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| PREFACE

Polyaniline has been known since XIX century [1i®#jwever the research devoted
to this polymer was rather rare and not systentdtithe beginning of 80’s of the past
century High electronic conductivity of doped polyanilineasvknown for years [3put
the conductive polymers, usually prepared in a fofpowders which were impossible to
process into more useful technological forms, cawdtdcompete with classical conductors
of similar type such as different types of carbdacks etc.An increasing interest in
polyaniline chemistry, physics and engineering olb=s# in the past 20 years, is a
consequence of the development of the “conductiolgnper science” which started in
1977 by the discovery of unusual electronic prapsrbf polyacetylene — the simplest
conjugated polymer. The importance of this domdinmesearch was underlined by the
attribution of the Nobel Prize in chemistry in 20@0its founders - Hegeer, Mac Diarmid
and Shirakawa.

Several research efforts have been undertakenpgmira the processibility of the
most important conducting polymers [4) the case of polyaniline, the simplest approach
consisted in the design of special type of dopaftdhe Bronsted acid nature, which in
addition to rendering the polymer conductive inalide solution or thermal processibility
in the doped (conducting) staféhis approach was first demonstrated by Cao b 41992
who usedn-dodecylbenzene sulfonic acid (DBSA) as a procdggilimproving dopant
[5]. The introduction of long aliphatic chains ashérent parts of the doping anions
facilitated the dissolution of the conducting foofithe polymer in non-polar solvents.
Several other groups of dopants have later beeelaged, which depending on their
chemical constitution facilitated different typekpmlyaniline processing [6,7,8,9,10,11].
All of them were however of Bronsted acid nature.

Emeraldine — the semi-oxidized form of polyanilstadied in this research - can be
considered not only as a Bronsted base, but alsolL&svis one. As a conseqguence, it can
in principle, be doped by complexation with apprag Lewis acids. In the elucidation of
this type of polyaniline doping two important quess must be addressed:

» Can Lewis acid complexation improve solution predasty of polyaniline?
» How this process influences the electronic congitgtof this polymer?

This is a promising area of research taking intooant successfudolubilisation

attempts of some Lewis base type polymers (for @@ipolyazomethines) using Lewis

acid complexation, as reported by Jenekhe.[lt2eems also highly probable that the



doping of polyaniline with Lewis acids should letal an increase of its conductivity
similarly as it does in the case of Bronsted aagding. The data concerning Lewis acid
complexation of polyaniline are scard€ulszewicz-Bajer and co-workers 099 and
2000 [13,14] reported on polyaniline complexatiothwsnCl and Fed, whereas Kumar
studied the complexation of this polymer with sBE5]. It was shown that polyaniline
doped with SnGl or FeC} is soluble in acetonitrile and nitromethane ir.sblvents,
which dissolve neither the base form of polyaniliner the Bronsted acid doped one.

The main goal of this thesis was to elucidate thiecgss of Lewis acid
complexation of polymers from the polyaniline fayréind to establish the influence of this
doping on their processing, spectroscopic and releict propertiesThe second aim was to
identify various chemical processes, which accomphae doping. The studies were not
limited to unsubstituted polyaniline, but extendedthe Lewis acid complexation of its
ring substituted derivatives such as poly(2-ethilitze) and polyanisidine. As dopants two
families of complexing agents of the following gesddormulae were used:

AlCl3(acac) and FeGly(acac) i.e. Al(lll) and Fe(lll) complexes either with
chloride ligands or with mixed chloride — acetylac®te ligands.



Il INTRODUCTION TO POLYANILINES
CHEMISTRY

[I.1 POLYANILINE —INTRODUCTION

Polyaniline (PANI) has been known from the begiignai XIX century as “aniline
black” [1,2,16]. It was used as a dye to blackettocofabrics. At the beginning of the XX
century number of works [17,18,19]ere realised with aim to resolve PANI structure.
Initially, aniline black was considered as an alioctamer in different oxidation states.
Lately, it was shown that oxidation of aniline undertain conditions gives a polymer. It
was Woodhead and Green who named three basic foigaforms (described below),
these names are commonly used till today.

An important breakthrough in the polyaniline reskatook place in early 1980s,
when polyaniline has been discovered as a membarnaivel group of macromolecular
compounds; namely conductive polymers,pPAQ. Since then, it has become the most
extensively studied polymer in this group.

In reality, “polyaniline” is a name for whole familof polymers, which can be
described by the formula presentedig I1.1.1.

0000

Fig. 11.1.1 General formula for different forms of polyanilibase

Correctness of the formula presented above wasegroamong others, by
spectroscopic studies of Wudl and co-workers [Z22,23
As already mentioned, three principal forms of poljine can be distinguished
(fig.1.1.2). All these forms exhibit interestirgpectroscopic properties, but two of them —
fully reduced (a) and fully oxidised (c) (fig. IlZ) are environmentally instable.
Leucoemeraldine (a) (white powder) is a strong cedpagent that easily reacts with air
oxygen giving emeraldine (b) as the product [28rnigraniline (c) (red-purple, partially
crystalline powder) composed of oxidised units, ilgasindergoes hydrolytic type
degradation via chain scission [25]. Emeraldineebédark blue powder with metallic
gloss) — semi-oxidized form of PANI - is stabtedir and can be stored for long time

without chemical changes. Emeraldine is the metgnsively studied form of polyaniline.



Thus, in the majority of publications, names “polyme” and “emeraldine” are used

interchangeably

H H H H
OO0 8
I In
a) leucoemeraldine
) ., ., ]
AR
I In

b) emeraldine

e e,

C) pernigraniline

Fig. 11.1.2 Principal forms of polyaniline base

In the case of PANI — contrary to other conjugatgdtems — contribution to the
conjugation is given not only by-electrons of aromatic ringg- interaction), but also by
interactions between the lone electron pairs ofogén atoms andc electrons (pe
interactions). Additionally, in emeraldine baseatedely strong interactions between amine
and imine groups in neighbour chains via hydrogends are present [26, 27]. These
phenomena are responsible for very difficult predabty of polyanilines in the base
form.

Partial dissolution of PANI base is possible onlyan solvent — polymer hydrogen
bond interactions replace interchain interactidfew solvents dissolve emeraldine base,
for example: NMP (N-methyl pyrrolidinone), TMU (tamethylurea), DMA (N,N-
dimethylacetamide). In concentrated PANI solutiogslation process is sometimes
observed. To inhibit this process a mixture of eat¢ can be applied (combination of
electron donors and acceptors that interact witimarand imine groups, respectively).
Conjugation as well as the presence of hydrogerddaause not only insolubility in
majority of common solvents, but also is the reasgry PANI is infusible. At high
temperatures (above 400 °C) polymer gradually dpos®s witout melting.

Polyaniline in its base form exhibits the electricanductivity lower than
10° S/cm. The poor conductivity is limited by the bayab between HOMO and LUMO



levels, i.e. 3,8 eV. It is possible to convert RANo the conducting form. This problem

will be discussed in the chapter devoted to thergdpprocess.

11.2 SYNTHETIC ROUTES TO POLYANILINE

Polymerisation process of aniline and its derivegifias been investigated for more
than one century and several synthetic routes baea proposed. Due to the fact that
only emeraldine base is stable in ambient conditidghe most popular polymerisation
procedures are aimed on the preparation of thisn.foiWhen pernigraniline or
leucoemeraldine are required, the oxidation orréuiction of emeraldine usually obtains

them.

11.2.1 Chemical oxidative polymerisation

The oldest and still the most popular way for thieparation of polyaniline is
chemical oxidative polymerisation. Optimisation tbk process was widely investigated
during the past two decades. Several papers deuotede aniline polymerisation in
organic solvents have been published [28], buré¢laetion in aqueous solutions at low pH
has still been the most extensively studied. Déifeérinorganic oxidants such as: KlO
KMnOg4, FeCh, KoCrO4, KBrOs, KCIOs, (NH4)2S,03 were tested . Reactions were carried
out in different acids (i.e. HCI, 40,, HCIO4). The effect of the temperature of the
reaction medium and acid concentration were algestigated as variables of the process.
It turned out that the temperature has a spegiatipounced influence on the properties of
the obtained product and in particular, on its roolar weight. According to Adams and
his co-workers [29polyaniline obtained at 18 °C has,M 4200 Da, M= 3000 Da, the
polymer synthesised at 0 °C hag?¥0400 Da, M=122000 Da, PANI obtained at —25 °C
has M=43500 Da, Mj}=209000 and for polyaniline obtained at —35 °G=P100 Da,
M,=166000 Da. Thus, there exists no need of theicgatgmperature decrease below —25
°C since upon further temperature lowering the wmalecular parameters of the polymer
worsen.

Another important parameter influencing the prapsrof the resulting polymer is
the monomer to oxidant molar ratio. This problemswavestigated by Pron and co-
workers [30] Due to the fact, that different oxidants are capablaccept different number
of electrons, these authors proposed a unifiedficaeft k (eq.ll.1). It was found that
coefficientk has to be >>1 (large excess of aniline), when edgguality polymer is
required. The necessity of the use of a large exoésniline can be rationalised by the

mechanism of the polymerisation.



k — 2’S[Haniline
eall)® = gm

oxidant

where: 2,5 — number of electrons exchanged whdmans oxidised to
polyemeraldine (per one aniline molecule), el- namtif electrons accepted by one
molecule of the oxidantyfyani— NUMber of moles of oxidantihe — NUMber of moles of
aniline.

Aniline is first polymerised to pernigraniline, vahi is then reduced to emeraldine
by the reaction with the excess of the monomer ¢begpter 11.4). The use of additional
reducing agents, such as Fe@lcilitates the reduction of pernigraniline; thalues of k
can be lower in this case, but still higher than 1.

Chemical oxidative polymerisation of aniline usiHg! and (NH).S;0g can be
described by the following chemical equation:

(eq. 11.2) 4x(CeH-N-HCI) + 5x(NH;)2S,05 — (CagH1aNa-2HCI), +
+5X(NH4)2$O4 +2XHCI + 5XH2804

It is clear from eq.ll.2 that in acidic media enmdnae is obtained in its protonated
state. If needed, it is usually transformed inte thase form by deprotonation in 0,1M
ammonia agueous solution.

Several interesting modifications of the oxidatpelymerisation of aniline have
been developed. In the emulsion polymerisationotiganic phase consists of the solvent,
aniline and the protonating agent, usually a fumalised sulfonic acid. The water phase
contains the oxidant (usually ammonium persulfat@e polymer is formed in the organic
phase and does not precipitate since it is protohatith acids containing solubilising
substituents. As a result, solution processiblggruline with a relatively high molecular
weight can be obtained in a one-step process [31]

A new approach of the oxidative polymerisation ofiline is the enzymatic
polymerisation [32]. Horseradish peroxydase JOiH system was used to oxidise the
monomer molecules. An important element of the treacenvironment was sulfonated
polystyrene, which was used as a template to favpara” coupling of aniline units.
Polyaniline/sulfonated PS complex was soluble imewarhe conductivity of the reaction
product was ca. 0,1 S/cm. The main disadvantagéisf method is difficulty in the
separation of both polymers.

10



11.2.2 Electrochemical polymerisation

Oxidative polymerisation of aniline can also be fpened using the
electrochemical route. First papers describing essftl electrochemical polymerisation of
aniline were published in early 1960s [33]

Polyaniline can be synthetised potentiostaticalplyanostatically or by potential
scanning (cyclic-voltammetry polymerisation). Inethcyclic-voltametry method the
product is deposited layer-by layer on the anodsngd this technique the best quality
homogenous polymer film was obtained in the euteunikture NHF2,35HF applying the
potential from —0,2V to 0,7 V (vs. Cu/CH34, 35]

Electrochemical polymerisation can also be carotin other media:
e aqueous solutions at low pH using inorganic acigshsas HCI or KLEO, [20,36,
37,38];
« The systems composed of organic solvents and inargsalts, i.e. lithium
perchlorate-acetonitrile [39,38].

Electrochemical polymerisations are usually carnet at room temperature, but
some comparative experiments have been done at[@0ICIt has been found that the
polymer obtained at lower temperatures exhibit¢ebgiroperties, among others, a higher
molecular weight.

Well-controlled conditions of the electrochemicablymerisation cause good
reproducibility of the product. Moreover, the oxida state of the polymer can easily be
modified when changing the potential of the workiegctrode. Unfortunately, small
quantities of obtained PANI (comparing to chempallymerisation) eliminate this method

when bigger polyaniline quantities are required.

11.2.3 Polycondensation

The coupling reactions between benzene deresitiisubstituted with -NH

and/or —Br groups in the presence of an appropgatalyst lead to polyaniline as a
product. Contrary to other methods the polymercstme can be modified by choosing
suitable monomers; comparative experiments usingtdfmand “para” isomers were
performed(vide infra).

One of the most studied polycondensation methodsWianann condensation. In
these syntheses different reagent combinationdeamsed: 1,4 or 1,3- phenylenediamine
and 1,4 or 1,3- dibromobenzene in the presenceudf [@1]. Unfortunately, the product

was infusible and only partly soluble in NMP. Thiher method consists of amination of

11



aryl bromide using Ni or Pd catalysts. Pomerantaldd42] have used p-bromoaniline.
Kanabara et al. [43] used 1,3-dibromobenzene, ghgnylenediamine and Pd catalyst
(fig.1.2.1). Similarly, the condensation of bisitemophenyl)amine in the presence of Ni

catalyst leads to the formation of well definedisture of polyaniline [44].

lpd(OAc)z, BINAP, NaOBu

Fig. 11.2.1 Synthesis of leucoemeraldine by polycondensatimg us

1,4-phenylenediamine and 1,4-dibromobenzene

The parameters of polyaniline synthesised on a cpolgensation route are
generally inferior to that obtained in the chemis@hthesis. Moreover, as it was shown in
fig.11.2.1, the polycondensation product is obtaires fully reduced (unstable) form of
PANI.

1.3 M ECHANISM OF ANILINE OXIDATIVE POLYMERISATION

Mechanism of oxidative polymerisation was invediga by many authors
[45,46,47,48] Independently on the proposed mechanism, it isebetll that the
polymerisation is initiated by the oxidation of th@nomer to a radical cation (stabilised

by resonance)(fig. 11.3.1).

NH3" NH, NH, NH, NH,
oxidation ® ®
-H', -18

Fig. 11.3.1 The formation of aniline radical cation

In the next step two coupling mechanisms are @ego
» The electrophilic substitution of the formed radlication to a neutral molecule of
aniline (fig. 11.3.2)
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e Dimerisation of two radical cations (fig. 11.3.3)

+ 2H* +o
NH, + o NH, ———> NH NH,

Fig. 11.3.2 First stage of chain propagation

+o + -2H*
NH, + o NH, —» NH NH,

Fig. 11.3.3 The coupling of two radical cations

In further discussions of the mechanism authol kit itself to the latter case,
which is more widely accepted in the literature.

In the propagation step, the dimer is being oridit a radical cation and then it
can couple with the radical cation formed by thedation of the monomer (fig.l1.3.4) or

with another dimer-type radical cation.

H +o + 2H
N NH, + o NH, — >

Fig. 11.3.4 Propagation of the polyaniline chain
O OO
-4n e
OO
n

Fig. 11.3.5 Oxidation of leucoemeraldine to pernigraniline

The polymer chain obtained via the above-descritmapling is formally in the
most reduced state (leucoemeraldine form). In tygeatiuring the propagation step, it
undergoes further oxidation to pernigraniline, @sesnatically depicted in fig. I1.3.5.

The radical cations of aniline formed in this poBmmeduction process either initiate
the growth of a new chain or alternatively can ipgrate in propagation of already

growing chain.
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In the next step the totally oxidised polymer isnigereduced to the semi-oxidised

state of emeraldine in red-ox reaction with the omoar (fig. 11.3.6)
OO OO o O
n
H H +e
OO~ = O
n

Fig.11.3.6 Propagation of the polyaniline chain

The polymer as depicted in fig. 11.3.6 is in itsslwaform. In reality, in the highly

acidic reaction medium it undergoes protonatiothefimine nitrogens (fig. 11.3.7).

+

2nH

Fig.11.3.7 Protonation of the emeraldine

At the end, it should be mentioned that beside liske formation of p-coupled
PANI chain in the reactions described above, soide seactions were also identified
[49](fig.11.3.8).

» coupling of aniline and its oligomers in “ortho” gition;

» formation of benzidine groups (“tail to tail” courpd);

» chlorine substitution in aromatic ring (in systewigh HCI and LiCl or NaCl);
» formation of N=N bonds (azo groups);

« formation of N-G; grafting bridges between chains;

» polymer hydrolysis (=O and —OH groups).
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0—~0, el

NH2

G / e

Fig. 11.3.8 Side reactions occurring during polyaniline syrdise

All those reactions introduce undesirable eleméntie structure of PANI and are
considered as chain defects.

[I.4 POLYANILINE DERIVATIVES

Polyaniline ring-substituted derivatives are knodom the beginning of XX
century. In 1910 Green and Woodhead studied théhsgis of 2-methyl substituted
polyaniline, i.e. poly(o-toluidine)[18]. These paters (fig.ll.4.1) can be obtained using
“ortho” as well as “meta” substituted aniline. Tlekain structures of the polymers
obtained by the polymerisation of aniline derivatiywhich differ only in the position of
the side group (such as ortho-toluidine and mdtacime), seem to be almost identical
independently whether the chemical synthesis oelbetrochemical one is applied[50,51]
Small differences are caused mainly by the fact itndhe case of o-substituted anilines
one of the “ortho” positions is blocked - it dinshies the percentage of undesirable
“ortho” coupling. The product has a more regulaucure which, consequently, leads to
higher polymerisation yields. “Para” substitutedliaas do not polymerise [52hecause
long chain formation is blocked by the “para” sutibgint; the formation of oligomers is
observed in this case.

For above reasons o-substituted anilines were ohasethis research as the

monomers for the polymerisation and for the congmeriwith PANI.
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Y Y Y Y
H H
Y= 'CH3; 'CH2CH3; 'OCH3, etc.

Fig. I1.4.1 Ring substituted polyanilines in semi-oxidised form

The properties of the obtained polymers depenccjpatly on the type and the size
of substituent. An improvement in the solubilisatiovas one of the main goals of this
research, so relatively flexible alkyl and alkoxsogps were chosen. Polymerisation of
monomers with bulky side group improves solubilityut drastically decreases the
molecular weight. This problem is discussed in ¢éaf.7. For this reason possibly small
size groups (-CkCH3; and -OCH) were incorporated.

It should be emphasised, that the methods apptiedhe syntheses of alkyl and
alkoxy ring-substituted poly(amineimines) are gatigrthe same as for polyaniline both in
chemical as well as in electrochemical preparati@mmilarly to the PANI case; chemical
route (using ammonium persulfate) is frequentlyduddoreover, it was shown [52,53] that
the polymerisation mechanism of aniline and itg+substituted derivatives is analogous.

Unfortunately, optimisation of the polymerisatioropess seems to be less developed
comparing to the case of polyaniline, i.e. low tengpure synthesis (below -5 °C) of ring-
substituted polyaniline derivatives was not systigsally investigated to date.

It may be noted, that other types of substitutedy(pmineimines) were also
obtained, namely N-substituted PANI derivativeskyla or phenyl as substituents),
poly(2,3-dimethylaniline) and polyaniline derivagiy with halogen atom attached to the
aromatic ring.

[I.5 ANILNE OLIGOMERS

Aniline oligomers are known almost as long as poilly@e. The synthesis of
aniline tetramer was reported by Willstater and kéaa 1907 [54]

An increasing interest in oligoanilines is observieelcause they can be considered
as model compounds of polyaniline. The first anititte most investigated is the tetramer
of aniline, i.e. the shortest oligomer bearing pheperties of polyaniline structure (i.e. four
aromatic rings and 4 nitrogen atoms). Other oligenseich as trimer, pentamer, hexamer,

octamer were also obtained. Aniline oligomers canlivided into 3 groups (fig. 11.5.1):
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* End-capped with two phenylene rings (“Ph/Ph” tyiig; 11.5.1a);
* End-capped with to two amine groups (“MNH." type; fig. I1.5.1b);
» End-capped with one amine and one phenylene rirly KIH,” type; fig. 11.5.1c).

