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“The greatest joy of life is to accomplish.

It is the getting, not the having.

It is the giving, not the keeping.

| am a firm believer in the theory that you can do

or be anything that you wish in this world,

within reason, if you are prepared to make theifsces,

think and work hard enough and long enough.”
Frederick Banting 1923



Acknowledgement

During working for my PhD Thesis, | learnt how difilt is to do research and that the
achievements obtained are a result of many peopd@ work. | owe my gratitude to
all those who have made this Thesis possible aadkthto whom my graduate

experience has been the one that | will cherisévier.

First of all, I would like to thank my supervisdy Jaroslav Stejskal, for his support,
knowledge and helpful guidance in all the timeedaarch and writing of this Thesik.
has been an honour and pleasure to work with Ybank you for always keeping your

doors open for me. You are the best supervisardest can ever ask for.

I will always be gratefuto all my co-autors: Dr Natalia V. Blinova, Dr JBnokeS, Dr
Irina Sapurina, Dr Miroslava Trchova, Mgr Martin iga, and Jina Hroméadkova for
all their valuable contributions to all my reseapdpers. This Thesis would not have

been possible without you.

In addition, thanks are due to Dr Petr Holler fal gpermeation chromatography
measurement, Dr Jana Kdoaa for thermogravimetric analysis, Ing Michal Peld

for UV-Vis spectroscopy and to Zuzana Kalalovadsh analysis.

My sincere gratitude goes to Milena Hajna and [@n&al TomSik for helping out with all

the practical arrangements in the laboratory, ag\aad moral support.

| would like to say thank you to all my dear friespdvho are not explicitly named,
whose enthusiasm, interest and support have giverthe motivation to realize this
achievement. | am grateful for their time whichytlshared with me and made my stay
in Prague enjoyable.

Last but not the least; | would like to thank my tkler and my Fiancée, for their love,

believing in me, and being there for me every day.



Table of Contents

List of the papers constituting the TheSIS ........uciiiiiiiiiiiiiieeee e, 1
Other papers not included in the TheSIS.......ccciv i 2
The results of the Thesis presented by P. Bober @gientific meetings.................. 3

The results of the Thesis presented by co-author$ mesearch papers on scientific

TS (] o 1 4
ADDIEVIATIONS ...ttt oottt e e e e e e e e e e e e e e 5
ADSTIACT ... e e e e e e e e e e e e e e e e e e rr 6
ADSErakt (IN CZECN)....coiiieeeeeee e e e e e e e e e e e e e 7
1. INTRODUCTION ...couii et 8..
1.1, POIYANIINEG ..ot e e e ettt 8
1.1.1. Chemical and physical properties .......uueeeuurrreiiiiiiiiee e 9
1.1.2. SYNINESIS .ceeeiiiieiiecie e e e e e e e e e e et 10
1.1.3. Aplications of polyaniling............ceeeeeeeeieeeiiiiiieeer e 11
1.2. Polyf—phenylenediaming) .............uuuuuemiiiiii e 1.1
1.3. Conducting polymers—noble metals COMPOSILES c.vvvvvriiiiiieieeeeiiiiieieeeiiiiiies 12
1.4. Applications of composites materialS....cce...ceeeeiiieeeeeeiiieieeee e 14
2. AIMS OF THE STUDY ..o 15.
3. EXPERIMENTAL TECHNIQUES FOR CHARACTERIZATION
OF POLYANILINE-SILVER COMPOSITES ..o, 16
A, RESULT S .o e e ea 19
4.1. Reaction medium for preparation of polyaniline-silver composites ............. 19
4.1.1. Oxidation in the carboxylic acids solutianS...............cceeevvvvveviiiiiinnnnnns 19.
4.1.2. Oxidation in the sulfonic acids solutions.............cccccuvviiiiiiiiiiiiiiieeen. 22
4.2.0ptimization Of reaCtioN tIME..........cooiweeeeeiiiiiiee e 25
4.2.1. Acceleration bg-phenylenediamineg ..............ccoeviiiiiiimmmmcn e 25
4.2.2. Oxidation of aniline by mixed OXidaNntS........ceeeeeereieieieeiiiiiiiiieeen 21

4.3. The preparation of conducting polymer—silver amposites in liquid and

frOZEN TEACHION MIXEUIE ...t et 30
D CON C LU SION S ... et 32.
R IO CES . .o e 33

Appendices 1-6



List of the papers constituting the Thesis:

1. N. V. Blinova, P. Bober, J. Hromadkova, M. TrchovyaStejskal and J. Prokes,
Polyaniline-silver composites prepared by the oti@a of aniline with silver
nitrate in the solutions of acetic agiBolymer International, 59 (2010) 437-
446.

IF 2.056, times cited: 16

2. P. Bober, J. Stejskal, M. Trchova, J. Hromadkovd anProkeSPolyaniline-
coated silver nanowireReactive & Functional Polymers, 70 (2010) 656—-662.

IF 2.546, times cited: 8

3. P. Bober, M. Trchova, J. ProkeS, M. Varga and éjs&al, Polyaniline-silver
composites prepared by the oxidation of anilindsitver nitrate in solutions of
sulfonic acidsElectrochimica Acta, 56 (2011) 3580—3585.

IF 3.832, times cited: 9

4. P. Bober, J. Stejskal, M. Trchova, J. ProkesS a&hpurinaOxidation of aniline
with silver nitrate accelerated by p-phenylenediaai A new route to
conducting compositeMacromolecules, 43 (2010) 10406-10413.

IF 4.838, times cited: 7

5. P. Bober, J. Stejskal, M. Trchova and J. Proksslyaniline-silver composites
prepared by the oxidation of aniline with mixed dants, silver nitrate and
ammonium peroxydisulfate: the control of silver teoh, Polymer, 52 (2011)
5947-5952.

IF 3.438, times cited: 1

6. P. Bober, J. Stejskal, M. Trchova and J. ProKé&& preparation of conducting
polyaniline-silver and poly(p-phenylenediamineyssilnanocomposites in liquid
and frozen reaction mixturedournal of Solid State Electrochemistry, 15
(2011) 2361-2368.

IF 2.131, times cited: O



Other papers not included in the Thesis:

1. P. Bober, J. Stejskal, M. Spirkova, M. Trchova, Warga and J. Prokes,
Conducting polyaniline-montmorillonite compositeSynthetic Metals, 160
(2010) 2596-2604.

