular structure occurring during heating can be 

conveniently observed by Raman spectroscopy [Trchová 2006b, Kyotani 2008, 

Trchová 2009, Matsushita 2009, Mentus 2009, Janosević 2011, Janosević 2012]. It is 

assumed that deprotonation, phenazine-like crosslink formation, and chain scission 

resulting in nitrile groups takes place (Figure 14) [Trchová 2009, Alves 2010, Ayad 

2012].  

 

Figure 14. The polyaniline base becomes crosslinked during the heating in an inert 
atmosphere, and phenazine units are produced. Ring-opening leading to nitrile 
groups is also a possible reaction [Trchová 2009]. 

The originally complex spectrum of PANI is reduced to two bands, that can be 

interpreted as the bands corresponding to the graphitic (G) and disordered (D) mode 

[Cho 2011] defined for sp2 carbon [Nemanich 1979, Jorio 2011]. Other techniques, 

such as spectroscopies in the UV–Vis, near infrared and infrared regions, X-ray 

photoelectron spectroscopy, X-ray diffraction, scanning and transmission electron 
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microscopies, thermogravimetric analysis (TGA) or conductivity measurements were 

also used to follow the carbonization. 

In the following studies, the carbonization of PANI have been analysed mainly 

by spectroscopic methods. Granular emeraldine base form of PANI, the most simple 

PANI form, was used as a starting material and was exposed to various temperatures 

between 100 °C and 800 °C for various times in a nitrogen atmosphere [Rozlívková 

2011b]. The mass decreased to 40–50 wt. % at temperatures above 600 °C. The 

granular morphology and the content of nitrogen (about 14 wt.%) were preserved. 

The conductivity of the carbonized material was below 10−10 S cm–1 after 

carbonization at 600 °C and increased to 10−4 S cm–1 after heating to 800 °C.  

The evolution of the Raman spectra of PANI base during heating is presented 

on Figure 15. Bands attributed to the phenazine-like crosslinks of the PANI chain 

were increasing in intensity with the increasing temperature. At temperatures above 

400 °C, the bands started to fuse into two broad bands that are described as the G and 

D band of disordered graphitic materials. The conditions assuring the conversion of 

PANI molecular structure to the corresponding nitrogen-enriched carbon, while 

preserving a good yield, have been suggested as the heating at 650 °C for one hour. 

The D and G bands characteristic of carbonaceous materials are already well 

developed, and the residue of the sample is close to 60 wt. %. 

The carbonization of PANI films on silicon supports prepared in situ during the 

oxidative polymerization of aniline was studied as the next step [Morávková 

2012a]. The films were heated up to 500 oC in an inert nitrogen atmosphere. The 

changes in the molecular structure during the carbonization have been studied by 

FTIR and Raman spectroscopies using 514, 633, and 785 nm laser excitation lines. 

The transformation from PANI salt to the base form has been detected above 100 oC 

in the Raman spectra excited with 514 and 633 nm laser lines. The conversion to 

nitrogen-containing carbon-like material followed above 200 oC. The molecular 

structure of the films produced during heating contains crosslinked phenazine-like 

and oxidized quinonoid units.  

Contrary to the Raman spectra of PANI hydrochloride film obtained with 514 

and 633 nm excitation lines, the Raman spectra obtained with 785 nm excitation 

(Figure 16) did not change much after heating the sample above 100 °C. When this 

excitation was used, various semi-quinone radical structures and oxidized quinonoid 

units of pernigraniline and pseudomauveine base-like structures were in resonance. 
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We suppose that they belong to aniline oligomers, which are preserved in the film 

during heating. This is in agreement with the enhanced sensitivity of aniline 

oligomers to 785 nm laser line. For aniline oligomers, an oxidized and cross-linked 

structure has been proposed [Surwade 2009a, Kříž 2011, Stejskal 2012b], that are 

close to the structure of carbonized polymer. They adsorb at available surfaces at the 

early stages of aniline oxidation and initiate the growth of PANI film (Figure 5). 

Flame retardant effect of PANI has been demonstrated earlier [Stejskal 2005a, 

Stejskal 2005c]. By a similar mechanism, aniline oligomers are protected by the 

coating of carbonized PANI salt during heating. 

 

Figure 15. The evolution of Raman spectra of polyaniline base after heating at 
various temperatures for one hour. Formation of phenazine-like linkages can be 
observed at 200 and 300 °C. At higher temperatures, the formation of the G and D 
bands of graphitic materials takes place. [Rozlívková 2011b] 
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Figure 16. The evolution of Raman spectra of thin polyaniline salt film after heating 
at various temperatures for one hour excited with 785 nm laser line. There are rather 
small changes after heating to 100 °C. The spectrum of the sample heated to 200 °C 
displays both bands of the original and deprotonated sample. For higher 
temperatures, mostly fluorescence is observed [Morávková 2012a]. 

The coating of MWCNT with PANI was performed in situ during the oxidation 

of aniline with APS in a mixture of ethanol (50 vol. %) – water and their thermal 

treatment was studied afterwards [Morávková 2012b]. All samples, MWCNT, 

PANI, and PANI-coated MWCNT as prepared and transformed to the base form of 

PANI, were heated under nitrogen atmosphere. Aniline oligomers with phenazine-

like structures, the first products of aniline oxidation, adsorb on available surfaces 

and become subsequently coated with PANI film during the in-situ polymerization of 

aniline [Stejskal 2008, Ćirić-Marjanović 2008c, Stejskal 2010a]. We expect the same 

mechanism for the formation of PANI coating during the polymerization of aniline 

on the surface of MWCNT. 

The structural changes were studied by FTIR and Raman spectroscopies using 

633 and 785 nm laser wavelengths. The choice MWCNT obtained from Bayer, 

Germany, was rationalised by their poor thermal stability according to their Raman 

spectra after heating, so that potential influence of PANI on their stability could be 

observed (Figure 17). It was found that, during heating, the coating of PANI salt 
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thermally deprotonates to PANI base at first, and subsequently converts to 

carbonized PANI coating. The integrity of the coating is not damaged. When the 

PANI coating was chemically deprotonated to PANI base before heating, the 

accompanying volume contraction reduced the contact between MWCNT and PANI 

base coating and introduced defects, such as cracks, observed also for PANI base 

films on silicon supports [Rozlívková 2011a].  
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Figure 17. Raman spectra of multi-walled carbon naotubes (Bayer, Germany) as 
received, coated with polyaniline salt, and deprotonated to the carbon nanotubes with 
polyaniline base coating, and the corresponding samples after heating to 650 °C 
[Morávková 2012b]. 

The Raman and FTIR spectra of PANI coatings are closer to PANI films than 

to powders. The Raman spectra showed that PANI salt interacts with MWCNT via 

charge-transfer [Raigaonkar 2011], especially with the nucleation centres rich in 

phenazine-like units, which adsorb on the surface of the MWCNT during the in-situ 

polymerization of aniline. 

Raman spectra suggested that the carbonization of MWCNT/PANI composite 

at 650 °C in inert atmosphere leads to a more ordered carbon-like structure compared 

with uncoated MWCNT after heating (Figure 17). The coating of PANI salt 

deposited on the surface of MWCNT thus enhances the structural stability of 

MWCNT at elevated temperatures. On the contrary, MWCNT coated by PANI base 



24 
 

becomes less ordered after the exposure to 650 °C. Carbonized PANI salt coated 

MWCNT exhibits the Raman spectrum close to that of the pristine MWCNT before 

heating. 

