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Abstract 
 
Polyaniline–silver composites combine the electrical properties of metals and the material properties 
of polymers. Polyaniline is one of the most studied conducting polymers on account of high electrical 
conductivity (units S cm–1), environmental stability, ease of preparation from common chemicals, 
good processibility and low cost. Silver is well known because of its highest conductivity among 
metals (500 000 S cm−1), antibacterial properties, and low price compared to other noble metals. 
Aniline was oxidized with silver nitrate in acidic aqueous medium to polyaniline–silver composite. 
The presence of different organic acids was studied. The most promising became methanesulfonic acid 
solution, in which most problems (such as inhomogeneity of samples and limited solubility of silver 
salts) got solved. The oxidation of aniline with silver nitrate is slow and takes over several months to 
get a reasonable yield. An addition of a small amount of p-phenylenediamine, even 1 mol. % relative 
to aniline, shortens the reaction time to several hours or even to tens of minutes. Small amounts of 
ammonium peroxydisulfate had similar effect. The content of silver in composites is fixed by the 
stoichiometry of reaction, and composites always contain ≈70 wt.% of silver. By using mixed 
oxidants, silver nitrate and ammonium peroxydisulfate, silver content can be controlled. The 
molecular structure of composites was characterized by Fourier-transform infrared, Raman and UV–
visible spectroscopies. Morphology of the sample was investigated by optical and transmission 
electron microscopies. Molecular weight was estimated by gel permeation chromatography operating 
with N-methylpyrrolidone and calibrated with polystyrene standards. For measurement of 
conductivity, four-point van der Pauw method was used. The content of silver was determined by 
thermogravimetric analysis or by ash. The highest conductivities of composites were of the order of 
1 000 S cm–1.  
 

Abstrakt 
 
Kompozity polyanilinu se stříbrem kombinují elektrické vlastnosti kovů a materiálové vlastnosti 
polymerů. Polyanilin je jedním z nejvíce studovaných vodivých polymerů díky vysoké elektrické 
vodivosti (jednotky S cm−1), stabilitě, jednoduchosti přípravy z běžných chemikálií, dobré 
zpracovatelnosti a nízkým nákladům syntézy. Stříbro je dobře známo pro svou vodivost, nejvyšší mezi 
kovy (500 000 S cm−1), antibakteriální vlastnosti a nízkou cenu, ve srovnání s jinými drahýmy kovy. 
Anilin byl oxidován dusičnanem stříbrným ve vodném kyselém prostředí za vzniku kompozitu 
polyanilin–stříbro. Byl studován vliv různých organických kyselin a jejich koncentrace. Nejslibnější se 
ukázala kyselina methansulfonová, pro níž se podařilo vyřešit četné problémy, jako jsou nehomogenita 
vzorků a omezená rozpustnost stříbrných solí. Oxidace anilinu dusičnanem stříbrným je pomalá a trvá 
i několik měsíců, nežli se získá přiměřený výtěžek. Přidání malého množství p-fenylendiaminu, i jen 
1 mol.% relativně vzhledem k anilinu, zkracuje reakční dobu na několik hodin nebo dokonce i desítky 
minut. Malé množství peroxodvojsíranu amonného má podobný účinek. Obsah stříbra v kompozitu je 
dán stechiometrií reakce, a kompozity vždy obsahují ≈70 hm.% stříbra. Použitím smíšených oxidantů, 
dusičnanu stříbrného a peroxodvojsíranu amonného, lze obsah stříbra ovládat. Molekulární struktura 
kompozitů byla charakterizována pomocí FTIR infračervené, Ramanovy a UV–viditelné 
spektroskopie. Morfologie vzorku byla studována optickou a transmisní elektronovou mikroskopií. 
Molekulová váha byla odhadnuta gelovou permeační chromatografií v N-methylpyrrolidonu 
s použitím polystyrenových standardů. Pro měření vodivosti byla použita čtyřbodová van der Pauw-
ova metoda. Obsah stříbra byl stanoven pomocí termogravimetrické analýzy nebo popela. Nejvyšší 
vodivosti kompozitů dosahovaly řádu 1 000 S cm–1. 
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1. INTRODUCTION 
1.1. Polyaniline  