Fig. 11.5.1 Three groups of aniline oligomers a) Ph/Ph end-&ahb) NH/NH, end-
capped, ¢) Ph/NEend-capped

Synthetic methods leading to oligoanilines of &llee types mentioned above can

generally be divided into two groups:

. Non-oxidative consecutive condensations are tisedne. In this type of
syntheses the obtained product has a well-defirddaular structure. Ullmann
condensation and the condensation of aryl halidéésa@rresponding amines in

the presence of Ni or Pd catalysts belongs tatyipis of reaction [55,56];

. Oxidative synthesis is the second one. In this tfpsndensation aniline dimer
i.e. N-phenyl-1,4-phenylenediamine is oxidised aadpled into tetramer.

First synthesis of Ph/Ph end-capped oligomer, naneframer (fig. 11.5.2) was
performed by Honzl in 1968 [57]. In this reactioraminodiphenylamine is condensed
with diethyl succinoylsuccinate then, consequentebromatisation, hydrolysis of both
ester groups, and finally decarboxylation are peméxl. The authors also reported a

successful hexamer synthesis.
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COOC,Hs

H

j COOC,Hs

H H H H
OO0
Fig. 11.5.2 Honzl's synthesis of aniline tetramer

Simple oxidative synthesis of oligoanilies composdédeven number of aromatic
rings (Ph/NH capped) was proposed by MacDiarmid and co-worf&} Reaction of N-
phenyl-1,4-phenylene diamine monohydrochoride at°@ lead to semi-oxidised

o O m
1.FeCl3*6H,0/HCly,

2.NH,OH
Fig. 11.5.3 Oxidative synthesis of aniline Ph/Nktramer

tetraaniline (fig. 11.5.3).

zZ =-— ZT

D

This process — consisting of two relatively simpéactions - gives the desired
product. Consecutive syntheses of octamer, hegaterc etc. can be performed in a
similar way, but before the oxidative coupling, dgideal reduction to “leucoemeraldine”

form is required.

1.6 PRINCIPLES OF POLYANILINE DOPING

The term “doping”, widely used in the field of caradive polymers has its origin in
semiconductor physics and denotes the process iohwd semiconductor polymer is
transformed into “an organic conductor”. Althoughenomenologically similar to the
case of inorganic semiconductors, the doping ofdaotive polymers exhibits a totally
different chemical nature. Two types of dopings bandistinguished: the red-ox doping

and the acid-base one. Both can be applied to pidilya. The latter type of doping can be
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performed using not only acids having acidic(Bronsted acids), but also can be extended
to a wider group i.e. Lewis acids.

Polyaniline doping is schematically depicted in fig6.1. Partial oxidation of non-
conductive leucoemeraldine (fig.ll.6.1a), leadghte formation of conductive emeraldine
salt (fig.11.6.1b). The same product can be obtaibg the protonation of emeraldine
(fig.11.6.1d) [59]. Acid-base reaction in much more often applied duait-sensitivity of
leucoemeraldine.

-2e
+2A°

A@ A@ n

|
0 LA RO u)

© A

>

+2HA

Fig.11.6.1 Principle of polyaniline doping

Formally, two stages can be distinguished in erderalprotonation [60]in the first
one (fig.11.16c), imine groups of PANI are protoaétwith an acid; simultaneously anions
that neutralise the positive charge of the chagniracorporated to the polymeric system.

The formed spinless dicationic species with quirtgjze sequence of bonds can be
formally treated as a bipolaron. The positive ckarm a form of dication are not stable for
higher than y=0,3 doping levels (the doping legaléfined asy=(mole acid)/(mole PANI)
where PANI denotes average emeraldine repeat yHit 481). The interactions of positive
charges witht electrons lead to a more uniform charge distrdntiso called “polaron
lattice” with strong resonant stabilisation ener@fyg. 11.6.1b). Thus, the highest

protonation level does not exceed 0,5 for “ideatieealdine with 50% content of imine
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sites. Such “saturated” system is usually deno®dANI/(Acid)ys [61,62] Both the
oxidative doping of leucoemeraldine and the acisebdoping of emeraldine lead to p-type
conductors in which charge carriers are positive.

Polyaniline can also be n-doped, in this procdsst®ns from a reducing agent
enrich the polymer chain. Only one paper devotedhis type of reaction concerning
polyaniline was published to date [63]. The authslilewed that such kind of doping is
feasible, but applied reducing agents - KH and Nagfve as products Kand N& doped
PANI that is extremely unstable on air.

Nitrogen atoms of PANI have a lone electron parP#NI can be considered as a
Lewis base. It was shown [13,14], that PANI treangth some Lewis acids forms acid-
base complexes. Moreover, this type of doping \@nm&ble. General structure of PANI
base doped with Lewis acid (LA) is presented on fig.2. Similarly to the case of
protonation, one molecule of dopant is coordinateditrogen atom, but contrary to the
protonation, both types of nitrogen sites (aminevall as imine ones) are complexed. In

this case the formation of a covalent or mixeddesovalent bond was postulated.

l sLA

Fig.11.6.2 Lewis acid doping of emeraldine

[I.7 POLYANILINES PROCESSIBILITY AND CONDUCTIVITY

Due to the fact, that polyaniline exhibits extreynahteresting properties,
improving of PANI processibility is an importantrpaf the polymer research. Two main
methods converting polyaniline to a soluble andidsible form were developed. The first
one is the processibility induced by the dopinghwiinctionalised acids. The second one

concerns incorporating of solubility inducting gpsuto the aromatic rings of the polymer.
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11.7.1 Doping induced processibility of polyaniline

As it was mentioned above, polyanilines can by dapat only in red-ox reactions
(as others conjugated systems) but also in acidafu) — base (polymer) reactions. This
property makes PANI especially interesting from pin@ctical point of view.

First compounds used for polyaniline doping wererdganic acids such as: HCI,
H.SOy, HsPQy, and HCIQ. The most popular one was HCI, because this acidoin-
oxidsing and in addition it is volatile, so its ess can easily be removed. The electrical
conductivity of polyaniline doped with HCI is ca.Slcm, but this value depends strongly
on molecular weight of polymer. Unfortunately, PANbped with inorganic acids is
neither soluble nor fusible.

The transformation of PANI into a processible poéynwas achieved by the
protonation of PANI with functionalised organic dgiin so-called “doping induced
processibility” process. The presence of bulky angeparates the polymer chains,
diminishes interchain interactions and rendersthlgmer soluble. These observations can
be extended to the vast majority of bulky protgmityaniline dopants. In general, sulfonic
acids and phosphoric acid diesters are used asigopaucting the solubility of PANI.

Cao et al. [5] used n-dodecylbenzene acid (DBSA).I(f7.1a) as a protonating
agent of PANI. Acidic proton in -S§B group allows the protonation of the polymer; long
hydrocarbon tail introduced with the dopant to thpwlymer matrix renders
PANI/(DBSA)y5 soluble in non-polar solvents and facilitates #sipramolecular
organisation in the solid state through interdiipta of the alkyl substituents [64].

(x)-camphor-10-sulfonic acid (CSA) (fig. 11.7.1b)as found as a very convenient
PANI solubilising dopant [5,65] This bicyclic comad exhibits extraordinary properties
strongly depending on the medium used for the @m%ing i.e. film casting. PANI/(CSA3
films cast from chloroform exhibit a rather low chretivity, o ~10* S/cm. Films of PANI
doped with the same dopant, but cast from m-cresbibit conductivity of ca. 200-300

S/cm [66,67]
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c) d)
SO;H
3 R=alkyl SOzH

Fig. 11.7.1 Selected sulfonic acids used for the acid-basendppi PANI

Adams and co-workers studied the properties of gline doped with 2-
acrylamid-2-methyl-1-propanesulfonic adg@B]. PANI doped with this acid is soluble in
dichloroacetic acid (DCAA). Films cast from DCAAIlstion shows high conductivity of
210 S/cm, but also exhibit poor mechanical propsrti

A promising group of polyaniline “plastdopants” gsessing —Sfpl functional
group was developed recently. Diesters of 4-stifloglic acid and 5- sulfophthalic acid
(fig.1l.7.1c,d) [7,11] are derivatives of diestesk phthalic acid widely used as industrial
plasticisers. It was proven that not only solupilénd conductivity (as in the case of
DBSA), but also mechanical properties of polyamilidoped with these acids would be
improved. Indeed, this is a case. Polyaniline dopitlal “plastdopants” is soluble in typical
organic solvents as well as in dichloroacetic afAA). Films cast from DCAA
solutions exhibit both good mechanic propertiesr(ghtion at break often exceeds 40%)
and the metallic-type conductivity over a wide t@mrgiure range.

Diesters of phosphoric acid (fig. 11.7.2 a,b) amother family of polyaniline
dopants improving polymer properties [6,6D]esters are formally derivatives of triesters
of phosphoric acid, which are efficient industriplaticisers for commercial, non-
conductive polymers.
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Fig.1.7.2 Diesters of phosphoric acid (a,b) and phenylphosphacid (c) used for
the acid-base doping of PANI

Polyaniline doped with such compounds is not onlylsle in common solvents such
as chlorobenzene or THF, but also can be proceassieg thermal methods [70]. In the
latter case, dopants containing phenyl rings (fig2b) are preferred, because of their
higher thermal stability (up to 200 °C). Condudgivof polyaniline protonated with this
type of acids reaches 4@/cm (for PANI/DPHR 5y where DPHP denotes diphenyl
phosphate). PANI doped with diesters is suitabiettie preparation of conductive blends
with polymers such as polystyrene, poly(methyl raetilate) and others.

Phenylphosphonic acid, (fig. 11.7.2c) was alsoestgated as a dopant of PANI
[8].

As it was mentioned earlier, polyaniline can lbesidered also as a Lewis base.
Recently, it was evidenced that PANI can be dopedplexed) with Lewis acids [13,14]
As it was presented in chapter 1.6, structuresLefvis acid doped PANI differ
significantly from those of protonated polyanilift@onsequently, these complexes exhibit
different chemical and spectroscopic propertiesviteacids used for PANI doping were
metal halides such as SpCAICI3, and FeG. Some of them readily hydrolyse, so it is
necessary to provide strictly anhydrous conditionall manipulations. It was shown that
the complexes of emeraldine and emeraldine hydooda with Lewis acids are soluble in
nitromethane and acetonitrile i.e. solvents whitdsalve neither PANI base nor PANI
doped with Brénsted acids.

The preparation of polyaniline doped with Bwas reported by Kumar et al.[15]
However, these authors did not presented condusgults proving the existence of
PANI/BF; complex.
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Pseudoprotonation is a doping reaction similarh® protonation process; it also
bases on alkaline properties of PANI. In the resrctith salts such as LiCl, LiClO
LiBF4, (CHs)"(CHsSQy)" [71,72,73] similar structure as for protonated emeraldine is
formed, but instead of protons, corresponding aaticouple with imine groups. Charge
carriers are much more localised than in protonptdganiline, thus conductivity of these
systems vary between <i®/cm for LiCl, ~10° S/cm for LiBR and LiCIQ,, ~10% S/cm
for (CHs)"(CH3SQy)".

11.7.2 Properties of PANI doped with (x)-camphor-10-sulformc acid

As it was mentioned in chapter II.1, emeraldinetsnbase form has the band-gap
equal to 3,8 eV. Its electrical conductivity istire range of 10S/cm. Upon doping the
conductivity increases several orders of magnitdde doping induces some changes in
its band gap [74]. New polaronic levels between HDI#t) and LUMO (') are created
upon doping. UV-Vis-NIR spectroscopy is a convehmethod to examine changes in the
polyaniliner-electrons transitions [66].

In the UV-Vis spectrum of a thin solid film of PANdase two bands can be
distinguished at 330 nm and 640 nm. The formesislly ascribed to the— = transition
in the aromatic ring, whereas the latter is assediavith the presence of the quinoid in
emeraldine form and is attributed to an excitordmsition between the quinoid ring and
benzoid rings.

Protonation significantly changes the UV-Vis-NIR espra of emeraldine
introducting, among others, new features in the NHR of the spectrum. In addition, the
solution spectra become solvent dependent andtiiessate ones depends on the medium
used for casting. PANI doped with (+)-camphor-1@esc acid is an instructive example
of this behaviour.

The spectra registered for doped polymer films &@ash CHCE or m-cresol have
different shapes as it is shown in fig.ll.7.3. lhet UV-Vis-NIR spectrum of
PANI/(CSA) s§CHCI; a sharp intense peak at 780 nm, and a seconat @39 nm can be
observed. In fact, the peak at 380 nm is a supiigo®f two peaks at 340 nm and 440
nm. The band at 340 nm is attributedtte = transition in the aromatic ring, which is red
shifted comparing to that measured for PANI bas$es $hift can be considered as a result
of doping. The peaks at 380 nm and 780 nm areecklat the transition to energy levels
characteristic of localised polarons. It may beatoded that in case of the polymer cast
from chloroform the supramolecular structure doed allow the delocalisation of
polarons.

24



a) b)

——

300 1000 2000 2600 300 1000 2000 2600
wave length [nm] wave length [nm]

Absorbance [a.u.]
Absorbance [a.u.]

Fig. 11.7.3 UV-Vis-NIR spectra of PANI/(CSA)films cast from: a) chloroform, b)
m-cresol [66]

To the contrary, the use of solvents such as nokredich strongly interact with the
polymer chain (for example via hydrogen bondingdie after casting, to a more regular
supramolecular organisation, which facilitates pmtadelocalisation. This is manifested
by significant changes in the UV-Vis-NIR spectrum \&ell as in the increase of the
conductivity. The spectrum of PANI/(CS#Yfilm cast from m-cresol (fig. 11.7.3b) shows
a sharp non-symmetric peak at 450 nm. Monotoniease of absorbance above 1000 nm
is characteristic of inner transitions in delocatispolaron bands and confirm the
“metallic” character of this form of polyaniline.

It was found that not only phenols [66], but alkworinated alcohols such as
1,1,1,3,3,3 — hexafluoro —2- propanol (HFIP) [#F solvents suitable for casting of
“metallic” polyaniline films. PANI/CSAs cast from HFIP exhibit metallic-type
conductivity exceeding 200 S/cm.Contrary to thesoafsphenols, total evaporation of the
solvent is feasible in this case.

11.7.3 Polyaniline chain functionalisation

Functionalisation of the polymer chain — in viewtofing the polymer properties -
the method giving good results in the case of cotidel polymers such as poly(thiophene)
and polyp-phenylene vinylene), was also investigated in tase of polyaniline.
Substitution of the aromatic ring with alkyl or alky substituent improves solubilisation of
the polymer and extends the number of efficient PAblvents. Unfortunatelly, even
small size substituents present in the aromatg significantly perturb the chain planarity
causing an increase in the torsion angle betwemghlpeuring aromatic rings. Conjugation
of “twisted” polymer is diminished comparing tcathof not functionalized one, which is
manifested by lower conductivity of the doped saaplMoreover, as it can be expected,

the conductivity decreases with increasing sulmstitbulkiness.
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For polyaniline, poly(2-methylaniline)(P2EA) and lpanisidine (PANIZ) doped
with HCI in the same conditions conductivity is 44cm, 0,26 S/cm and 0,14 S/cm,
respectively [76]. Very similar results were obtadnby J.A. Conklin and co-workers for
PANI and PANIZ [77]. HCI doped poly(2-ethyl)aniérexhibit poor electrical properties
with conductivity 10° S/cm [78], but relatively high conductivites (1c®) for P2EA
doped with HCI were also reported [50].

Increase of the conductivity is also possible whanctionalised monomer as
anisidine is co-polymerised with aniline, but tlEs compromise — solubility is lower than
in the case of functionalised anilines obtainedhbgnopolymerisation [77].

Another important process converting polyanilineatgrocessible form is “self-
doping” — the method combining doping and chaincfiomalization. In this strategy
polyaniline rings are fuctionalized with strong dagroups (as for example -@@). Such
groups are capable of nitrogen atoms protonaticinénsame chain. The main feature of
the obtained product is improved stability in alkalsolutions; moreover, such polyaniline
is water-soluble. Conductivities of self-doped palilines reach 1 S/cm, when acid group
is coupled to already prepared polyaniline. Ingdhse of co-polymerisation of sulfoaniline
with aniline, conductivities are not higher than?®cm [79].

11.7.4 Spectroscopic properties of polyaniline doped witlh.ewis acids

Spectroscopic properties of PANI doped with Lewigla (L.A.) differ from those of
protonated polyaniline. It is caused by a differeature of chemical interactions between
L.A. dopant and the polymer.

The UV-Vis-NIR spectrum of film of emeraldine dopatth SnCl, film is shown in
fig. 1.7.4. High absorption peak with a maximum the vicinity of 1250 nm is
characteristic for polyaniline doped with Lewisdgisuch as SnglFeCh, GaCkor AICls.
These systems undergo fast decomposition when edpts the traces of moisture.
Hydrochloric acid — which is one of the productstims decomposition — can protonate
polyaniline. As a consequence, the spectrum (fig.4b) of PANI doped with L.A. and
exposed to air quickly changes and becomes chasdictef PANI doped with a Bronsted
acid.

Conductivity measurements are consistent with theMis-NIR spectroscopy. The
electrical conductivity of Lewis acid doped PANIetonot exceed 0S/cm, but upon
exposure to humid air rapidly increases and finahches value typical of PANI/HgS).

High absorbance values in the NIR part of selet®dis and Bronsted acid doped

polyaniline and its derivatives is of practicalargst since materials absorbing in this
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spectral range are rare. On the other hand, lowammental stability of PANI doped with
Lewis acids diminishes in principle its practicppécations. Development of stable Lewis
acid polyaniline dopants seems to be interesting faaimproving properties of PANI/LA

complexes.
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Fig.11.7.4 The UV-Vis-NIR spectra of PANI/(Saizk/(CH3NO,)1 o cast from
nitromethane: a) freshly prepared film, b) film espd to the water vapours for 10
min.[13]

The protonation influences vibrational propertidsttte polyaniline chain [80,81].
One can postulate that similar effect takes placthé case of doping PANI with Lewis
acids. Indeed, in the case of the infrared spectainLewis acid doped polyaniline
noticeable changes are observed comparing to uddep®eraldine [82]. Similarly to
protonated PANI, both C-C quinoid and benzoid baadsshifted batochromically (1565
cm'and 1484 cl, respectively). C-H bending vibration, which isnsiive to doping
process, is also redshifted (1146 9rand increases its intensity, which also is diatjomf
the doping process. The shifts are smaller thasetlobserved in the spectrum of protonated
PANI. This suggests weaker polymer-dopant intesasti An important evidence of the
doping is observed in the low energy IR region. Baad at 800 cthin L.A. doped PANI
is attributed to the out of plane deformation ofgpaubstituted polyaniline ring. The
analogous band in undoped PANI appears at 826 dforeover, in the spectra registered
for samples showing the deficit of the dopant, uthks are visible, this suggests that the
doping process is not homogenous. Additionally, rupewis acid doping, a new band
appears near 1600 &m This signal is observed neither in polyanilinesdanor in
protonated PANI.
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Two investigated systems - PANI/SaGInd PANI/Fed - are unique from the
spectroscopic point of view. Both of them contairtlei ¢’Fe and**°Sn) for which nuclear
gamma resonance is observed. For this reason PApeddwith FeGl or SnC} can be
studied using Madossbauer effect spectroscopy. Twoarpeters of the Maossbauer
spectrum: isomer shift (I.S.) and quadrupole spgtt (Q.S.) provide precise and
unambiguous information about the oxidation statel aoordiantion sphere of the
investigated nucleus.

Mdssbauer spectroscopy results obtained for pdigaras well as for polyaniline
hydrochloride doped with Sngl are summarised in [13] Both spectra of
PANI/(SnCL)1,¢/(CH3NO)1 o and PANI/(HCI) 45(SnCh)o 54(CH3NOy)o 55 represent
similar pattern — one symmetrically broadened pésdmer shift of this band (0,43 mm/s
for doped PANI and 0,49 mm/s for doped PANI/(HG)) is characteristic of
hexacoordianted $h nuclei. Since quadrupole interactions are not lvesb for these
complexes, the calculation based on broadeningefihe allow determining the value of
the Q.S. (0,49 mm/s in both cases).
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Fig.11.7.5 Emeraldine base (A), and emeraldine hydrochloriBedoped with Sn¢l

in nitromethane (NM)

This value of Q.S. is an evidence for non-symmatm@mvironment around tin nuclei.
No signal for tetracoordinated, uncomplexed 3n@has detected. This observation
combined with the ratio of N:Sn equal to 1 seemmdicate the existence of the complex
presented in fig.1l.7.5. Each tin nucleus is sunaed by four chlorine ligands, one
complexing nitrogen atom of PANI, and one moleafléhe solvent i.e. nitromethane.

