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Abstract: Long term performance of conductivity of p-toluene sulfonic acid (pTSA) doped electrochemically synthesized
polypyrrole (PPy) films was estimated from accelerated aging studies between 80 °C and 120 °C. Conductivity decay experi-
ments indicated that overall aging behavior of PPy films deviated from first order kinetics at prolonged aging times at ele-
vated temperatures. However, an approximate value for the activation energy of the conductivity decay of PPy was calculated
as £=47.4 kJ/mol, enabling an estimate of a rate constant of k=8.35x10"%/min at 20°C. The rate of decrease of conductivity
was not only temperature dependent but also influenced by the dopant concentration. A concentration of 0.005 M pTSA in
the electrolyte resulted in a conductive film and when this film was exposed to 120 °C for a period of 40 h, the conductivity
decayed to about 1/20 of its original value. The concentration of pTSA was increased to 0.05 mol// and when the resulting
film was aged in the same way, it showed a decrease in the conductivity to about 1/3 of its original value. Both microwave
transmission and dc conductivity data revealed that highly doped films were considerably more electrically stable than lightly
doped films. The dopant had a preserving effect on the electrical properties of PPy.
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Introduction

Conducting polymers can be electrochemically or chemically
synthesized with a wide range of electrical conductivities.
Stability of electrical properties is an important concern for
practical applications. Among intrinsically conducting polymers
(ICP), polypyrrole (PPy) films in their oxidized, conducting
form possesses reasonably good electrical stability in air at
room temperature [1,2]. In electrochemical synthesis,
simultaneous oxidation and polymerization of the pyrrole
monomer occurs at anode, giving rise to an oxidized polymer
with a delocalized positive charge on the conjugated n-bond
system.

Stability of the electrical conductivity of galvanostatically
synthesized conducting polypyrrole (PPy) films and PVC/
PPy composites in ambient air at room temperature, doped
with different counter ions has been studied [3]. Polypyrrole
doped with the organic counter ion p-toluene sulfonate
(pTSA) was found to exhibit better stability than those
doped with inorganic dopants such as ClO, , BF, and NO; .
The degradation rate constants were calculated assuming
first order kinetics. The degradation of conductivity of PPy/
pTSA system was stated to obey first order kinetics with
activation energy of 15 kcal/mol, whereas ClO, and BF,
anions were observed to give rise to multiorder kinetics in
conductivity decay [4]. It was suggested that the degradation
mechanism of PPy/pTSA was due to the reaction of oxygen
with polymer backbone [4,5]. In the absence of oxygen
polypyrrole was found to be stable [6]. In a study of thermal
stability of polypyrrole, polymers doped with aromatic
anions such as p-toluene sulfonate (p-TS) and p-chlorobenzene
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sulfonate (CBS) were found to be more stable than polymers
doped with an aliphatic anion, dodecyl sulfate (DDS) [7]. In
contrast to the results presented by Samuelson and Druy [4],
degradation of conductivity for PPy/pTSA, PPy/CBs and
PPy/DDS indicated a non-linear relationship between the
natural logarithm of normalized conductivity versus aging
time, suggesting a multi-order degradation process. A
diffusion-controlled kinetics was suggested to explain the
decay of conductivity [7].

Electrical conductivity of electrochemically prepared
polypyrrole was found to have a slower degradation rate
than that of the chemically polymerized PPy [6]. The
reduced stability of the chemically synthesized PPy was
attributed to the Cl dopant ions, which are attached to the
PPy chain with covalent bonds, thus disrupting the
conjugation. The C-Cl bonds were thought to act as electron
traps, which decreased the mean free path of the charge
carriers along the polymer chains. Another possible reason
for the observed difference was suggested as the oxidative
mechanism being more active on the larger specific area of
the chemically polymerised PPy resulting in faster decline of
electrical conductivity. The variation of electrical conductivity
of chemically synthesized PPy over a period of one hour was
also found to obey first order kinetics with activation energy
of 46 kJ/mol [8]. However, one-hour aging experiments may
not sufficient for a proper assessment of the aging behavior
of PPy. Conversely, it has been observed that at longer times
the data deviated from the straight line, revealing multi-
order degradation kinetics [7,9]. It has also been reported
that high temperature aging of PPy coated textiles followed
a multi-order kinetics. The conductivity loss was reported to
proceed through two stages. The initial stage of conductivity
decay was thought to follow a diffusion-controlled kinetics,
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where the diffusion of the oxygen into the polymer was the
rate-limiting factor [7].