IF 1.871, times cited: 3

2. G. Ciri¢-Marjanovi, B. Marjanové, P. Bober, Z. Moravkova, J. Stejskal, M.
Trchova and J. Proke§he oxidative polymerization of p-phenylenediamiita
silver nitrate: toward highly conducting micro/nastouctured silver/conjugated
polymer compositesJournal of Polymer Science, Part A: Polymer
Chemistry, 49 (2011) 3387-3403.

IF 3.919, times cited: 3

3. M. Spirkova, P. Bober, J. Kotek and J. StejsBahybrid coatings: polyaniline-
montmorillonite filler in organic—inorganic polymenatrix, Chemical Papers,
in press. DOI: 10.2478/s11696-012-0299-z.

4. R. Mowka, M. Mrlik, M. licikova, Z. Spitalsky, N. Kazardsa, P. Bober and J.
Stejskal,Electrical transport properties of poly(aniline-gephenylenediamine)
and its composites with incorporated silver paggI/Chemical Papers, in
press. DOI:10.2478/s11696-013-0351-7.

Scientometric data of P. Bober:

h-Index: 4.
Total number of citations: 47

Acording to SCOPUS database as in January 2013.



The results of the Thesis presented by P. Bober @gientific meetings:

1. P. Bober, J. Hromadkova, M. Trchova, J. StejskaRrdkes, The oxidation of
aniline with silver nitrate in the solutions of diceacid to polyaniline-silver
composites
73rd Prague Meeting on Macromolecules (PMM 2009¢wNFrontiers in
Macromolecular Science: From Macromolecular Core@btLiving Matter to
Polymers for Better Quality of Life, 5-9 July 200Rrague, Czech Republic:
Book of Abstracts p. 78.

2. P. Bober, M. Trchova, J. StejskaRdlyaniline-silver composités
International Symposium "Technologies for Polymécdionics TPE 10", 18—
20 May 2010, Rudolstadt, Germamook of Abstract p. 188-189.

3. P. Bober, M. Trchova, |. Sapurina, J. StejskalPreparation and
characterization of polyaniline-silver composites
43rd IUPAC World Polymer Congress "MACRO 2010", 16-July 2010,
Glasgow, United Kingdom: Book of Abstracts p. 32.

4. P. Bober, M. Trchov4, J. StejskaRdlyaniline-silver composites: oxidation of
aniline with silver nitrate accelerated by p-phesygdiamingé
European Polymer Federation (EPF 20126, June-1 July 2011, Granada,
Spain: CD Abstract T4-035.

5. P. Bober, M. Trchova, J. Stejskal, J. Prokd3plyaniline-silver composites
prepared by the oxidation of aniline with mixeddaits.
75th Prague Meeting on Macromolecules (PMM 20Thnducting Polymers
2011,10-14 July 2011, Prague, Czech Republic: Book ditrslets p. 103.

6. P. Bober, J. Stejskal, M. Trchova, J. Prokd3plyaniline-silver conducting
composité
International Workshop on Polymer/Metal Nanocomiassi Nanoworkshop
2011, 20-22 September 2011, Bari, Italy: Book o$tadicts p. 80.

7. P. Bober, J. Stejskal, M. Trchova, J. Prok&glyaniline — silver composités
International Conference on Science and Technotddgyynthetic Metals 2012
(ICSM 2012), 8-13 July 2012, Atlanta, USA: BookAddstracts p. 345.



The results of the Thesis presented by co-author$ eesearch papers on

scientific meetings:

1. M. Trchova, N. Blinova, P. Bober, J. Stejskalhe oxidation of aniline with

silver nitrate to polyaniline-silver composites
Matériaux et nanostructures pi-conjugués (MNPC 2020-30 October 2009,
Arcachon, France: Book of Abstract p. 93.

2. J. Stejskal, N. Blinova, P. Bober, M. Trchova, Jokes, The oxidation of
aniline with silver nitrate to polyaniline-silveoenposite’s
43rd IUPAC World Polymer Congress "MACRO 2010", 16-July 2010,
Glasgow, United Kingdom: Book of Abstracts p. 612.

3. M. Trchovéa, P. Bober, E. Konyushenko, J. Stejsk@leposition of silver
nanoparticles inside polyaniline nanotubes
61st Annual Meeting of the International Society Blectrochemistry, 26
September—1 October 2010, Nice, France: Book ofrAbts p.134.

4. M. Varga, J. ProkeS, P. Bober, J. Stejskaklettrical conductivity of

polyaniline/silver nanocomposites
75th Prague Meeting on Macromolecules (PMM 201Dndticting Polymers
2011, 10-14 July 2011, Prague, Czech Republic: Bbdibstracts p. 122.

5. M. Varga, J. Prokes, P. Bober, J. Stejskalettrical conductivity of silver-

content-controlled polyaniline-silver composites

International Conference on Nanostructured PolyraatsNanocomposites, 24
27 April 2012, Prague, Czech RepubBaok of Abstracts p. 54.
6. M. Varga, J. ProkeS, P. Bober, J. Stejskaklettrical conductivity of

polyaniline-silver nanocomposites
Annual Conference of Doctoral Students (WDS'12), My—1 June 2012,
Prague, Czech RepubliBook of Abstracts p. 52-57.

7. J. Stejskal, P. Bober, M. Trchova, J. Prokes, M.aGmwva, Hybrid conducting

polymer-silver composités
World Polymer Congress (MACRO 2012), 24-29 JunE22®lacksburg, USA:
poster T104.