Conducting polymers are organic polymers that conduct electricity; they may exhibit metallic 
conductivity but usually they are semiconductors.  A common feature of conducting polymers 
is the presence of conjugated double bonds along the polymer backbone. Polyaniline (PANI) 
is one of the most famous conducting polymers on account of high electrical conductivity, 
excellent electronic and optical properties, good redox and ion-exchange activity, 
environmental stability, ease of preparation from common chemicals and relatively low cost. 
Polyaniline exists in a variety of forms [1], differing in the degree of oxidation or extent of 
protonation. The most important form of PANI, protonated emeraldine, is typically prepared 
by the chemical oxidation of aniline or anilinium salts, such as aniline hydrochloride or 
aniline sulfate, with ammonium peroxydisulfate (APS), the most common oxidant, in acidic 
aqueous medium [1–3]. It is green, stable and conducting (conductivity σ ≈ 4 S cm–1 [4]). 
Great variety of properties of PANI has led to a large array of applications that include 
electromagnetic shielding for computers and other electronic instrumentation [5, 6], gas 
sensors to identify the presence of small quantities of various gases [7], transparent electrodes 
[8], battery applications [9, 10], membranes to separate ions from solutions [11], 
potentiometric all-solid-state ion-selective electrodes [12], anti-corrosion coatings [13], and 
many others. For that reason, the fundamental research of PANI is needed. 
 

1.2. Conducting polymers–noble metals composites 
The composites of conducting polymer such as PANI, polypyrrole, poly(p-
phenylenediamine), poly(3,4-ethylenedioxythiophene),  and noble metals, e.g., silver, gold or 
platinum combine materials properties of polymers and electrical properties of metals [14–
25]. They also contain two types of electric conductors, conducting polymers are organic 
semiconductors and metals are metallic conductors.  
Conducting polymers–noble metals composites can be prepared by five basic ways:  

• by simple blending of noble metals nanoparticles with conducting polymers [17];  

• by the reduction of noble-metal compounds with polymer, such is PANI (Figure1) 
[18–20];  

NH NH N
H

N
H n

 

N N N N n
 

+ +

A A
- -

2 n AgNO3

2 n Ag + 2 n HNO3 + 2 n HA

 

Figure 1. Emeraldine salt reduces silver nitrate to metallic silver. It is oxidized to the 
pernigraniline form at the same time. 
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• by the polymerization of monomer in the presence of preformed metal nanoparticles 
[21];  

• by the oxidation of corresponding monomer with noble–metal compounds (Figure 2) 
[15, 22]; 

NH2

NH NH N
H

N
H

n

 

4 n 10 n AgNO3 

NO3 NO3

+ +

- -

+

+ 10 n Ag + 8 n HNO3
 

Figure 2.  Aniline is oxidiezed with silver nitrate to PANI nitrate. Metallic silver is produced 
at the same time; nitric acid is a by-product [15]. 

• by the electrodeposition or chemical deposition of metal, such as silver [23], gold [24] 
or platinum [25] on conducting polymer.  

In the last years, the interest in polyaniline–silver composite is growing (Web of Science lists 
169 papers); the presence of silver still improving their conductivity. Silver exhibits the 
highest electrical and thermal conductivities among all the metals; conductivity σ = 6.3×105 
S cm–1 at 20 °C [26], and it has relatively low cost compared to other noble metals. Silver can 
be present in the composites as microspheres, nanotubes, nanofibers, nanorods or nanowires, 
or various microparticles [15, 21, 27]. Electrical properties of such composites can be 
determined by the proportion of both components or by they morphology [28].  