The influence of ethanol addition to the reaction mixture, which was used to 

disperse the nanotubes in the reaction media more thoroughly [Morávková 2012b], 

has been discussed in the next step [Morávková 2013b]. The aim of the study was 

a comparison of the carbonization of PANI prepared in water and in the presence of 

ethanol, and a discussion of the role of ethanol in the chain ordering of carbonized 

products, as detected by their Raman spectra. 

In contrast to granular standard PANI (Figure 18a), PANI prepared in the 

presence of alcohol in the reaction medium forms nanotubes and nanorods (Figure 

18b) in agreement with the reports published earlier [Kan 2004, Kan 2006, Ghiurea 

2011, Huang 2011]. It was proposed that the introduction of alcohols reduces the 

dielectric constant of the reaction medium [Konyushenko 2011]. Consequently, the 

dissociation of acids in the medium is reduced, and the pH increases 

correspondingly. 

There are slight differences in the Raman spectra of the PANI salt prepared in 

the presence of ethanol and in water (Figure 19). The higher intensities of the bands 

attributed to phenazine-like structures and to mono-substituted rings suggest the 

presence of higher content of the aniline oligomers in the structure of PANI salt 

prepared in the presence of ethanol. The same effect was observed for PANI 

prepared in the presence of phenol [Wu 2008b] and for the nanotubular PANI salt 

prepared at other experimental conditions [Trchová 2006a, Nascimento 2006, Ćirić-

Marjanović 2008c, Mentus 2009].  

   

Figure 18. Scanning electron microscopy images of polyaniline prepared without (a) 
and with (b) the presence of ethanol [Morávková 2013b]. 
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Figure 19. Raman spectra of polyaniline salt prepared with and without presence of 
ethanol and the corresponding samples after heating to 650 °C [Morávková 2013b]. 

Aniline oligomers are typically produced under low-acidity conditions at early 

stages of oxidation prior to polymerization [Konyushenko 2010]. The oligomers are 

expected to form some kind of templates and predetermine the specific morphology 

of PANI [Stejskal 2010a]. Another opinion expressed by Kan et al. [Kan 2006], 

suggests that the strong intermolecular H-bonding between PANI and ethanol 

molecules prevented the PANI chains from aggregating during polymerization, 

which led to the more uniform PANI structure. After ethanol evaporation, the 

protonation and the regular structure is preserved, most probably with help of π–π 

inter-chain stacking. Higher degree of protonation of PANI salt prepared in presence 

of ethanol was observed with UV–Vis and FTIR spectroscopies. The more 

pronounced protonation may lead to an improvement in parallel chain organization. 

The Raman spectrum of carbonized nanotubular PANI salt prepared in the 

presence of ethanol corresponds to a more ordered carbon material than carbonized 

PANI salt prepared in water, carbonized PANI base prepared with and without the 

addition of ethanol, carbonized PANI salt nanotubes prepared in the absence of 

ethanol [Mentus 2009], carbonized PANI colloids [Stejskal 2010b], carbonized thin 

films of PANI [Morávková 2012a], carbonized aniline oligomers [Morávková 
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2013a], and other materials in the literature [Ćirić-Marjanović 2013]. These findings 

suggest that the presence of ethanol during the oxidation of aniline is essential for 

obtaining material with Raman spectra corresponding to more ordered material after 

carbonization. 

Similarly to PANI, aniline oligomers are also converted to disordered 

carbonaceous material after heating at elevated temperature, but in contrast to PANI, 

the morphology of aniline oligomers changes from microspheres to plates (Figure 

20) [Stejskal 2012b]. 

  

Figure 20. Scanning electron microscopy images of aniline oligomers prepared in 
1 M ammonium hydroxide before (a) and after (b) carbonization at 650 °C 
[Morávková 2013a]. 

We have studied the carbonization of aniline oligomers prepared by the 

oxidation of aniline under alkaline conditions in 0.2 or 1.0 M ammonium hydroxide 

[Morávková 2013a]. In the latter case, the microspheres were shown to have a core 

composed of aniline and/or aniline dimers and a shell composed of higher oxidized 

aniline oligomers, and in the former, the shell consisted also of PANI. The spherical 

morphology was completely destroyed and replaced by two-dimensional plates 

during heating to temperatures above 300 °C in an inert atmosphere.  

The Raman spectra of the oligomers heated to 200 °C display some new 

features compared to original oligomers (Figure 21). They are identical with the 

spectra features of oligomers present in the reaction mixture during earlier phases of 

aniline oxidation [Planes 2010, Trchová 2012, Zhao 2013]. This observation 

suggests that the monomer and/or lower oligomers form the core of the 

microspheres, and are released outside the microspheres already below 200 °C. The 

release of a liquid from the microspheres at temperatures around 180 °C (close to 

a b 
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boiling point of aniline) was also observed with optical microscopy (Figure 22) and 

by increased evolution of ammonia/amines during TGA. Thus, the oligomer 

microspheres are formed by monomer and/or low oligomer core and higher oxidized 

oligomer shell. The material composed of the mixture of microsphere shells and their 

melted cores then condenses and forms plates upon cooling. After heating above 

500 °C, Raman spectra confirm the conversion of the aniline oligomers to nitrogen-

containing disordered carbon (Figure 21, see G and D band formation). Nitrogen 

atoms participate in C–N and C=N bonds, phenazine-like units, and cross-linked 

structures. 
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Figure 21. Evolution of the Raman spectra of aniline oligomers prepared in 0.2 M 
ammonium hydroxide after exposure to various temperatures [Morávková 2013a]. 

It has been concluded that the oligomers lead the formation of specific 

morphology during aniline oxidation in aqueous media, but later the morphology is 

kept together by interactions between PANI chains, that were missing in this 

situation.  
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Figure 22. Optical microscopy images of aniline oligomer microspheres prepared in 
1 M ammonium hydroxide and exposed to various temperatures [Morávková 
2013a]. 

In the next chapter of this Thesis, a specification of experimental techniques is 

presented. The methodology of using these techniques is discussed in the context of 

PANI, aniline oligomers, and carbon-like materials. Main spectral features of these 

materials are summarized there. 
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2. Methodology 

2.1. Sample preparation 

“Standard” polymerization of aniline was defined by Stejskal et al. [Stejskal 

2002a] as follows: “Aniline hydrochloride (2.59 g, 20 mmol) is dissolved in distilled 

water in a volumetric flask to 50 ml of solution. APS (5.71 g, 25 mmol) is similarly 

dissolved in water also to 50 ml of solution. Both solutions are mixed at room 

temperature (~18–24 °C) in a beaker, and left at rest or at gentle stirring to 

polymerize. After the polymerization has been completed in about 10 min, the 

mixture is left to cool down for several hours. The PANI precipitate is collected on 

a filter, washed with three 100 ml portions of 0.2 M HCl, and similarly with acetone. 

PANI (emeraldine) powder is dried in air and then in vacuo.” It was used in its 

original form or with minor changes for preparation of the majority of samples 

studied in this work. 

Standard PANI, prepared by the oxidation of 0.2 M aniline hydrochloride 

(Fluka, Swizerland) with 0.25 M APS (Lach:Ner, Czech Republic) in water, 

deprotonated with an excess of 1 M ammonium hydroxide, and dried in air and over 

silica gel at room temperature, was used for carbonization studied [Rozlívková 

2011b]. 