Abbreviations

APS — Ammonium peroxydisulfate

CSA — Camphorsulfonic acid

EB — Emeraldine base

ES — Emeraldine salt

FTIR — Fourier transform infrared spectroscopy
MSA — Methanesulfonic acid

NMP —N-methyl-2-pyrrolidone

PANI — Polyaniline

PANI-Ag — Polyaniline—silver composite

PDA —p-Phenylenediamine

PPDA — Polyp-phenylenediamine)

PPDA-Ag — Polyg-phenylenediamine)—silver composite
SFA — Sulfamic acid

TEM — Transmission electron microscopy

TSA —p-Toluenesulfonic acid

UV-Vis — Ultraviolet—visible spectroscopy



Abstract

Polyaniline—silver composites combine the electrippoperties of metals and the
material properties of polymers. Polyaniline is asfethe most studied conducting
polymers on account of high electrical conductivitynits S cm’), environmental
stability, ease of preparation from common chemsiogbod processibility and low cost.
Silver is well known because of its highest contlitgt among metals (500 000
S cm?b), antibacterial properties, and low price comparedther noble metals. Aniline
was oxidized with silver nitrate in acidic aqueoosedium to polyaniline—silver
composite. The presence of different organic awds studied. The most promising
became methanesulfonic acid solution, in which nposblems (such as inhomogeneity
of samples and limited solubility of silver salt)t solved. The oxidation of aniline
with silver nitrate is slow and takes over sevenainths to get a reasonable yield. An
addition of a small amount gfphenylenediamine, even 1 mol. % relative to aajlin
shortens the reaction time to several hours or &véens of minutes. Small amounts of
ammonium peroxydisulfate had similar effect. Thateat of silver in composites is
fixed by the stoichiometry of reaction, and compesialways contair70 wt.% of
silver. By using mixed oxidants, silver nitrate amchmonium peroxydisulfate, silver
content can be controlled. The molecular structireomposites was characterized by
Fourier-transform infrared, Raman and UV-visible&poscopies. Morphology of the
sample was investigated by optical and transmissleatron microscopies. Molecular
weight was estimated bygel permeation chromatography operating wikh
methylpyrrolidone and calibrated with polystyren@nslards. For measurement of
conductivity, four-point van der Pauw method wagdisThe content of silver was
determined by thermogravimetric analysis or by abhe highest conductivities of

composites were of the order of 1 000 Stm



Abstrakt

Kompozity polyanilinu se gitorem kombinuji elektrické vlastnosti kihna materialové
vlastnosti polymet. Polyanilin je jednim z nejvice studovanych vodivypolymet
diky vysoké elektrické vodivosti (jednotky S ¢ stabilit, jednoduchosti ifipravy z
béZznych chemikalii, dobré zpracovatelnosti a nizkyakladim syntézy. Sibro je
dohie zndmo pro svou vodivost, nejvyssi mezi kovy (800 S cm’), antibakterialni
vlastnosti a nizkou cenu, ve srovnani s jinymi gnajp kovy. Anilin byl oxidovan
dusinanem gibrnym ve vodném kyselém préstli za vzniku kompozitu polyanilin—
stiibro. Byl studovan vliv iwznych organickych kyselin a jejich koncentrace.
NejslibrgjSi se ukézala kyselina methansulfonova, pro nipeddilo vyresSit cetné
problémy, jako jsou nehomogenita vzbria omezena rozpustnostiibtnych soli.
Oxidace anilinu dugnhanem sibrnym je pomaléa a trva ickolik mésiai, nezli se ziska
piiméreny vygzek. Ridani malého mnozZsty-fenylendiaminu, i jen 1 mol.% relati¥n
vzhledem k anilinu, zkracuje reak dobu na #&kolik hodin nebo dokonce i desitky
minut. Malé mnozstvi peroxodvojsiranu amonného odopny @inek. Obsah stbra v
kompozitu je dan stechiometrii reakce, a kompox#gly obsahujrk70 hm.% gtibra.
Pouzitim smiSenych oxidantdustnanu stibrného a peroxodvojsiranu amonného, Ize
obsah gibra ovladat. Molekularni struktura kompdzibyla charakterizovdna pomoci
FTIR infratervené, Ramanovy a UV-viditelné spektroskopie. Wlogie vzorku byla
studovana optickou a transmisni elektronovou mkops. Molekulova vaha byla
odhadnuta gelovou perm#da chromatografii \WN-methylpyrrolidonu s pouZitim
polystyrenovych standafid Pro n&teni vodivosti byla pouZitatyibodova van der
Pauw-ova metoda. Obsatiibta byl stanoven pomoci termogravimetrické analyzlyo

popela. Nejvyssi vodivosti kompoiitiosahovalyadu 1 000 S ci.



1. INTRODUCTION

Conducting polymers are organic polymers that con@lectricity; they may exhibit
metallic conductivity but usually they are semicocirs. A common featuref
conducting polymers is the presence of conjugatgblg bonds along the polymer
backbone Figure 1 shows some examples of the most impodamducting polymers.
They possess ability to respond to various stintmylithe change in their optical,
electrical, chemical and mechanical properties.i@udast years, broad range of
conducting polymers have been described and stuthe@000 the Nobel Prize for
Chemistry was awarded to Alan J. Heeger, Alan GcMarmid and Hideki Shirakawa

“for the discovery and development of conductivéypers”.

/N

S n

Ir=
ZT
O
@)

Polyaniline Poly(3,4-ethylenedioxythiophene)

/N / A\

N n S n
H
Polypyrrole Polythiophene
n M
Poly(p-phenylene) Polyacetylene

Figure 1. Various conducting polymer structures.



1.1. Polyaniline

Polyaniline (PANI) is one of the most famous cortthgpolymers on account of high

electrical conductivity, excellent electronic angtioal properties, good redox and ion-
exchange activity, environmental stability, eas@refparation from common chemicals,
and relatively low cost. Since reported in 1862 .ewlpolyaniline was prepared by
oxidation of aniline in sulfuric acid for the firitne [1], and up to now we can observe
growing interest in this polymer (In January 201@Mbf Science lists 18 912 papers
about PANI).

1.1.1. Chemical and physical properties

Polyaniline exists in a variety of forms [2], diffieg in the degree of oxidation or extent
of protonation (Figure 2). The most important foofPANI, protonated emeraldine, is
typically prepared by the chemical oxidation of lae or anilinium salts, such as
aniline hydrochlorideor aniline sulfate, with ammonium peroxydisulfa®PgS), the

most common oxidant, in acidic aqueous medium [24]is green, stable and
conducting (conductivity =~ 4 S cm™* [5]). Emeraldine salt (ES), however, is difficult

to process and it is insoluble in any solvent [6].

