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SYNOPSIS 

The thermogravimetric behavior of polypyrrole (PPY) , polybithiophene (PBT) , and poly- 
aniline (PAN) perchlorate complexes and their corresponding base polymers have been 
studied. The PBT-perchlorate complex and base polymer decompose at  significantly lower 
temperatures than do the PPY and PAN counterparts. All three perchlorate complexes 
retain half or more of their original conductivities with no changes in the doping levels 
after one cycle of heating to 150°C in air and cooling to room temperature. However, after 
heating at  150°C for 24 h, only the PAN-perchlorate complex shows no significant change 
in the doping level, although its conductivity decreases by more than two orders of magnitude. 
X-ray photoelectron spectroscopy analyses of the perchlorate complexes reveal the presence 
of a t  least two distinct chlorine species. The thermal decomposition of the perchlorate 
anions results in the formation of volatile chlorine species as well in chlorine covalently 
bonded to the polymer. The thermal decomposition of the PPY-perchlorate complex also 
results in the conversion of positively charged nitrogens to iminelike structures. 

INTRODUCTION 

Among the electrically conducting polymers, poly- 
aniline and the polyheterocycles, polypyrrole and 
polythiophene in particular, have attracted consid- 
erable attention because of their high conductivities 
and greater environmental stability as compared to 
polyacetylene. Highly conductive films of polypyr- 
role, polyaniline, and polythiophene have been pre- 
pared by electrochemical polymerization and oxi- 
dation of the corresponding monomer with various 
counterions incorporated into the polymer.'-5 
Alternatively, various chemical methods have also 
been developed for synthesizing these conducting 
polymers using appropriate oxidants, for example, 
FeC13 (Ref. 6 )  and halogens (Ref. 7 )  for pyrrole, 
(NH4)2S208 (Ref. 8) for aniline, and metal halo- 
genide (Ref. 9 )  for thiophene. Recently, it has been 
reported that highly conducting polypyrrole, poly- 
aniline, and polybithiophene can all be synthesized 
chemically using copper perchlorate as the oxi- 
dant. 'O-" 
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In this paper, we report on the thermal degra- 
dation of polypyrrole, polyaniline, and polybithio- 
phene doped with perchlorate. X-ray photoelectron 
spectroscopy is used to study the structural changes 
of the polymers associated with the thermal degra- 
dation process. The use of a common dopant pro- 
vides a good opportunity to see how the different 
polymers behave and interact with the dopant during 
thermal degradation. Furthermore, the thermal 
degradation behavior of these perchlorate-doped 
polymers can be compared with those of similar 
polymers doped with other oxidants to elucidate the 
role of the dopant. 

EXPERIMENTAL 

The polypyrrole, polybithiophene, and polyaniline 
perchlorate complexes were synthesized via the ox- 
idative polymerization of pyrrole, 2,2'-bithiophene, 
and aniline, respectively, by copper perchlorate 
[ Cu ( C104)2 * 6H20] in acetonitrile according to the 
method of Inoue et a1.l0-l2 For the polybithiophene 
(PBT)  -perchlorate complex, the Cu/S ratio in the 
reaction mixture was 1.5. The corresponding Cu/N 
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ratios for the polypyrrole ( PPY) -perchlorate and 
polyaniline (PAN) -perchlorate complexes were 1.5 
and 3, respectively. These ratios have been shown 
by Inoue et al. to result in highly conductive com- 
plexes. The undoped base polymer was obtained by 
treating the complex with excess 0.5M NaOH for 
24 h, followed by rinsing with deionized water and 
vacuum drying. 

The weight changes of the complexes and the base 
polymers with temperature were monitored with a 
Netzsch STA409 simultaneous thermogravimetric 
(TG ) -differential thermal analyzer (DTA) at a 
heating rate of 10"C/min in N2. For each run, about 
8 mg of sample was used with 100 mL/min of N2 at  
approximately atmospheric pressure. The electrical 
conductivity (a) of the complexes was also measured 
at  various temperatures. For these measurements, 
the powdery polymer was compressed into pellets of 
1.2 cm diameter and about 0.1 cm thickness and the 
standard collinear four-probe method was used. The 
four-probe assembly consists of a Teflon frame with 
platinum contacts. In determining the variation of 
u with temperature, the ambient (air) temperature 
was slowly increased to 150°C and the u was mea- 
sured at  regular intervals. The samples were then 
either left to cool in a desiccator or maintained at 
150°C for 24 h before cooling to room temperature. 