Aniline hydrochloride (Lach:Ner, Czech Republic) oxidation with APS 

(Lach:Ner, Czech Republic) was carried out in a mixture of ethanol–water (at 

volume fraction of ethanol 0.5) at ambient temperature [Morávková 2013a]. The 

reaction was completed within 1 h. The precipitated PANI salt was separated by 

filtration and dried. For comparison, PANI was also prepared in water without 

ethanol. Some portions of the products were immersed in 1 M ammonium hydroxide 

to deprotonate PANI hydrochloride to the corresponding PANI base. 

Standard PANI films [Rozlívková 2011a, Morávková 2012b] were deposited 

in situ during the standard oxidation of aniline (Fluka, Swizerland) with APS 

(Lach:Ner, Czech Republic) on silicon, gold-coated-glass and glass windows of 24 

mm in diameter [Rozlívková 2011a] and on silicon windows of 24 mm in diameter 

and corundum ceramics of 25 x 25 mm size [Morávková 2012b]. Such films have 

thickness of 125 nm. Some films were deprotonated with an excess of 1 M 

ammonium hydroxide. Films were then rinsed with acetone, and dried in air. Some 

of the films on silicon windows were separated from the support during the 
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deprotonation or rinsing, some displayed damage as cracks and parts of the films 

were peeled off (Figure 4b). “Dispersion” PANI films [Rozlívková 2011a] were 

deposited in the same manner but in the presence of 2 wt. % of PVP (type K90, 

Fluka, Switzerland, molecular weight 360 000). Such films are thinner (about 

35 nm). Some of the films were deprotonated in the same manner as the standard 

films, but no peeling off was observed.  

Standard oxidation of aniline (Lach:Ner, Czech Republic) with APS 

(Lach:Ner, Czech Republic) was used to deposit thin PANI films on polystyrene 

dishes (P-Lab, Czech Republic) [Tomšík 2013]. The dishes were new and washed in 

ethanol. An aqueous 4 wt. % solution o PVP (type K90, Fluka, Switzerland, 

molecular weight 360 000) in 0.1 M hydrochloric acid or 0.1 M ammonium 

hydroxide was poured over the PANI film and left to evaporate at room temperature. 

The resulting PVP coating was peeled off and the PANI film in the protonated or 

base form was transferred from PS to PVP. The bottom side of the PANI film, 

originally in direct contact with the PS dish, thus became exposed.  

Commercial MWCNT aggregates Baytubes C150HP (Bayer AG, Germany; 

declared specific surface area 153 m2g−1, diameter 8–20 nm, length from 1 to more 

than 10 µm) were coated with PANI during the oxidation of 0.2 M aniline 

hydrochloride (Lach:ner, Czech Republic) with 0.25 M APS (Lach:ner, Czech 

Republic) in a mixture of ethanol (50 vol. %) and water [Morávková 2012b]. The 

reaction mixture was gently stirred. After 24h, the solids were collected on a filter, 

rinsed with 0.1 M sulfuric acid and then with acetone. 

Deeper changes to the standard protocol were needed for the preparation of 

aniline oligomers. 0.2 M aniline (Aldrich, UK) was oxidized with 0.2 M APS 

(Lach:Ner, Czech Republic) in the aqueous solutions of 0.1, 0.2, 0.5, and 1 M 

ammonium hydroxide, or in water at ambient temperature [Trchová 2012b]. 

Solutions of the monomer and the oxidant were mixed at room temperature and 

quickly poured over silicon or gold-coated-glass supports to obtain thin films. After 

the end of the reaction, the supports were removed from the mixture, rinsed with 

water and dried in air. The solids were collected on a filter after 2 hours, rinsed with 

water, dried in air and then over silica gel in a desiccator. A part of the products 

deposited on silicon supports or in solid state was immersed in 1 M NH4OH 

overnight, separated and dried. The solid samples prepared in 0.2 and 1 M NH4OH 

were used in work [Morávková 2013a].  
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Aniline oligomers [Zhao 2013] were prepared as follows: 2.23 mmol of para-

toluensulfonic acid (Sigma–Aldrich) together with 12.5 mmol of aniline (Sigma–

Aldrich) and 2.5 mmol of APS (Sigma–Aldrich) were dissolved separately, each in 

50 ml of 40 vol. % ethanol (Sigma–Aldrich). Both solutions were pre-cooled in 

an ice-bath for 30 minutes and then mixed to initiate aniline oxidation. The reaction 

was allowed to proceed for 1 hour under these conditions. Primary solids produced at 

this stage of aniline oxidation were separated by filtration, and the residual reactants 

in the filtrate were left in a refrigerator (ca. 4 °C) for 24 hours, after which the 

precipitate was again collected. Both samples were rinsed with distilled water, dried 

in air overnight, and then dried in a desiccator over silica gel. 

For carbonization, the samples were put into an electric oven and the power 

was switched on. The heating rate was 15 °C·min−1 in [Rozlívková 2011b] and 

[Morávková 2013a], or 22 °C·min−1 in [Morávková 2012a, Morávková 2012b, 

Morávková 2013b]. When the desired temperature was reached, the power was 

switched off [Rozlívková 2011b, Morávková 2012a, Morávková 2013a, 

Morávková 2013b] or kept at this temperature for 1 hour [Rozlívková 2011b, 

Morávková 2012b], 0.5 or 2 hours [Rozlívková 2011b]. The samples were then left 

to cool down to ambient temperature, still in nitrogen stream. 

2.2. Infrared spectroscopy 

FTIR spectroscopy (together with Raman spectroscopy) represents a powerful 

tool for the investigation of the molecular structure of PANI, following 

interconversions among its forms, or the study of aniline oligomers.  

The FTIR spectra of PANI were obtained on thin PANI films on silicon 

supports [Rozlívková 2011a, Morávková 2012a, Morávková 2012b, Morávková 

2013a, Morávková 2013b, Tomšík 2013b] or PANI precipitate dispersed in 

potassium bromide and pressed into pellets using pressure of 0.7 MPa [Rozlívková 

2011b, Trchová 2012b, Zhao 2013] in transmission mode in the range 4000–

400 cm−1 at 64 scans per spectrum at 2 cm−1 resolution using a fully computerized 

Thermo Nicolet NEXUS 870 FTIR Spectrometer with a DTGS TEC detector and 

electrical temperature controlled Ever-Glo lamp. An absorption subtraction technique 

was applied to remove the spectral features of silicon substrates from the spectra of 

the PANI films. All spectra were corrected for moisture and carbon dioxide in the 

optical path.  
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TGA coupled with FTIR of released gases [Morávková 2013a] was performed 

using a Pyris 1 TGA analyser (Perkin Elmer, USA) coupled with IR spectrometer 

Spectrum 100T FTIR (Perkin Elmer, USA) through a transfer line TL 8000 (Perkin 

Elmer, USA). The analyses were performed under nitrogen flow at 20 mL min−1. The 

heating rate was 10 °C min−1, from room temperature to 800 °C. The infrared 

spectroscopic cell and the coupling system to TGA were kept at 260 °C and 250 °C, 

respectively, to prevent condensation of evolved gases or vapours. FTIR spectra were 

continuously collected during the whole analysis in the range of 650–4000 cm−1 at 

2 scans per spectrum at 4 cm−1 resolution. 