The transition of conducting ES to the non-conawgcemeraldine base (EB) is located
at pH~= 4-6 [7], and the conducting polyaniline salt, sashhydrochloride, converts to
the non-conducting base at higher pH. EB is higitdyple at room temperature, but non-
conducting (conductivitys ~ 10° S cm™ [5]) and partially soluble in some organic
solvents, e.g.N-methyl-2-pyrrolidinone(NMP) [8, 9]. Emeraldine can be reduced to
colourless leucoemeraldine by phenylhydrazine [$0fium dithionite [11], hydrazine
dihydrochloride [12], etc., or oxidized by strongjaants to pernigraniline [13, 14].



Blue Protonated Pernigraniline Violet Pernigraniline Base

D2 D Ol

+e +H*
+e
Green Protonated Emeraldine Blue Emeraldine Base

i ) m O

}NH@NH {

Colourless Leucoemeraldine

Figure 2. Oxidation and protonation forms of polyaniline [2].

1.1.2. Synthesis
PANI can be prepared by chemical or electrochempedymerization of monomer.
Electropolymerization of aniline can be carried autacidic aqueous solutions (e.g.,
sulfuric acid [15, 16], perchloric acid [17], nitracid [18], phosphoric acid [19], etc.) or
organic solvent (e.g., acetonitrile [20-22], dicbimethane [22], etc.) solution
galvanostatically at a constant current densitpyrcyclic voltammetric scanning. The
three-electrode cell for electropolymerization @m$ a working electrode (metals such
as platinum or gold, glassy carbon and conductiidey e.g., ITO), a counter electrode
(the same or different as working electrode) anéfarence electrode (e.g., saturated
calomel electrode). Polyaniline nanostructuresdeosited on the surface of working

electrodess films.

Chemically prepared PANI is usually obtained by thadative polymerization of
aniline with ammonium peroxydisulfate [2—4], the shaommon oxidant (Figure 3). A
wide range of other oxidants also have been sutdlgssested, such as iron(lll)

chloride [23-25], cerium(lV) sulfate [26], potassiuiodate [27, 28], potassium

-10 -



dichromate [29], periodic acid [30], sodium chleri81], manganese(lV) oxide [32],
copper perchlorate [33, 34], as well as vanadid §5b]. Occasionally even oxidant
mixtures have been used [3&ilver(l) nitrate has recently become of interestduse

the oxidation of aniline leads to PANI-Ag composifa7, 38].

Based on polymerization conditions (pH or tempestuPANI can be obtained as
precipitates of various morphologies or thin fildeposited on a variety of supports [39,
40]. In strongly acidic media granular [41-43] avahofibrillar [44] nanostructures are
gained. The oxidation of aniline at mildly acidiendlitions yields PANI nanotubes [42,
43, 45, 46]. Synthesis in alkaline media leads iwron and nanospheres [42, 43] but, in
this case, the products are composed of aniligowlers only. When polymerization is
carried out in the presence of a suitable steabilster, e.g. poly(vinyl alcohol)47—-
49], poly(N-vinylpyrrolidone) [47], carboxymethylcellulose [BO or
hydroxypropyethylcellulose [51], PANI colloids goeoduced.

4n QNHZ.HCI + 5n(NH,),S,04

+ T —
NH— —NH N N
Cl Cl n
+ 2nHClI + 5nH2S04 + 5n (NH4)2S04

Figure 3. Oxidation of the aniline hydrochloride with ammom peroxydisulfate to

emeraldine salt.

1.1.3. Applications of polyaniline
Great variety of properties of PANI has led to myéaarray of applications that include
electromagnetic shielding for computers and othecteonic instrumentation [52-55],
gas sensors to identify the presence of small giembf various gases [56], transparent

electrodes [57], battery applications [58—60], meanlks to separate ions from solutions

-11 -



[61], potentiometric all-solid-state ion-selective eled&s [62—64], anti-corrosion
coatings [65, 66], and many others. For that readenfundamental research of PANI

is needed.

1.2. Poly(p-phenylenediamine)

Poly(p-phenylenediamine) (PPDA), (Figure 4) belongs te mhost frequently studied
polyaryldiamines, which show more novel multifunctality due to free amino groups
on the polymer chain [67]. Chemical and electrodlcam oxidations of p-
phenylenediamine are reported in literature [68—Pblassium [69, 70] and ammonium
[71] peroxydisulfate was usually used as oxidizuggnts. Poly(p-phenylenediamine) is
slightly soluble in most of the common organic solis [72] and is low conducting
semiconductors [69]. To improve conductivity of dke materials PPDA was
copolymerized with PANI [71] as well as poly(anéio-p-
phenylenediamine)/ MWCNT (multi-walled carbon naroes) [73], PPDA/MWCNT
[74] or PPDA-AQ [75, 76] composites were investaght

H H
N N N N
/jii/ji:[

N N N N—In
H H

Figure 4. Ladder-like phenazine structure of pgiyghenylenediamine) as proposed in
the literature [69, 70].

1.3. Conducting polymers-noble metals composites

The composites of conducting polymer such as PAdlypyrrole, PPDA, poly(3,4-
ethylenedioxythiophene), and noble metals, eif¢ers gold or platinum combine
materials properties of polymers and electricalppries of metals [37, 38, 77-91].
They also contain two types of electric conductamducting polymers are organic
semiconductors and metals are metallic conduc@oraducting polymers—noble metals

composites can be prepared by five basic ways:
-12 -



* by the reduction of noble-metal compounds with pay, such is PANI [81-84]
(Figure 5);

* by simple blending of noble metals nanoparticledhwonducting polymers [85,
86];

by the polymerization of monomer in the presence poéformed metal

nanoparticles [87, 88];

* by the oxidation of corresponding monomer with mefvletal compounds [38,
89] (Figure 6);

» by the electrodeposition or chemical depositiometal, such as silver [90],

gold [91] or platinum [92] on conducting polymer.

+ +
—NH:= —NH N N -
. i H H
A A
l<\2 n AgNO,
2n Ag +2n HNO; + 2n HA

O

Figure 5. Emeraldine salt reduces silver nitrate to metaliicer. It is oxidized to the

pernigraniline form at the same time [84].

-13 -



an <;>7N|—|2 + 10n AgNO,

+ +
] ; H H
NO, NO, n

+10n Ag + 8n HNO,

Figure 6. Aniline is oxidized with silver nitrate to polyamk nitrate. Metallic silver is

produced at the same time; nitric acid is a by-pobi38].

