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Electron spin resonance and DC electrical investigations on the effect of chlorine doping on
emeradine base polyaniline are reported. From the experimental datait is concluded that the
chlorine doping of polyanilinesincreases the conductivity and that the charge transport is well
described by an one dimensional variable range hopping, up to a doping level of 15% CI/N.
The characteristic temperature rises as the doping level is increased. Electron spin resonance
investigations revealed the contribution of polarons to the charge transport. The absence of
high spin bipolarons was proved by eectron spin resonance data within the experimental
errors. At high doping levels, the mesoscopic nature of charge transport in polyanilines is
confirmed by the Dysonian shape of the resonance lines.
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1. Introduction

Polyaniline (PANI) is a highly conducting polymer with DC conductivity as high as 6,000
S/m [1-3] when it is heavily doped. The conducting form of PANI has outstanding temperature
stability; the weight loss of the polymer degraded under an inert atmosphere up to about 800 K is
smaller than 20% [4]. The eectrical properties and the solubility of polyanilines depend on the
oxidation state. Depending on the oxi dations state, up to 9 types of polyaniline may be identified (see
Fig. 1).

The most frequently reported structures of polyaniline are The fully reduced polyaniline,
named |eucoemera dine (see its structure in Fig. 1.1.). Leucoemeraldine is characterized soldy by the
presence of benzene rings. Such a polymer is obtained at a high pH and is an insulator. By increasing
the degree of protonation a benzene ring is converted into a quinone ring (see Fig. 1.11.). The next
chan protonation will increase the number of quinone rings to 2. Such a structure is named
emeradine base (see Fig. 1II1.). It is a hdf oxidized leucoemeraldine with semiconducting or
insulating properties. Typicdly, this polymer has a high intrinsic gap, of about 3.6 eV [1] and
becomes conducting by doping. Further increase of quinone rings increases the conductivity of
polyaniline. The polyaniline build of 3 quinone rings and 5 benzene rings is named nigraniline (see
Fig. 1.1V) and the polyaniline consisting of 4 quinone and 4 benzene rings is named pernigraniline
(see Fig. 1.V.). The violet pernigraniline state is not stable. This fully oxidized polyaniline has an
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energy forbidden band of about 1.4 eV [1]. Theoretically, the polyaniline chain may be further
oxidized. Nevertheess, the structures shown in Figs. 1.VI - 11X were not observed experimental.
This reflects the gradud decrease of the chemical stability of polyaniline as the chain oxidation is
increased.
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Fig. 1. The structure of polyanilinein different oxidation states. The quinonering is enclosed
in a box.

The applications of highly conductivity polyanilines are limited by poor mechanical features,
low solubility, and a reduced processability. To overcome these drawbacks two routes have been
considered [3-7]. Thefirst one was to functionalize the polymer in order to achieve the desired degree
of processability. The other was to blend the highly conducting polyaniline particles with dastomers
[5-8]. Nevertheess, the percolation threshold and the maximum conductivity are controlled by the
conducting component of the blend [7, 8].

A ddaled study of the effect of haogen doping (various concentrations of HCI) of
polyaniline performed by d ectron spin resonance spectroscopy and DC dectric conductivity in awide
range of temperatures is reported. The conductivity of polyaniline depends on the doping level, on the
nature of dopants, on the synthesis medium, and on drying details [9, 10]. The importance of such
study is related to a debate regarding the crossover from an one dimensional conductivity to a three
dimensional conductivity in heavily doped polyaniline [11-15]. The recent developments in
spintronics materias revived the debate regarding the presence of bipolarons in conducting pol ymers.
While the presence of bipolarons was proved in the case of highly doped polypyrrole, no agreement
was reached in the case of doped pol yanilines.

2. Experimental methods
Electron spin resonance, ESR, and DC conductivity studies on pristine and doped emeraldine

base polyanilines (EBPANI) are reported. Powders of EBPANI with different degrees of doping
expressed by the ratio between Cl and N atoms (0%, 1%, 3%, 5%, 10%, and 15%) were synthesized
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as reported dsewhere [9, 10]. The doping has been performed with various amounts of HCI during
polymerization. The doping levd was measured by FTIR spectroscopy [3, 10]. For DC dectric
measurements, pellets of polyaniline have been obtained by pressing the powder of polyaniline doped
with various amounts of HCI at room temperature. Silver paste has been applied on the faces of the
pdlets. The DC dectrica measurements, in the temperature range 77 K to 300 K were done by using
the four-point method. ESR measurements were done by using a JES-ME-3X spectrometer, operating
in X band and equipped with a JES-VT-3X variable temperature accessory.