In conducting polymers, the incident infrared radiation interacts not only with 

the vibrational excitations of the material but also with free charge carriers. These 

interactions create phenomena such as free-carrier absorption (above 2000 cm−1 

[Ping 1996, Epstein 1987]), excitation across energy gap, excitation transitions, or 

light scattering by free electrons. 

FTIR spectrum of standard PANI salt film (Figure 23) displays a broad 

absorption above 2000 cm−1 typical of conducting PANI. The absorption bands in the 

region 3400–2800 cm−1 are connected with nitrogen containing groups such as 

secondary amine (–NH–) and protonated imine (–NH+=), and reflect the organization 

of PANI chains via hydrogen bonding involving these groups [Trchová 2003, 

Trchová 2004, Šeděnková 2006]. In the region below 2000 cm−1 the spectrum 

exhibits maxima at 1612 cm−1 (–C=C– ring-stretching vibration), 1561 cm−1 

(benzenoid ring-stretching vibration), 1495 cm−1 (quinonoid ring-stretching 

vibration), 1305 cm−1 (vibrations of π-electron delocalized structures induced by 

protonation [Ping 1996]), 1240 cm−1 (C–N+• stretching vibration), 1140 cm−1 

(vibration of the –NH+= structure [Chiang 1987]) and 830 cm−1 (C–H deformations 

in para-substituted ring). 

In the FTIR spectrum of standard PANI base film (Figure 23) the polaron band 

above 2000 cm−1 is missing. The spectrum displays bands at 1591 cm−1 (quinonoid 

ring-stretching vibrations), 1501 cm−1 (benzenoid ring stretching vibrations), 

1379 cm−1 (C–N stretching vibration in the neighbourhood of a quinonoid ring), 

1308 cm−1 (C–N stretching vibration of a secondary aromatic amine), 1160 cm−1 

(aromatic C–H bending), 832 cm−1 (out-of-plane C–H deformations on substituted 

aromatic ring). 
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Figure 23. Fourier-transform infrared spectra of standard polyaniline thin films on 
silicon supports in the salt and base forms [Rozlívková 2011a]. 

The FTIR spectra of aniline oligomers presented in [Morávková 2013a, 

Tomšík 2013b, Zhao 2013] are close to the spectra reported by Surwade et al. 

[Surwade 2009a] for the compound produced by the reaction between aniline and p-

benzoquinone, and to the spectra reported for reported later [Ferreira 2011, Silva 

2011, Silva 2012]. The interpretation of this spectrum is still under discussion 

[Trchová 2006a, Trchová 2011, Silva 2011, Silva 2012, Stejskal 2012b].  

The FTIR spectra of gases released during TGA of aniline oligomers 

[Morávková 2013a] displayed the typical gas-phase structure with P and R branches 

of the bands. The Q branch was recognized for some gases, for NH3 vibrations it is 

dominant and split into two peaks. The bands of individual gases with their broad 

rotational structures were strongly overlapped, which obstructed the interpretation. 

The water vapour and carbon dioxide were not subtracted from these spectra, as they 

could be evolved from the sample. Indeed an increased signal of carbon dioxide was 

observed at higher temperatures. The interpretation has been provided using NIST 

(National Institute of Standards and Technology) Standard Reference Data, available 

on NIST Chemistry WebBook, http://webbook.nist.gov/chemistry/. 

The dispersion of PANI in potassium bromide in some of the presented works 

has certain disadvantages. The intermolecular interactions may be destroyed during 
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the dispersion in potassium bromide and possible hydrogen bonding vibrations are 

covered with the signal of residual humidity always present in potassium bromide. 

Some of the carbonized samples formed very hard lumps that are difficult to 

disperse. In such a case, the spectrum is distorted by reflections on the lump borders.  

Using attenuated total reflection (ATR) technique has also its drawbacks. ATR 

is a technique combining reflexion and absorption effects with depth of penetration 

into the sample depending on the wavelength and on the refractive index of the 

sample, which also may be wavelength dependent. It may be difficult to interpret, 

especially for the conducting samples. To obtain a good ATR spectrum the tight 

contact between the sample and ATR crystal is crucial, thus hard samples should be 

milled anyway.  

2.3. Raman spectroscopy 

The Raman spectroscopy is a convenient and often used method of studying 

PANI. The spectra of protonated forms are not overwhelmed by the spectrum of the 

sulfate anion as in FTIR. Signal enhancements, resonance Raman scattering and 

surface enhanced Raman scattering (SERS), can be used to detect and study 

a specific species even if it is in minority [Kneipp 2006, Everall 2007, Kumar 2012, 

Ghomi 2012]. 

Raman spectra were excited with an Ar-ion 514 nm (Spectra Physics) 

[Morávková 2012b, Morávková 2013b], HeNe 633 nm (Renishaw) [Rozlívková 

2011a, Rozlívková 2011b, Morávková 2012a, Morávková 2012b, Trchová 2012b, 

Morávková 2013a, Morávková 2013b, Tomšík 2013b, Zhao 2013] and diode 

785 nm lasers (Renishaw) [Rozlívková 2011b, Morávková 2012a, Morávková 

2012b, Morávková 2013a, Morávková 2013b] and collected on the Renishaw 

inVia Reflex Raman spectrometer. The research-grade Leica DM LM microscope 

with objective magnification 50x was used to focus the laser beam on the sample 

placed on an X–Y–Z motorized sample stage (step in XY axis 0.1 µm and in Z axis 

1 µm). The scattered light was analysed by the high efficiency 250 mm focal length 

spectrograph with the resolution up to 0.5 cm–1 per pixel, holographic gratings with 

2400, 1800 or 1200 lines mm−1 and respective edge filters were used with 

corresponding lasers. A Peltier-cooled (–70 oC) CCD detector (576x384 pixels) 

registered the dispersed light. The instrument is wavelength-calibrated at the 

beginning of every measuring day using a silicon standard. Response calibration with 
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a calibrated white-light lamp LS-1-CAL-220 (Ocean Optics) was performed after 

addition of each new element to the instrument. 

The Raman spectrum of standard PANI salt obtained with 633 nm excitation 

laser (Figure 24) displays bands at 1645 cm–1 (C–C stretching vibration of 

a benzenoid ring), 1595 cm–1 (C=C stretching vibration in a quinonoid ring), 

1515 cm–1 (N–H deformation vibration associated with semi-quinonoid structures), 

1385 cm–1 (C=N stretching in a quinonoid unit), 1345 cm–1 (C~N+• stretching in 

delocalized polaronic structures), 1260 cm–1 (C–N stretching vibration in various 

benzenoid, quinonoid or semi-quinonoid structures), 1230 cm–1 (benzene ring-

deformation vibration), 1170 cm–1 (C–H bending vibration of semi-quinonoid units), 

875 cm–1 (C–N–C wagging and/or benzene ring-deformation vibration), 810 cm–1 

(benzene ring-deformation vibration), 520 cm–1 and 420 cm–1 (out-of-plane ring-

deformation vibrations and C–N deformation vibration). The band at 575 cm–1 can be 

assigned to the vibrations of phenazine-like linkage formed during ageing or heating 

of the sample [Šeděnková 2008b, Ćirić-Marjanović 2008c]. 