The existence of two non-equivalent complexingssite also evidenced byFe

Mossbauer spectroscopy of Fe@bped PANI [14].
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Fig.1.7.6 Mdssbauer spectra registered at 77 K of a) emenaldiase doped with
FeCk (1:1) in nitromethane b) emeraldine hydrochloragped with FeGlI(1:0,5) in

nitromethane [14]

The Mossbauer spectra registered at 77 K for PAB$eband PANI(HCY)s
complexed with FeGlare presented in fig.ll.7.6. The spectrum of poilyae base doped
with FeCj i.e. PANI/(FeCd); /(CHsNO,)10 can be deconvoluted into two principal
dublets characteristic of Eecompounds (92% of total peaks area), and a thinblet

(8%) which is typical of F& impurities.
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Fig. 11.7.7 Emeraldine base (A), and emeraldine hydrochlorBedoped with FeGl

in nitromethane (NM)
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Two main signals have been attributed to Fe@mplexing both imine and amine
sites. Mdssbauer parameters unequivocally provieRe&k is complexed. Isomer shifts
are characteristic of tetracoordinated or pentatinated F& species. Quadrupole
splitting suggests non-symmetrical environment adouon nucleus in both cases, thus
structures analogous to that of polyaniline dopeth BnCl, have been proposed (fig.
[1.7.7). These findings are consistent with theulssof the chemical analyses, which
indicate the incorporation of the solvent moledate the PANI-Lewis acid complex.

The spectrum of PANI/(HG)/ (FeCk)o 5/(CHsNO,)o s is different. Its interpretation
given in [14] is as follows. Since in this case iitméne sites are blocked by strong protonic
acid (HCI), doping with Fe@l(weaker acid) is possible only on the amine sifes.a
consequence, in the Mdssbauer spectrum only onélatonan be distinguished with
Mdssbauer parameters identical to those found Ffer ftinternal” doublet in the
PANI/FeCk spectrum.

The interpretation of the Mdssbauer effect datesg@nted in the first two papers
devoted to Lewis acid doping of polyaniline [13,18though plausible, cannot easily
explain the formation of radical cations (polaromshhe doped polymer chain. Taking into
account complementary’Fe Mossbauer spectroscopy data obtained for sFdGbed
polymers and®’Al NMR results for AICE doped ones, obtained in the course of this
research, we are tempted to propose an alternetiggoretation described in details in
chapters IV.2 and IV.5.
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Il EXPERIMENTAL

I11.1 EXPERIMENTAL TECHNIQUES

[11.1.1 High and low temperatures

Oil baths were used for temperatures up to 250 °C.
Ice with sodium chloride was used as a cooling agdmen temperatures not lower
than ~ -7°C were required. Liquid nitrogen was usedeach —196°C. Liquid helium

(-269°C) was complied with some experiments.

[11.1.2 Primary and high vacuum equipment

Oil rotary pump Unitra BL-27 connected to a liguidrogen trap using a rubber hose
was used in some applications. In this case, pressyere measured using a mercury
manometer.

In the majority of experiments a specially desigmégh vacuum system was used
which consisted of three units: pumping unit, glasg vacuum line and appropriate high
vacuum apparata and glassware which could be atfaoithe vacuum line, if necessary.

a) Pumping unit

to vacuum line

¢
¥

diffusion
pump V3

V2

rotary
pump

Fig.lll.1.1 Scheme of pumping unit were M1, M2 — gauges; V1Y82

electropneumatic valves
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The high vacuum pumping unit (ZAP, Bolestawieclad) was composed of two
pumps (fig. 111.1.1): a rotary pump Jambol D30&hich allowed to obtain pressure down
to 10°hPa, and the oil diffusion pump M-300 which evaedahe system down to 5*f0
hPa. Two gauges were used in the vacuum system:=Mlresistance vacuum meter
working in the range ~760 hPa (atmospheric pre}sar&*10* hPa, and M2 — an

ionisation vacuum meter working in the range 5*tPa + 1¢ hPa.

&S
BA BA B
A A A

b) Vacuum line

—Dx
E D

Liquid N,——1p

C

Sem—

Fig. 111.1.2 Vacuum line equipped with a main valve (D) coningdhe line with the
pumping unit (E), a liquid nitrogen trap (C), thregh vacuum stopcocks (B) and
ball joints (A)

The vacuum line was constructed of Pyrex glassliffi).2). Glass valves and

Contess joints were lubricated with Apiezon N vaouyrease.

c) Vacuum glassware

C

A

\_/

Fig. 111.1.3 Vacuum reactor: A — joint, B - spheaigoint, C - Rotaflo stopcocks
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All vacuum apparata were constructed of Pyrex gkass$ equipped with Rotaflo
high-vacuum stopcocks and ground joints. A typicahctor used for the doping
experiments is shown in fig.lll.1.3 Bulbs for drgirsolvents and sample's storage tubes

were also used.

1.1.3 Dry Box

BS 531 Dry Box produced by JACOMEX, Livry-Gorgdfrance was available. It
was connected to a JACOMEX catalyst unit that amtst purified argon in the box from
water and oxygen traces. The levels of wateraydien were constantly measured, and
typical values were 2~3 ppm for,@nd 3~4 ppm for §D.

The Dry Box was used for manipulations with nomatie, air-sensitive
compounds, i.e. for the transfer of samples intss8b@uer spectroscopy sample holders,

NMR and EPR capillaries, sealing tubes for elemeamtalyses, etc.

l11.1.4 Glove Bag

A glove bag was used when it was inconvenient qrossible to use the Dry Box.
Glove bags were produced by SekurokA oxygen and water-free argon supplied by
Multax was applied. After placing all equipment inside tileve bag it was flushed 3

times and finally, filled with argon.

l11.1.5 Elemental Analyses

Elemental analyses were performed by Service Cedt#aalyse a CNRS, 69390
Vernaison, France, and by Laboratory of Elementahlpses at Warsaw University of
Technology, Warsaw, Poland.

» Carbon, hydrogen and nitrogen were determined ybcostion analysis;

* Fluorine was analysed using aién selective electrode after combustion and
solubilisation;

* Quantity of chlorine was determined by mercuromaftgr platinum catalysed
combustion in oxygen atmosphere;

* Iron was determined by ICP-AES(*) method after matisation in HCIQ —HNGO;
solution;

« Aluminium was determined (after mineralisation i@, —HNO; solution) by
atomic absorption spectroscopy using GBC Avantadpphratus.

Air-sensitive samples were stored and transporte@cuum — sealed tubes.
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[11.1.6 Spectroscopic Equipment

a) UV-Vis-NIR spectroscopy

The measurements in the spectroscopic range 196 B800 nm were made using
Perkin-Elmer Lambda 900, and Varian CARY 2315 specéters in Hellma Quartz 1 mm
cuvetes with Teflon corks. In all cases approprsivent was used as a reference. Air-
sensitive solutions were poured into the cuvetethénDry Box or Glove Bag. UV-Vis-
NIR spectra in the spectral range of 200 nm -1di®@0Owere measured on a Perkin-Elmer

Lambda 2 spectrometer.

b) Infrared spectroscopy

Infrared absorption spectra (400 tm 4000 cnT) were registered on Fourier
transformation spectrometers: BIO-RAD FTS-166Perkin-Elmer Paragon 500, using the
KBr pressed pellets technique. In the case ofaisisive compounds a droplet of solution
containing the substance studied was dropped onobrtee pressed pure KBr pellet
surfaces. Then, another KBr pressed pellet wasopuhe top of the first one and their
contacts was sealed with vacuum grease. The dedcapstem efficiently isolated the

studied substance from the influence of air.

c) Electron Paramagnetic Resonance (EPR) spectroscopy

EPR spectra were recorded at room temperature ock8r ER 200X spectrometer
(9 GHz) with 100 kHz modulation. Polymer samplegevmeasured in thin quartz tubes

equipped with a valve and filled with argon.

d) Nuclear Magnetic Resonance (NMR) spectroscopy

The?’Al magnetic resonance studies of the liquid sampier® carried out on Varian
Mercury 400in CDsNO,/CH3NO, and CDRCI,/CH,Cl, solutions.Spectra were registered

at room temperature.

e) Mdssbauer effect spectroscopy

> Fe Mossbauer effect spectra were recorded on a rhade spectrometer
constructed by Jean-Louis Oddou and Claudine Jga(@EA Grenoble) according to
rules described elsewhere [83].
Cobalt 57 dispersed in Rhodium matrix was usedhassburce. In this research all
spectra are presented as recorded (with sourdeeagference), but peaks parameters are

calculated in reference to metallic iron. The e were registered at different

" ICP-AES — Inductively Coupled Plasma — Atomic EritissSpectrometry
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temperatures: usually at 4K and 77K. Polyamideyésaleswith fine thread were applied

as sample holders.

f) Mass spectroscopy

Mass spectra were acquired on a Thermofinnigantspeeter, equipped with an
electrospray source and a LCQ-ion trap. When itioisdrom the solid state was required

spectrometer ADM Intecta AMD 604 was used.

g) X-ray investigations

The powder samples were measured by use of Phiiggay wide-angle
diffractometer at the room temperature. It was poed with a copper X-ray tube
wavelength and nickel filter. Diffracted intensityas collected for 2angle from 2° to 40°
with the step 0,05°.

[11.1.7 Other techniques

a) Centrifuge
In some cases, when separation of precipitate wegcplarly difficult a centrifuge

JANETZKI K24 equipped with refrigerated roteras used.

b) Viscosity measurements

An automatic Ostwald viscosimeter AMTEDupled with a registering unwas
used to perform the viscosity measurements. Coratéort of the investigated solutions
was 0,184 g of polymer on 100 ml of solution. (1fgpolymer /1000g of solution).

Concentrated sulfuric acid (96%) was used as\estl

I11.2 PREPARATION OF REAGENTS

[11.2.1 Purification of reagents and solvents

Chemicals used in the course of this researcheseritbed below:
1) Aluminium (Ill) chloride, anhydrous, AlIGI(Aldrich) was vacuum dried and stored
under Argon,
2) Aniline, CsHsNH3, (POCh) was purified by double distillation undecuum and
stored in a refrigerator,
3) Ammonia, NH, (POCh), 25% was diluted to corresponding conediotrs,
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4) Ammonium persulfate, Nk5,Og, (Aldrich) was stored in a refrigerator (-4°C) amsbd
as supplied,

5) Benzophenone (POCh) was used as supplied,

6) Calcium chloride, CaGlanhydrous, granulated, (Ubichem, Aldrich) was used
supplied,

7) Chloroform, CHC4 (POCh), was dried with anhydrous calcium chlofidaCt) for 48
hours. Solvent was then decantated and distilhetuan Argon flow,

8) Deuterated nitromethane GO, (Aldrich) was used as supplied,

9) Iron (lll) chloride anhydrous, Fe€(Fluka) was used as supplied,

10)Iron (Il) chloride hexahydrate, Feg€£6H,0 (Aldrich) was used as supplied

11)o-(2-ethylaniline), @H1o (Aldrich) was purified by distillation under vaoo and
stored in a refrigerator,

12)1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hexaflacetylacetone), 4£1,F:0,
(Aldrich) was used as supplied. Product was opameldstored in a Dry Box.
Caution: Hexafluoroacetylacetone is toxic and corrosigeitl, so extreme care is
required during handling,

13)Hydrochloric acid, HCI, 36% (POCh) was used as Beg@p

14)Methanol, (CHOH), (POCh) was used as supplied,

15)2-Metoxyaniline, anisidine, {£1;0NO (Aldrich) was purified by distillation under
vacuum and stored in a refrigerator,

16)Methylene chloride, CKCl, (POCh) was dried over molecular sieves type 4A,

17)N-methyl pyrrolidinone, NMP (BASF) was used as digah

18)N-phenyl-1,4 phenylene diamine hydrochloride (Adti)i was used as supplied,

19)Nitromethane, CBENO; (Fluka) was dried with granulated anhydrous cafcahloride
(CaClb) and distilled in a vacuum line. In some spectopsc measurements GNO,
absolute, stored over molecular sieves (Fluka)wsasl as supplied,

20)Sodium, Na, (POCh) was stored in decaline,

21)Sodium Chloride, NaCl (POCh), was used as supplied,

22)Sulfuric acid, HSQO,, 96% was used as supplied,

23)Toluene, GHsCH3 (POCh), was dried by refluxing under dry Argon oreetallic
sodium and benzophenone for at least 5 hours, iatitlied!,

24)Tris(acetylacetonato) aluminum(lll) (Aldrich) wasad as supplied,

25)Tris(acetlacetonato) iron(lll) (Aldrich) was useslsupplied.

[11.2.2 Dopant synthesis
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Derivatives of tris(acetlacetonato)iron(lll) andsfacetylacetonato) aluminium(lil)
were synthesised for doping purposes.

a) Preparation of chlorobis(acetylacetonato)iron(lll)

FeCl(acac)was synthesised according to ref. [84] using dustribution reaction

(eq.lll.1)

(eq.lll.1) FeCl + 2Fe(acac) O F1FF . 3FeCi(acac)

Anhydrous iron (Ill) chloride (1,165 g; 0,0072 mal)as dissolved in anhydrous
CHCI; (25 ml) and mixed with Fe(acac}5,065 g; 0,0144 mol) dissolved also in
anhydrous CHGI(35 ml). The solution was heated (70 °C) in a sphkbulb under argon
flow. After 6 hours the bulb was cooled and solwsas removed on a rotary evaporator.
Subsequently, the dark red precipitate was disdolmedry toluene, then filtrated on a
closed hot (75 °C) Schott funnel under argon fldWwe recrystallised product was dried
under primary vacuum for 15 hours.

Results of the elemental analysis are presenttbla 3.2.1.

%C %H %ClI
found 41,16 4.44 11,73
calculated for @H1.ClFeQ, 41,50 4,84 12,27

Table 3.2.1Elemental analysis of chlorobis(acetylacetonatm){iil)

Mass spectrum was registered for the producerRaon peaks are observed at m/e
289 and 291. Relative intensity (3:1) of these paakcharacteristic for the isotopic ratio
%Cl : *'Cl. It confirms presence of chlorine in the moleculPeaks at m/e: 43, 155, 239,
254 are also characteristic for chlorobis(acetyatato)iron(lll) decomposition.

Mossbauer spectroscopy experiment was performedhfsrsample. The obtained
spectrum is composed of one doublet with no addliampurities (fig.lll.1.4). Parameters
of this doublet at 4K (isomer shift = 0,47 mm/gadrupole splitting = 1,02 mm/s) are in a
very good agreement with published data (isomdt sH0,48; quadrupole splitting = 1,02

mm/s at 4K) [84].
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Fig. 111.1.4 Mdssbauer spectrum of chlorobis(acetylacetonadaliill) at 4K

b) Preparation of dichloro(acetylacetonato)aluminum(ll

AICl,(acac) was synthesised in following reaction (8R)I[85].

(eq.lll.2) (2AICI; + Al(acac), O F1F% - 3aICI(acac)

4,00 g (0,030 mol) of aluminium (lll) chloride walissolved in 10 ml of dry
CHxCl, and cooled down to 0C in a ice bath. Next, 4,86 g (0,015 mol) of
tris(acetylacetonato)aluminium(lll) was added. Teenperature was raised to the room
temperature while stirring, and synthesis was edriut for additional 8 hours. The
product was filtered on a Schott funnel washed @ithCl, and slowly dried on a vacuum
line (mixture AlChL(acac) — CHCI; is frothy).

2’Al NMR spectrum was registered for the producttHe spectrum five signals are
present at: 102, 96, 87, 25 and 4 ppm. This resudbnsistent with published data [85].
According to the authors, two forms (monomeric artdmeric) of the
dichloro(acetylacetonato)aluminum(lll) are in eduium in the solution (eq. I11.3).

(eq. I1.3) 3CLAIl(acac) [Al,Cly(acac)] [AICI 4 ]
The signal at 102 ppm is characteristic of [A]Chnion. A broad signal at 87 ppm is

in the region characteristic of a four coordinaadaiminium species and is assigned to Al
atom in the monomer. Aluminium five-coordinated magoin [AlLClx(acac)]” give broad
signal at 25 ppm. A signal of a very small intensit 3 ppm was also described, but the
authors found it difficult to assign. Signal at ®m was invisible in the published
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spectrum, but intensity of the monomer signal wigdr than in my research (equilibrium
shifted to the monomeric form) and overlapping sigmal by another was possible.
The obtained product was also characterised byRFdectroscopy. Diagnostic

vibrational modes are presented in the table 3.2.2.

Wave number o
lem] Vibration type
1623 C=0 stretch in a symmetric monomeric chelate kban
1580 C=0 stretch in an asymmetric trimeric chelateriga
1539 C=C stretch

Table 3.2.2 IR vibrational modes of dichloro(acatdtonato)aluminum(lil)

111.2.3 Synthesis of polyanilines

The following polymers were routinely synthesizedthe use in this research:

a) Polyaniline (emeraldine, PANI)

Polyaniline was synthesised according to the metbbdCao et al. [86]10 ml
(0,1097 mole) of aniline was dissolved in 150 milgd M aqueous HCI solution in a 500
ml glass bulb (equipped with a thermometer andagming funnel) and cooled to 4.
The oxidizing agent was prepared by dissolving 1@,90,0548 mole) of ammonium
persulfate in 150 ml of 1,5 M HgJ solution. When the aniline solution was vigorously
stirred, the (NH).S0s solution was added dropwise to aniline. Tempeeatwas
maintained at @C, addition was performed during ca. 1 hour. Aflee oxidant was
dropped in, the reaction mixture was left with dans stirring at #C for additional three
hours. Subsequently, the mixture was left to wapnta room temperature. Polyaniline
was collected on a Schott funnel, washed with 1Ml ld@d distilled water, until the
washing liquid became colourless. The obtained groline hydrochloride was converted
to the base form by stirring with 0,1 M aqueouszNHIution for 48 hours. It was followed
by washing with water and methanol. Finally, théypter was dried at room temperature
on air and then dried under dynamic vacuum for @@ $

Peaks in infrared spectrum [¢in 1583, 1492, 1378, 1306, 1214, 1161, 1107, 829,
506

Inherent viscosity: 0,90 dl/g
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b) Polyanisidine (PANIZ)

Polyanisidine was obtained by chemical oxidation Zimetoxyaniline using
(NH.)2S,0g as oxidant in 1M HG}, solution. This method developed in the laboratsry
reality a modification of the method used for tmegaration of PANI.

12.3 g (0,10 mol) of anisidine was dissolved in 26000f 1M HCI in a 500 ml glass
bulb equipped with a thermometer and a droppingélinrAnisidine solution was cooled to
—5°C by immersing in ice/NaCl bath. Ammonium pefastd (28,50 g; 0,125 mol) was
dissolved in 100 ml of 1M HCI. The oxidant was adidiFopwise to anisidine over the
period of 1.5 hours. The temperature of polymegazimxture was maintained at’C for
additional 45 minutes. Then the water-ice bath weasioved and the reaction was
continued till the solution reached room tempematdhe suspension was filtered and a
dark green precipitate was collected. The predipiteas washed several times with 1M
HCI until the filtrate became colourless.

Distilled water was then used to wash the prodtleen the suspension of the
polymer was centrifuged at 10000 rpm for 10 minuldsese operations were repeated two
times, and the polymer was deprotonated in 0.1Madmeous solution of ammonium
hydroxide for 48 hours. Finally, the polymer wdsefied, washed with water and dried in
air for 72 hours, then under dynamic vacuum fontaatthl 20 hours.

Peaks in infrared spectrum [&in 1594, 1511, 1409, 1324, 1259, 1215, 1167, 1122,
1029, 848, 807

Inherent viscosity: 0,34 dl/g

c) Poly(2-ethylaniline) (P2EA)

Poly(2-ethylaniline) was synthesized in the samg aspolyanisidine.

24.22 g (0,20 mol) of 2-ethylaniline was dissolwe@00 ml of 1M HCIl. Ammonium
persuflate (57,01 g; 0,25 mol) was dissolved in 200 of 1M HCI. All following
procedure was exactly the same as in the case biiZ2freparation. The precipitate
obtained in this reaction had a purple-brownislognol After washing with KD, there was
no necessity to centrifuge the suspension. Poli{glaniline) was deprotonated as
described above and vacuum dried for approxima&@lgours.