3. Experimental results
A. ESR data

The ESR resonance spectrum of EBPANI is a narrow single line located dose to g = 2.00.
Some typical resonance lines of polyaniline, at room temperature, are shown in Figs. 2A and 2B. The
resonance line of pristine EBPANI is shown in Fig. 2A. It is observed that the resonance spectrum is
symmetric. The absence on any shoulder superimposed on the wings of the resonance line located at
g = 2.00 and the lack of any resonance at g = 4.00 indicates (within the experimenta errors) the
absence of high spin bipolarons, characterized by an effective spin S = 1 [16, 17]. Low spin
bipolarons (with an effective spin S = 0) give no ESR spectrum. As polyaniline is doped, the
resonance line changes gradually into a Dysonian-like resonance [17]. Such a line, shown in Fig. 2B
is asymmetric, in the sense that the amplitude of the positive lobe (1) is not equal to the amplitude of
the negative lobe, (I"). This change in the resonance line shape is due to the skin effect. At doping
level smaller than 3% Cl, the conducting domains, if present are very small and the microwavefiddis
not damped within these islands. This implies that the size of these islands is smaller than the skin
depth at microwaves frequencies of about 10 GHz (the skin depth for fully doped EBPANI is of the
order of 10° m). By increasing the doping leve the size of these islands is increased, and becomes
comparabl e to the skin depth at a doping of about 3% CI/N. This proves the mesoscopic nature of the
charge transport in EBPANI indicating that the dependence of the dectrical conductivity on the
doping levd is apercolation like process [18-20].
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Fig. 2. The Electron Spin Resonance spectra of EBPANI a room temperature. 8 The
resonance spectra of symmetric pristine EBPANI; b) The Dysonian shape of the resonance
line of EBPANI doped by 3% CI/N.
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The temperature dependence of the most important parameters of the resonance line for
EBPANI doped with various amounts of HCI, namdy the double integrd of the resonanceline S and
the peak to peak linewidth, is shown in Figs. 3A and 3B. The double integral of the resonance
spectrum, S, has been estimated by using the rd ationship [16-17]:

_KIHg
A

S 0

Where K is the resonance line shape factor, | the resonance line amplitude, Hpp the peak to
peak amplitude of the resonance line, and A the gain of the spectrometer. At a given temperature, Sis
proportional to the concentration of uncoupled eectronic spins. For isolated spins, the temperature
dependence of S obeys an Arrhenius like dependence. As it is inferred from Fig. 3A, S decreases as
the temperature of the sample is raised. This suggests that the temperature dependence of Sis related
to some activation processes or chemical reactions that governs the temperature dependence of the
tota number of uncoupled d ectronic spins.

The resonance linewidth, Hpp, presents a complex dependence on the sampletemperature (see
Fig. 3B). Theincrease in the resonance linewidth above 273 K may be associated to the conversion of
iceinto water followed by the evaporation of water.
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Fig. 3. The temperature dependence of: &). The resonance line double integral, S; b) The
resonance line width, Hep, for EBPANI doped with various amounts of CI/N. Thesize of the
experimental point indicates the experimenta errors. The lines are drawn for eye guidance.

The temperature dependence of the resonance line width, in the low temperature range, is
accuratdy fitted by an Arrhenius like dependence (see the bottom pand of Fig. 4):

E
Hep = HZ op e @

Where Hee® is a constant, Ex is the activation energy for the uncoupled dectronic spin
motions and K the Boltzmann constant. As it is shown in the upper pand of Fig. 4, the temperature
dependence of the resonance line width, in the high temperature range is also wel fitted by an
Arrhenius like dependence.
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Fig. 4. The temperature dependence of the resonance line width in: & The high temperature

range; b) The low temperature range. The size of the experimental point indicates the

experimental errors. The lines represent the best fit of the temperature dependence of the
resonance line width, obtained by assuming an Arrhenius like dependence (eg. 2)

The temperature dependence of S, in the low temperature range is shown in Fig. 5. This
dependence cannot be accuratdy fitted by an Arrhenius or Curie like temperature dependence. It was
found that in the low temperature range, the temperature dependence of S is rather well fitted by a
Variable Range Hopping (VRH) like dependence:

T.9 \an
sOs exp[ ?I_ ] €))

The best fit, represented by lines in Fig. 5, has been obtained for an one-dimensiond charge
transport mechanism. From Fig. 5 it is observed that for low doping levds, the equation (3) is not able
to predict accurately the temperature dependence of S. At such low doping leves, the dynamics of
dectrons is more complicated. It is possible to assume that the € ectrons are trapped by local defects
after a hopping sequence. Accordingly, the temperature dependence of the conductivity is no more
described by a simple VRH equation. An improved VRH eguation was proposed [19] taking into
account that the pre-exponential term is aso temperature dependent. Increasing the doping level
above 2% CI/N the deviations of experimenta data from a VRH-like dependence (eg. 3) become
negligible.
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Fig. 5. The temperature dependence of S, in the low temperature range. The size of the

experimental point indicates the experimental errors. The lines represents the best fit obtained

with the equation (3). For the samples doped with 1 % CI/N (dotted line) and 2% CI/N thefit
is rather poor.
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In Fig. 6A it is shown the dependence of the “ESR characteristic temperature’ To'® on the
doping level. At T=T,®, the concentration of free radicals reaches a constant value S, which is not
affected by the dimensionality of the hopping process. From Fig. 6A it is concluded that increasing
the doping leve, the critical concentration of freeradicals, S, is reached at lower temperatures.