In the last years, the interest in polyaniline-ailkcomposite is growing (Web of
Science lists 169 papers); the presence of sitiemsproving their conductivity. Silver
exhibits the highest electrical and thermal congiicts among all the metals;
conductivitys = 6.3x1G S cm* at 20 °C [93], and it has relatively low cost cared

to other noble metals. Silver can be present in ¢bmposites as microspheres,
nanotubes, nanofibers, nanorods or nanowires, wousamicroparticles [38, 48, 88].
Electrical properties of such composites can berdehed by the proportion of both
components or by their morphology [94].

1.4. Applications of composite materials

Composites materials based on conducting polymdrrenrible metals are potentially
useful in many applications. The most obvious &rtietal recovery from the industrials
waste waters [95] that produces such compositedl R\ able to reduce silver ions
from the aqueous solution of their compounds toathetsilver [96, 97]. Silver is well
known for its antibacterial properties [98] andimikr activity has been reported for
PANI [99, 100]. The combination of silver nanopelgs and PANI has a synergistic
antimicrobial efficiency orEscherichia coli gram-positiveStaphylococcus aurewmnd
-14 -



fungous yeast bacteria [101]. Incorporation ofesilmay be also a source of modified
selectivity or sensitivity of various sensor&as sensors have a wide range of
applications, such as industrial production, foodcpssing, environmental monitoring,
health care, etc. PANI-Ag composites have beenadfen the literature as sensors for
acetone [102], ethanol [84], toluene [103] and amia¢104] vapors. The incorporation
of silver nanoparticles into PANI reduced the resmmtime of the order of tens of
minutes. It is well known that PANI has been prowedcatalyze various organic
reactions, and similar effect is expected from PAMmMposites. For example, the
electrocatalytic activities of PANI-Ag materialsveabeen tested for the determination
of hydrazine in environmental samples within th@cantration range of 20-1QM
[105]. Usually conducting polymers have high speafpacitance values and can be an
alternative in the development of energy-storageces. The PANI-Ag composite with
ultrahigh specific capacitance, higher than thaPANI alone and stability with 94 %
retention of its original capacitance after 200Q:ley have been reported [106].
Composite materials containing silver particlean be also used in neural tissue
engineering, artificial muscles, and various mamiigp devices [107], conducting

printing inks [108] and many others.

2. AIMS OF THE STUDY

The main focus of this Thesis was to develop neyhligiconducting hybrid composites
containing conducting polymers, especially PANId amoble metal, such as silver. The
specific aims of the study were to prepare matexddich should be:

high conducting (conductivity > $® cm™);

produced in reasonable time (hours);

macroscopically homogenous;

not contaminated by other components, e.qg., iné®kilver salts.

In order to carry out these tasks, PANI-Ag comm@ssivere prepared. Different types
of acidic media (acetic, formic, camphorsulfonic,ethanesulfonic, sulfamic, or

toluenesulfonic acid solutions) have been investila Only methanesulfonic acid
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solution, however, was found to be a good mediumttie preparation of PANI-Ag
compositesAniline was oxidized with silver nitrate using aesstep reaction procedure.
Highly conducting materials (conductivisy= 880 S crt) with satisfactory yield were
obtained. Adding of the small amountmphenylenediamine as was expected to reduce
the reaction time from a few months to several Bolur order to obtain composites with
different amount of silver particles, mixture ofdwxidants, silver nitrate and APS have

been studied?ossible application has been proposed.

Obtained PANI-Ag composites have been studied bgyaof methods in order to
understand the relation between electrical propednd molecular, macromolecular, or
supramolecular structure. Molecular structure waaly@ed by UV-Vis, FTIR and
Raman spectroscopies. To determine the molecularghtye gel permeation
chromatography was used. Optical, scanning andrasion electron microscopies
were employed to study the supramolecular strustwed morphology. Materials
properties have been studied by thermogravimetratyais (TGA), conductivity and its

temperature dependence, and density measurements.

The present Thesis consists of six papers publisimednternational journals
(Appendices 1-6) with an extended introduction ardiscussion of the content of the
papers.Another two papers have been published but havebeeh included in the
present Thesis. Finally, another two papers haea becepted for the publication in the

special issue of the Chemical Papers dedicatedidl.P

3. EXPERIMENTAL TECHNIQUES FOR CHARACTERIZATION
OF POLYANILINE-SILVER COMPOSITES

e Ultraviolet-visible (UV-Vis) spectroscopy
UV-Vis spectroscopy is an absorption or reflectaspectroscopy used to obtain the
absorbance spectra of a compound in solution oa aslid. The UV-Vis region of
energy for the visible spectrum covers 1.5-6.2 wkich corresponds to a wavelength
range of 200-800 nm. When light is absorbed by temnad valence electrons are
promoted from their normal states to higher enestgyes. The fact that PANI has been
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obtained can be confirmed by UV-Vis spectra, whé&NPbase is dissolved iiN-
methylpyrrolidone, by the observation of absorptieaximum atc 630 nm [110].

» Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy is an analytical tool used taidg molecular components and their
structures by measuring the absorption of infraradiation by the material in
dependence on wavenumbdme position of the peaks in the spectrum is actire
indication of the molecular structure of the matkedonstituting the sample. Infrared
spectra of PANI-Ag components were recorded inrémge 400-4000 cth Samples
were dispersed in potassium bromide and compresgegellets.

* Ramanspectroscopy
Raman spectroscopig based on inelastic Raman scattering of monocationtight,
usually from a laser (in the present case 633 niNeldaser) in the visible, near
infrared, or near ultraviolet regioihis method provides information about molecular
vibrations that can be used for sample identifocaind quantitation.

* Transmission electron microscopy (TEM)
TEM image is formed from the interactions of theatlon beam which travels through
the specimen. The electron microscope operatelseogame basic principles as the light
microscope; however, TEM is capable of imaging aigmificantly higher resolution
due to the shorter wavelength of electrons (0.0G%-@m). In present study also optical
and scanning electron microscopies have been tsakver TEM is better suited for
the morphology assessment because of higher cbrtetween polymer phase and
silver.