Peaks in infrared spectrum [¢in 1598, 1498, 1373, 1302, 1220, 1113, 1046, 891,
816

Inherent viscosity: 0,17 dl/g
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l11.2.4 Synthesis of aniline tetramer

Aniline tetramer was synthesised in the oxidatiwntlsesis, which was a
modification of the method described by W.J. Zhahgo-workers [58]. 0,025 mol (5,52
g) of N-phenyl-1,4 phenylenediamine hydrochloridesveuspended in 450 ml of 1M HCI.
Simultaneously, solution of iron chloride (lll) xe&hydrate (0,05 mol, 13,51g) was
prepared using 120 ml of 0,1M HCI. Both solutionsrevcooled down to 0 °C. The bulb
containing dianiline hydrochloride was placed ie/iaCl bath and vigorously stirred.
Subsequently, the oxidant was added in one goaajrden deposit appeared immediately.
Reaction was carried out for additional sixty mesitThe precipitate was filtered, washed
with copious amount of 0,1 M HCI and dried for 1@urs on air. The obtained tetramer
hydrochloride was deprotonated by stirring withNd,llH3 solution for 48 hours. Tetramer
- 4EB - was washed several times with water aneddon air, and subsequently under high
vacuum till the moment when constant mass was egach

Peaks in infrared spectrum [&in 1595, 1495, 1382, 1304, 1217, 1167, 841, 815,
743, 691

111.3 DOPING AND DEDOPING OF POLYANILINE AND ITS
DERIVATIVES

[11.3.1 Doping procedures

Polyanilines in two forms were used for dopingsEiemeraldines in the base state
in which the doping reaction is possible on amisewall as on imine sites. Second,
hydrochlorides of emeraldine, in which imine sitge selectively protonated [87,88] with
hydrochloric acid. In this case, imine sites wel@ked and doping could only occur on
amine ones. Due to the fact that fraction of immiiteogen in emeraldines may vary from
40% to 60 %, the protonation degree was deternipefre doping with metal halides) by
elemental analyses (CI:N ratio).

In all doping procedures described in this work dioping reaction was carried out
in vacuum/inert gas atmosphere using classical-gluum-line technique and a Dry
Box. The apparatus used for doping is shown imréglll.1.3. Doping reaction was
performed in a tube equipped with a joint. The mdhbnected to the tube was used to store
the dopant solution before the reaction; solvertt atiher substances (i.e. Fe(HFAA)
after the reaction.
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a) Doping with AICk

Anhydrous AIC} (0,327 g, 0,00245 mol) was dried in high vacuun8in°C for 3
hours. Dry AIC} was dissolved in dry nitromethane. Polyaniline,2Q@ g, 0,0022 mol)
was carefully vacuum-dried for 5 hours in 95 °Ch&equently, the polymer was mixed
with colourless dopant solution and stirred. Poilyag& complexation with Lewis acid was
manifested by a green-blue coloration of the reacthedium. After 15 hours of doping
the solvant was removed and deep-blue film of puliee was then dried for additional 5
hours.

The same procedure was applied for polyanisidirepenty(2-ethylaniline) using for
example (0,265 g, 0,0022 mol) and (0,261 g, 0,002 of the polymer, respectively.

Both doped polymers had also film-forming propextie

b) Doping with AlCh(acac)

AlCl,(acac) (0,326 g, 0,0166 mol) was dried under hagtuum at room temperature
for 3 hours. Next, it was dissolved in dry nitroimte. Polyanisidine (0,200 g, 0,00166
mol) was carefully dried in high vacuum for 5 hoims95 °C. The polymer was mixed
with colourless AlCj(acac)/CHNO, solution, and mixture changed color to deep-blue.
After ca. 15 hours of stirring, the solvent was oeed by vacuum transport and polymer
was then dried for additional 5 hours.

The same procedure was used for the doping of pd@iHylaniline) (0,197 g,
0,00166 mol). Polyaniline was insoluble in Ad@@cac)/CHNO, solution.

c) Doping with Fe

Anhydrous FeGl (0,242 g, 0,00149 mol) was dried in high vacuun®m°C for 3
hours, next it was dissolved in dry nitromethamdy&nisidine (0,200 g, 0,00166 mol) was
carefully dried in high vacuum for 5 hours in 95. °@ale orange solution of Fedh
nitromethane was mixed with PANIZ. The colour oé tmixture immediately turned into
green-blue. After 15 hours of doping colourlesyveot was removed by vacuum transport
and deep-blue film was obtained which was driechfttitional 5 hours.

The same procedure was applied for poly(2-ethytajiland aniline tetramer using
(0,196 g, 0,00166 mol) and (0,135 g, 0,00166 mb)he material, respectively. P2EA
doped with FeGlhas film-forming properties. 4EB doped with Fe@las obtained as a
powder.
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d) Doping with Fed in the presence of hexafluoroacetylacetone

Amounts of the reactants as well as doping pro@dwrere identical to that
described for the doping of PANI with FeCHowever, triple molar excess of HFAA (with
respect to Fe@) was added to the solution of PANI/FeCH3sNO,. Anhydrous FeGl
(0,323 g, 0,00198 mol) was dried in high vacuum9t °C for 3 hours, next it was
dissolved in dry nitromethane. Polyaniline (0,200@0221 mol) was carefully dried in
high vacuum for 5 hours in 95 °C. Pale orange swludf FeC} in nitromethane was
mixed with PANI and stirred for 15 hours. Subsedlyerhexafluoroacetylacetone was
added (1,241 g, 0,005967 mol). After 15 hours dfiittmhal stirring the solvent was
removed by vacuum transport. In all those reactswistions separated after the reaction
had orange colour. Drying of doped polymer in higituum caused the formation of
opalescent film.

The solvent traces and volatile products of theippeaction were collected in the
liquid nitrogen trap when pumping. The trap wasankd periodically; and procedure was
continued till the stage, when no more orange culas observed in the trap. Typical

pumping time was 50 hours.

e) Doping with FeCl(acag)

FeCl(acac) (0,455 g, 0,0022 mol) was dried under high vacuunoom temperature
for 5 hours. When dissolving dopant in dry §8i> coloration of the solution turned in to
deep brown.

Tests performed using UV-Vis spectroscopy showetl BANI - contrary to PANIZ
and P2EA — does not interact with FeCl(agarid by consequence, is insoluble in reaction
medium.

Polyanisidine (0,265 g, 0,0022 mol) was carefulgcwum-dried for 5 hours in
95 °C. During mixing dopant solution with the polgm reaction medium become
brownish. After ca. 15 hours of doping the colosslesolvent was removed by vacuum
transport and reddish powder was then dried foitiadd! 5 hours.

The same procedure was performed for poly(2-ethiyia) 0,261 g, 0,0022 mol),
doped polymer has also form of reddish powder.

111.3.2 Dedoping procedures

To study the reversibility of the doping and &iefmine the chemical nature of the
polymers the dedoping procedure has been perforniéw samples taken out from the

Dry Box were immediately mixed with 0.1 M HCI inanical flask. The mixture was
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stirred for 2 hours, then the solution was cargfdicanted and the flask was poured with
second portion of 0.1 HCI. This procedure was rigggewo times. The washing with HCI
was followed with water and finally the samples eveansformed to its base form in 0,2
M aqueous NH solution for 48 hours. Finally, polymer was fikd and dried under
dynamic vacuum. The presence of iron and chlorimghe filtrate was tested using
K4 Fe(CN)] and AgNQ, respectively.
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IV RESULTS AND DISCUSSION

V.1 CHARACTERISATION OF PRISTINE POLYANILINES AND

THEIR MODEL COMPOUND —TETRAMER OF ANILINE

[VV.1.1 Introduction

Properties of polyanilines are strongly dependanthe conditions of the syntheses
and subsequent purifications. Chain and supramialecstructures of the polymeric
systems obtained from the same substrate and h#éwngame empirical formulae can be
distinctly different.

The molecular weight and thdegree of crystallinity are important factors
determining the behaviour of conjugated polymetsrafloping. Additionally, undoped
polymer frequently serves as a reference for thed®system characterisation. Therefore,
investigation of pristine polyanilines plays an onfant role in the understanding of the
doping process.

Comparative characteristics of the polymers usethé course of this research
(polyaniline, polyanisidine, poly(2-ethylanilinegs well as aniline tetramer (4EB) are
presented in this chapter.

IV.1.2 Elemental analyses

Elemental analyses were performed for all polynretbeir base form as well as for
the model compound i.e. tetraaniline. The obtanesdlts are presented in table 4.1.1.

The calculations of the theoretical quantitiesh&f elements in the polymers studied
are based on the “average unit” approximation. Sughis a derivative of the monomer
used for the synthesis. Due to the fact that paliyes are obtained in the emeraldine
oxidation state, i.e. repeat unit is composed ofdhbenzene rings and one quinoid ring,
averaging correction is necessary. It causesanatity of hydrogen atoms in a separate
average unit is not an integral number. Moreoverthis model, polymer chains have
infinite length i.e. existence of the end groupseglected.

Differences between the experimental results aedctidculated values are easier
noticeable for P2EA than PANI and PANIZ. One caggast a lower molecular weight in
the P2EA case, so a higher number of end groupe theksystem less consistent with the
model. The data published by Leclerc et al. [SOpport this idea. Using GPC method,
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these authors determined theolecular weight of poly(2-ethyl)aniline from chegal

oxidative synthesis at 0 °C.

%C %H %N
polyaniline - found 74,12 5,29 14,26
calculated for: (H45N)1(H20)0.38 73,99 5,40 14,37
polyanisidine - found 65,32 4,93 10,58
calculated for: (@Hg sNO)1(H20)0 59 64,11 4,96 10,67
poly(2-ethylaniline) - found 77,21 6,73 10,24
calculated for: (€Hs sN)1(H20)o,49 75,42 7,44 10,98
tetramer of aniline - found 77,58 5,58 14,88
calculated for: (@H20N4)1(H20)0.45 77,37 5,63 15,03

Table 4.1.1Elemental analyses of polyaniline, polyanisidingly(@-ethylaniline) and
tetramer of aniline in their base states

The obtained value — 5000 Da - is several timesetothan that measured for
polyaniline (80000 Da) synthesised in the same itiomd. The same authors did not
investigate polyanisidine, but the value of the eaalar weight found by them for poly(2-
methylaniline) is 7000 Da. This sequence of datawsha decrease of thehain length
while increasing théulkiness of the side group. This phenomenon isliysexplained by
steric hindrance effects when polymerising a mommowigh more bulky substituents. In
the light of the above results it is suggested thatmolecular weight of polyanisidine
should be intermediate between thalues found for PANI and P2EA, because both
volumes of methyl as well as metoxy groups areriégliate between thosé hydrogen
and the ethyl substituent.

Elemental analyses additionakhow that all samples containcartain amount of

H2O. This problem is discussed in the chapter devimetiray investigations.

IV.1.3 Viscosity measurements

Viscosity measurements seem to be the most pomeéénod allowing simple and
reproducible estimation of polyanilines moleculaigiht. Exact viscosimetric assignment
of the M, is not possible, because Mark-Houwink coefficidmase not beedetermined
for these systems to date. Additionally, such coeffits would be different for polymers
with various substituents, thus the results ofagsy measurements for different polymers

may be interpreted only qualitatively.
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Despite of these limitations, this method seentsetthe best alternative when GPC
method is not available. It can be also noted @R results for polyanilines may be given
with important error. Polyaniline and polystyrenséd as a standard in GPC method) exist
in two different conformations: rod-like and cake, respectively. This phenomenon
causes different exclusion mechanisms and in coms®eg, affects the results of the
analyses [89].

Inherent viscosities [dl/g]
Polyaniline 0,900
Polyanisidine (T) 0,310
Polyanisidine (M) 0,344
Poly(2-ethylaniline) (T) 0,207
Poly(2-ethylaniline) (M) 0,174

Table 4.1.2Results of viscosity measurements of polyaniiojanisidine and

poly(2-ethylaniline), where T- test synthesis, Mimsynthesis

The results of viscosity measurements presenteabie 4.1.2 show that the value
of theinherent viscosity (¥) is the lowest for P2EA — polymer with the mostKkyuside
chains. The value of \yfor polyaniline is the highest one. Consequerftly,samples of
polymer with metoxy side groups (PANIZhe value of ¥, is located between those
determinedfor PANI and P2EA. These results confirm the sugigesof a strong
dependence of the polymer molecular weight on iteedf itssubstituent.

As it was mentioned before, substituted polyandirere less investigated as
compared to PANI. The reproducibility of the oxigat polymerisation (described in
experimental section) was additionally confirmed thg viscosity measurements of the

polymer from two independesyntheses (test and main).

IVV.1.4 X-ray investigations

X-ray diffraction is a very suitable tool to invegite the supramolecular

organisation of the studied polymers It also alldavdetermine their crystallinity inde:

o D
[ eyt * | Vamorphas
Where:lqysta - intensity scattered from crystalline regions,
lamorphous— INteNsity scattered from amorphous regions
Moreover, by appropriate use of computer-modellmgthods it is possible to
propose the structure of theystalline areas.
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Polyaniline has been examined using X-ray diffiactdy several groups [90,91,92]
Two main forms of PANI base can be distinguistsedcalled EB-1 and EB-2. EB-1 form
is typical of PANI base, which originates directhpm the synthesis. EB-2 is obtained
from EB-1 via extraction using an appropriate sotveNMP, TMU etc.) followed by
casting of a freestanding film. Semi-crystallinenfioof PANI is known to contain a certain
amount of water [93,94].

The role of water in the formation of crystallinerdains in PANI base was recently
investigated by tiny et al. [95] The authorsfound a clear correlation between the
crystallinity index determined by X-ray diffracticand the content of water derived from
the elemental analysis. More detailed calculatishsewed that the number of water
molecules is close to the number of nitrogen atomihe crystalline part of the sample.
Computer simulations performed for the model wheeeratio of nitrogen atoms to.@
molecules is ~1; show a good agreement with thexyXsgcattering experiments. This
suggests that water is mainly entrapped in thegmoliye crystallites, thus water can be

considered as an integral component of the polyendrystalline structure.
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Fig. IV.1.1 Diffraction pattern of emeraldine base

The diffraction pattern of emeraldine base useithism research is presented in figure
IV.1.1. In agreement with the expectations, it sedeatures characteristic of EB-1, i.e.
four reflections at @ ~ 9, 15, 20, 24. The crystallinity index (detemed according to
Hermans-Weidinger method) are collectedahle 4.1.3, they are consistent with thé
subtype as indicated in the literature [96pmputer modelling calculations have also been
carried out for poly(2-ethylaniline) and polyanisie. In the latter case no systematic
studies of the role of water in the formation of @trystalline domains have been reported

to date. Calculations metodology can be divided thtee steps:
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* building of repeat unit
» construction of periodic box

* energy optimisation in forcefield using “conjugatp@dient technique”

crystallinityindex X

Polyaniline 21 %
Polyanisidine 34 %
Poly(2-ethylaniline) 11 %

Table 4.1.Crystallinity index determined for selected poljiaes

Polyanisidine exhibit the highest crystallinity all investigated polyanilines.
Furthermore, this crystallinity can be correlatethvihe highest water content (see table
4.1.1). Based on the above-described findings thstalline structure of PANIZ can be

considered as similar to that of PANI.

Fig. IV.1.2 Calculated structures of polyanisidine in a crybtala) without HO b)
containing HO molecules.

Theoretical diffraction patterns were calculateddonjectural structures of PANIZ
without (fig. 1V.1.2a) and with (fig. 1V.1.2b) cryallisation water. The comparisons of
these functions with the experimental curves aesgmted in figs. 1V.1.3a and I1V.1.3b.
One can conclude with no ambiguity that the modePANIZ with the crystallisation
water is consistent with the results of the experntnTheassumed ratio of nitrogen atoms

to H,O molecules - similarly as in the model developsdHANI - is equal 1.
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Fig. IV.1.3a Comparison of experimental pattern obtained for PAMed line) and

the theoretical results calculated for the modeduamingno HO molecules (blue

line)
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Fig. IV.1.3b Comparison of thexperimental curve obtained for PANIZ (red line)

and the theoretical results calculated for the madsuming one ¥D molecule per

onenitrogen atom (blue line)
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The combination of thparameters: crystallinity index — water contentha P2EA
sample is analogous, i.e. the lowest value of dheér parameter coexists with the lowest
value of the latter. This suggests the analogogstaliine structure for this polymer.

In all the samples the quantity ob®l is higher than that calculated for the model
presented above. This strongly indicates that wiatafso present in the amorphous parts
of the polymer, which is not taken into accounthe presented model. It is known that
samples stored in air adsorb a certain quantitf @ molecules, which can be removed
during thedrying process [96].

It should be underlined that the presence eDHh the crystalline parts of the
polymer plays a crucial role in the polyanilineechstry. It is caused mainly by the fact,
that the removal of water from the crystallitesoy- means such as heating/high vacuum
drying - is practically impossible with no polym@ecomposition [96]On the other hand,
during polymer dissolution water is released and take part in various chemical
processes.

It is worth noting that in the X-ray spectra of @dppolymers no crystalline part
was detected. In such cases dopant can be corsigeyean impurity disturbing

crystallisation process.

IVV.1.5 UV-Vis-NIR studies

The spectra of the base form of PANI, PANIZ, P2E#l & EB dissolved in NMP
are presented in fig. IV.1.4.
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Fig. IV.1.4 The UV-Vis spectra of polyanilines and tetrameamifine in NMP
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In each case two peaks are present in the specirienpeak located near 300 nm is
characteristic of the— 7 transition in the benzenoid rings. The second pesk been
attributed to an excitonic-type transition betwélem HOMO orbital of the benzenoid ring
and LUMO orbital of the quinoid ring [97,98The peaks of both substituted polyanilines
are shifted towards higher energies as comparedet@ase of polyaniline. Such shift is
characteristic of systems with reduced conjugatfsexpected the largest hypsochromic
shift is observed for the tetramer (4EB). The pneseof these two peaks unambiguously

indicates that all compounds studied are in thexmisoxidised base form.

IV.1.6 IR studies

Infrared spectra for PANI, PANIZ, P2EA and 4EB presented in figs. IV.1.5 and
IV.1.6 whereas the attribution of the observed Isaar@ indicated in tables 4.1.4 — 4.1.7.
The spectra exhibit similar features, the obsediéfdrences between them can be

attributed to the presence of side groups attath#éte aromatic rings.

Absorbance [a.u.]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm'1]

Fig. IV.1.5 IR spectra (4000 cih 400 cni') of polyaniline, polyanisidine, poly(2-
ethylaniline) and thetetramer of aniline
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Fig. IV.1.6 IR spectra (1700 cih— 400 crit) of polyaniline, polyanisidine, poly(2-

ethylaniline) and the tetramer of aniline
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The broad band ca. 3500 ¢ris assigned to the N-H stretching vibrations ofram
groups. Peaks near 3000 trare attributed to the C-H stretching vibrationstehsive
bands close to 1600 ¢hand near 1500 crhare related to the carbon-carbon stretching
vibrations in the quinoid and benzenoid rings, eesipely. The latter contains some
contribution from mixed C-H vibrations. The bandwatt appear only in th&ANIZ
spectrum at 1029 ciand at 1259 cth are ascribed to C-O vibrations ofy@-CHs

groups.

Wave number Attribution
[cm™]
~3500 N-H stretch
~3000 C-H stretch
1583 C=C stretch in a quinoid ring
1492 C-C stretch in a benzenoid ring +C-H mixed vib.
1378 C-C stretch in a quinoid ring + C-H bending in abenoid ring
1306 C-H bending
1214 C-N stretch + C-H bending
1161 C-H bending
1107 Deformational of aromatic ring + C-H bending
829, 506 Deformational C-H (out of plane) of 1-4 disubstdtaromatic ring

Table 4.1.4R vibrational modes of polyaniline base

Bands characteristic of theut of plane vibrations of th@omatic ring appear below
1000 cni. The subgroup of these peaks located within tka 840 cif ~670 cni* allows
the determination of the quantity and the positiérihe substituents in the aromatic ring
[99].