1.3. Applications of composite materials 
Composites materials based on conducting polymer and noble metals are potentially useful in 
many applications. The most understandable is the metal recovery from the industrials waste 
waters [29] that produces such composites. PANI is able to reduce silver ions from the 
aqueous solution of their compounds to metallic silver [30]. Silver is well known for its 
antibacterial properties [31] and a similar activity has been reported for PANI [32]. The 
combination of silver nanoparticles and PANI has a synergistic antimicrobial efficiency on 
Escherichia coli, gram-positive Staphylococcus aureus and fungous yeast bacteria [33]. 
Incorporation of silver may be also a source of modified selectivity or sensitivity of various 
sensors. Gas sensors have a wide range of applications, such as industrial production, food 
processing, environmental monitoring, health care, etc. PANI–Ag composites have been offer 
in the literature as sensors for acetone [34], ethanol [19], toluene [35] and ammonia [36] 
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vapors. The incorporation of silver nanoparticles into PANI reduced the response time of the 
order of tens of minutes. It is well known that PANI has been proved to catalyze various 
organic reactions, and similar effect is expected from PANI composites. For example, the 
electrocatalytic activities of PANI–Ag materials have been tested for the determination of 
hydrazine in environmental samples within the concentration range of 20–100 µM [37]. 
Usually conducting polymers have high specific capacitance values and can be an alternative 
in the development of energy-storage devices. The PANI–Ag composite with ultrahigh 
specific capacitance, higher than that of PANI alone and stability with 94 % retention of its 
original capacitance after 2000 cycles have been reported [38]. Composite materials 
containing silver particles can be also used in neural tissue engineering, artificial muscles, and 
various monitoring devices [39], conducting printing inks [40] and many others. 
 

2. AIMS OF THE STUDY 
The main focus of this Thesis was to develop new highly conducting hybrid composites 
containing conducting polymers, especially PANI, and noble metal, such as silver. The 
specific aims of the study were to prepare materials with should be: 

• high conducting (conductivity > 103 S cm−1);  

• produced in reasonable time (hours); 

• macroscopically homogenous; 

• not contaminated by other components, e.g., insoluble silver salts. 

In order to carry out these tasks, PANI–Ag composites were prepared. Different types of 
acidic media (acetic, formic, camphorsulfonic, methanesulfonic, sulfamic, or toluenesulfonic 
acids solutions) have been investigated. Only methanesulfonic acid solution, however, were 
found to be a good medium for the preparation of PANI–Ag composites. Aniline was 
oxidized with silver nitrate using a one-step reaction procedure. Highly conducting materials 
(conductivity σ = 880 S cm–1) with satisfactory yield were obtained. Adding of the small 
amount of p-phenylenediamine as was expected to reduce the reaction time from a few 
months to several hours. In order to obtain composites with different amount of silver 
particles, mixture of two oxidants, silver nitrate and APS have been studied. Possible 
application has been proposed. 

Obtained PANI–Ag composites have been studied by array of methods in order to understand 
the relation between electrical properties and molecular, macromolecular, or supramolecular 
structure. Molecular structure was analyzed by UV-Vis, FTIR and Raman spectroscopies. To 
determine the molecular weight, gel permeation chromatography was used. Optical, scanning 
(SEM) and transmission (TEM) electron microscopies were employed to see the 
supramolecular structures and morphology. Materials properties have been studied by 
thermogravimetric analysis (TGA), conductivity and its temperature dependence, and density 
measurements.  

 



 7

3. RESULTS AND DISCUSSION 

3.1.  Reaction medium for preparation of polyaniline–silver composites 
The oxidation of aniline with silver nitrate is the most direct way to obtain PANI–Ag 
composites [15]. In this way two non-conducting chemicals, dissolved in acidic aqueous 
medium yield a mixture of two conductors, PANI and silver. The oxidation of aniline has to 
be carried out in strongly acidic media [41], pH<2.5, in order to produce the conducting form 
of PANI. As most acids precipitate silver ions, the choice is limited mainly to nitric, 
carboxylic or sulfonic acids. The polymerization in the presence of nitric acid leads to PANI–
Ag composites with conductivity of the order 103 S cm–1, has been demonstrated in the 
literature [15]. The sample, however, was not homogenous, and contained macroscopic silver 
flakes and the reaction was slow.  
 