* Gel permeation chromatography (GPC)
GPC is a technique commonly used in polymer sciefare determination of
polydispersity index (PDI) and molecular weight mdlymers. GPC is a separation
technique based on hydrodynamic volume. AnalysisGBC is first performed by
measuring a series of standards of known molecwight (usually polystyrene
standards), and then the calibration curve is eceliased on the retention times for
these standards. PANI-Ag composite was convertmgcdrresponding base and
solubilized in NMP. It should be stressed that @swust part of the product which is

soluble, which was characterized; the solubilityPéfNI was not complete.
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» Conductivity
Electrical conductivity is a materials ability tamrauct an electric current. Room
temperature conductivity was determined by a faimrpmethod in van der Pauw
arrangement on pellets compressed at 700 MPa wittaraual hydraulic press. The
sample has a flat shape of uniform thickness, neshar defects and it is homogeneous.
When the conductivity of the samples was below’ B)cm, a two-point method was
applied. Before such measurements, circular gaddteldes were deposited on both
sides of the pellets including ring electrode allagvto measure both, surface as well as
volume resistivity.

* Thermogravimetric analysis (TGA)
TGA is used to measure the rate of change in thghivef a material as a function of
temperature or time in a controlled atmosphere.lysmof composites was performed
in a 50 mL min* air flow at heating rate of 10 °C minto determine the content of
silver in samples. The TGA curves provide also @oldial information about the
composition of the oxidation products. In the prgsease, silver content in the

composites corresponds to the residue after thgsas.a

All characterization techniques have been usechéndooperation with research
teams represented usually by co-authors of theighda papers. These were Dr P.
Holler (GPC), Dr J. Kovi#ova (TGA), J. Hromédkova (microscopy), Dr M. Trchov
(FTIR and Raman spectroscopies) from the Instivfitelacromolecular Chemistry,
and Dr J. ProkeSs and Mgr. M. Varga (electrical meaments) from Charles

University in Prague. Their help and enthusiasthaskfully acknowledged.
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4. RESULTS

4.1. Reaction medium for preparation of polyaniline—siler composites

The oxidation of aniline with silver nitrate is tineost direct way to obtain PANI-Ag
composites [38]. In this way two non-conductingraieals, dissolved in acidic aqueous
medium yield a mixture of two conductors, PANI asilyer. The oxidation of aniline
has to be carried out in strongly acidic media [L@#<2.5, in order to produce the
conducting form of PANI. As most acids precipitaiter ions, the choice is limited
mainly to nitric, carboxylic or sulfonic acids. Thmlymerization in the presence of
nitric acid leads to PANI-Ag composites with contiluity of the order 16 S cm™, has
been demonstrated in the literature [38]. The sampbwever, was not homogenous,

and contained macroscopic silver flakes and thetimawas slow.
4.1.1. Oxidation in the carboxylic acids solutions

Carboxylic acids are the most common type of org&mnpnsted acids because they are
proton donors, characterized by the presence deasdt one carboxyl group. The
simplest examples are formic acid, H-COOH, andiaaatid, CH-COOH. Due to
successful oxidation of aniline with APS in acedd solution to PANI [111], these
solutions have been selected as reaction medithéooxidation of aniline with silver
nitrate [Appendix 1]. Concentration of monomer and oxidant was fix@@ M aniline
was polymerized with 0.5 M silver nitraite the aqueous reaction medium containing
various concentrations of acetic acid (from 0 td99for four weeks. UV-Vis
spectroscopy clearly demonstrated that true PANIledmposites have been produced
only at moderate concentration of acetic acid, D.&wel L (Figure 7). The absorption
maxima are close to 630 nm, typical of standard Pda&s$e [14]. Products prepared at
high acid concentration contained mainly anilingainers. This is confirmed also by
FTIR and Raman spectroscopies. They reflect alsthenpresence of silver acetate,
formed in the reaction mixture. The highest conidityt 3550 S cm', was found for
the sample prepared in 1 M acetic acid. It is témgpto associate this result with the
presence of silver nanowires. The decisive roldhef silver in the conductivity of
composites is also proved by the temperature depeed, which correspond to
metallic character of the sampld2lyaniline was present as nanotubes or nanobrushes

composed of thin nanowires, as well as other mdggical objects. Silver is produced
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mainly in clusters of nanoparticles having 30-50 size@, nanowires or nanorods about
80 nm thick, uniformly coated with PANI, and as timarble-like texture decorating

some objects.

Acetic acid concentration
[mol L™ =

0.2

618

Absorbance

400 600 800
Wavelength, nm

Figure 7. The UV-Vis spectra of the oxidation products ced to the

corresponding bases and dissolvelimethylpyrrolidone prepared by the oxidation of
0.2 M aniline with 0.5 mol M silver nitrate in trsolutions of acetic acid of various
concentrations. G stands for glacial acid. The motancentration of acetic acid is

shown at the individual curvé&ppendix 1].

On account of notable fraction of aniline oligomarsthe samples, in next series of
experiments, formic acid solutions have been cheasereaction mediaAppendix 2.

In the contrast to acetic acid, however, formiadasi able to reduce silver nitrate to
metallic silver, similarly to aniline. This makdset reaction chemistry rather complex.
When silver nitrate was dissolved in 99 % formicdaexothermic reaction took place

and red colour of colloidal silver nanoparticlessvedserved:

HCOOH + 2 AgNQ —— 2 Ag + C&+ 2 HNG;
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When the solution of formic acid was diluted andiae was added, this reaction was
inhibited. The formation of PANI-Ag composites wamfirmed by UV-Vis, FTIR and
Raman spectroscopies. The conductivity of the ccuitg® varies between Toand 16

S cmi* orders of magnitude. After the deprotonation ofNP#o its non-conducting base
form; the high conductivity of resulting compositesggests that the conductivity is
controlled rather by silver than by PANI. At low raentration of formic acid silver
nanowires of 20—80 nm in diameter coated with PA&obrushes of 50-150 nm thick
were produced (Figure 8a). With increasing of amdcentration, the silver nanowires
become less frequent and at high acid concentratleer particles in the similar size-
range, also covered by PANI, dominated (Figure 8).

2

c | s |d e

Figure 8. The product of the oxidation of aniline with sitveitrate in (a) 0.1, (b) 0.5,
(c) 1.0, and (d) 5.0 M formic acid [Appendix 2].
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The polymerization using acetic and formic acideitsons as reaction media leads to
PANI-Ag composites, however, the products stillfeaufsome drawbacks, e.g., the
homogeneity of samples was poor. Also in the céseetic acid, the samples contain
silver acetate as impurity. On the other hand,stdm@ples prepared in the presence of

formic acid had low conductivity, which still neettsbe improved.