Wave number Attribution

[cm™]
~3500 N-H stretch
~3000 C-H stretch
1594 C=C stretch in a quinoid ring
1511 C-C stretch in a benzenoid ring +C-H mixed vib.
1409 C-C stretch in a quinoid ring + C-H bending in abenoid ring
1324 C-H bending
1259 C-O stretch
1215 C-N stretch + C-H bending in a benzenoid ring
1167 C-H bending
1122 Deformational of aromatic ring + C-H bending
1029 C-O stretch

848, 807 Deformational C-H (out of plane) of aromatic ring

Table 4.1.9R vibrational modes of polyanisidine base
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In the polyaniline spectrum one strong peak at 889" is characteristic of a
disubstituted ring. Additionally, two weak signas 745 crit and 713 crii are typical of
monosubstituted ring i.e. end groups of BANI chain. In the spectrum of 4EB the peaks
attributed to the disubstituted rings (841 tmand 815 cni) as well as to the
monosubstituted ones (743 ¢mand 691 cril) are present. In the spectra of PANIZ and
P2EA, the bands are typical of 1,2,4 trisubstitideaimatic rings. In both cases two bands
are present: 848 ¢l 807 cm' in the PANIZ spectrum and 891 &m816 cni in the
P2EA spectrum.

Wave number Attribution
[cm™]
~3500 N-H stretch
~3000 C-H stretch
1598 C=C stretch in a quinoid ring
1498 C-C stretch in a benzenoid ring +C-H mixed vib.
1373 C-C stretch in a benzenoid ring + C-H bending beazenoid ring
1302 C-H bending
1220 C-N stretch + C-H bending
1113 C-H bending
1046 Deformational of aromatic ring
891, 816 Deformational (out of plane) of aromatic ring

Table 4.1.6R vibrational modes of poly(2-ethylaniline) base

Wave number Attribution
[cm™]
~3500 N-H stretch
~3000 C-H stretch
1595 C=C stretch in a quinoid ring
1495 C-C stretch in a benzenoid ring +C-H mixed vib.
1382 C-C stretch in a quinoid ring + C-H bending in abenoid ring
1304 C-H bending
1217 C-N stretch + C-H bending
1167 C-H bending
841, 815 Deformational (out of plane) of disubstiuted aramang
743, 691 Deformational (out of plane) of monosubstitutednaatic ring

Table 4.1.7R vibrational modes of aniline tetramkase

It should be stated at the end, that the recolfdesppectra are fully consisted with

the expected chemical constitution of all macroroles (molecules) studied.
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V.2 DOPING OF POLYANILINES AND TETRAMER OF ANILINE
WITH IRON (Ill) CHLORIDE

Iron (lll) chloride was used for the doping of caostive polymers such as
polyacetylene and poly(p-phenylene) in early 1980€,101] It was found that during the
doping a mixed red-ox and acid-base reaction ocdarshis process half of the FeCl
molecules act as an oxidizing agent, allowing trenfition of polycarbonium cations, the
second half of the ferric chloride molecules in@rgte Cl anions forming FeGlmoieties
(fig.1v.2.1) [102]). The same type of process was reported for polyplgirpolythiophene
and its derivatives [103]

NN ﬂ,M+FQCIZ
®

FeCIg9

Fig. IV.2.1 Doping of polyacetylene with FeCl

Similar redox-type doping can also occur in leucemtfdine — the most reduced
form of polyaniline. Iron (lll) chloride is not aufficiently strong oxidant to oxidatively
dope emeraldine — the semi-oxidised form of poliya®j however taking into account its
Lewis acidity one can postulate in this case alpuaseid-base doping via a Lewis acid
complexation reaction between the basic sites@ptilymer and the dopant. This type of
FeCk doping for unsubstituted polyaniline has been regbfor the first time by Genoud
et al. [14]. FeCk doped emeraldine exhibits distinctly different pedies from those
established for the protonated (Bronsted acid dpped base (undoped) forms of this
polymer. This subject requires further exploratisecause only few papers have been
published on this matter [14,104,105] and no swagirdy has ever been performed for ring
substituted polyanilines.

Comparative studies of FeQlloped forms of emeraldine and its ring-substituted
derivatives are difficult because of poor long-rammgder in these materials. Although the
base forms of the polymers show some crystalligge: chapter 1V.1.4), their Lewis acid
complexation transforms them into amorphous systeRws this reason, diffraction
techniques, probing the long-range order in polynare of limited use in this case. One
can however take advantage of the fact #fa¢ nuclei are Mdssbauer effect active and
perform Mdssbauer spectroscopy investigations old sims of doped polymers.
Mossbauer effect is not dependent on the long ramder and can provide important
information concerning the closest coordinationthed Méssbauer nucleus. In particular,

careful analysis of two Mdssbauer parameters -sther shift (1.S.) and the quadrupole

56



splitting (Q.S.) helps in unequivocal identificatiof the iron spin and oxidation states in
the dopant-polymer complexes as well as providda dancerning the type and the
symmetry of the closest coordination sphere initttve complexes formed via the doping
process. For this reason, Mdssbauer effect speojpgs constituted the principal
experimental tool for studying the solid polymenstieir FeG doped form, prepared in
the course of this research.

Before discussing the nature of the solid stateptexes between the dopant and the
polymer it is instructive to describe the dopanlypter interactions in the solution. These
interactions determine the chemical and structonedure of the doped polymer whose

freestanding films are obtained by casting fronypwr/FeC} solutions in nitromethane.

Absorbance [a.u.]

400 600 800 1000 1200 1400 1600
wavelength [nm]

Fig. IV.2.2 UV-Vis-NIR spectra of the nitromethane solutiohpure FeCy,
polyaniline, polyanisidine, poly(2-ethyl)aniline cgaitetramer of aniline doped with
FeCl, ratio (1:1)

Mossbauer spectroscopy cannot be used in thissiase it is a solid state probe.
One can however take advantage of the fact thaamtop polymer interactions in the
solutions strongly modify the UV-Vis-NIR spectra labth constituents of the complex. In
fig. 1V.2.2 solution spectra of all doped polymstadied are compared with that registered

for FeCk in the same solvent but without the presenceefrteracting polymer.
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First, we notice that in each case the band an&0vhich is characteristic of “free”
FeCk, not interacting with the polymer is present insglectra [106]. This means, that for
the 1:1 FeG¥mer ratio used in all experiments, equilibriumvibe¢n uncomplexed and

complexed FeGlis established (eq. IV.1).
(eq.lV.1) FeChg)+ Polyss) =—=

Fer-POW(S)

(s) - solution (ss) - solid state

Second, in no spectrum presented in fig. IV.2.8dsacharacteristic of the base
form of the polymers studied are detected. Thus, dbping is in all cases effective,
although only part of the doping agent is consunmedhe doping reaction. The new
spectral features in the range 700 — 1100 nm goeealy of a doped polymer chain
containing positive charge carriers. It is knowmtthhe near infrared (NIR) spectral
features of doped polyanilines can be correlateth wharge carrier delocalisation. A
monotonic increase of the absorbance extendingrtsMdIR (so called “NIR absorption
tail”’) is characteristic of delocalised charge =T (polarons) whereas a localised
absorption peak in the vicinity of 800 nm is typiaaf localised polarons [74]A
comparison of the spectra collected in fig. IV.2IRarly indicates that in the case of
unsubstituted polyaniline, the charge delocalisat®the most pronounced. This can be
explained by a more rectal and more planar confdomeaof unsubstituted polyaniline
chains, as compared to PANIZ and P2EA ones. In P&tains the charge delocalisation is
less pronounced because of the steric hindraneetefimposed by the ethyl substituents
which lower the linearity and planarity of the afmain fact, the NIR part of the spectrum
consists, in this case, of two strongly overlappbrgad bands which may imply two
populations of polarons with different charge delmation length. The substituents in
PANIZ can be treated not only as a steric hindraamegce, but also as complexing sites of
the following type: -N-Fe—O-, which additionally render the chain conformatmut of
planarity and linearity. Consequently, it limitettelocalisation of polarons. As expected,
the low molecular model of polyaniline — 4EB — sisospectral features of localised
polarons because the short length of the chainditheir delocalisation.

In the FTIR spectra registered for the doped potgnaes well as for the tetramer,
doping induced spectral changes are observed.rticydar, an intensive peak near 1600
cm* appears. Peaks of benzenoid and quinoid ringseareshifted by ca. 15 ch for
example in polyaniline (fig. 1V.2.3) they appearl&61 cn and 1479 ci. Mode at 1167
(treated as a diagnostic for doping) in PANI basshifted to 1151 cth The peak at 816

cm?, attributed to deformational modes of the aromaitig, is also shifted to lower

58



energies and is located at 8017trThus, the spectral features are typical of a getdr

polymer chain in the semi-quinone state.

Absorbance
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Fig. IV.2.3 IR spectrum (1700 ¢t 400 cn) of polyaniline doped with Fegl

mer to dopant ratio (1:1)

The next question to be answered is how the pesitharge carriers, whose
presence is clearly manifested in the NIR and F3pRBctra of all compounds studied, are
imposed on the polymer chain in a pure acid-basetien? We are tempted to propose the
following mechanism of the acid-base doping of palline and its derivatives with FeCl

In the first step self-dissociation of the dopimgeat occurs (eq. 1V.2).

(eq.IV.2) 2FeC} FeClL"™+FeC),

In the second step, both products of the selsatistion reaction are incorporated

into the polymer matrix as schematically depictefig. IV.2.4
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(NM)FeCl, (NM)FeCI2

A= O OO,

FecCl,” Fe CI4

(NM)FeCl2 (NM)FeCI2
A OO+
@e @e
FeC|4 FeC|4

Fig. IV.2.4 Structure of emeraldine treated with iron chloridk) in nitromethane

The reaction depicted in fig. 1V.2.4. is formallywadogous to the pseudo-protonation
reaction sometimes used in the acid-base dopimplyaniline[107, 108] Complexation
of imine sites by FeGl leads to the bipolaron structure (fig. IV.2.4ajhieh upon the
charge redistribution results in the formationtad polaron lattice (fig. IV.2.4b).

The next important problem whether the equilibrium described by equatior2I¥
is retained in the solid state, upon removal ofgblrent. Méssbauer spectroscopy is well
suited to address this problem. In fig. 1V.2.5 Mimser spectra of the doped polymers and
the tetramer are compared.

As it can be clearly seen, several common feataess be distinguished in the
recorded spectra. They can be deconvoluted int@ethdoublets; two principal
corresponding to high spin Fe(lll) complexes antthied one characteristic of high spin
Fe(ll) species. The calculated Mdssbauer paramatersollected in table 4.2.1.

First, it should be stated that no lines with M@asdy parameters characteristic of
uncomplexed Fe@lcan be detected in any measured spectrum [109,Th@ finding
indicates that the equilibrium described by eq2l¥, which exist in the solution, is — upon
solvent removal and solidification — totally shdtéo the right. The two principal Fe(lll)
doublets must be ascribed to two structurally nguhealent iron complexes existing in the
doped polymer, consistent with the scheme depiatéd. IV.2.4.

The doublet of lower quadrupole splitting valueicaded in table 4.2.1 as “site 1”
can unequivocally be ascribed to Fe@hnions inserted between the polymer chains. The
values of both Méssbauer parameters (1.S. and @®.)very close those reported for
FeCly inserted to several conjugated polymer matricispxidative doping[102,103,111]

FeCl, of strict Ty symmetry should exhibit Q.S.=0, its small, but sweable value reflects
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the fact that the anion is slightly distorted ie fholymer matrix and has the,Gymmetry,
although very close to the; ®ne.
The second doublet of higher Q.S. value indicatethble 4.2.1. as “site 2" must

therefore be ascribed to FeClorming a direct coordination bond with the polyrehain.

experimental values
fitted values

site 1

Fe (Il) impurities

transmission [a.u.]

velocity [mm/s]

Fig. IV.2.5 Mdssbauer spectra of complexes measured at 77loiving
compounds doped with Fefiner to dopant ratio (1:1) A) polyaniline, B) p@2-
ethylaniline), C) tetramer of aniline
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It should be noted here that Fe(lll) practicallyedonot form three-coordinated
complexes [112], therefore it must be solvated &i#dolvent molecule retained in the solid
matrix or coordinated to the adjacent polymer chain
Sample Mossbaver site 1| site 2 Fe’
parameters signal
I.S.[mm/s]| 0,32 0,48 1,15
PANI/FeCE/CH:NO, | Q.S. [mm/s]| 0,38 | 0,89| 3,10
intensity [%]| 43 45 12

I.S.[mm/s]| 0,33] 0,42 1,27
P2EA/FeCYCHsNO,~ | Q.S. [mm/s]| 0,36 | 0,87| 2,59
intensity [%]| 53 24 23
I.S.[mm/s]| 0,32 0,48 1,15
AEB/ FeCYCHsNO,” | Q.S.[mmi/s]| 0,39 | 0,98| 2,93
intensity [%]| 74 8 18

Table 4.2.1M6ssbauer parameters of PANI, P2EA and 4EB dopddreaCh
" registered at 4K registered at 77K

Elemental analysis of FeCtomplexed polyaniline shows an increased N/C and
N/Fe ratio as compared to the formula depictedgnlI¥.2.4. This observation strongly
indicates the solvation of the chain coordinatedthwie(lll) atoms with nitromethane
molecules [14]Large Q.S. values obtained for “site 2” are coesistvith the presented
picture of non-equivalent ligands, which must idiioe a large lattice term to the observed
quadrupole splitting [113].

In doped conjugated polymers the spectra measuredead K are not quantitative
because of an unusually low Méssbauer lattice teatpee measured for these systems
[14]. This may lead to a significant underestimatid the site 2 content. The same applies
to the Fe(ll) site detected in all samples whoss@nce must be in turn overestimated due
to its significantly higher Méssbauer lattice temgiare. It is obvious that Fe(ll) cannot
originate from the acid-base doping of polyaniloreany of its derivatives, but must be
associated with a side redox reaction catalysdid avemall quantities of water present in
the crystalline parts of the base form of polyaaliPolyaniline in perfectly semi-oxidised
from should not be further oxidised by FgQbut in the real polymer there exist less-
oxidised segments which in the presence of minoteuats of HO can be oxidised with

FeCk to give hydrated Feghs the side product.
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The above detailed interpretation is further coorated by the doping of
polyaniline hydrochloride i.e. the protonated foamhpolyaniline. In this case, upon the
doping process, Feglis transformed into Fegl in an acid-base reaction with “@hions
as shown in fig. IV.2.6. No chain complexation WitaCL" takes place. As a result in the
Mossbauer spectrum only one Fe(lll) doublet is ctetk with Mdssbauer parameters
characteristic of Fe@l [14,114]

n

-O50+O+0,

FeC|4

Fig. IV.2.6 Schematic representation of the reaction betwes@kRand polyaniline

hydrochloride

In order to verify whether the conclusions derifexin the Méssbauer spectroscopy
results are consistent with the experimentally mheiteed chemical compositions of doped
polyanilines, we have performed elemental analg$isepresentative samples. In these
studies the mer to dopant ratio was 1:0,9 to agbateno uncomplexed FeQs present in
the sample. Results of the elemental analysesrasempted in table 4.2.2.

The elemental analyses can be well fitted only m&sy the presence of solvating
nitromethane (NM) and irremovable water moleculegimating from the crystalline parts
of the base form the polymers, which were substrate¢he doping reaction. It should be
noted that the content of NM solvating molecule®ANIZ and P2EA is lower than the
content of FeGl cations indicating that the solvation is not ttwéesmechanism of the

completing of the coordination polyhedron and tbenplexation by the adjacent polymer
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chain (and in the case of PANIZ by oxygen atomh gubstituent) must alée taken into

consideration.

%C | %H | %N | %Cl | %Fe
PANI doped with FeGl- found 28,892,48(8,51 | 31,36 | 17,1

calculated for
(CeHa4,sN)1[(FeCL")(FeCl)]o,4(CH3NO,)o s4H20)o,20
PANIZ doped with FeGlI- found 30,332,89/6,40 | 30,94 | 16,04
calculated for
(C/Hs NO)[(FeCL")(FeClL)]0,4ACHsNO,)o 2dH20)0,34
P2EA doped with Fe@} found 33,093,39/6,05 | 30,55 | 15,64
calculated for
(CgHg sN)1[(FeCL)(FECL)]0.42 (CH3NO,)o 3(H20)0 11

30,16/2,518,32 | 32,62 | 17,1}

30,33/2,92|6,41 | 30,80 | 16,2(

33,53|3,23 /6,12 | 30,04 | 15,83

Table 4.2.2Elemental analyses of PANI, PANIZ and P2EA dopdid HeCk in

nitromethane

At the end, it should be noted that interpretattbnthe spectroscopic and analytical
data presented in this section is significantlyedént than that proposed in [14] for FeCl
doped emeraldine. These authors proposed the fiormat two types of complexes on
imine and amine nitrogens without the creationharged species. The principal weakness
of this interpretation is the difficulty to justifyre presence of positive charges in the doped
polymer chains. These charges are detected not bglyseveral complementary
spectroscopic techniques, but also give rise tevaral orders of magnitude higher value
of the electronic conductivity of the sample=(10° S/cm) as compared to its undoped
base form ¢~10° S/cm). In view of all new findings our interprétm of the

experimental data seems to be more plausible.
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V.3 DOPING OF POLYANILINE AND ITS DERIVATIVES WITH
IRON(II) CHLORIDE IN THE PRESENCE OF

HEXAFLUOROACETYLACETONE

I\VV.3.1 Mixed doping of polyaniline with iron (Ill) chlorid e in the

presence of hexafluoroacetylacetone

The principal problems impeding the technologicse of Fed doped polyaniline
are: its limited environmental stability and pooechanical properties. Although Lewis
acid doped polyanilines have film-forming propesti¢he resulting films are brittle and
easily break. It has recently been shown that mmechbproperties of Bronsted acid doped
PANI and in particular its stretchability can sifyrantly be improved if appropriate
plasticizing groups are introduced to the polymetrir either as an inherent part of the
doping anion, as it was demonstrated by KulszeBijer et al who used plasticizing
anions of diesters of 5-sulfo-phthalic acid as dwpd7], or in a form of an external
plasticizer used in association with non-plastigzidopant anions, as demonstrated by
Fedorko et al. who applied triphenylphosphate as external plasticizer in

camphorsulphonic acid doped polyaniline [115].

Inspired by these findings we were tempted to isagdition to FeGl| a co-dopant
which would improve the mechanical properties ofwlse acid doped PANI and, if
possible, would result in an improvement of its iemvmental stability. The co-dopant of
choice is hexafluoroacetylacetone, abbreviatedha dubsequent text as HFAA. Why
should HFAA improve the stability and mechanicalgerties of FeGldoped polyaniline?
First, it must be stated that perfluorated ketoaed alcohols are known to plasticize
polyaniline. Second, if introduced to the polymeatrix they are expected to replace two
monodentate Clligands with two HFAA bidentate ones in the cationic iron complex
created upon Fegldoping of PANI. The resulting hexacoordinated ctarpshould be
more stable than the initial tetracoordinated dmereover its acadigands should play the
role of internal plasticizers. The addition of HFAAdeed improves the stability and
mechanical properties of FeCtloped polyaniline. However, as shown by elemental
analysis and spectroscopimvestigations, the above outlined concept, altlhoug
intellectually very attractive, has nothing to dishathe reality yide infra).
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Transmission [a.u.]

Velocity [mm/s]

Fig. IV.3.1 Mdssbauer spectra of: A) polyaniline base dopdt weCk and dried
under high-vacuum B) PANI/FefJdrocessed with triple excess of HFAA and
pumped under high-vacuum for 8 hours C) PANI/Bgbcessed with triple excess
of HFAA and pumped under high-vacuum for 40 haBp&ctra registered at 4K.

In all experiment HFAA was added to the nitromethawolution of FeGl doped
PANI in the Fed to HFAA molar ratio of 1to 3 in order to exclude the problem of HFAA
deficit if Fe(HFAA); would be the dominant product.

The effect of the addition of the co-dopant on tleemical composition and
spectroscopic properties of the polymer films dasin nitromethane solution has been

followed by Mdssbauer effect, EPR and FTIR spectspigs and by elemental analysis.
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In fig.IV.3.1 Mdssbauer spectrum of PANI(Fefgks is compared with the spectra
obtained for the same polymer after the additionHsfAA. As it has already been
described the spectrum of Fe@oped PANI consists of two doublets: the “intetraie
originates form anionic complexes of iron (Fg€Clopants) whereas the “external” one is
ascribed to the cationic complexes of iron attachedctly to the polymer chain. In
addition, broad lines characteristic ofFeontamination are present in the spectrum. The
addition of HFAA results in a total disappearandetl®e “external” doublet with no
appearance of new Mdssbauer lines which unequilyocadicates that the cationic iron
complexes, attached to the polymer chain, areieffily removed from the polymer matrix
by the action of HFAA. Hexafluoroacetylacetone alsmoves the Fé contamination as
evidenced by an essentially complete disappearainttee signals corresponding to Fe(ll)
in samples dynamically pumped for an extended geoiotime (see fig.IV.3.1 and table
4.3.1). The removal of a large fraction of iron is confiinby elemental analysis, which

shows a decreased content of iron in the samplégeqgiolymer treated with HFAA.