The structural changes associated with the ther- 
mal degradation of the complexes were studied by 
X-ray photoelectron spectroscopy (XPS) . The XPS 
measurements were carried out on a VG ESCALAB 
MkII spectrometer with a MgKa X-ray source 
( 1253.6 eV photons). The polymer samples in pow- 
der form were mounted onto standard sample studs 
by means of double-sided adhesive tape. The X-ray 
source was run at  12 kV and 10 mA. The pressure 
in the analysis chamber was maintained at lo-' 
mbar or lower during measurements. All binding 
energies were referenced to the Cls neutral carbon 
peak at 284.6 eV. In spectral deconvolution, the full- 
width at  half-maximum (fwhm) of the Gaussian 
peak components was kept constant in a particular 
spectrum. Surface elemental stoichiometries were 
obtained from peak area ratios that had been cor- 
rected by experimentally determined instrumental 
sensitivity factors. 

RESULTS AND DISCUSSION 

Thermogravimetric Analysis 

The thermogravimetric (TG) scans of PPY-per- 
chlorate, PBT-perchlorate, and PAN-perchlorate 
complexes in N2 are compared in Figure 1. The TG 

scans of the PPY-perchlorate and PAN-perchlorate 
complexes are quite similar, with a small initial 
weight loss followed by a major rapid weight loss 
step commencing at  about 250°C. Simultaneous 
TG-DTA scans indicate that the major weight loss 
step is exothermic in nature. This second weight 
loss step is attributed to the decomposition of the 
perchlorate anions (see later section). The PBT- 
perchlorate complex also shows a small initial weight 
loss and an exothermic second weight loss step. 
However, the second weight loss step commences at 
about 150"C, which is substantially lower than the 
temperature at the onset of the second weight loss 
step of PPY-perchlorate and PAN-perchlorate 
complexes. Earlier studies 10-12 have indicated that 
these three perchlorate complexes are hydrated, and, 
hence, the initial weight loss is probably due to the 
loss of water. The weight loss from the PBT-per- 
chlorate complex in the second weight loss step from 
150 to 4OOOC is less than those of the other two 
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Figure 1 Thermogravimetric scans of (a)  polypyrrole, 
(b )  polybithiophene, and (c) polyaniline in N2. Solid lines 
are for polymer-perchlorate complexes. Dashed lines are 
for the base polymers. WRT is the weight a t  room tem- 
perature. 
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complexes. This is consistent with the fact that the 
PBT-perchlorate complex has a significantly lower 
weight fraction of C10; anions (see later section). 

The thermal stability of the perchlorate-doped 
complexes should also be compared with that of the 
corresponding halogen-doped complexes. The TG 
scans of chemically synthesized PPY-C12, PPY-Br2, 
and PPY-I2 in N2 indicate the onset of major weight 
loss a t  135, 140, and 184"C, re~pective1y.l~ These 
temperatures are substantially lower than that a t  
the onset of major weight loss of the PPY-perchlo- 
rate complex. Thus, the anion has a strong effect 
on the thermal degradation behavior of the PPY 
complex. In contrast, the PAN-HC1 complex com- 
monly synthesized via the oxidative polymerization 
of aniline by (NH4)2S208 in aqueous HC1 shows a 
TG behavior in N2 that is quite similar to that of 
PAN-perchlorate. In the former, there is also an 
initial weight loss attributable to the loss of water 
and a second weight loss a t  225°C attributable to 
the loss of the chlorine anions as volatile species.14 
However, XPS analysis indicates that the chloride 
anions in PAN-HC1 undergo reactions with the 
polymer in air, resulting in covalent chlorine species 
at 150°C before any significant weight loss is ob- 
served.14 In the case of PAN-perchlorate, XPS 
analysis shows no significant reaction of the C10; 
anions with the polymer in air a t  150°C (see below). 