3.1.1. Oxidation in the carboxylic acids solutions 
Carboxylic acids are the most common type of organic Brønsted acids because they are 
proton donors, characterized by the presence of at least one carboxyl group. The simplest 
examples are formic acid, H·COOH, and acetic acid, CH3·COOH. Due to successful 
oxidation of aniline with APS in acetic acid solution to PANI [42], these solutions have been 
selected as reaction media for the oxidation of aniline with silver nitrate [A1]. Concentration 
of monomer and oxidant was fixed: 0.2 M aniline was polymerized with 0.5 M silver nitrate 

in the aqueous reaction medium containing various concentrations of acetic acid (from 0 to 
99%) for four weeks. UV-Vis spectroscopy clearly demonstrates that true PANI–Ag 
composites have been produced only at moderate concentration of acetic acid, 0.2–1 mol L–1 
(Figure 3).  
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Figure 3.  The UV-Vis spectra of the oxidation products converted to the corresponding bases 
and dissolved in NMP prepared by the oxidation of 0.2 M aniline with 0.5 mol M silver 
nitrate in the solutions of acetic acid of various concentrations. G stands for glacial acid. The 
molar concentration of acetic acid is shown at the individual curves [A1]. 



 8

The absorption maxima at 574–618 nm are close to 630 nm, typical of standard PANI base 
[4].  Products prepared at high acid concentration contained mainly aniline oligomers. This is 
confirmed also by FTIR and Raman spectroscopies. They reflect also in the presence of silver 
acetate, formed in the reaction mixture. The highest conductivity, 3550 S cm–1, was found for 
the sample prepared in 1 M acetic acid. It is tempting to associate this result with the presence 
of silver nanowires. The decisive role of the silver in the conductivity of composites is also 
proved by the temperature dependences, which correspond to metallic character of the 
samples. Polyaniline was present as nanotubes or nanobrushes composed of thin nanowires, as 
well as other morphological objects. Silver is produced mainly in clusters of nanoparticles 
having 30–50 nm size, nanowires or nanorods about 80 nm thick, uniformly coated with 
PANI, and as the marble-like texture decorating some objects. 

On account of notable fraction of aniline oligomers in the samples, in next series of 
experiments, formic acid solutions have been choosen as reaction media [A2]. In the contrast 
to acetic acid, however, formic acid is able to reduce silver nitrate to metallic silver, similarly 
to aniline. This makes the reaction chemistry rather complex. When silver nitrate was 
dissolved in 99 % formic acid, exothermic reaction took place and red colour of colloidal 
silver nanoparticles was observed: 

HCOOH + 2 AgNO3               2 Ag + CO2 + 2 HNO3 

When the solution of formic acid was diluted and aniline was added, this reaction was 
inhibited. The formation of PANI–Ag composites was confirmed by UV-Vis, FTIR and 
Raman spectroscopies. The conductivity of the composites varies between 10−2 and 101 
S cm−1 orders of magnitude. After the deprotonation of PANI to its non-conducting base 
form; the high conductivity of resulting composites suggests that the conductivity is 
controlled rather by silver than by PANI. At low concentration of formic acid silver 
nanowires of 20–80 nm diameter coated with PANI nanobrushes of 50–150 nm thick 
wereproduced (Figure 4a). With increasing of acid concentration, the silver nanowires 
become less frequent and at high acid concentration silver particles in the similar size-range, 
also covered by PANI, dominated (Figure 4). 

The polymerization using acetic and formic acids as reaction medium leads to PANI–Ag 
composites, however, the products still suffer some drawbacks, e.g., the homogeneity of 
samples was poor. Also in case of acetic acid, the samples contain silver acetate as impurity. 
On the other hand, the samples prepared in the presence of formic acid had low conductivity, 
which still needs to be improved.  
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Figure 4. The product of the oxidation of aniline with silver nitrate in (a) 0.1, (b) 0.5, (c) 1.0 
and (d) 5.0 M formic acid [A2]. 