Mossbauer| site 1 | site 2 Fert
Sample _
parameters| (Fe™) | (Fe") | signal[]
I.S. [mm/s] | 0,32 0,48 1,15
PANI/FeCE/CH3NO, | Q.S. [mm/s]| 0,38 0,89 3,10
intensity [%]| 43 45 12
[.S. [mm/s] | 0,34 - not det
PANI/ FeCH/HFAA,
Q.S. [mm/s] 0,43 - not det
pumped for 8 hours
intensity [%]| 89 - 11
[.S.[mm/s] | 0,34 - not det
PANI/ FeCH/HFAA,
Q.S. [mm/s]| 0,43 - not det.
pumped for 40 hours
intensity [%]| 97 - 3

Table 4.3.1M6ssbauer parameters of PANI doped with Rex@ld PANI doped with
FeCk subsequently treated with HFAA (Fe:HFAA molaraati1:3) Spectra
measured at 4K

The observed evolution of the Mdssbauer spectratl@m@lemental analysis can be
explained by the set of reactions schematicallyateg in fig.1V.3.2.

" Due to a rather broad pattern, Méssbauer parastetesome F& signals cannot be determined
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Fig. IV.3.2 Reactions occurring during treatment of PANI/Fe®ith triple excess of
HFAA

In the first step, in the reaction of HFAA with thationic complex of iron associated
with the polyaniline chain, FegHFAA) is formed with simultaneous protonationtbé
polymer chain. FeGIHFAA) reacts then with the excess of HFAA to give(HFAA);
which, being volatile [116], is removed from thestem by extended pumping. Similarly,
Fe* contaminations in the reaction with HFAA form willa Fe(HFAA), which is
removed from the polymer matrix by pumping. An aiddial proof of this sequence of
reactions comes from the mass spectrometry inagiigs of orange colour volatile
reaction products condensed in the liquid nitrogap. The mass spectrum of the mixture
of the condensable reaction products is presentéd.ilV.3.3. In particular, in addition to
the peak characteristic of HFAAnion at m/e = 207,1, a strong peak attributeBe@ll)
hexafluoroacetylacetonate can be found at m/e 548¢3(HFAA), anion). This peak is
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accompanied by a peak of a smaller intensity at#%&6.8 arising from the presence of
Fe(ll) hexafluoroacetylacetonate (Fe(HFAAnion).
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Fig. IV.3.3 Mass spectrum of the species condensed in ligtrimgen trap during
synthesis of PANI/FegHFAA.

Thus, mass spectrometry studies strongly confirenréaction mechanism depicted
in fig.1Vv.3.2.

The comparison of the analytical data collectedainle 4.3.2 and the Mdssbauer
effect results (table 4.3.1) indicates that otédy?2/3 of the cationic complexes of iron are
removed from the polymer matrix as a result ofrdection with HFAA. The Féo aniline
unit molar ratio does not decrease from 0.87 t@8®.4s it would be expected if the
reaction depicted in fig. 1V.3.2 was quantitativehmespect to the cationic complexes of
iron. Instead, in the polymer treated with HFAAsthatio is 0.60. This means that the
remainingca 1/3 of cationic iron complexes are transformed iHEeC}, which dopes the
polymer via protonation. This finding is fully castent with the results of Mdssbauer

spectroscopy, which detects only one form of ifeeCk).

Based on the above-described scientific findirigsan be postulated that HFAA
reacts only with the cationic complexes of irorgi@g the anionic ones intact. Via this
reaction, followed by the removal of Fe(HFAAJFeCk doped polyaniline is transformed
into a doped system resembling Fe@bped polyaniline hydrochloride with FeThs the
sole form ofiron.
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Sample %C %H %N %ClI %Fe %F

PANI doped with FeGl- found 31,89 2,48 851 31,36 17,19

calculated for

. 30,16 2,51 8,32 32,62 17,17
(CeHasN)1[(FeCL")(FeCl)]o,41(CHsNO2)o 54H20)0.20

PANI doped with FeG|

treated with HEAA - found 32,84 | 2,46 6,40| 36,26 1598 4,4p

calculated for

33,89 2,31 6,12| 37,22 14,70 4,48
(CeH4 gN)1(HFeCl)o 6 CsH2F602)0,00

PANI/(HCI)o 35 doped with FeG|

treated with HEAA - found 36,04 | 2,57 6,96 30,26 12,74 52D

calculated for

38,65 2,49 6,99 32,44 12,86 5,1p
(CeHa,sN)1(HFeCl)o 45(CsH2F602)0,09

Table 4.3.2Elemental analyses of polyaniline doped with Beflyaniline doped
with FeCk and subsequently treated with HFAA (Fe:HFAA mo#dio = 1:3) and
polyaniline hydrochloride doped with Fe@nd treated with HFAA
(Fe:HFAA molar ratio = 1:3)

The excess of HFAA is retained in the polymer miataipproximately 1 molecule
per 11 aniline units) and serves as an externatipizer improving the mechanical
properties of the doped polymer which becomes moure flexible than original
PANI(FeCk)o.s7. At the end, it should be noted that no presencimmethane is required
to fit the elemental analysis of the HFAA treatedymer. The absence of nitromethane is
not unexpected. In Feglt plays the role of a ligand completing the cooation sphere of
the cationic complex of iron. Upon the reaction hwHFAA the cationic complex is
removed and the pseudoprotonated (E@Cpolymer chain is transformed into the
protonated one, which does not require the solwatiibh nitromethane.

If this interpretation is correct, the MOossbaueectum of the solid film of PANI,
first pseudoprotonated with [Fe(FeCl] and then treated with HFAA, should resemble
that of PANI first protonated with HCI, then tredteiith FeC} and finally treated with
HFAA. The spectrum of the latter system is presgimefig. IV.3.4. The parameters of the
only Fe(lll) doublet in the spectrum are exactlg game ( 1S=0,34; Q.S.=0,38) as those
presented in table 4.3.1. Thaantity of F&" impurities is very low (4%), but in this case a
weak doublet at (I.S. = 1,33; Q.S =2,43) is detka@pmpound containing iron nuclei with
exactly the same Mdssbauer parameters are not fauhe literature, but it may be noted
that compounds such as hydrated derivatives ofl)Fa@xafluoroacetylacetonate i.e.
Fe(HFAA)*2H,0 give a doublet of very similar parameters [1T#is may suggest that
treating of PANI/FeGIHFAA results in formation of Fe(HFAA)2H,O and possibly its

derivatives. Ferrous complexes with hexafluorodeestone are as volatile as ferric ones
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and this is the reason why extended pumping resulie almost complete removal of the
Fe?* contamination. Finally, the elemental analysishi$ sample (see table 4.3.2) is fully
consistent with the postulate that Fe@ the only form of iron in the doped polymer and

HFAA serves as an external plasticizer.
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Fig. IV.3.4 Mdssbauer spectrum of polyaniline hydrochlorideeib with FeG
(2:0,5) and subsequently treated with HFAA. Spectregistered at 4K.

Global description of the chemical processes oouyrin PANI first doped with FeG|
then treated with HFAA and finally pumped for ariesxded period of time is presented in
fig.IV.3.5.

The presence of the radical cation form of the dopelymer, as depicted in
fig.IV.3.5, is confirmed by the EPR studies of thelymer doped with Fegland then
treated with HFAA. A typical spectrum is shown iigfV.3.6. A strong signal with g
value ~ 2, characteristic of polyaniline radicalti@as is significantly broadened
(AHp=1400 G) by interactions with of mobile spins of fi@ymer chains (polarons) with

fixed spins of paramagnetic FeQlopant ions [118]
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Fig.IV.3.5 Schematic representation of the reaction of endemalbase with FegGl
and hexafluoroacetylacetone (HFAA) in nitromethane.
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Fig.IV.3.6 EPR spectrum of polyaniline doped with Fe&id additionally treated
with HFAA

The FTIR spectrum registered for polyaniline dopéth FeCk and subsequently
treated with HFAA is shown in fig. 1V.3.7, where#ige attributions of the vibrational
modes are presented in table 4.3.3.

The spectrum is dominated by the modes charadteakthexafluoroacetylacetone
and its iron complexes [119], despite the fact thase components of the doped systems
are in strong minority as compared to the polynmet the dopant anions. This is a clear
consequence of high molar absorption coefficierftgshe vibrations originating from
fluorinated B-diketones (their modes are marked [X] in tabl&.3). It should be noted
that according to [119] O-H vibrations indicate tlmesence of water in the
Fe(HFAA)*2H,0 complex. This additionally corroborates that #t®ve compound is a
residual product of the “purification” reaction thie doped PANI, which was not removed
by extended pumping.

As expected, Fegldoped PANI and subsequently treated with HFAA isren
environmentally stable as compared to PANI(RBRG} since the cationic complexes of

iron, being the major source of instability, arboggntly removed from the system.
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Fig. IV.3.7 Infrared spectrum of polyaniline doped with Fe(:1) and
subsequently treated with HFAA

Wave number Attribution
[cm™]
~3500 O-H stretch(X), N-H stretch
~2950 C-H stretch (X)
1648, 1642 C=0 stretch (X)
1618 C=C stretch (X)
1560 C=C stretch in a quinoid ring in protonated PAN£@stretch (X)
C-H bending (X)
1539, 1442 C=0 stretch (X), C-H bending (X)
1260,1222 C-Fsstretch (X)
1147,1107 C-H in plane bending (X)
1025 Deformational of aromatic ring
+ C-H bending in protonated PANI
803 Deformational C-H (out of plane) of 1-4 disubs&dtaromatic
ring, C-H out of plane bending (X), C-gBtretch (X),
746 C-CF; stretch (X),
665 C-CF; stretch (X),

Table 4.3.3R vibrational modes of polyaniline doped with FeQl:1) treated with
HFAA
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The conductivity of as prepared sample, measurea @ny box i.e. in anhydrous
conditions, iso = 10° S/cm. Upon exposure to ambient atmosphere a tdidforease of
the conductivity is observed within the first 20uing, then it drops toa. 70% of its initial
value and finally stabilizes aftera. 50 hours. The following explanation for the inlitia
conductivity increase can be proposed. Consecudidpeng of PANI base with Feghnd
HFAA leading to PANI(HFeG)«(HFAA), has been carried out in anhydrous conditions. It
is known that the electronic conductivity of PANiopnated with HCI can be strongly
enhanced by the presence of water molecules catedirto the doped polymer chain via
so called “proton exchange assisted conductivitfaenement” [120]In this respect,
adsorption of water molecules, originating from #imosphere, on previously anhydrous
doping sites of the polymer chain, should inevigdbhd to an increase of the conductivity.
The reason for the conductivity drop observed affteinitial increase is not easy to explain
at the present time. It must be however associatddmorphological changes occurring

during the final stages of water adsorption.

I\VV.3.2 Mixed doping of polyaniline derivatives with iron (Ill) chloride in
the presence of hexafluoroacetylacetone — a compéive study

Hexafluoroacetylacetone plasticizes polyaniline etbpvith Fed, simultaneously
allowing for an efficient removal of ferrous impues from this polymer. In this section
analogous systems based on polyaniline derivatinespely poly(2-ethylaniline) and
polyanisidine are compared with PANI-HFg@EIFAA. The samples were prepared
analogously to the case of the PANI-HFeBFAA system i.e. the base forms of both
polymers were first doped with FeCind then treated with HFAA. In each case doped
polymer was pumped for 40 hours in a dynamic vaguafter this period orange products
did not condense any more in the nitrogen trapicatohg that all volatile producs were
removed from the system.

Mossbauer spectra of PANIZ, P2EA doped with Be@d subsequently treated with
HFAA systems are shown in fig. IV.3.8. The calcathtMdssbauer parameters are
collected in table 4.3.4.

In both cases the spectra are composed of onesiméedoublet originating from
high spin Fe(lll) and a group of weaker signalsrabteristic of high spin Fe(ll). The
parameters of the Eedoublet are very similar for both polymers andagy close to the
parameters calculated for the PANI/FgBFAA system (see table 4.3.1). Thus, it can be
postulated that in all cases studied the dominaes loriginate from the presence of F£CI
dopant anions in the polymer matrices.
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Fig. IV.3.8 Mdssbauer spectra of A) polyanisidine, B) poly(@y&tniline), all
compounds were treated with Fe@hd subsequently processed with triple excess of
HFAA. Samples pumped for 40 hours, spectra regdtat 77K.

76



Sample Mossbauer site3 1| site2 site 3 site 4
parameters| (Fe€™) | (F€) | (F€ (FEY
.S. [mm/s] | 0,31 1,24 1,28 -
PANIZ/FeCKHFAA [Q.S.[mm/s] | 0,40 1.08 2.27 -
intensity [%]| 79 11 10 -
I.S. [mm/s] 0,33 1,12 1,13 1,37
P2EA/FeCYHFAA | Q.S. [mm/s]| 0,45 2,47 1,34 2,52
intensity [%]| 67 13 13 7

Table 4.3.4M0ssbauer parameters of the PANIZ and P2EA dopédReCk and
treated with triple excess of HFAA. Samples punfiped0 hours, spectra registered
at 77K.

In any of the system studied (including polyamlidiscussed in chapter IV.3.1) no
line attributable to eitheuncomplexed Fe@lor Fe(HFAA)Y can be detected. Site 2 in
doped poly(2-ethylaniline) can be attributed to R&EZH,0O, but the parameters of the
remaining of F& sites can be ascribed neither to iron (Ijj-diketonato complexesor
iron (I) halide hydrates [121]Thus, it is postulated that some mixed ligand dengs
may be present in the sample. Similarly, the Fe@bistered for doped PANIZ are not
easy to ascribe.

As it has already been mentioned only the speamstered at 4.4 K can be
considered as quantitative. The Mdssbauer speceasumed at 77 K significantly
overestimate the content of Fe(ll) contaminationaose of an unusually low Méssbuaer
lattice temperature of Fefldopants as compared to the case of Fe(ll) contdrirs.
Thus, the conclusions concerning the content ofl}F&(all three polymer studied drawn
from the comparison ahe Mdssbauer parameters collectedaibles 4.3.1 and 4.3.4 are
not justified.

Elemental analysis carried out for PANIZ/FgEIFAA system is consistent with the
results of the Mdssbuaer spectroscopy (see taBl&)4and underlines its similarity with
PANI/FeCK/HFAA. In both cases the polymers can be consideedeC| doped and
additionally plasticized with HFAA.
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Sample %C | %H | %N | %Cl| %Fe %F

PANIZ doped with FeG]|

D
treated with HFAA - found 31,191 2,63 | 575 31,6913,36] 4,46

calculated for

454 2 7] 32,6712 4 .37
(C7Hp sNO)1(HFeCl)o,6(Cs H2Fs02)0,1 34,5 80 | 5,37 32,6712,88) 4,3

Table 4.3.5Elemental analyses of PANIZ doped with Refid treated with HFAA

To summarize, we have demonstrated that the trestofelLewis acid (FeG)
doped polyaniline and its derivatives transformsnhinto Bronsted acid (HFefldoped
polymers plasticized with HFAA. The resulting plasted polymers show better
flexibility as compared to their FeftHoped analogues. Environmental stability studies
carried out in the case of polyaniline indicatetttzs expected, the new system is more

stable with respect to the Lewis acid doped polymsifar as its conductivity is concerned

V.4 DOPING OF POLYANILINE AND ITS DERIVATIVES WITH
CHLOROBIS (ACETYLACETONATO )IRON(I11)

In chapter IV.3we have described our attempts to prodacstu, during the doping
process, polyaniline dopants of Lewis acid typataming plasticizing groupgia a direct
reaction of FeGlcomplexed polyaniline with hexafluoroacetylacetgHEAA). Although
the plasticizing effect is clearly observed in tloisse, detailed studies of the reaction
products unequivocally indicate that HFAA acts asaternal plasticizer i.e. a plasticizer,
which is not directly bonded either to the polyrokain or to the dopant molecule.

The above described finding prompted us to studydibping of polyaniline and its
derivatives with mixed chloro-acetylacetonato cosmpk of Fe(lll). By combining
polymer chain complexing properties with simultamgancorporation of plasticizing
groups as ligands, these compounds can be considerbkifunctional doping-plasticizing
agents, as for example diesters of sulfophthalid dopants in the case of Bronsted acid
doped polyaniline [7]. Another important aspect tbke application of these mixed
complexes is theirelatively high environmental stability, especialllhen comparing to
ferric halides. Research described in this chaistédocused on the doping of polymers
from the polyaniline family with one of the membaefsthis class of complexes, namely

chlorobis(acetylacetonato)iron(lll).
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Initial tests performed in an inert atmosphere) (Mve shown that no complexation
of PANI with FeCl(acac) takes place in nitromethane solution. Polyanilp@vder
disperesed in this solvent does not dissolve uploiitian of the complexing agent. To the
contrary, PANIZ and P2EA readily form complexeshwkeCl(acag) in nitromethane

which is manifested by deep blue coloration ofrtiselutions.

Absorbance

300 400 500 600 700 800 900 1000 1100
wavelength [nm]

Fig. IV.4.1 UV-Vis-NIR spectra registered during addition ofdacac) to
polyanisidine solutions. Arrows show changes tanaity of the particular peaks
when concentration of FeCl(acagpcreases. Chloroform was used as a solvent.

Chloroform, being a common solvent for P2EA, PANE&Cl(acag) and their
complexation products, enables the investigatiothefdoping process in a homogenous
medium.The UV-Vis-NIR spectra of the CHEbolutions containing increasing quantities
of the dopant are presented in fig. IV.4.1 and I¥.4In both cases concentration of the
polymers are steadyzor both P2EA and PANIZ the spectral changes indumedoping
with FeCl(acag) are of similar type. Upon addition of the comptexiagent, two peaks
located near 300 nm and 590 nm, which are charstitsrof the base (undoped) form of

the polymers gradually disappear.
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Fig. IV.4.2 UV-Vis-NIR spectra registered during addition &C(acac) to poly(2-
ethylaniline) solution. Arrows show changes ofmsigy of the particular peaks when
concentration of FeCl(acag)ncreases. Chloroform was used as a solvent.

Simultaneously, peaks typical of their doped stgipear near 430 nm and 770 nm.
The peak at 268 nm - which grows in intensity witbreasing quantity of dopant in the
solutions - is characteristic of FeCl(agacht the end, it should be noted that clear
isosbestic points observed for the bands assoarthdhe polymers suggest that undoped
P2EA and PANIZ are converted into their doped fomith no side reactions.

Spectral features of FeCl(acadpped polymers are characteristic of radical oatio
of polymeric nature with localised charge carrigrslarons)[59].

This suggests that the doping process must beasitoilthe FeGlcase and implies
coordination of the cationic form of Fe(lll) comglen imine nitrogens with the anionic
form of the complex serving as a dopant compengdkia positive charge of the polymer
chain.

As evidenced®’Fe Méssbauer spectroscopy, the picture of the dopirocess,
outlined above is simplified, at least in the cafesolid films of the doped polymer.
Mossbauer spectra of doped polymers are very comatel cannot be deconvoluted
assuming only two nonequivalent iron sitBepresentative spectra of FeCl(agal)ped

PANIZ and P2EA are shown in figs. 1V.4.3 and IV 4rdspectively. A comparison of the
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spectra recorded for freshly prepared samplesdtrall times either in vacuum or under
an inert atmosphere with those measured for sangXpssed to laboratory air for 24 h
clearly shows that the doped system is much moveammentally stable as compared to
FeCk or AICI; doped polymers, since only minimal, if any, spalcthanges are observed
upon the exposure to air.

The isomer shift ranges of the obtained subspeuteacharacteristic of high spin
Fe(lll) with no signs of the presence of the limeginating from Fe(ll). This means that,
as expected, the doping reaction is purely aciélhasature since it does not involve any
change in the oxidation state of iromhe deconvolution of these complex spectra is
difficult. In principle they can be fitted with tbe doublets leading however to very broad
lines, which suggest that at least some of themt mymesent a group of signals with a
distribution of their isomer shift or quadrupolédligimg values Thus, the results of the
deconvolution would not be very helpful in identg#tion of different forms of iron
complexes present in the polymer matrix, taking iatcount a possibly large number of
nonequivalent iron sites. We are tempted to atteilthese results to a bulky nature of the
dopant usedDopants with spacious groups such as acetylacetane of course be
complexed on imine nitrogen sites, but due to stexasons they cannot reach the “ideal”
geometry when all cationic complexes interact dguadith the free electron pair on

nitrogen atoms.