In addition to the different temperatures at which 
the C10; anions in the complexes decompose, the 
polymer backbone may also exhibit varying degrees 
of thermal stability depending on the monomeric 
unit. The base polymers can be obtained by treating 
the perchlorate complexes with NaOH. The ele- 
mental analysis of the PBT base indicates that its 
structure can be represented by C3.99H1.91S1.0. The 
corresponding representations of PPY base and 
PAN base are C4.03H2.68N1.0 and C6.08H4.43N1.0. The 
composition of the PBT base is close to that ex- 
pected of a linear chain of disubstituted thiophene 
rings. In addition, the three elements C, H, and S 
account for over 97% of the mass, indicating minimal 
oxidation of the chain during synthesis and NaOH 
treatment. The composition of the PAN base cor- 
responds well with that of emeraldine base with 
equal numbers of reduced (amine) and oxidized 
(imine) repeat units! The elemental analysis of the 
PPY base suggests that the NaOH treatment has 
resulted in deprotonation of some of the nitrogens. 
This is consistent with the XPS analysis that in- 
dicates the presence of iminelike structures in the 
PPY base polymer, but not in the pristine PPY- 
perchlorate complex. Thus, the PPY base does not 
truly represent a chain of pyrrole units. 

The TG scans of the PPY, PBT, and PAN base 
polymers in N2 are shown in Figure 1. In general, 
the base polymers show greater thermal stability 
than do their doped counterparts. However, the PBT 
base suffers from a slow but steady weight loss above 
160°C. This temperature is only slightly higher than 
the temperature a t  which the PBT-perchlorate 
complex decomposes. Thus, it is possible that the 
decomposition of the C10; anions in this complex 
is initiated by structural changes in the polymer 
backbone since the C10; anions in PPY-perchlorate 
and PAN-perchlorate complexes do not decompose 
until about 250°C. The PPY base undergoes a small 
initial weight loss below 120°C, and the major weight 
loss commences above 3OO0C. The thermal stability 
of the PPY base can be improved if the base polymer 
is treated with phenylhydrazine to reduce the de- 
protonated  nitrogen^.'^ Of the three base polymers, 
the PAN base appears to be the most stable for tem- 
peratures below 440°C. There is no significant 
weight loss from this polymer below this tempera- 

1.0 

0 

2.0 

B 
'00 

1.0 

0 

1.0 

0 

It) Polyaniline 

50 100 150 
TEMPERATURE 1°C I 

Figure 2 Effect of temperature on the electrical con- 
ductivity (u) of (a)  PPY-perchlorate, (b)  PBT-perchlo- 
rate, and ( c )  PAN-perchlorate complexes. uo is the con- 
ductivity prior to heat treatment. The symbol ( - ) denotes 
the normalized conductivity at room temperature after 
cooling from 150°C. 
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ture. Thus, the equal numbers of reduced and oxi- 
dized repeat units in the PAN base appear to give 
rise to a polymer backbone that is less susceptible 
to thermal degradation than are those of the poly- 
heterocycles, PPY and PBT. 

Conductivity Changes 

The u's of the PPY-perchlorate, PBT-perchlorate, 
and PAN-perchlorate complexes are 3,0.5, and 1.5 
S/cm, respectively. Of these three complexes, the 
PBT-perchlorate complex exhibits the highest de- 
gree of thermal activation when heated from room 
temperature to 150°C (Fig. 2).  Although this com- 
plex begins to lose weight above 150"C, its u in- 
creases continuously upon heating for temperatures 
below 150°C. Upon cooling the sample to room tem- 
perature in a desiccator, the u is 0.72 of the original 
value (i.e., u/uo = 0.72). For electrochemically syn- 
thesized polythiophene-perchlorate, it has been re- 
ported that after one cycle of heating to 150°C and 
cooling to room temperature, the u /  a0 ratio has de- 
creased to lo-' .16 Electrochemically synthesized 
polythiophene-FeC1; films exhibit excellent thermal 
stability as compared to polythiophene-perchlorate. 
The former films withstand 10 such cycles of heating 
and cooling with no significant loss of conductivity, 
and, also, no significant weight loss is detected dur- 
ing TG experiments at 150°C for 24 h.16 Thus, the 
method of synthesis and the choice of anions appear 
to have an important effect on the thermal stability 
of polythiophene. The u of the PPY-perchlorate 
complex shows less variation with temperature from 
room temperature to 150°C than does that of the 
PBT-perchlorate complex. The former increases to 
1.3 times the room temperature value upon heating 
to 70°C and is then constant to about 120°C before 
slowly decreasing. The room temperature a/ uo after 
this heat treatment is similar to the corresponding 
value for PBT-perchlorate complex. Comparisons 
of the data in Figure 2 ( a )  with those of chemically 
synthesized PPY-halogen complexes indicate that 
the conductivities of the latter complexes degrade 
rapidly above 70°C or 130"C, depending on the 
halogen dopant.13 