3.1.2. Oxidation in the sulfonic acids solutions 
Based on preliminary results the 1 M solution of sulfonic acids seems to be the most 
promising medium. This acid does not precipitate silver ions and provides sufficient acidity of 
the reaction medium [A3]. Four sulfonic acids have been selected: 
 

CH3CH3
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CH3

CH3

S

OH

O O

Camphorsulfonic acid Toluenesulfonic acid Methanesulfonic acid Sulfamic acid  

   

The reaction media containing camphorsulfonic (CSA), p-toluenesulfonic (TSA) and 
methanesulfonic acid (MSA) gave products of comparable yield, 77–87 % (Table 1) with 
respect to the calculated expectation for full conversion. The content of silver was 63–69 
wt%, except the product obtained in the solution of sulfamic acid (SFA). The reason for 
different content of silver in the solution of SFA is obviously the different character of this 
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acid from other three sulfonic acids. The presence of amino group in sulfamic acid reduces 
the acidity, compared with other sulfonic acids, and the reaction conditions are not favorable 
for the polymerization of aniline. The morphology of both PANI and silver was rich. Silver is 
usually present as nanoparticles with a broad particle-size distribution; PANI forms mostly 
hairy nanorods of 150–250 nm in diameter (Figure 5). The reaction in MSA solution resulted 
in the best of PANI–Ag composites reaching the conductivity of 880 S cm–1. The conductivity 
decreased with increasing temperature, typical behavior for metals, illustrating the dominating  

 

 

Figure 5. Transmission electron microscopy of polyaniline–silver composites prepared in 
1 M (a) camphorsulfonic acid, (b) methanesulfonic acid (c) sulfamic acid and (d) 
toluenesulfonic acid [A3]. 

role of silver in conduction. Other composites exhibited conductivity at the level of PANI 
alone and the contribution of silver to the conductivity was not observed. Composites 
prepared in methanesulfonic acid solution had good conductivity and high yield, as well as 
the best homogeneity among other composites which had been prepared. The long time 
needed for the synthesis, however, can be regarded as a serious drawback. 
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Table 1. Yield, composition, conductivity, and density of PANI–silver composites prepared 
in solutions of camphorsulfonic, methanesulfonic, sulfamic, or toluenesulfonic acids. 

Acid Yield, 
g g–1 

aniline 

Yield, 
% theory 

Composition, 
wt.% Ag 

Conductivity,a 

S cm–1 

Salt Base 

CSA 3.43 81 63 1.7 (1.5) 2.1×10–9 

MSA 3.27 77 69 880 (709) 0.003 

SFA 0.5 12 12 42 (25) 0.018 

TSA 3.69 87 69 1.4 (0.86) 2.2×10–10 

a In air. Values in parentheses were measured in vacuum. 

3.2. Optimization of reaction time 
The oxidation of aniline with silver nitrate is slow and takes over several months to get a 
reasonable yield [15, A1–3]. This can be explained in part by the differences in the standard 
reduction potential of silver nitrate and APS: 

         S2O8
2–  +  2 e–               2 SO4

2–    (E0=2.0V) 

              Ag+ + e–                Ag  (E0=0.8V) 

Several groups have been trying different strategies to accelerate this reaction by physical 
means, such as heating [43], irradiation with UV-Vis [44, 45] or γ-rays [46], or ultrasonic 
agitation [14]. The present Thesis concentrated on the chemical alteration of the reaction.  

3.2.1. Acceleration by p-phenylenediamine 
Addition of small amounts of p-phenylenediamine (PDA), a few percent relative to aniline, 
can accelerate oxidation of aniline with APS in both the chemical and the electrochemical 
oxidations [47, 48]. Similar accelerating approach has been applied when silver nitrate was 
used as oxidant [A4]. An addition of a small amount of PDA, even 1 mol. % relative to 
aniline, shortens the reaction time to several hours or even to tens of minutes. Higher 
concentration of PDA produces conducting copolymer composites. Also p-phenylenediamine 
alone is similarly able to be oxidized to poly(p-phenylenediamine) and produce a composite 
with silver. The formation of any polymer has three important phases: (1) the initiation, (2) 
the chain propagation, and (3) the termination, which also applies to the preparation of PANI. 