Wa\[/((:en?ij]mber Vibration type
2996, 2967, 2920 C-H stretch
1571 C=C stretch in a quinoid ring
1524 C-C stretch in a benzenoid ring +C-H mixed vib.
1359 C-C stretch (X)
1189 C-H in plane
1117 Deformational of aromatic ring + C-H bending
1021, 1017 C-0O stretch, C-O stretch (X)
848, 807 Deformational C-H (out of plane) of aromatic ring
802 C-H (out of plane) bending (X)

Table 4.4.1R vibrational modes of polyanisidine doped witd{acac)

As a consequence several “internally unsaturatgdtesns are obtained which
exhibit different MOdssbauer parameters. In genespéctra of samples, which are not
doped to saturation are very complex and show theemce of many nonequivalent iron
sites. Such effect was demonstrated by KulszewmjeiBand Suwalski [105] for Fegl
doped polyaniline.
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Infra-red spectra of PANIZ and P2EA doped with Ka€4c) are presented in fig.
IV.4.5, whereas tables 4.4.1, and 4.4.2\Jibtational modes of the doped polymers.

Wa\[/((:en?ij]mber Vibration type
~3350 N-H stretch
~3000 C-H stretch
1571 C=C stretch in a quinoid ring
1524 C-C stretch in a benzenoid ring +C-H mixed vib.
1373 C-C stretch in a benzenoid ring + C-H bending beazenoid

ring
broad band C-H bending, C-C stretch (X)
centered at 1361
1208 C-N stretch + C-H bending
1117 C-H bending
1020 C-O stretch (X)
1048 Deformational of aromatic ring
891, 816 Deformational (out of plane) of aromatic ring

802 C-H bending out of plane (X)

Table 4.4.2R vibrational modes of poly(2-ethylaniline) dopeith FeCl(acac)

In the spectra modes from both the polymer anddibigant are noticeable. Peaks
from the dopant ascribed to the vibration of itstipalar bonds are marked (X) in both
tables. Two intensive peaks at 1571 tamd 1524 cim are accompanied by lower energy
shoulders in both cases. This indicates the preseh€=C stretching and C-H bending
vibrations characteristic of FeCl(aca@nodes 1550 cthand 1530 cilin the spectrum of
the pure dopant).

For PANIZ as well as for P2EA, modes characteristi€=C stretching vibrations of
the quinoid ring are redshifted, whereas thoseilztito C-C stretching vibrations of the
benzoid ring are blueshifted. This suggests thatdthpants interact with imine nitrogens in
both polymers.

Elemental analyses carried out for films of dopedNEZ and P2EA cast from
nitromethane solutions are presented in table 4.4.3

Calculations performed for both polymers indicdiat tquantity of the N:Fe:Cl molar
ratio is, within the experimental error, equal t@:1. This means that the dopant does not
undergo decomposition during the doping process ahds molecules, present in the

doping solution are incorporated to the polymerriratpon casting.
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Fig. IV.4.3 Mdssbauer spectra of polyanisidine doped with Fa€zic) in
nitromethane. A) spectrum of the freshly prepased@e; B) spectrum of the sample

conditioned for 24 hours on air. Spectra were regsd at 77K.
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Fig. IV.4.4 Mdssbauer spectra of poly(2-ethylaniline) dopethwieCl(acac) in
nitromethane. A) spectrum of the freshly preparedger; B) spectrum of the
sample conditioned for 24 hours on air. Spectraeneqgistered at 77K.
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%C | %H | %N | %CIl| %Fe

PANIZ doped with FeCl(acag} found 47,50 5,13 3,10 8,22 12,p7

calculated for
(C7He,sNO)(FeClGoH1404)0,0H20)1 39

P2EA doped with FeCl(acac) found 51,52/ 5,54 3,48 9,04 13,04

46,77| 5,33 3,23 8,09 12,47

calculated for

52,03| 5,69 3,48 8,30 13,10
(CgHsg sN) (FECIG oH1404)0,94H20)0 615

Table 4.4.3Elemental analyses of polyanisidine and poly(2Hethline) doped with
chlorobis(acetylacetonato)iron(lll) in nitromethane

Contrary to the polymers doped with FgGhe elemental analysis results show that
no solvation with nitromethane is required to diabithe cationic complex coordinated to
the imine nitrogen sites. This can be rationalizgdhe bidentate nature of the acac ligand
which together with one chloride ligand and onerogien ligand assures tetrahedral

coordination around Fe(lll) atoms.

Absorbance [a.u.]

4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm'1]

Fig. IV.4.5 Infrared spectra of polyanisidine (A) and poly({idaniline)(B) doped
with FeCl(acac)
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To summarize, complementary spectroscopic and elin@naysis data show that
both PANIZ and P2EA can be doped with mixed chiexatetylacetonate iron complexes.
The doping leads to the formation of radical caionthe polymer chain as a result of the
coordination of the cationic Fe(lll) complex on tih@ne nitrogen sites. The exact
chemical nature of the anionic and the cationic ponents of the doped polymer was not

possible to determine due to the complexity ofdb&ined Méssbauer spectra.

V.5 DOPING OF POLYANILINE AND ITS DERIVATIVES WITH
ALUMINIUM (lll) CHLORIDE

Taking into account its Lewis acidity, AlCls a very good candidate for doping
polyaniline and its derivatives. Polymers contagnicomplexing centres of Lewis base
type, such as polg{phenylenebenzobisthiazole)s, and pplghenylenebenzobisoxazole)s
are known to coordinate Alg[122,123,124]. The acid-base interactions withogien,
oxygen or sulphur centres are of practical impaapecause they lead to an improvement
in the solution processibility of these rigid polgra.

It is known, that AIC] dissolved in nitromethane undergoes self-dissiociadand
simultaneously forms complexes of different typiéh the molecules of the solvent [125]
Since AICKCH3NO; is the doping medium, spectroscopic identificatddhe co-existing
chemical species is necessary for the elucidatidheodoping procesd.his can be done
by 2’Al NMR spectroscopy [126]

The 2’Al NMR spectrum of an AIG solution in nitromethane is shown in
fig.IV.5.1

Several peaks originating from AlClIself-dissociation or from AlGl —
nitromethane complexes can be distinguished. Iticodar, the peak at 104,9 ppm can,
without any ambiguity, be ascribed to the presesfcglCl, anions [124,125]. The line at
99,4 ppm is characteristic of non complexed AICIThe peak originating from the
AICI3-NM (98,8) adduct is observed as a shoulder of the formerakift27]. Low
intensity peaks in the region (90-97 ppm) can lebated to other complexes between
AICI3; and the solvent. Peaks in the area (—8)-(-20) ppentypical of hexacoordinated
aluminium species [126]The presence of the self-dissociation productshm PANI
doping solution (eq. 1V.3) leads to the conclusibat the mechanism of the AlZloping

of this polymer may be similar to that postulatedthe FeCGJ one (see chapter 1V.2).
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Fig. IV.5.1 2’Al NMR spectrum of 5% Alg$olution inCDsNO,/CHsNO; (1:4),

registered at room temperature

(eq.IV.3) (PANI), + 4nAICIsNM = [PANI(AIINM)CI 5" (AICI4)2]n + 2nNM

where PANI denotes the tetramer repeat unit

The above hypothesis is corroborated by NMR studiethe PANI — AIC} —
nitromethane mixtures. The addition of PANI to &€l s/nitromethane solution results in
a significant modification of it§’Al NMR spectrum. Independently of the PANI mer to
dopant ratio (1:1,25; 1:1,50; 1:1,75 and 1:2) t#&utting spectrum is essentially the same
with one dominating line at 104,9 ppm which obvigusust be ascribed to Al¢] The
absence of the lines attributable to its catiolmignterpart requires some explanation.

The phenomenon of “invisibility” of certain alumum signals in NMR
spectroscopy is known from the literature and cedtequently in complexes with ligands
containing nitrogen [124,128The exactature of this effect is not totally understood at
this time. It must be however associated with thadyupole moment of aluminium nuclei,
especially important for complexes containing tlerdination sphere of low symmetry.
This effect combined with short relaxation timeads to a significant broadening of the

NMR lines which in certain cases become difficulesen impossible to be detected.
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Fig. IV.5.2 2’Al NMR spectrum of polyaniline-AlQixture in CBNOY/CHsNO,

(1:4) solution at room temperature; mer to dopaatia (1:1,5)

It is convenient to regard the interactions in B#NI-AICI3-NM ternary system as
a competition between two bases (a weaker one (&tid)a stronger one (PANI) to form
complexes with the Lewis acid. In this respectdtitenger base replaces the weaker one in
the complex as it has been demonstrated by thatiatr of the AICi-nitromethane
complexes with DMF [129]. The same applies to pwys containing basic sites, such as
for example PBX [124]:

N N
(PBX) = 4 j@: N X=0,S
X X n

The addition of PBXto a solution of AIG in nitromethane first results in the
substitution of the nitromethane ligands with thmenie ones (eq.lV.4)l'hen in the reaction
of this complex with AIGINM an ionic adduct is formed (eq.IV.5), in the sawey as it
is postulated for the doping of PANI.

(eq.1V.4) AICIz*NM + PBX

|

AICI(PBX) + NM

(eq.IV.5) AICIy(PBX) + AICI;:NM AICl 4 +AICI(NM)(PBX)"

(The equations are written per molecule of Al@ach PBX repeat unit has two complexing groups)

We can postulate that the Lewis acid doping of PAMNIh AICI; occurs in a similar
way as for PBXThe presence &ICl, is directly corroborated by NMR. Moreover, in the
IR spectra of the doped polymer a band at 410" artan be found ascribed to
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Al-O stretchings [125] This indicates that thenolecules of nitromethane constitute an
integral part of the complexes formed upon the nigpeaction.

A comparison of thé’Al NMR spectra registered for Alg@hitromethane with
those of PANI/AICYnitromethane (figs. IV.5.1 and IV.5.2) unequivdgashows that
PANI efficiently complexes aluminium chloride sinedl NMR lines characteristic of
“free” AICIs-nitromethane adducts, disappear upon the addiiothis polymer. This
equilibrium shift is fully consistent with the posite of the replacement of a weaker base
by a stronger onevide suprd. This complexation, involving the formation of @&mic
adduct in PANI and its derivatives, as describeeqrV.3 is further confirmed by UV-
vis-NIR spectra of AIG doped polymers, registered for the nitromethankitisos
(fig.Iv.5.3). Similarly as in the case of the FeIIR spectral features characteristic of the
charged species (polarons) appear upon the dopitly AVCl;. The spectra can be
interpreted in the same manner as those of themmsly complexed with Fegthus their
discussion will not be repeated here. It shouldy dié added that, as judged from the
relative intensities of the localized peak in theinity of 800 nm and the absorption tail
extended towards the NIR part of the spectrumptilaron delocalization in AlGldoped
samples of polyaniline, polyanisidine, poly(2-etmiline) is more pronounced than in

their FeC}counterparts.

absorbance [a.u.]

400 500 600 700 800 900 1000
wavelength [nm]

Fig. IV.5.3 UV-Vis-NIR spectra of the nitromethane solutiohpalyaniline,
polyanisidine and poly(2-ethylaniline) doped witlCA; mer to dopant ratio (1:1)
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To conclude briefly, all features of the UV-Vis-NIBpectra registered for the
PANI-AICI 3 system exhibit all features characteristic ofgtbysemiquinone radical cation
obtained by charge rearrangement after the comipbexaith AICl," on imine sites of the

polymer chain as schematically depicted in (fig.5¥).
(N M)AIClz (N M)AIC!Z

A OO sl

Alct’ AICE

(|\||\/|)A|c12 |c:12
AICL® AIC|4

Fig.IV.5.4 Structure of emeraldine treated with aluminiumocide (111)

in nitromethane

EPR signal [a.u.]

1000 2000 3000 4000 5000 6000
Magnetic field [G]

Fig. IV.5.5 EPR spectrum of emeraldine dopeith AICI;
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The formationof this radical cation — type of structure can beatly evidenced by
EPR spectroscopy. Emeraldine base shows a weaKkig#Bf origin, which is not clearly
understood at this moment correspondingltepin per 22 unit$130]. Doping of this
polymer with AICk results in an increase of the intensity of regesteEPR signal, which
in addition shows EPR parameters typical of theymper complexed with diamagnetic
ligands AHp~1150 G, g~2,0; see fig.IV.5.5).

FTIR spectra of AIG doped polymers, as far as the spectral regiohafacteristic
of the polymer chain vibrations is considered,\a®y similar to those of the Fe{Qloped
polymers and contain all spectral features typadahe doped state (compdig. IV.2.3,
fig.IV.5.6 and see the discussionahapter 1V.2)A typical spectrum of polyaniline doped
with AICl3 is presented in fig. IV.5.6.

In order to verify whether the nitromethane molecddeing an integral part of the
complex in the solution, is also present in thedsetate complex we have performed
elemental analyses of the free standing polymérs fobtained by casting. The results are
collected in table 4.5.1.

1.7 T 1 L] L] T 1 L] T T 1 L] T T 1 L] T T 1 T T T 1 T T T

1.6

1.5

Absorbance

1.4

1.3

1600 1400 1200 1000 800 600 400

Wavenumber [cm'1]

Fig. IV.5.6 IR spectrum (1700 cm 400 cni) of polyaniline doped with AlgImer
to dopant ratio (1:1)
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%C | %H| %N | %CI | %Al

PANI doped with AIC} - found 32,16 2,59| 8,29| 37,00| 10,20

calculated for:
(CeHa,sN1)1(AICI 3)0,8 CHaNO2)g 42
calculated for:
(CeHa,sN1)1(AICI 2, 81(OH)0,19)0,8 CHNO)0 42
calculated for:
(CeHa,5sN1)1(AICI 2, 81(OH)0,19)0,8 CH3NO2)0,4AH20)0,29

Table 4.5.1Elemental analyses of polyaniline doped with ahiom (l11) chloride

32,79|2,45| 8,46/ 40,44/ 10,22

33,21/ 2,62|8,57| 38,27 10,35

32,48/ 2,80| 8,38| 37,43/ 10,13

It is clear that the results of the elemental wsial can be fitted only under the
assumption that one nitromethane molecule is iraratpd to the polymer matrix per two
AICI3; molecules i.e. in a very good agreement with thd\Ve3. Taking into account a
lower than expected CI/Al ratio, some hydrolysistbé dopant species must also be

assumed.

To summarize?’Al NMR data of AICk doped PANI combined with UV-vis-NIR
and FTIR spectroscopies as well as elemental asahgsults indicate a very close
resemblance of the Algdoping to the FeGlone. In both cases the positive charges are
imposed on the polymer chain via complexation efc¢htionic product of the doping agent
self-dissociation, whereas the anionic product (A)JGssures electrical neutrality of the

system.

V.6 DOPING OF POLYANILINES WITH
DICHLORO (ACETYLACETONATO )ALUMINIUM (11I)

Successful doping of polyaniline derivatives witle(H) complexes containing
mixed chloride — acetylacetonate ligands has predchps to verify whether the analogous
Al(Ill) complexes can also dope these polymers. Wave therefore synthesized
AlClI,(acac) and studied its reactions with polyanilind ds derivatives.

AlCl,(acac), similarly as FeCl(acacyloes not dope polyaniline. The addition of the
powder of polyaniline base to a solution of Al@cac) in nitromethane does not result in
the complexation induced dissolution of the polynies the contrary, both polyaniline

derivatives studied in this research - polyanigdend poly(2-ethylaniline) — readily
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complex AlCh(acac) which is manifested by gradual dissolutibthe both polymers in
AIClI,(acac)/CHNO, solutions accompanied by their coloration.

UV-Vis - NIR spectra of AlCl(acac) doped polyanisidine and poly(2-ethylaniline)
registered in nitromethane solution are presemtdidi IV.6.1.

First we notice that, similarly as in all previopslescribed cases, the spectra show
features characteristic of the transformation ef tleutral chains of the base form of the
polymers into radical cation3hus, it can be postulated that the doping with I4EZac)
must proceed via complexation of the cationic favfnthe dopant on imine nitrogens,
followed by charge rearrangement to produce radia@bns.

The spectrum of doped polyanisidine is typical ofypnilines containing strongly
localised polarons [74]. In particular, a strongalenear 800 nm is attributed to the
n band— localised polaron level transition whereas thekpad40 nm is ascribed to the
localised polaron level-> n band transition. The spectrum of the doped poly(2-
ethylaniline) is similar, however a significant Bdening of the less energetic peak, in the
direction of the NIR part of the spectrum, indichta more pronounced polarons
delocalisation. No peaks originating from the uretbpbase) form of the polymers can be
found proving that the doping process is effective.

1.2
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Fig. IV.6.1 UV-Vis-NIR spectra of poly(2-ethylaniline) (A) apalyanisidine (B)

doped with dichloro(acetylacetonato) aluminium(ii)nitromethane
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In the 2’Al NMR spectrum of polyanisidine complexed with Ad@cac) in NM
(fig. 1IV.6.2) two narrow signals at 104,8 ppm ang pm can be distinguished.
Additionally, a broad band with a maximum near 30npcan be noticed, suggesting that
other, than two principal aluminium containing sps¢can be present in small quantities.

The signal at 104,8 ppm originates from the presai AICl, anions in the doped
polymer (see chapter IV.5). The second line atght is located in the chemical shift
range characteristic of the Al(aca@omplex. It is known, that Al(acacyissolved in
benzeneis frequently used as a reference?fAl NMR spectroscopy (thus its signal
appears ab = 0,0 ppm).

To verify the solvent influence on the chemicalftsbf Al in Al(acac), we have
registered its spectrum mtromethaneln this solvent Al(acag)gives rise to one narrow
line atd = 1,4 ppm. Close similarities in the chemical sh&lues in both spectra seems to
indicate that Al(acag) is the second aluminium compound in Al@tac) doped

polyanisidine, detectable by NMR.

~Sancgs

200 150 100 50 0 -50 -100
ppm

Fig. IV.6.2 /Al NMR spectrum of polyanisidine doped with A{&ac) in
CH3NGO,/ CD3NO; (4:1) registered at room temperature

The spectrum of doped polyanisidine is also sigaiftly different from that

registered by Lewinski et al. [85] for pure ACcac), which consists of three peaks at
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102, 88 and 37 ppm [*]. These authors proposedhewing dissociation equilibrium that
occurs in the solution and ascribe the line at @@ to AICL moiety, the peak at 88 ppm
to monomeric AlCi(acac) and a broad band centred at 37 ppm to aridntation
[ClLAl (acac)]” (fig.IV.6.3).
It is clear that upon the doping of polyanisidinalyo AICl, is retained, the other
aluminium species being transformed.

Based on the presented above spectroscopic dat&lkbwing reaction associated

with the polymer doping can be propoged.1V.6).
(eq.IV.6) [CLLAI (acac)]” Al(acac) + AICI,"

Polyanisidine, which shows high affinity to acidimolecules causes the

transformation of [GAl,(acac)]” to a less bulky AlGfcation, which can be easily
complexedin imine sites of the polymer chain, while AlChcts as a counter-ion (fig.
IV.6.3). Simultaneously, stable hexacoordinatedagdc)} complex , formed as a side
product The cationic form of aluminium complex, coordinatea imine nitrogens is not
detectable by’Al NMR, for reasons already describeccimapter 1V.5.

_ . — o+
HaC\ A PN oCHa
HsC I H
HsC.
c—oO cl c—o \
3HC<C >AI< - / < /Aléc' + AICl,
c— cl > o} o)
H3C/ HyC é |(|3
x
HaC” \cﬁ‘/ “CHs

Fig.IV.6.3 Dissociation of monomeric Alghcac)

The process of the doping is schematically depirtdid).IV.6.4. The presence of the

solvating nitromethane molecules is postulatedratagy with the AIC} doping case.