The dependence of the activation energies, E™'®" and Ex-°", in the high and low temperature
domains respectively, is shown in Fig. 6B. Both E,™'°" and Ex"®" exhibit a weak decrease of the
activation energy as the doping levd is increased (starting from about 3% CI/N). The experimenta
data at lower doping levds are affected by larger experimental errors, dueto the low concentration of
uncoupl ed e ectronic spins.

o
20009
leoo-:
o ]
" 1000
] T
5004
T ]
S g
b ]
x ]
=) ]
= 4
= 6]
I e
2 ]
ILIj( :
5
24—
0.0 25 50 75 100

CI/N[ %]

Fig. 6. @ The dependence of the characteristic temperature (as obtained from the best fit of the

temperaure dependence of S by equation (3)) on the doping level; b) The dependence of the

activation energy (as estimated from the temperature dependence of the linewidth) on the
doping level. The experimenta errors are shown. Thelines are drawn for eyes guidance.

B. DC €dectrical data

The temperature dependence of the DC conductivity is shown in Fig. 7. In conducting
polymers, several competing processes were considered to explain the temperature dependence of DC
conductivity. An Arrhenius like dependence of resistance was suggested [11] if the activation energy
E.®) isequa with the difference between the Fermi level Er and the mobility edge Ec;

R=R,exp- o @
KgT

Where Ry is rd ated to the sample conductivity at the mobility edge [11].

It was noticed that the temperature dependence of the DC conductivity, in the low
temperature range obeys, with an acceptabl e accuracy the predictions Variable Range Hopping modd ;
i.e thetemperature dependence of the resistanceis described by the reationship [19-24]:

ROR, exp[%]dﬂ ©)

where d is the dimensionality of the conduction process, Ty is a characteristic temperature, and Ry is
the DC resistance extrapolated at large temperatures (T—x). At 0 K, al phonons are frozen and
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accordingly the hopping dectric conductivity is zero. The best fit of the temperature dependence of
resistance is obtained for d = 1, for all samples. This suggests that the DC dectrical conductivity of
pristine and doped EBPANI occurs through an one-dimensiona hopping of conducting dectrons and
that the probability of eectronic jumps across chains is negligible The three dimensional variable
range hopping in the presence of a Coulomb barrier [1] and the charge energy limited tunnding
between conducting islands [15] suggests the same temperature dependence of the conductivity.
However, both modd s are consistent with hopping as the charge transport mechanism.
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Fig. 7. The temperature dependence of the DC resistance of EBPANI doped with various
amounts of Cl. The bold line represents the best fitting assuming aVRH like conduction
mechanism. A. 1% CI/N; B. 2% CI/N; C. 3% CI/N; D. 10% CI/N; E. 15% CI/N.

As it is observed from Fig. 8A, the characteristics temperature, Ty, increases as the doping
level is increased up to 10% CI/N. This reflects the increase in the number of eectrons at the Fermi
level as the doping leve is increased [20]. It is important to observe that To and To® have opposite
dependencies on the doping levd, although in both cases, the temperature dependence of Sand R is
consistent with an one dimensional conducting mechanism. Neverthe ess, the temperature dependence
of R is controlled by both mobility and number of charge carriers while the temperature dependence
of S reflects soldy the temperature dependence of the concentration of uncoupled dectronic spins.
Further research is required to have a proper understanding of these results. An unexpected drop in the
characteristic temperature, Ty, at about 15 % CI/N is observed. In heavily doped conducting polymers,
atransition from an one dimensional conduction mechanism towards a two or even three di mensional
VRH was reported [11-15]. However, we failed to notice any change in the dimensionality of the
conduction process up to a doping level of 15% CI/N. Tentatively, this behavior may be associated to
dectrons interactions (including a weak increase in the dimensionality of the transport mechanism)
such as the growth of conducting metallic islands, noticed at room temperature starting from 3% CI/N.
Asit is shown in Fig. 8B, the asymptotic value of the sampl e resistance has an expected dependence
on the doping level for al samples (decreases as the doping leve in increased).
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Fig. 8. The dependence of: &) The characteristic temperature, To, (as estimated from DC

conductivity data) on the doping level. b) Extrapolated resistance at 0 K, Ry, on the doping

level. Both Ty and Ry were estimated by fitting the temperature dependence of the DC

conductivity by a VRH like dependence, assuming an one dimensional electron transport
mechanism. The lines are drawn for eyes guidance.

4. Conclusions

ESR data on pristine and doped EBPANI indicate that within the experimentd errors the high
spin bipolarons are absent and suggest that the main contribution to the conduction process is due to
polarons. The mesoscopic nature of conductivity is confirmed by the analysis of the shape of the
eectron spin resonance spectra. It is suggested that the dependence of the DC conductivity on the
doping level has a percolative character. Both DC conductivity and € ectron spin resonance data are
consistent with an one dimensiona variable range hopping transport mechanism. The characteristic
temperature (as estimated from DC conductivity data) increases as the doping levd in increased,
reflecting the increase in the number of dectrons at the Fermi level. The asymptotic resistance
decreases as the doping leve is increased. No crossover from an one dimensional variable range
hopping towards a three dimensional variabl e range hopping was noticed, up to 15 % CI/N.
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