4.1.2. Oxidation in the sulfonic acids solutions

Based on preliminary results the 1 M solution dfauc acids seems to be the most
promising medium. This acid does not precipitateesiions and provides sufficient
acidity of the reaction mediunAppendix 3]. Four sulfonic acids have been selected:

H,C._CHs CH,
RS
HO/S\\O OZIFO
OH
Camphorsulfonic acid Toluenesulfonic acid
@) @)
\\S/CH3 \ __NH,
S
HO™ \\ HO™ \\
@) (@
Methanesulfonic acid Sulfamic acid

The reaction media containing camphorsulfonic (GSAjoluenesulfonic (TSA) and
methanesulfonic acid (MSA) gave products of comipiargield, 77-87 % (Table 1)
with respect to the calculated expectation for éalhversion. The content of silver was
63—69 wt%, except the product obtained in the swiudf sulfamic acid (SFA). The
reason for different content of silver in the smotof SFA is obviously the different
character of this acid compared to other threeonidfacids. The presence of amino
group in sulfamic acid reduces the acidity, comgaxéh other sulfonic acids, and the
reaction conditions are not favorable for the payization of aniline. The morphology
-22 -



of both PANI and silver was rich. Silver is usughsesent as nanoparticles with a broad
particle-size distribution; PANI forms mostly hainyanorods of 150-250 nm in
diameter (Figure 9). The reaction in MSA solutia@sulted in the best of PANI-Ag
composites reaching the conductivity of 880 S™crithe conductivity decreased with

increasing temperature, typical behavior for meilisstrating the dominating role of

Figure 9. Transmission electron microscopy of polyanilineveilcomposites prepared
in 1 M (a) camphorsulfonic acid, (b) methanesulfoacid (c) sulfamic acid and (d)
toluenesulfonic acid [Appendix 3].
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silver in conduction. Other composites exhibiteddwctivity at the level of PANI alone

and the contribution of silver to the conductivityas not observed. Composites
prepared in MSA solution had good conductivity dngh yield, as well as the best
homogeneity among other composites which had begpaped. The long time needed

for the synthesis, however, can be regarded asausalrawback.

Table 1. Yield, composition, conductivity, and density oAIRI—silver composites

prepared in solutions of camphorsulfonic, methalfi@sic, sulfamic, or toluenesulfonic

acids.

Acid Yield, Yield, Composition, Conductivity?

gg*’ % theory Wt.% Ag Scm?

aniline Salt Base
CSA 3.43 81 63 1.7 (1.5) 2.1x70
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) 2.2x10

21n air. Values in parentheses were measured inurac

4.2. Optimization of reaction time

The oxidation of aniline with silver nitrate is sland takes over several months to get
a reasonable yield [38Appendices 1-3 This can be explained in part by the

differences in the standard reduction potentiailokr nitrate and APS:
S0 + 26 —» 2SS ([E°=2.0V)
Aj+e — Ag E°=0.8V)

Several groups have been trying different stratedee accelerate this reaction by

physicalmeans, such as heating [112], irradiation with V${24, 108, 113] of-rays
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[114], or ultrasonic agitation [37]. The presente$is concentrated on tlolemical
alteration of the reaction.

4.2.1. Acceleration by p-phenylenediamine

Addition of small amounts op-phenylenediamine (PDA), a few percent relative to
aniline, can accelerate oxidation of aniline witl?® in both the chemical and the
electrochemical oxidations [51, 115-117]. Similarcelerating approach has been
applied when silver nitrate was used as oxidaAppendix 4]. An addition of a small
amount of PDA, even 1 mol. % relative to anilinegigens the reaction time to several
hours or even to tens of minutes. Higher concantravf PDA produces conducting
copolymer composites. Algp-phenylenediamine alone is similarly able to beded

to poly(-phenylenediamine) and produce a composite wittessil

NH2 / N
+ _—
NH; NH, N NH
/ nucleate

initiation centre ®

/

npmg@

polyaniline chain

2

-

Figure 10. The role ofp-phenylenediamine in the oxidation of aniline: fhessible
formation of a phenazine-containing nucleate, andnoinitiation centre that starts the
growth of a polyaniline chain having a phenazinadchand polyaniline tail. Ais an
arbitrary anion [Appendix 4].
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The formation of any polymer has three importanagas: (1) the initiation, (2) the
chain propagation, and (3) the termination, whitdo applies to the preparation of
PANI. The conditions for the propagation step are setisliy the sufficient acidity of
the medium (pH<2.5) but the polymerization stilledmot take place. This means that
the initiation is too slowWe proposed that PDA alters the formation of ititia
centers, increases their number, and thus pronttuégsolymerization of aniline (Figure
10). This happens especially in 1 M nitric acid.lrM acetic acid, the acceleration
concerns rather the formation of oligomers becadfigbe lower acidity of the medium.
The acceleration of aniline oxidation with silvetrate by small amounts of PDA opens
a new route to the preparation of PANI-Ag compasildne composites are produced in

high yield and in short reaction times of some teinsinutes.

Figure 11. Micrographs of composites prepared with (a) 5 mqgt¥phenylenediamine
and (b) 60 mol%p-phenylenediamine mixtures with aniline in 1 M acetcid, using

silver nitrate as oxidant [Appendix 4].

Silver is present in all composites as nanopadiole~50 nm size and as larger objects
(Figure 11). The composites had conductivity in rdwege of the order of 1dto 1G S
cm* at comparable content of silver, which was clasehie theoretical expectation
(Figure 3), 68.9 wt.%. The composites prepared ih dcetic acid always have a higher
conductivity, compared with those resulting frormtkyesis in 1 M nitric acid. The

composite with conductivity of the order of2a0° S cm* behave like metals (Figure
- 26 -



12a, conductivity decreases with temperature). Qmigs having a moderate
conductivity of the order of & cm, which behave as metals at low temperature, and

as semiconductors at room temperature (Figure 1&b)a result, the conductivity
becomes virtually independent of temperature.
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Figure 12. Temperature dependences of the conductiwitpf PANI-silver composites

prepared (a) with 1 mol.% p-phenylenediamine andL(bmol.%p-phenylenediamine
in 1 M acetic acid [Appendix 4].
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4.2.2. Oxidation of aniline by mixed oxidants

The addition of the small amount of APS along wsilver nitrate also efficiently
accelerates the oxidation of anilifeppendix 5]. Aniline was oxidizing with mixtures

of APS and silver nitrate to PANI-Ag compositeslir MSA medium. The use of
mixed oxidants, silver nitrate and ammonium perasyifiate in various proportions,
thus allows for the control of composite compositioom zero (APS oxidant only) to
~70 wt.% silver (silver nitrate oxidant only). Tlkemposites had conductivity of the
order of 1 S cnt, however the composites with high silver contemtehconductivity of
the order of 16-10° S cm™ (Figure 13). In most cases, the PANI determined the
conductivity of the composite and only at high pdmns of silver, its role in the

composites manifested itself.