2000 1500 1000 500

Q

Q

Crosslink

1415

1385

1595

1475

1345 1220

570 420520

575

1165

840

420

780
745 610

520

1595

1515 1170

1230
875

810

1260

1345

C−−−−H

C−−−−N

C=N

Q

C−−−−N

C−−−−H
C−−−−N+

C=N

C−−−−N

Q

PANI salt

In
te

ns
ity

Wavenumber, cm −−−−1

PANI base

B
1645

 

Figure 24. Raman spectra of standard polyaniline salt and base powders excited with 
633 nm laser line. The main bands can be attributed to Q – quinonoid units, B – 
benzenoid units, various C–N bonds, or phenazine-like linkages (crosslink). 
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In the Raman spectrum of standard PANI base excited with 633 nm laser line 

(Figure 24) there are bands at 1595 cm–1 (C=C stretching vibrations in quinonoid 

rings), 1475 cm–1 (C=N stretching vibration in quinonoid rings), 1415 cm–1 (ring-

stretching vibration of phenazine-like structures), 1345 cm–1 (C~N+• stretching in 

delocalized polaronic structures, in resonance with the used laser wavelength 

[Nacimento 2007]), 1220 cm–1 (C–N stretching vibration), 1165 cm–1 (C–H bending 

vibration on quinonoid rings), structural band with maxima at 840, 780, 745, 610, 

570, 520 and 420 cm–1 (C~N+• stretching in delocalized polaronic structures) 

[Šeděnková 2008b, Ćirić-Marjanović 2008c]. 

The Raman spectra of oligoanilines exhibit a strong fluorescence background 

(Figure 25). In the spectrum of aniline oligomers prepared in 0.2 or 1 M ammonium 

hydroxide on silicon support one can distinguish a shoulder at 1635 cm−1, and the 

peaks at 1595, 1540, 1362, and 616 cm–1 (Figure 25). The Raman spectrum is very 

close to the spectrum of the products formed by the reaction between aniline and p-

benzoquinone [Surwade 2009a] and the spectra observed in follow-up studies 

[Ferreira 2011, Silva 2011, Silva 2012].  
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Figure 25. Raman spectra of aniline oligomer microspheres prepared in 1 M 
ammonium hydroxide as produced and reprotonated with an excess of 0.1 M sulfuric 
acid measured with 633 nm excitation laser [Morávková 2013a]. 
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The interpretation of the spectrum is still under discussion in the literature 

[Ćirić-Marjanović 2008c, Ferreira 2011, Silva 2011, Silva 2012]. The shoulder at 

1635 cm−1 belongs most probably to the vibration of phenazine-like units, the 

contribution of the C=O stretching vibration of p-benzoquinone is possible [Silva 

2012]. The band at 1595 cm−1 belongs to the quinonoid ring stretching vibration 

mixed with benzene modes and the band at 1540 cm−1 to the quinonoid C−C 

stretching mixed with phenazine vibrations [Ćirić-Marjanović 2008c]. As you can 

see from the Figure 25, the oligomers are produced in a deprotonated form and can 

be protonated, the spectra of the acidic and basic form of the oligomers differ in the 

intensities of the bands, and the fluorescence disappears with protonation. 

The Raman spectra of various graphite-like materials are illustrated in Figure 

26. They always contain the so-called G-band around 1585 cm−1. It is interpreted as 

the stretching of any pair of sp2 carbon atoms both in rings and in chains [Nemanich 

1979, Pimenta 2007, Ferrari 2007]. Another important band is the D-band appearing 

around 1350 cm−1, associated with the in-plane six-membered-ring breathing mode. 

This band is symmetrically forbidden in perfect graphite and is activated by defects 

[Nemanich 1979, Pimenta 2007, Ferrari 2007].  

 

Figure 26. Raman spectra of various carbon materials with different level of ordering 
(HOPG = highly oriented pyrolytic graphite, RBM = radial breathing modes of 
a single-walled carbon nanotube) [Dresselhaus 2010]. 
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The D- and G-band intensity ratio (ID/IG) has often been used to quantify the 

system disorder, mostly in rather ordered systems [Ferrari 2007, Larouche 2010, 

Lucchese 2010], in which case each defect activates the breathing vibration of 

aromatic rings in the vicinity and the D-band increases in intensity (Figure 27, higher 

LD). However, for highly disordered material, which is the case in the current study, 

the D-band intensity is higher for a better ordered system, as virtually all conjugated 

rings  are activated, but any additional defects destroys the rings themselves, so that 

they can no longer undergo the vibration [Lucchese 2010, Jorio 2012] (Figure 27, 

lower La). A disorder-induced D’-band may appear at around 1620 cm−1 [Nemanich 

1979]. The G’-band at around 2690 cm−1 is an overtone of the D-band, but is 

permitted even in perfect graphite [Nemanich 1979]. A G+D combination band at 

around 2950 cm–1 can also be observed in the presence of defects [Nemanich 1979]. 

Raman microscopy can be used to asses some characteristic properties of the 

nanoscale. This advantage was used to determine different properties of various 

structures of thin PANI films [Rozlívková 2011a], for selective influencing 

an individual oligoaniline microsphere by laser beam [Morávková 2013a], and for 

checking structural homogeneity of the samples. 

 

Figure 27. The dependence of the intensity ratio of the G and D bands (ID/IG) on the 
average inter-defect distance (LD) [Lucchese 2010]. 

Both PANI and carbonaceous materials strongly absorb in the Vis–NIR region, 

thus they can be damaged by the laser beam due to overheating. Deprotonation of 

PANI salt, appearance of Raman features attributed to phenazine-like linkages, or 

even carbonization of PANI can take place. This effect is even enhanced by using the 
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Raman microscope, as the laser light is focused on a small volume of sample of poor 

thermal conductivity. For this reason, the spectra were always obtained following 

a strict procedure: Raman spectra were measured with increasing laser power until 

a change in the spectrum or in the sample appearance in the microscope was 

observed. The spectrum for the use in publication was then measured with the 

highest laser power that did not alter the sample. More accumulations were added, if 

the sample was stable against longer exposition to the radiation. 

Another effect connected to high absorption is the resonance Raman scattering. 

Depending on the laser excitation wavelength, either the spectral features of the 

benzenoid (514 nm) or quinonoid units (633 nm) in PANI are resonance-enhanced 

[Lindfors 2005]. If using the 785 nm excitation, various semi-quinone radical 

structure and oxidized quinonoid units of pernigraniline- and pseudomauveine base-

like units are in resonance. We suppose that such units belong to aniline oligomers 

produced at the first stages of aniline oxidation. Their spectral features enhancement 

was observed [Morávková 2012a, Morávková 2012b]. 

Photoluminescence can be an obstacle in obtaining Raman spectra. It is 

observed only in leucoemeraldine form of PANI [Wan 1995, Ram 1997] and is 

caused by the π–π* transition of the benzenoid units. The quinonoid units act as 

excitation traps, quenching the photoluminescence via intra-chain energy dissipation 

[Shimano 2001]. Aniline oligomers, on the other hand, can produce 

photoluminescence, as has been observed [Trchová 2012b, Morávková 2013a, 

Zhao 2013]. Their spectra displayed also equidistant bands caused by etalon effect, 

interference on a thin-film CCD detector [McCreery 1996]. 

For strongly absorbing materials the active volume of Raman light collection 

should be considered. The absorption of the excitation radiation by the material with 

absorption coefficient ( )0λα  causes the exponential decrease in intensity of the 

excitation light ( )xI  with depth of penetration x  into the material ( ) ( )xeIxI 0
0

λα−= . 