The conditions for the propagation step are satisfied by the sufficient acidity of the medium 
(pH<2.5) but the polymerization still does not take place. This means that the initiation is too 
slow. We proposed that PDA alters the formation of initiation centers, increases their number, 
and thus promotes the polymerization of aniline (Figure 6). This happens especially in 1 M 
nitric acid. In 1 M acetic acid, the acceleration concerns rather the formation of oligomers 
because of the lower acidity of the medium. The acceleration of aniline oxidation with silver 
nitrate by small amounts of PDA opens a new route to the preparation of PANI–silver 
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composites. The composites are produced in high yield and in short reaction times of some 
tens of minutes. 

NH2

+

N

N NH2

N

N NH

NH3

NH2

NH2

initiation centre

nucleate

N

N NH

NH

NH

NH

NH

A

A polyaniline chain
 

Figure 6. The role of p-phenylenediamine in the oxidation of aniline: the possible formation 
of a phenazine-containing nucleate, and of an initiation centre that starts the growth of a 
polyaniline chain having a phenazine head and polyaniline tail. A– is an arbitrary anion [A4]. 

Silver is present in all composites as nanoparticles of ~50 nm size and as larger objects. The 
composites had conductivity in the range of the order of 10–3 to 103 S cm–1 at comparable 
content of silver, which was close to the theoretical expectation (Figure 2), 68.9 wt.%. The 
composites prepared in 1 M acetic acid always have a higher conductivity, compared with 
those resulting from synthesis in 1 M nitric acid. The composite with conductivity of the order 
of 102–103

 S cm–1 behave like metals (Figure 7a, conductivity decreases with temperature). 
Composites having a moderate conductivity of the order of 101 S cm–1, which behave as 
metals at low temperature and as semiconductors at room temperature (Figure 7b). As a 
result, the conductivity becomes virtually independent of temperature. 

 

 

 

 

 

 

 
Figure 7. Temperature dependences of the conductivity, σ, of PANI–silver composites  
prepared (a) with 1 mol.% p-phenylenediamine and (b) 10 mol.% p-phenylenediamine in 1 M 
acetic acid [A4]. 
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3.2.2. Oxidation of aniline by mixed oxidants 
The addition of the small amount of APS along with silver nitrate also efficiently accelerates 
the oxidation of aniline [A5]. Aniline was oxidizing with mixtures of APS and silver nitrate to 
polyaniline–silver composites in 1 M acidic medium (MSA). The use of mixed oxidants, 
silver nitrate and ammonium peroxydisulfate in various proportions, thus allows for the 
control of composite composition from zero (APS oxidant only) to ~70 wt.% silver (silver 
nitrate oxidant only). The composites had conductivity of the order of 1 S cm–1, however the 
composites with high silver content have conductivity of the order of 102 – 103 S cm–1 (Figure 
8). In most cases, the PANI determined the conductivity of the composite and only at high 
proportions of silver, its role in the composites manifested itself.  
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Figure 8. The dependence of the conductivity of (a) salt and (b) base forms of polyaniline–
silver composites prepared in 1 M methanesulfonic acid on the weight fraction of silver in the 
protonated form of the composite [A5].   
 
In some cases, when emeraldine salt was converted to base, conductivity of composites 
increased. this was surprising, as the former form is conducting and the latter is not. A similar 
effect has been observed earlier [A2], when aniline was oxidized with silver nitrate in the 
presence of formic acid, as well as in the case of PPDA–Ag composites [16]. There are two 
explanations offered: 

• The presence of insulating interfacial barriers, such as silver oxide, covering silver 
particles, resulting in reduced efficiency in formation of conducting pathways [49]. 
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These barriers can be dissolving in ammonia solution during deprotonating of PANI–
Ag composites.  

• A shift in composition and percolation principle. During the deprotonation of PANI, 
the acid is removed from the sample and the PANI mass decreases, and consequently, 
the content of silver increased. This means that poorly conducting sample below 
percolation limit may shift to or above this limit with associated increase in 
conductivity. 

The sample prepared with APS has nanofibrillar morphology in place of granular form, 
typical for standard PANI [50, 51]. With the increasing of silver nitrate as oxidant the silver 
nanoparticles around ≈ 100 nm become more frequent (Figure 9).  