Although the PAN-perchlorate complex pos- 
sesses the highest thermogravimetric stability 
among the three complexes, its u decreases a t  the 
lowest temperature (52°C) and the room tempera- 
ture u/uo ratio attains the lowest value after the 
heat treatment. The temperature dependence of u 
of the PAN-perchlorate complex [as shown in Fig. 
2(c)]  is very similar to that of PAN-HC1.17 The 
decrease in u of PAN-HC1 upon heating to 150°C 

has been attributed to the initial loss of absorbed 
water vapor followed by the conversion of chloride 
anions to covalent chlorine." The loss of absorbed 
water vapor as indicated by the initial weight loss 
in the TG scan [Fig. 1 (c) ] probably also contributes 
to the decrease in u of the PAN-perchlorate com- 
plexes. However, XPS analysis of the PAN-per- 
chlorate complex after heating to 150°C shows no 
increase in the covalent chlorine content (see next 
section). Even after the PAN-perchlorate complex 
has been exposed to 150°C for 24 h, its perchlorate 
anion and covalent chlorine contents show only mi- 
nor changes, although the room temperature u/uo 
ratio has decreased to 6 X In contrast, after a 
similar heat treatment, the composition of the PPY- 
perchlorate complex shows significant changes al- 
though the u/uo ratio is the same as that of PAN- 
perchlorate. The PBT-perchlorate complex shows 
the most drastic change in composition after being 
maintained at 150°C for 24 h, and this is also re- 
flected in the decrease of the u/uo ratio to 
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Figure 3 XPS C12p core-level spectrum of (a) pristine 
PPY-perchlorate complex and (b) PPY-perchlorate 
complex after heating to 260°C. 
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This drastic change in the composition of the PBT- 
perchlorate complex is consistent with the TG scan 
[Fig. 1 (b) 1 ,  which indicates the onset of weight loss 
occurs a t  about 150°C. 

XPS Analysis 

The XPS C12p core-level spectra of the PPY-, 
PBT-, and PAN-perchlorate complexes indicate the 
presence of at least two distinct chlorine species. 
This is illustrated in Figure 3 ( a )  by the two C12p 
envelopes of the PPY-perchlorate complex. The 
C12p component a t  the binding energy (BE) of 207.3 
eV corresponds to that of the C10; anion." An ear- 
lier XPS study on PPY-C12 (Ref. 19) indicated that 
chlorine anions would result in a C12p312 component 
a t  a BE of about 197 eV, whereas C1 covalently 
bonded to the pyrrole ring results in a C12p312 com- 
ponent at about 200 eV. Thus, the lower BE envelope 
shown in Figure 3 ( a )  probably comprises the con- 
tribution from both partially ionic and covalent C1 
species. Since the C10; anion shows a high reduction 
potential, it may undergo reactions to produce C1- 
ions,20 which may then, in turn, react with the poly- 
mer, resulting in partially ionic and covalent chlo- 
rine. However, the X-ray satellite lines from the 
207.3 eV component can also result in some contri- 
bution to the 200 eV envelope. The ratio of total C1 
to N or S would not accurately reflect the degree of 
doping since some of the chlorine can exist as non- 
perchlorate species. Therefore, in the present work, 
the doping level is calculated from the ratio of the 
corrected XPS spectral areas of C10; and either N 
or S .  