The intensity of the Raman signal is proportional to the intensity of the excitation 

radiation. We have used the backscattering geometry, so the Raman scattered signal 

has to travel the distance x  through the material again. The wavelength and thus the 

absorption coefficient ( )Rλα  differ slightly. The intensity of Raman signal from 

a place in depth x  is thus ( ) ( )xx ReeI λαλα −− 0
0 . For higher α, the depth giving reasonable 

signal (≈°1/α) is lower. The signal from the parts of the sample closer to the objective 
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is reflected in the spectra more than from the parts further. This causes the difference 

between the spectra of the top and the bottom of the thin PANI film [Tomšík 

2013b], and the weak signal from MWCNT in MWCNT/PANI composites 

[Morávková 2012b]. 

Surface enhanced Raman scattering offers the great advantage of selective 

enhancement of the signal from species adsorbed on or very close to (up to several 

nm) a metal surface. It is a process of two origins, electromagnetic and chemical. The 

electromagnetic enhancement consists of the excitation of localized surface plasmon-

polaritons in the metallic nanoparticles or at roughened metal surface. The intensity 

of Raman emission excited by the electromagnetic field around a metal nanoparticle 

is related to the dielectric constant of the metal (Ag, Au and Cu being the most 

effective), size and shape of the nanoparticle, laser excitation wavelength, and the 

distance of the molecule from the metal surface [Kneipp 2006, Kumar 2012]. The 

chemical contribution to the surface enhancement is caused by the formation of 

interactions between the adsorbed molecules and the metallic surface. The process is, 

as a rule, accompanied by a charge transfer from metal to adsorbed molecule or from 

the adsorbed molecule to metal [Kneipp 2006, Kumar 2012]. The chemical 

molecule/metal interface effects depend to a considerable extent on the types of 

molecules and metals. 

From the IUPAC recommendation [Schrader 1997]: “The influence of small 

metal (silver, gold, copper) particles such as colloids or roughened surfaces on the 

elementary process of Raman scattering can enhance the intensity of the Raman 

effect by several orders of magnitude. This effect is used in surface-enhanced Raman 

scattering.” The label “SERS” can be used only if the electromagnetic mechanism is 

involved, but an enhancement of Raman signal takes place also for smooth metal 

surfaces, where the chemical mechanism is operative. Such a situation appeared for 

PANI and aniline oligomers on smooth gold surfaces [Rozlívková 2011a, 

Morávková 2013a]. 

2.4. UV–Visible spectroscopy 

UV–Vis spectra of the samples in the form of thin in-situ polymerized films on 

quartz glass [Rozlívková 2011a, Morávková 2013a, Morávková 2013b, Tomšík 

2013b] or solutions in N-methylpyrrolidone [Trchová 2012b, Zhao 2013] were 

recorded with a Lambda 20 spectrometer (Perkin Elmer). Polyaniline is soluble only 
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in concentrated sulfuric acid and N-methylpyrrolidone, and even using these solvents 

care must be taken that the sample is dissolved completely, so that all fraction of the 

sample are reflected in the spectrum. 

Spectroscopic ellipsometry of thin PANI films on silicon supports and their 

carbonized counterparts [Morávková 2012b] were performed using variable angle 

spectroscopic ellipsometer Woollam M-2000DI in a wavelength range 192–1690 nm, 

and an angle of incidence of 55°, 65° and 75° in air at room temperature. The data 

were interpreted in CompleteEASE (J.A. Woollam Co., Inc.) by assuming the 

isotropic layer with surface roughness and thickness non-uniformity. Imaginary part 

of the dielectric function, extinction coefficient k, was fitted as a series of Gaussian 

oscillators. Real part of the dielectric function, refractive index n, was then computed 

using Kramers-Krönig relations. Despite the simplicity of the model, which has been 

applied due to low quality and inhomogeneity of carbonized samples, the extinction 

coefficient k well corresponded to UV–Vis absorption for PANI salt and base. 

The UV–Visible spectrum of standard PANI salt displays three distinctive 

bands (Figure 28). The maximum at 336 nm corresponds to the π–π* transition of 

benzenoid units, the next two bands at 426 and 846 nm are connected with transitions 

involving polaron states (π–polaron and polaron–π*) [Huang 1993, Gruger 2003, 

Wallace 2003, Petrova 2012]. Absorption spectrum of standard PANI base exhibits 

a peak at 323 nm (π–π* transition) and a band with maximum at 609 nm (n–π 

transition, corresponding to the formation of intermolecular charge transfer 

excitation) [Huang 1993, Wallace 2003, Gruger 2003, Petrova 2012] (Figure 28). 

The aniline oligomers formed in the early stages of aniline oxidation display 

two bands in their UV–Vis spectra, at 276 and 370 nm (Figure 29, after 1 hour) 

[Zhao 2013]. There is no consensus for the assignment of these peaks [Venancio 

2006, Zujovic 2010, Ding 2010]. The absorption at 276 nm can be attributed to the 

π–π* transition of aniline. The band at 370 nm may be due to molecules containing 

a phenazine-like structure [Fernández 1997]. In the spectra of aniline oligomers 

formed after another 24 hours of reaction (Figure 29, after additional 24 hours) new 

band with maximum about 520 nm appears. It can be connected with linear 

pernigraniline-like [Albuquerque 2004] or protonated phenazine-like structures 

[Fernández 1997, Sousa 2008]. Branched benzoquinone monoimine structures 

formed by Michael-type addition are an alternative explanation of all three bands 

[Surwade 2009a, Ferreira 2011, Silva 2011].  
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Figure 28. UV–Vis absorption of thin films of standard polyaniline salt and base on 
quartz windows [Rozlívková 2011a]. 
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Figure 29. UV–Vis spectra of early-stage product of aniline oxidation of aniline 
(12.5 mmol) with ammonium peroxydisulfate (2.5 mmol) in the presence of para-
toluensulfonic acid in water-ethanol mixture extracted after 1 hour of reaction and 
after additional 24 hours of reaction, dissolved in N-methylpyrrolidone [Zhao 2013]. 

Carbonaceous materials display practically no features in their UV–Vis spectra, 

the absorbance decreases monotonically with increasing wavelength [Morávková 

2013b]. The absorbance is very high, especially in the UV-region, and this decreases 

the reliability of the spectra. On the other hand, the ellipsometric measurements 

[Morávková 2012a] display absorption maxima at 215, 260, 310 and 470 nm for 

carbonized PANI salt and at 235, 300 and 435 for carbonized PANI base. The bands 
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may be connected with residual aniline oligomers buried under the carbonized PANI 

layer. However, the ellipsometric measurements were also obstructed by the strong 

absorption of the carbonized samples. 

2.5. Wide-angle X-ray scattering 

Wide-angle X-ray scattering (WAXS) diffraction patterns were obtained using 

a powder diffractometer HZG/4A (Seifert GmbH, Germany) in the transmission 

mode. The radiation CuKα (wavelength λ=1.54 Å, 40 kV, 45 mA) monochromatized 

with Ni foil (β filter) was used for the diffraction. The measurement was done in 

range 2Θ = 1.4–40o with step 0.1o. The exposure time at each step was 10 s. Degree 

of crystallinity were estimated using integral intensities diffracted by crystalline and 

amorphous phases. 