 

    

Figure 9. Transmission electron microscopy of the polyaniline–silver composites prepared in 
1 M methanesulfonic with the various oxidant mole proportions, (a) p = 0.1 (ammonium 
peroxydisulfate-rich system) and (b) 0.8 (silver nitrate-rich system)[A5]. 

3.3. The preparation of conducting polymer–silver composites in liquid and frozen 
reaction mixtures 

The oxidative polymerization of aniline proceeded not only in the liquid mixture (20 oC) but 
also in frozen reaction mixture, even at −50 

oC [52]. The polymerizations carried out at 
reduced temperature provided PANI with a higher molecular weight and degree of 
crystallinity [53]. Also the increasing of the molecular weight of the polymer can increase the 
conductivity of the PANI matrix incorporating silver nanoparticles [52, 54]. In the present 
study, we compared properties of products prepared in liquid and frozen (−24 oC) reaction 
mixture [A6]. Three systems have been selected, based on previous results: (1) the oxidation 
of aniline accelerated with a minute 1 mol% amount of PDA, (2) a copolymer of aniline with 
10 mol% PDA, and (3) PDA alone.  
The composites of PANI or PDA–silver have been produced at 20 °C and −24 °C with 
comparable content of silver, ≈67–74 wt.%. The yields decrease in lower temperature. PANI–
Ag composite having the conductivity of the order of 103 S cm–1 was obtained.  

a b 
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Figure 10. Molecular-weight distributions of the oxidation products prepared (a) in the liquid 
(20 °C) and (b) in the frozen (–24 °C) 1 M acetic acid [A6].   
 
The molecular weight of polymers was of the order of 103 (Figure 10), i.e. at oligomer level, 
when the reaction was carried out at 20 °C, and increased by one order of magnitude when the 
polymerization took place at –24 °C. The copolymerization of aniline with 10 mol % PDA 
leads to the decrease in conductivity. This can be explained by the fact that copolymerization 
of aniline with PDA results in the reduced PANI-chain conjugation. Such sample had a 
metallic type of conductivity at low temperatures and semiconductor behavior at room 
temperature. The oxidation of PDA alone was fast, the yield was high, but the molecular 
weight was only of the order of thousands, i.e. at the oligomer level. When the oxidation took 
place in ice, the conductivity of PPDA–silver composite was even higher than that of PANI–
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silver. This is surprising because PPDA is regarded as non-conducting polymer, in the 
contrast to conducting PANI.  

4. CONCLUSIONS 
• The oxidation of aniline with silver nitrate yields polyaniline–silver composites; two 

non-conducting reactants generate two conducting products. The reaction media 
containing acetic, formic, camphorsulfonic, methanesulfonic, toluenesulfonic or 
sulfamic acid has been investigated. Methanesulfonic acid does not precipitate silver 
ions even at high concentrations when silver nitrate was used as oxidant. For that 
reason, it was selected as the most promising reaction medium. 

• The reaction requires acceleration (small amount of p-phenylenediamine or 
ammonium peroxidisulfate) for its efficient use. The composites are produced in high 
yield and in short reaction times of some tens of minutes. It is proposed that p-
phenylenediamine participates in the formation of initiation centres that start the 
growth of PANI chains in the media of sufficient acidity, such as 1 M nitric acid. 

• The highly conducting composites, 103 S cm−1, have been prepared. They require the 
content of silver to be above the percolation limit, at 70–80 wt.% silver. The direct 
oxidation of aniline with silver salts seems to be the most efficient way how to 
approach this target.  

• The content of silver in PANI–silver composites can be controlled from 0 to ca 
70 wt.% of silver by using mixed oxidants, ammonium peroxydisulfate and silver 
nitrate, in various proportions for the oxidation of aniline. 

• The oxidation of aniline or p-phenylenediamine with silver nitrate proceeded also in 
frozen reaction mixtures at –24 °C, i.e. in the solid state. In most cases, molecular 
weights of polymer component increased, the conductivity of composites with silver 
improved, to 2990 S cm–1 for poly(p-phenylenediamine)–silver, and remained high 
after deprotonation with 1 M  ammonium hydroxide. 
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