In this work the conductivity decay process in air of pTSA
doped PPy films and the effect of the dopant anion
concentration on the degradation process were investigated.

Experimental

Polypyrrole films were galvanostatically synthesized in a
one-compartment cell. The pyrrole concentration was 0.2
mol// in aqueous solution. PPy films were lightly and highly
doped with p-toluene sulfonate with concentrations of 0.005
mol/ and 0.05 mol// respectively with the latter concentration
resulting in a highly conductive film. Galvanostatic synthesis
was carried out at a current density of 1.5 mA/ecm® for a
period of one hour at room temperature. The films were
peeled off the stainless steel anode, washed with distilled
water and dried prior to conductivity measurements.

Conductivity measurements were performed by using a
four probe. A current of 1 mA was supplied to outer
electrodes and the corresponding potential drop across the
inner electrodes was stored by a data-logger at one-minute
intervals. The conductivity measurements on polypyrrole
samples were performed at fixed temperatures of 80°C,
100°C and 120°C as a function of time. Conductivity data
was normalized and plotted with respect to aging time.

Results and Discussion

Conductivity of polypyrrole increased with temperature
similar to that of amorphous semiconductors. A temperature
dependent conductivity increase at 80 °C, 100 °C and 120°C
followed by decay in conductivity can be seen in Figure 1.
The rate of decay increased with the temperature.

The data in Figure 1 suggests that the decay process
following the maximum in conductivity is complex and this
is plotted in linear time coordinates in Figure 2. The
degradation pattern is similar to that observed by Truong et
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Figure 1. Electrical conductivity versus aging time for lightly
PTSA doped PPy film at 80°C, 100°C, and 120 °C.
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al. [7], where films follow two regions; a rapid decline
followed by an exponential decay (Figures 2 and 3). An
exponential curve fit describes the decay behavior well
during the second part of degradation, starting from about
800 minutes, lasting to the end of the aging experiment,
suggesting that two different mechanisms taking place
during the degradation of PPy films. While this trend does
not accord with some results [4,8] presented in literature,
there is agreement with the observations by Truong et al. [7].

The loss of conductivity at both elevated temperatures and
at room temperature with time could not simply be attributed
to oxidation of the main PPy chain. Although, the
degradation behavior could not be exactly represented by the
first order kinetics, linear fits to natural log of normalized
conductivity were performed (Figure 3) to make approximate
predictions of electrical lifetime of conducting polypyrrole
films. Estimates of the degradation rate constant, k can be
made from the following equation;
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Figure 2. Normalized conductivity versus time of lightly doped
polypyrrole films (0.005 mol// pTSA).
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Figure 3. Natural logarithm of normalized conductivity versus
time (minutes) of lightly doped PPy films (0.005 mol// pTSA).
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where o and oy are electrical conductivities at time # and at
the beginning of decay of conductivity respectively.

It was noted in Figure 3 that k increased with temperature
and Arrhenius formula was used to obtain the activation
energy.

nk=-—L+4in4 )
RT

where E is the activation energy of the reaction in kJmol and
the gas constant R is 0.0083 kJ/mol.K. This was shown in
Figure 4 which followed equation (3).

In k= —5732[ﬂ+7.87 3)

Hence the activation energy of the conductivity decay and
the decay constant at room temperature (7=293 K) were
calculated as E=47.4 kJ/mol and k=8.35%10/min respectively.
The electrical decay at 20 °C in an aging period of one year
was estimated as 0=0.013 ;. This was in reasonably good
agreement with the conductivity decay data taken from a
lightly p-TSA doped (0.005M//) PPy sample, the conductivity of
which reduced from about 0.03 S/cm to 0.001 S/cm when
exposed to air at room temperature over a period of one year
(i.e. o/0;=0.033). However, this estimate is applicable to the
polymer dopant system investigated here and individual
electrical decay experiments should be performed for other
polymer dopant systems with specified synthesis methods
and conditions.