The PANI tends to be rather amorphous than semicrystalline [Pouget 1991, 

Stejskal 1998, Rozlívková 2011b, Varma 2012, Morávková 2013b], but the aniline 

oligomer often crystallize [Zujovic 2010, Zujovic 2011, Laslau 2011, Morávková 

2013a, Zhao 2013]. They display various diffraction patterns modifications as they 

are probably a mixture of slightly different species [Morávková 2013a]. 
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3. Aims of the Thesis and their fulfilling 

The aims of this Thesis were to study two topics – (1) the formation and 

structure of thin PANI films and (2) the carbonization of the products of aniline 

oxidation. The information on these materials was to be gained by analysing the 

molecular structure of the materials with FTIR and Raman spectroscopies. The 

results of the experiments authoress has conducted during her study were published 

in peer-reviewed journals. The individual articles are attached at the end of the thesis 

and represent the results-part of this Thesis.  

At first the ageing [Rozlívková 2011a] and bottom side [Tomšík 2013b] of 

thin PANI films was studied. The study of polyaniline films has led to the interest in 

aniline oligomers, their molecular structure, and their self-assembling. The oligomers 

adsorb at available surfaces during the first stages of aniline oxidation, and control 

the growth of the PANI film. The mechanism of film formation was already 

proposed [Sapurina 2001], but in the presented papers, the differences of the 

molecular structure of the bottom layer from the rest of the film have been observed 

by Raman and X-ray photoelectron spectroscopies.  

The aniline oligomers were studied further in two separate sets of experiments 

using different reaction conditions of aniline oxidation. Flower-like morphology was 

formed in mildly acidic medium in the presence of para-toluensulfonic acid [Zhao 

2013] and microspheres in alkaline medium [Trchová 2012b]. Vibrational spectra of 

the oligomers prepared in these two sets of experiments are not identical, but very 

similar. The interpretation of the FTIR and Raman spectra and the molecular 

structure of the oligomers are still under discussion in the literature. 

Carbonization experiments were started with heating granular PANI base 

(powder) [Rozlívková 2011b] and PANI salt films [Morávková 2012a] to various 

temperatures and following the changes of their molecular structure using vibrational 

spectroscopies. At about 100 °C, the material loses humidity, at about 200 °C, 

hydrochloric acid evaporates from PANI hydrochloride. The formation of phenazine-

like crosslinks was also observed. At temperatures above 600 °C for PANI powder 

and 400 °C for PANI film the material is transformed to a carbon-like material. 

From this description of carbonization process, it seems that the PANI 

hydrochloride and base should behave identically at higher temperatures, as PANI 

hydrocholride is thermally deprotonated to PANI base at first, but the carbonization 
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of MWCNT coated with both PANI salt and base has shown otherwise [Morávková 

2012b]. The PANI salt-coated MWCNT transformed into more ordered structures 

than PANI base-coated MWCNT and it stabilized the molecular structure of the 

MWCNT. 

The MWCNT were dispersed in the reaction mixture containing ethanol, which 

may also have some influence on the carbonization of PANI. This was tested and 

confirmed by an experiment comparing carbonization of PANI salt and base 

prepared with and without the presence of ethanol [Morávková 2013b]. The PANI 

salt prepared in the presence of ethanol transformed into a material displaying 

a Raman spectrum corresponding to more ordered carbon material then all other 

carbonized materials presented in this Thesis and the literature [Ćirić-Marjanović 

2013]. 

Thermal treatment is not only a method of preparation of a carbonaceous 

material, but also an experimental method capable of reaching information on the 

original sample. This is demonstrated in the last paper of the authoress concerning 

carbonization of aniline oligomer microspheres [Morávková 2013a]. The 

microspheres were shown to be formed of a core containing aniline and/or aniline 

dimers and a shell consisting of higher aniline oligomers and eventually PANI. At 

about 180 °C, the core material is released out of the microspheres and becomes 

available for studying. 

The topics originally set (PANI films and PANI carbonization) were studied, 

and led the authoress to another important topic (aniline oligomers) and to some 

interesting findings.  
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4. Conclusions 

As a conclusion, the results of the presented publications are summarized and 

their asset to the problem of conducting polymers is indicated.  

The stability of thin PANI films against ageing on air was studied [Rozlívková 

2011a]. It was found that the PANI films prepared during the dispersion 

polymerization on silicon and gold supports are more resistant towards chemical 

deprotonation by ammonium hydroxide in comparison with the films prepared in the 

standard way during the precipitation polymerization. The gold supports make the 

film more resistant toward deprotonation by ammonium hydroxide and stabilize it 

during the treatment by laser beam. The ageing in air starts with a slight 

deprotonation, which is followed by cross-linking and oxidation. From the different 

behaviour of the films and precipitates or by the comparison of dispersion (thinner) 

and standard (thicker) films of PANI salt and PANI base it was concluded that the 

parts of the film closer to the support are less affected by laser heating. This applies 

especially to gold supports. By comparison of their spectra with the Raman spectra 

of the first products of aniline oxidation [Ćirić-Marjanović 2008c] and their observed 

resistance toward the deprotonation and ageing [Šeděnková 2008a, Šeděnková 

2008b] it was concluded that the molecular structure and stability of the films is 

determined by oxidized oligomeric products which are adsorbed on the surface of the 

silicon and gold at the first stages of the reaction. Despite the differences, all films 

were found to be relatively stable on air. This environmental stability rises the 

chance that PANI films would be stable enough for use in real devices. The laser 

beam has shown to influence the sample even using low intensities and a method of 

assuring not-influenced spectra obtaining was proposed. 

To study the layer close to the substrate, PANI films produced in-situ during 

the oxidation of aniline were prepared on a polystyrene surface and subsequently 

transferred to PVP films [Tomšík 2013]. The different molecular structure of the top 

and bottom sides of the films was reflected in Raman and X-ray photoelectron 

spectroscopies. While the top surface of the film corresponds to the protonated 

emeraldine form of PANI, the bottom part is composed of non-protonated phenazine-

like and quinonoid constitutional units. These findings confirm the model of film 

growth in which phenazine-like nucleates adsorb at available surfaces and later 

stimulate the growth of PANI chains. 
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Aniline oligomers were prepared by the oxidation of aniline in mildly acidic 

media [Zhao 2013]. They were composed of aniline tetramers to hexamers. Due to 

good structural uniformity in the early stages of oxidation, they are crystalline. 

Aniline oligomers were insoluble and produced micrometre-sized flower-like 

objects. A model of directional growth was offered to explain the formation of the 

leaf-like morphology. Oxygen-containing molecules are also present in the oxidation 

products because of a co-oligomerization of aniline with p-quinoneimine or related 

co-monomers. The oxidation products obtained at higher conversions are structurally 

polydisperse and, consequently, they do not form well-defined supramolecular 

assemblies. By the observation, that the early aniline oligomers were more successful 

in forming an ordered system, the idea that the early oligomers are the species 

responsible for the formation of various morphologies was supported. 

Oligoaniline microspheres were prepared by the oxidation of aniline with APS 

in 0.1, 0.2, 0.5, and 1 M ammonium hydroxide and in water [Trchová 2012b]. Their 

formation on silicon and gold supports has been studied by FTIR and Raman 

spectroscopies in combination with optical and electron microscopic techniques, and 

UV–Vis spectroscopy. In lower concentration of ammonium hydroxide, PANI 

fraction was observed in the microspheres. The UV–Vis absorption spectroscopy was 

found to be the most sensitive to the PANI fraction presence. Raman spectra of the 

products prepared in 0.1 M ammonium hydroxide or in water when the pH drops to 

acidic values are strongly enhanced by the gold support. The oligomers are expected 

to be adsorbed due to the interaction between the molecule and the gold surface, and 

the chemical mechanism of surface enhancement of the Raman features of the first 

products of oxidation was observed. The protonation of the oligomers was shown to 

play a crucial role in this process; and taking the protonation in account may help to 

shed light on the molecular structure of aniline oligomers in future studies.  