10' ¢

10 .
L o——o—, Salts i

\O/ O—0

[y
Q
T
1

[y
Q

Ce=]

[y
Q,

—
1

Conductivity, S crit
T
O

[ER
Q
T

0 20 40 60 80
Composition, wt.% Ag

Figure 13. The dependence of the conductivity of (a) salt @odbase forms of
polyaniline—silver composites prepared in 1 M ma#slfonic acid on the weight

fraction of silver in the protonated form of thengoosite [Appendix 5].
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In some cases, when emeraldine salt was convertedse, conductivity of composites
increased. This was surprising, as the former fisrigonducting and the latter is not. A
similar effect has been observed earl@pgendix 2], when aniline was oxidized with
silver nitrate in the presence of formic acid, aslivas in the case of PPDA-Ag
composites [76]. There are two explanations offered

* The presence of insulating interfacial barriers;hsas silver oxide, covering
silver particles, resulting in reduced efficienay formation of conducting
pathways [118]. These barriers can be dissolvingnimonia solution during
deprotonating of PANI-Ag composites.

* A shift in composition and percolation principBuring the deprotonation of
PANI, the acid is removed from the sample and tA&lIPmass decreases, and
consequently, the content of silver increased. Teans that poorly conducting
sample below percolation limit may shift to or abahis limit with associated

increase in conductivity.

The sample prepared with APS has nanofibrillar rholpgy in place of granular
form, typical for standard PANI [41-43]. With thecreasing of silver nitrate as

oxidant the silver nanoparticles around00 nm become more frequent (Figure 14).

&% °
o,

Figure 14. Transmission electron microscopy of the polyaeHisilver composites
prepared in 1 M methanesulfonic with the variouslart mole proportions, (a) p = 0.1
(ammonium peroxydisulfate-rich system) and (b) @sdver nitrate-rich system)
[Appendix 5].
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4.3.The preparation of conducting polymer—silver composes in liquid and

frozen reaction mixture

The oxidative polymerization of aniline proceeded only at room temperature (20)

but also in frozen reaction mixture, even at “80[119]. The polymerizations carried
out at reduced temperature provided PANI with e&hrgmolecular weight and degree
of crystallinity [120]. Also the increasing of thmolecular weight of the polymer can
increase the conductivity of the PANI matrix incorating silver nanoparticles [119,
121]. In the present study, we compared propedigszroducts prepared in liquid and
frozen (-24°C) reaction mixture Appendix 6]. Three systems have been selected,
based on previous results: (1) the oxidation ofiramiaccelerated with 1 mol% amount
of PDA, (2) a copolymer of aniline with 10 mol% PD&nd (3) PDA alone.

The composites of PANI-Ag or PPDA-Ag have been peced at 20 °C and -24 °C
with comparable content of silver67-74 wt.%. The yields decrease in lower
temperature. PANI-Ag composite having the conditgtiof the order of 1S cm*
was obtained. The molecular weight of polymers wofaie order of 19(Figure 14), i.e.
at oligomer level, when the reaction was carrietl @u20 °C, and increased by one
order of magnitude when the polymerization took cplaat —24 °C. The
copolymerization of aniline with 10 mol % PDA leatdsthe decrease in conductivity.
This can be explained by the fact that copolyménmnaof aniline with PDA results in
the reduced PANI-chain conjugation. Such sampleshartallic type of conductivity at
low temperatures and semiconductor behavior at rtemperature. The oxidation of
PDA alone was fast, the yield was high, but theenalar weight was only of the order
of thousands, i.e. at the oligomer level. When ¢iéation took place in ice, the
conductivity of PPDA—Ag composite was even highsnt that of PANI-Ag. This is
surprising because PPDA is regarded as non-comdugiblymer, in the contrast to
conducting PANI.
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Figure 14. Molecular-weight distributions of the oxidation prects prepared (a) in the

liquid (20 °C) and (b) in the frozen (—24 °C) 1 kk#ic acid [Appendix 6].
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5. CONCLUSIONS

» The oxidation of aniline with silver nitrate yielg®lyaniline—silver composites;
two non-conducting reactants generate two condyiginoducts. The reaction
media containing acetic, formic, camphorsulfonic, ethanesulfonic,
toluenesulfonic or sulfami@cid has been investigated. Methanesulfonic acid
does not precipitate silver ions even at high cotraions when silver nitrate
was used as oxidant. For that reason, it was selexs the most promising
reaction medium.

» The reaction requires acceleration (small amounp-phenylenediamine or
ammonium peroxydisulfate) for its efficient use.eTétomposites are produced
in high yield and in short reaction times of soraest of minutes. It is proposed
that p-phenylenediamine participates in the formationmfiation centres that
start the growth of PANI chains in the media offistént acidity, such as 1 M
nitric acid.

« The highly conducting composites, °16 cm’, have been prepared. They
require the content of silver to be above the gdatmm limit, at 70—80 wt.%
silver. The direct oxidation of aniline with silvealts seems to be the most
efficient way how to approach this target.

» The content of silver in polyaniline-silver comgesi can be controlled from 0
to ca 70 wt.% of silver by using mixed oxidants, ammaniperoxydisulfate
and silver nitrate, in various proportions for thedation of aniline.

* The oxidation of aniline op-phenylenediamine with silver nitrate proceeded
also in frozen reaction mixtures at —24 °C, i.ethie solid state. In most cases,
molecular weights of polymer component increasdt tonductivity of
composites with silver improved, to 2990 S “tmfor poly(p-
phenylenediamine)-silver, and remained high aftegpratonation with 1 M
ammonium hydroxide.
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