[*] A very weak peak at ca. 3 ppm is also noticeabldis spectrum. The authors did not
assigned this signal to any particular structung, ib may be postulated that this line
originates from small amounts of Al(acaayhich has been used as a substrate in the
synthesis of AlCl(acac).
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Fig. IV.6.4 Doping of polyanisidine with Algacac) in nitromethane
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Fig. IV.6.5 IR spectrum (400 chm- 1700 crit) of polyanisidine doped with

AlICly(acac) in nitromethane



A typical infrared spectrum was measured for palyidme doped with AlCGacac)

is presented in fig. IV.6.5. As expected, it is gmwed of bands characteristic ddped

polyanisidine(vide infra) as well as bands originating from aluminium-aceatgtanato

complexes. The bands are presented in table Bérids typical for Al(acag)compound

are marked (X).

Wa\[/gzn?ij]mber Vibration type
1582 C=C stretch in a quinoid ring
1492 C-C stretch in a benzenoid ring +C-H mixed vib.
1457 C-H mixed vib.-(X)
1386 C-C stretch in a quinoid ring + C-H bending in abenoid ring
1290 C-O stretch - (X)
1259 C-O stretch
1208 C-N stretch + C-H bending in a benzenoid ring
1120 Deformational of aromatic ring + C-H bending
1016 C-O stretch
930 C-0O stretch —(X)
788 Deformational C-H (out of plane) of aromatic ring

Table 4.6.1R vibrational modes of polyanisidine doped witiB{acac)

At the end, it should be stated that the chemiatine of the polymers doped with

AICI3 and AICh(acac) is very similar. In both cases AlGtations are complexed on imine

nitrogens of the polymer chain whereas Al@hions neutralise the positive charge of the

polymer chain. The main difference consists offttet that in the AlCGl(acac) doping,

Al(acac} is additionally incorporated to the solid polynmesitrix. Note also, that,

according to the scheme presented in fig.IV.6 3% excess of AlG(acac) with respect

to anisidine mer is required to assure completéndopf the polymer i.e. to complex all its

imine nitrogens. We have used 1:1 mole ratio, wihngans that the real doping level of

the samples described in this chapter is 67%.
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V CONCLUSIONS

The doping of polymers from the polyaniline familjth FeCk and AICE as well as

with their derivatives containing mixed chlorideedoacetonate ligands were studied.

The obtained results allow formulation of the fallog conclusions:

Lewis acid doping of polyaniline and its derivasvimvolves self-dissociation of the
dopant molecule. The cationic product of this skdociation is then complexed on
the imine nitrogen sites of the polymer chain whsréhe anionic part is incorporated
to the polymer matrix in order to compensate thergé imposed on the polymer chain.
The coordination sphere of the cationic complexasnpleted by solvation with a
nitromethane molecule. This mechanism is diffefeotn that proposed in literature,
however it better explains the electronic properté doped polyanilines and is fully
consistent with the results of complementary spsctypic techniques such as NMR,
EPR, Méssbauer, UV-Vis-NIR and IR.

Treatment of FeGl doped polyaniline with hexafluoroacetylacetone A&AlF
transforms it into the Bronsted acid (HFgCGlloped polymer and in the same time

plasticizes it improving its mechanical properties.

Although unable to dope polyaniline, dichloro(atetgtonato)aluminum(lll) dopes its

ring substitute derivatives (polyanisidine and g2tgthylaniline)). The doping process
is, in this case, accompanied by parallel reactidrt®e resulting product can be

considered as AlGldoped polymer with Al(acag)molecules incorporated to the
polymer matrix as evidence by the results of completary spectroscopic techniques
(NMR, EPR, UV-vis-NIR)

Polyanisidine and poly(2-ethylaniline) can also Mk®ped with chloro bis-
acetylacetonato iron (Ill) (FeCl(acag)The doping reaction is more complex than in
other cases studied. Although the UV-vis-NIR spestdopy unequivocally shows that
the polymer chains are transformed into poly(rdebedions) characteristic of the
doped state, the Mossbawsgrectroscopy clearly indicates that more than twaeeted
non-equivalent iron sites are formed upon the dppaaction.
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VI APPENDIX A — PRINCIPLES OF THE
MOSSBAUER EFFECT SPECTROSCOPY

VI.1 INTRODUCTION

Rudolph Méssbauer discovered the nuclear gammanaese in 1957. Its
application in the case of the isotop&e of iron is certainly the most widely used,
especially in investigation of chemical problem3][8

Nucleus is able to absorb and emit photons asagelthole atom. In the first case,
the distance between the energy levels is mucleddattan in the second one. Nucleus
excitation does take place when high-energy photwasused, namely gamma photons.
Resonant absorption of the gamma rays is not pessilthe conditions that are suitable
for infrared photons (atom's absorption). It isused by the fact that for nucleus
resonance recoil effect could not be neglected.

According to Heinsenberg uncertainty principle, thenimum full width of the
resonant line at half heighf) is determined by mean life of the nuclear excitate f)
emitting gamma rays
_h/2n

I, .

Mean life of excited state 6fFe is of the order of IDseconds, sby is of the order
of 10° eV. Thus, the line width is infinitesimal compares transition energy El4.4
keV, and Tw E, = 10" This coefficient determines theoretical sendiivof the

Mossbauer experiments.

photon nucleus
Ay oEe @ W
Before After

B) @ @@ =N

Fig. VI.1.1 Absorption (A) and emission (B)ophoton having energyE(EE) by a

nucleus. k and (Er) are recoil energies.

By comparison, in the ultraviolet regidn,/ E, are of the order 1Dev.
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On emission (or absorption) of any photon the rugkecoils (fig. VI.1.1). Recoil
energy Ik is proportional to the energy which was emittedajesorbed) by the nucleus,E
and for gamma rays is ~ 16V. These energies are much larger than the limithei
calculated above (E>>T'y), and they cannot be neglected (as in the ca$R,abr UV
spectroscopies, wherg E<Ty). Under such circumstances, absorber and emitengees
do not overlap, and it seemed technically veryialiff to make up for this energy loss.

At the moment of emission (or absorption) of gamgoantum, emitting nucleus
has a velocity ¥ (due to random thermal motion of atoms). Kinetiergy of the gamma
quantum is dependent on thg VThis is denoted as Doppler term. Bt room temperature
usually Doppler energies for high-energy photors several orders bigger thak; it
results in a substantial thermal broadening oflithes. In these conditions resonance is

possible, but only in the region A (fig. VI.1.2)

2E

Peak of emitted energy Peak of absorbed energy

Eo— Eo

O\

E

Fig. VI.1.2 Gamma photon absorption and emission energy digtahs for free nucleus

when recoil effect is observed. A — resonance area

Rudolph Méssbauer found, when studying nuclearnasbabsorption usinty’ir,
that at low temperatures, for some low eneygwys, resonance is more intense than at
higher temperatureMoreover, source and absorber peaks coincide coeipl@nd due to
low temperature, observed line widths at half heighe close to those theoretically
calculated.

Mossbauer spectroscopy is based on the nucleamgamsonance with no recoil.
The resonant nucleus in placed in solid-state matnd recoil energy could be then
transmitted to whole crystal. The crystal can obé excited in a quantized way with
absorbing 0,1,2,3... phonons of energy When exciting (recoil) energy is low enough

(Er<hv) , 0 phonons is transferred from the nucleus ¢éontfatrix, then the crystal will not
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be excited and emitting atom will effectively nacoil. Phonons emission increases in
higher temperatures, so Méssbauer effect is moobaimie when frezzing sample. This

probability is known as a Mdssbauer coefficient
L

— N

L
Where: Ly-quantity of photons emitted with no recoil; L-swfall photons emitted.

VI.2 APPLICATION OF DOPPLER EFFECT IN MOSSBAUER

SPECTROSCOPY

As in the majority of spectroscopies, in MOssbaggctroscopy it is necessary to
utilise source that is able to emit in an adequim®ain continuous energy spectrum (to
have possibility to modulate the energy beam). @enmg the fact that nucleus resonant

energies are gigantic comparing to the energieeeohyperfine interactionwide infra) it

the Doppler effect.

IS convenient to obtain this spectrum by movinggberce, thus modulating the energy via
VI.3 MOSSBAUER PARAMETERS
a) b)

A ‘
. £3/2
o /_Q.S.
e ' N\t £1/2 .
E
|.S.

v £1/2 as,y s

T T A/I >
-1 0 1
Source velocity [mm/s]

Absorption

12

Fig..V1.3.1a) Energy levels in sample (absorber), b) Corresjiogn Mossbauer spectrum

a) The Isomer Shift
Electrostatic interactions between charge tisted in the nucleus and electrons
that can be found near the nucleus (s-orbital mlesj have an influence on nuclear
energy levels. Magnitude of this influence is defmt on the overlapping degree of s-
orbitals and nuclear charge. In the case wherextternal electric field does not split
the nuclear energy levels, the difference betwemomant energies for nuclei in the
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emitter and in the absorber (sample) is represantbtbssbauer spectrum as an isomer
shift (1.S.)(fig.VI.3.1). If no other hyperfine iatactions are present, the observed signal

will be composed of one line at the energy corradpw to that difference:

.S =K(R -R)I#, OF ~ ¢, 0]

where:K — nuclear constan®. —nucleus radius in excited sta —nucleus radius in

ground state|¢/_ (0) |- function describing s-electron density at theoabisig nucleus,

|/, (O) |- function describing s-electron density at theténg nucleus.

Due to the fact that valence orbitals (peandd) changes the-electron density
close to nucleus by screening effect, isomer shift be useful to determine valency and
oxidation state of MGssbauer atom.

Since 1.S. is a relative value (various types afrses are in utilisation), it is
extremely important to provide the information ceming the reference. IA'Fe
Mossbauer effect studies, the I.S. values are géyeagiven with respect to metallic

iron.

b) Quadrupole splitting

For a nucleus of spin | > %, interaction between-aobic extranuclear electric
fields (so giving rise to an electric field gradieat the nucleus) and the asymmetric
charge density of the nucleus results in a degéorraf nuclear energy levels. Electric
field gradient can be the result of either non-egl@nt ligand environment or valence
electrons distribution. Due to this fact, Q.S. waprovides important information about
electron asymmetry in nuclei neighbourhood.

For instance, foP’Fe spins are 3/2 and %, in the excited and in thargl states,
respectively (fig.IV.3.1a). Degeneracy of the eadilevel is partially removed by the
electric field gradient, and two transitions arwed, both equally probable. So two
lines with the same intensities are observed. Qumude splitting is defined as a
difference in energies between these lines (fi@.Ab). In such situation, I.S. is placed
in half of the distance between terminal linesha tmultiplet. When both ground and
excited states have spin values bigger than Y:ofa$) more transitions are allowed

and, in consequence, more complicated spectrabtaened.
c) Magnetic splitting (hyperfine interactions)

If magnetic field is present, magnetic dipole mobtareach nucleus interacts with

this field. In such situation, degeneracy of endeygls is totally removed.
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Magnetic field can be either applied (externaljamal (internal). In the case 6firon
isotope, and when magnetic moments are randomgniad, these interactions cause
arising to a six-line spectrum with relative inteies 3:2:1:1:2:3 (given by quantum
mechanics rules). If we are not in random casensity of whole sextet is dependent

on the angle between effective magnetic field d&edgropagation of radiation.

V1.4 BASIC M OSSBAUER EQUIPMENT

Scheme of the Méssbauer spectroscopy equipmeh} i43hown on figure VI.4.1.

tube with
— helium partial pressure
Internal freezing space (N, or He,) > | | sample holder bar
heater
External freezing space (N,) > A
__~ sample holder and thermistor
— L §F— |
<_>|/ detector
O O v\/v
¥ radiation
amplifier
control unit
computer

Fig.V1.4.1 Block scheme of Mdssbauer spectrometer

The sample is placed in a cryostat, in the spaat ithunder vacuum with helium
partial pressure. Presence of the gas allows emexglgange. The cryostat has two
freezing spaces. When performing measurements batWeK and room temperature,
both spaces are filled with liquid nitrogen. Whesrfprming experiments below 77K,
external space is filled with liquid nitrogen, amtternal one with liquid helium.
Thermistor placed close to sample holder is usdtiddemperature control. Thanks a
small heater on a sample holder bar it is posdiblebtain any temperature of the
experiment.

Radioactive material (i.8’Co in cubic Rhodium matrix), is placed on vibration
device, that is connected, as well as gamma radiattector (via amplifier), to the
control unit. This construction allows applying Wwebntrolled velocity to the source,
and analyses signal at detector input in functicth® energy. Computer coupled with

the control unit registers the spectra.
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VIl SUMMARY

The presented research is devoted to the studigwe afoping of polyaniline and its
ring substituted derivatives (polyanisidine, pohgihylaniline)) with AICk and Fe(d as
well as with their derivatives containing mixed afile - acetylacetonate ligands
(AlCI,(acac) and (FeCl(acag) AlCI; and Fe(d doped polymers are conductive and show
the electronic type conductivity of the order>18/cm. Complementary spectroscopic
studies involving UV-Vis-NIR, IR, EPR/Al NMR (in the case of AlGldoping) and’Fe
Mossbauer effect (in the case of Fe@bping), combined with elemental analysis, enabled
us to elucidate the doping reaction mechanism, hvincboth cases is the same. The
doping involves, in the first step, the self-disation of the dopant molecule. The cationic
product of this self-dissociation is the complexedimine nitrogen sites of the polymer
chain, whereas the anionic part is incorporated the polymer matrix to neutralise the
positive charge imposed on the polymer chain. Toerdination sphere of the cationic
complex is completed by solvation with a nitromethanolecule. Charge rearrangement
accompanying the doping process produces mobiiealacations on the polymer chain,
which assure electronic conductivity of the dopemlymer. This mechanism clearly
explains the presence of charge carriers and tHiealacation structure of the doped
polymer chain detected by EPR and UV-Vis-NIR spestiopies. Fe@ldoped polyaniline
shows poor mechanical properties, which can howdwerimproved by post-treatment
with hexafluoroacetylacetone (HFAA). This treatmeasults in the transformation of
FeCk (Lewis acid) doped polyaniline into HFeC(Bronsted acid) doped polymer,
simultaneously plasticized with HFAA. Doping withixad ligands (AlC}(acac) and
(FeCl(acag)), although being inactive with respect to polyeal doping, readily dope
polyanisidine and poly(2-ethylaniline). The chawmfsdoped polymers adopt the radical
cation structure as evidenced by UV-Vis-NIR spextopy, however the doping
mechanism is more complex than in the case oficeautith AlCl; or FeC}. The doping
with AICI,(acac) results in the Algldoped polymer with Al(acag)ncorporated to the
polymer matrix as a side reaction product. Dopirith WeCl(acag) produces more than
expected non-equivalent iron sites of the chentecalstitution not easily identifiable by

Mossbauer spectroscopy.
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VIl RESUME

Ce travail est consacré a I'étude du dopage deolgapiline et de ses dérivés
substitutés (polyanisidine, poly(2-ethylaniline))ea d’'une part le chlorure d’aluminium
AICI3 ou le chlorure ferriqgue Fegldautre part avec leurs dérivés contenant leantig
mixtes chlorure-acétylacétonate (Ad@cac) ou (FeCl(acag) Les polymeres dopés avec
AICl; ou FeC} sont conducteurs, et leur conductivité électromigst de I'ordre de 10
S/lcm. Des études spectroscopiques complémentdifés/(S-Proche IR, IRTF, RPE,
RMN du noyat?’Al (dans le cas du dopage avec A)Git spectroscopie Mossbauer sur le
noyau®’Fe (dans le cas du dopage avec B@Ctombinéesavec I'analyse élémentaire,
permettent de comprendre et d'identifier un mémecanésme de dopage. Celui-ci
correspond en un premier temps a une dissociatola anolécule du dopant. La partie
cationique résultant de cette dissociation est ¢exeée sur les sites azote de type imine de
la chaine du polymére, tandis que la partie animig/incorpore a la matrice polymeére
afin de neutraliser la charge positive imposée @&haine du polymere. La sphére de
coordination du complexe cationique est complétdesplvatation avec une molécule de
nitrométhane. Le réarrangement des charges accompiade processus de dopage
entraine la création de radicaux cationiques mebger la chaine du polymere, donnant
ainsi au polymére dopé des propriétés de conduétiectronique. Ce mécanisme rend
parfaitement compte de la présence de porteurbalge et de la structure cationique des
radicaux de la chaine polymérique dopée mises émerdse par les expériences de
spectroscopie RPE et d’absorption UV-VIS-Proche UR.polyaniline dopée avec FeCl
présente de faibles propriétés mécaniques, quigmwependant étre améliorées par un
traitement ultérieur avec I'hexafluoroacetylacetqh-AA). Ce traitement conduit a la
transformation de la polyaniline dopée avec kd@tide de Lewis) en un polymere dopé
avec HFe(] (acide de Bronsted), simultanément plastifie pgAA. Le dopage avec les
ligands mixtes (AlClacac) ou (FeCl(acag) bien qu’inopérant en ce qui concerne la
polyaniline, conduit clairement au dopage de ly@aisidine et de la poly(2-éthylaniline).
Les chaines de ces polymeres dopés présenterstruicture radicalaire cationiqgue mise
en évidence par les expériences d’absorption US-Riloche IR ; mais le mécanisme de
dopage reste plus complexe a définir que dansdeloadopage avec AlCbu FeCl. Le
dopage avec AlG{acac) conduit a un polymere dopé avec AbSlec Al(acag)incorporé
a la matrice du polymére comme sous-produit. Leagepavec FeCl(acacyionne un
composeé présentant davantage de sites de ferquovatents qu’il en est attendu ; leur

nature reste difficile a identifier par spectroneMdossbauer.
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IX STRESZCZENIE

Powyzsza praca jest pwiccona badaniom domieszkowania polianiliny i jej
pochodnych podstawionych w piereniu aromatycznym (polianizydyny, poli(2-
etyloaniliny) chlorkamizelaza (Ill) i glinu (lll), a take pochodnymi tych chlorkow
zawierajcymi ligandy acetyloacetonianowe (acac) — A{&tac) i FeCl(acag) Polimery
domieszkowane AlGli FeCk wykazup przewodnictwo elektryczne ¢du 10° S/cm.
Badania spektroskopowe spektroskopii UV-Vis-NIRJRTEPR,2’Al NMR (w przypadku
domieszkowania zwekami glinu) i badania spektroskopowe spektroskdpiissbauera
dla jader>'Fe (w przypadku domieszkowania zwkamizelaza) umaliwaja wyjasnienie
mechanizmu reakcji domieszkowania. Wyniki uzyskdiaeFeC} i AICl3; sugeruy ten sam
mechanizm reakcji dla obydwu zygkow. W pierwszym etapie procesu domieszkowania
czasteczki domieszki autodysocjuj Kationy powstate w wyniku tej autodysocjacji
kompleksuj grupy iminowe tacucha polimerowego, podczas gdy aniony z@staj
wbudowane do matrycy polimerowej kompenmsujadunek. W sferze koordynacyjnej
kompleksu kation-polimer znajdujegsiakze casteczka rozpuszczalnika — nitrometanu.
Przegrupowanie tadunku mag miejsce podczas reakcji domieszkowania jest
odpowiedzialne za wytworzenie mobilnych kationon&dw, dzieki czemu polimer
przewodzi elektronowo. Powrgzy mechanizm wyfgmia obecné¢ nosnikow tadunku i
struktug kationorodnikovs wykryta metodami EPR i UV-Vis-NIR. Polianilina
domieszkowana Feglma stabe wisciwosci mechaniczne, ktére ulegapoprawie po
dodaniu heksafluoroacetyloacetonu do uktadu. PaaiodHFAA zachodzi reakcja, w
wyniku ktorej polimer domieszkowany kwasem Lewis@eCk) jest przetwarzany w
polimer domieszkowany kwasem Bronsteda (HgEpCORdéwnolegle HFAA pelni ral
plastyfikatora. Zwizki posiadagce mieszane ligandy (FeCl(acad) AlCl,(acac)) nie
reaguj z polianilim domieszkujc rownoczénie jej pochodne — polianizydygn poli(2-
etyloanilirg). Widma UV-Vis-NIR wskazuyj, ze forma kationowa domieszkujentauch
polimerowy; niemniej jednak mechanizm tych reakjgst bardziej zioony niz w
przypadku chlorkéwzelaza i glinu. W wyniku domieszkowania polimeru kaeksem
AlClI,(acac) otrzymuje gipolimer domieszkowany AlGi Al(acac) jako produkt uboczny
wbudowany w matryge polimerows. Produkt domieszkowania polimeru FeCl(agatgje
ztozone widmo efektu Mdossbauera, co powoduje trégdinev identyfikacji zwhzkow
obecnych w probce.
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