Nitrogen-containing carbonaceous material has been obtained by the 

carbonization of the PANI base in a nitrogen atmosphere after heating at 650 °C for 

1 h [Rozlívková 2011b]. The granular morphology was retained and only some 

shrinkage was observed. The mass decreased to 40–50 wt. %. The content of 

nitrogen, ~13–15 wt. %, was not significantly affected by carbonization, and the 

fraction of hydrogen atoms decreased with increasing annealing temperature. The 

conductivity of the carbonized material was low for carbonizations below 600 °C, 

lower than 10–10 S cm–1, and increased to 10–4 S cm–1 after treatment at 800 °C. 
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Carbonization at 650 °C for 1 h has been suggested for the optimum conversion of 

PANI to carbonaceous material. The gradual evolution of the FTIR and Raman 

spectra of PANI into the G and D bands characteristic of a carbon-like material was 

described. After heating at 650 oC, the G and D bands are already well developed and 

the carbonization was proved.  

Polyaniline films were deposited in situ during the oxidation of aniline on 

ceramics or silicon. Films of the PANI hydrochloride convert to nitrogen-containing 

carbon analogues at elevated temperatures in an inert atmosphere [Morávková 

2012a]. The presence of nitrogen atoms in the carbonized films has been proven by 

FTIR and Raman spectroscopies, especially as crosslinked phenazine-like structures. 

Oligomers deposited on the support in the early stages of aniline oxidation were 

preserved by the PANI layer during heating. The hydrophilicity of films increased as 

the temperature the films were exposed to increase from 200 to 500 °C. At higher 

temperatures, no residual film was found.  

A coaxial coating of PANI hydrochloride was prepared on MWCNT in water–

ethanol mixture in-situ during the oxidation of aniline. The deprotonation of 

MWCNT/PANI salt to MWCNT/PANI base by treating with ammonium hydroxide 

was shown to lead to the materials with lower thermal stability at high temperatures 

than MWCNT/PANI base obtained by thermal ageing as it has been shown by TGA 

[Morávková 2012b]. During the chemical deprotonation, the contacts of the 

MWCNT and the PANI base coating break due to volume contraction. This does not 

happen during thermal deprotonation at elevated temperature. Before this study, only 

PANI base carbonization was typically studied, with a presumption that the PANI 

hydrochloride (standard PANI salt defined by Stejskal et al. [Setjskal 2002a]) would 

deprotonate anyway. This study demonstrates that part of the information is lost by 

using such an approach. 

Raman spectra suggest that the carbonization of MWCNT/PANI composite at 

650 °C in inert atmosphere leads to a more ordered carbon-like structure compared 

with original MWCNT [Morávková 2012b]. The coating of PANI salt deposited on 

the surface of MWCNT thus has a protective role and enhances the structural 

stability of MWCNT at elevated temperatures. This effect could be used in flame-

retardant coatings. On the contrary, MWCNT coated with PANI base become more 

disordered material after the exposure to 650 °C. The Raman spectra showed that 

PANI salt interacts with MWCNT via the charge-transfer, especially with the 
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phenazine-rich nucleation centres, which adsorb on the surface of the MWCNT 

during the in-situ polymerization of aniline. The interaction of MWCNT surface with 

PANI stabilizes the polaronic structure of the doped PANI by π−π* interactions. 

Ethanol present in the reaction medium during the oxidation of aniline 

stimulates the formation of one-dimensional morphology. Raman spectra indicate 

that, after carbonization, the PANI salt prepared in the presence of ethanol converts 

into a more ordered graphitic structure [Morávková 2013a]. In the Raman and FTIR 

spectra, the peaks associated with aniline oligomers were more pronounced for the 

PANI prepared in the presence of ethanol. We conclude that ethanol acts to stabilize 

PANI during its synthesis and the chain organization is preserved during 

carbonization at 650 °C. Negligible stabilization effect of ethanol was observed for 

PANI base. These observations demonstrate that the carbonization of PANI prepared 

with various approaches could lead to interesting materials. However, their 

applicability is still to be tested. 

Aniline oligomers were prepared by the oxidation of aniline under alkaline 

conditions in 0.2 or 1.0 M ammonium hydroxide. In the latter case, the microspheres 

having a core composed of aniline and/or aniline dimers and a shell of higher 

oxidized aniline oligomers were produced, in the former, the shell consisted also of 

PANI [Morávková 2013b]. This suggests the model of formation of the 

microspheres on the microdroplets of aniline present in the reaction medium. The 

spherical morphology was completely destroyed and replaced by two-dimensional 

plates during heating to temperatures above 300 °C in an inert atmosphere. FTIR and 

Raman spectra recorded after heating suggest that the content of the microspheres, 

aniline and/or melted aniline dimers, is released outside the microspheres already 

below 200 °C. The material composed of the mixture of shells and their melted cores 

then condenses and forms plates upon cooling. After heating to above 500 °C, 

Raman spectra confirm the conversion of the aniline oligomers to nitrogen-

containing disordered carbon. Nitrogen atoms participate in C–N and C=N bonds, 

phenazine-like units, and cross-linked structures. This study demonstrates the use of 

heating or even carbonization to study the original material’s structure and 

composition. 

The presented results stimulate further research in the area of aniline oligomers 

formation and the influence of heat and radiation on the molecular structure of 

conducting polymers and their oligomers. Papers concerning the carbonization of 
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poly(para-phenylenediamine) and another concerning the molecular structure of the 

species present in the reaction medium at various stages of the aniline oxidation are 

being created. The study of the possibility of writing on PANI films by the 

deprotonation or carbonization the film with a laser beam, proving or disproving of 

the idea of phenazine-like crosslinks formation during ageing or thermal treatment, 

carbonization of PANI salts other than hydrochloride, or the study of possible 

charge-transfer between PANI and organic dyes (similarly as between PANI and 

MWCNT) are examples of experiments planned for the following years. 
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Figure S1. FTIR spectra of the gases released during TGA coupled with FTIR 

spectroscopic measurements. (Interpretation has been provided using NIST (National 

Institute of Standards and Technology) Standard Reference Data, available on NIST 

Chemistry WebBook, http://webbook.nist.gov/chemistry/) 
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Figure S2. Evolution of the infrared spectra of aniline oligomers prepared by the 

oxidation of aniline with ammonium peroxydisulfate in 1.0 M ammonium hydroxide 

after exposure to various temperatures. 
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Figure S3. Evolution of the Raman spectra of aniline oligomers prepared in 1.0 M 

ammonium hydroxide after exposure to various temperatures. Excitation lines (a) 

633 nm, and (b) 785 nm. 
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Figure S4. Raman spectra of aniline oligomers prepared in 0.2 and 1.0 M 

ammonium hydroxide as produced, and after exposure to 0.1 NH4OH 

(deprotonation) and then 0.1 M H2SO4 (reprotonation). Excitation line 633 nm. 