It has been observed that the type of the dopant [3,4,6]
used had an influence in the degradation behavior of
polypyrrole. However, there have been no reports on the
effect of the concentration of the dopant on the electrical
decay pattern. Earlier experiments by the authors on aging of
PPy films at room temperature exposed to air indicated that
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Figure 5. Conductivity decay of highly pTSA doped PPy (0.05
mol// pTSA).

highly doped PPy (0.1 M pTSA) with an initial conductivity
of around 50 S/cm were more stable with a small loss of
conductivity compared to that of lightly doped PPy film with
an initial conductivity of around 0.01 S/cm [1].
Conductivity loss as a function of time in two consecutive
experiments on highly doped (0.05 mol//) films was plotted
in Figure 5. The discrepancy in the two decay patterns in
Figure 4 may be attributed to variations caused by factors
such as fluctuations in the current, room temperature,
inhomogeneous mixing during synthesis and surface
morphological variations of the resulting films. When the
data in Figures 2 and 5 are compared, it can be seen that the
degradation rate was strongly dependent on the concentration
of the pTSA. For example, when both the samples at two
different dopant concentrations were aged 120°C for a
period of 2500 min, the conductivity of the lightly doped
sample decayed to about 1/20 of its original value, whereas
the conductivity of the sample containing higher concentration
of the dopant reduced to about 1/3 of the original value
(Figures 2 and 5). Para toluene sulfonic acid had a stabilizing
effect on the conductivity of polypyrrole. Moreover, the
concentration of the dopant had an effect on the rate of
degradation. These observations were also supported by our
microwave results, which clearly differentiated the aging
behavior of highly and lightly doped films [10]. Microwave
transmission, reflection and absorption studies showed that
highly doped (0.05-0.1 mol// pTSA) films retained their high
microwave reflectivity whereas lightly doped PPy films
(0.005 mol/7) were less stable with a significant increase in
the transmission over an aging period of one year. Moreover,
our latest studies on microwave properties of flexible
substrates coated by pTSA doped PPy by chemical polymeri-
zation methods indicated that samples with longer
polymerization times and/or higher pTSA concentration had
higher electromagnetic shielding effectiveness and better
stability of electromagnetic properties than lightly doped
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samples and/or samples with short polymerization times [11].
The PPy-pTSA coated samples doped with a concentration
of 0.015 mol// pTSA in the reaction vessel had a 36 % and
27 % decrease in total transmission loss for the 60 and 180
minutes polymerization times respectively. The same values
for more highly doped samples (0.027 mol// pTSA) were
33 % and 16.5 % for 60 and 180 minutes polymerization
times respectively.

Although intrinsically conducting polymers have wide
ranging modulation of conductivity, their applications are
limited due to electrical stability issues, which can be can be
improved to a certain extent by optimization of the reaction
parameters, choice and concentration of the dopants. An
investigation of the electrical aging characteristics of each
conducting polymer system is essential before attempting to
use these materials for specific applications.

Acknowledgement

The author wishes to thank Professor Graeme George for
discussions.

10.
I1.

Fibers and Polymers 2009, Vol.10, No.5 593

References

. A. Kaynak, L. Rintoul, and G. A. George, Mater. Res.
Bull., 35, 6 (2000).

. K. J. Wynne and G. B. Street, Macromolecules, 18, 2361
(1985).

. M. Brie, R. Turcu, and A. Mihut, Mater. Chem. Phys., 49,
174 (1997).

. L. A. Samuelson and M. A. Druy, Macromolecules, 19,
824 (1986).

. A. Kaynak, Mater. Res. Bull., 33, 81 (1998).

. B. F. Cvetko, M. P. Brungs, and R. P. Burford, J. Mater.
Sci., 23,2102 (1988).

. V. T. Truong, B. C. Ennis, T. G. Turner, and C. M. Jenden,
Polym. Int., 27, 187 (1992).

. X. B. Chen, J. Devaux, J.-P. Issi, and D. Billaud, Eur:
Polym. J., 30, 809 (1994).

. H. H. Kuhn and A. D. Child, Synth. Met., 71, 2139 (1995).

A. Kaynak, Mater. Res. Bull., 33,271 (1997).

A. Kaynak, E. Hikansson, and A. Amiet, 159, 1373

(2009).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01500
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