The ratios of the perchlorate anions to S and the 
nonperchlorate chlorine to S of the pristine PBT- 
perchlorate complex and the samples after heating 
to 150°C and after 24 h at  150°C are compared in 
Table I. In the pristine sample, the C10 ; / S ratio of 
0.18 is comparable to the anion to ring ratio of 

Table I 
PBT-Perchlorate Complexes 

XPS Surface Stoichiometries of 

Ratio of" 

Sample c1o;/s Clb/S 

Pristine 0.18 0.02 

After 24 h at  150°C 0.03 0.05 
After heating to 150°C 0.18 0.02 

a Based on the corrected chlorine to sulfur core-level spectral 
area ratios. 

Chlorine that does not exist as C10;. 

I I 1 
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Figure 4 XPS N l s  spectrum of (a )  pristine PPY-per- 
chlorate complex, (b)  PPY-perchlorate complex after 24 
h at  150"C, and (c)  PPY-perchlorate complex after heat- 
ing to 260°C. 

1 : 7 reported for oxidized polybithiophene films 
grown electrochemically from solutions containing 
bithiophene and a perchlorate electrolyte." The 
XPS data indicate that when the PBT-perchlorate 
complex is heated to 150°C and then cooled to room 
temperature there is no change in the doping level. 
This is consistent with the u of the heat-treated 
sample being about 0.7 of the pristine value. How- 
ever, if the sample is maintained at  150°C for 24 h, 
the doping level as given by the ClO;/S ratio de- 
creases to 0.03 and the amount of nonperchlorate 
chlorine shows a small increase. Thus, the XPS data 
confirms that the decomposition of the C10; anions 
occurs during the second weight loss step observed 
in the TG scan of the PBT-perchlorate complex. 
As expected, the decomposition of the C10; anions 
resulted in the loss of conductivity of the complex. 

The N l s  XPS core-level spectrum of the PPY- 
perchlorate complex is shown in Figure 4 (a ) .  It re- 
veals the presence of a single major component a t  
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Table I1 XPS Surface Stoichiometries of PPY-Perchlorate Complexes 

Ratio of" Proportion of 

Sample ClO;/N C1 b/N =N-C -NH- N+ 

0.68 0.32 
After heating to 150°C 0.39 0.06 0.02 0.66 0.32 
After 24 h at 15OOC 0.27 0.09 0.06 0.65 0.29 

Pristine 0.38 0.05 - 

a Based on the corrected chlorine to nitrogen core-level spectral area ratios. 
Chlorine that does not exist as C10;. 
Neutral imine structure. 

about 399.7 eV, characteristic of the pyrrolylium ni- 
trogen (-NH- structure) and a high BE tail at- 
tributable to the positively charged nitrogenz1 The 
proportions of nitrogen that exist as -NH- or 
amine structure and positively charged nitrogen 
( N + )  are given in Table I1 together with the ratios 
of the two types (i.e., C10; and non-C10;) of chlo- 
rine species to N. The ClO;/N ratio of the pristine 
PPY-perchlorate complex is similar to the value re- 
ported for electrochemically synthesized PPY-per- 
chlorate complex.18 The N + / N  ratio agrees quite 
well with the ClO;/N ratio, which is to be expected 
for charge neutrality to be maintained. As in the 
case of the PBT-perchlorate complex, heating the 
PPY-perchlorate complex to 150°C and then cooling 
it causes little change in the doping level of the com- 
plex and the u after heat treatment is also still 70% 
of the pristine value. A very small amount of the 
amine structure is oxidized to the =N- or iminelike 
structure upon heat treatment. Increasing the period 
of heat treatment at 150°C for 24 h results in an 
increase in the imine structure. This is illustrated 
in Figure 4 ( b )  , which shows an imine component 
a t  about 398 eV that is absent in the spectrum of 
the pristine complex [ Fig. 4 ( a )  ] . An increase in the 
temperature will result in a further increase in the 
imine-type structures and a decrease in the positive 
nitrogen [Fig. 4 (c )  1. When the PPY-perchlorate 

complex is heated to 260"C, the fraction of nitrogen 
existing as imine-type structures increases to 0.12 
while the N+/N ratio decreases to 0.23. The fraction 
of amine structures has not changed substantially. 
At this temperature, a significant fraction of the 
C10 ; anion has decomposed to volatile species and 
chlorine covalently bonded to the polymer. The XPS 
C12p spectrum of the PPY-perchlorate complex af- 
ter being heated to 260°C is shown in Figure 3 ( b )  . 
The covalent chlorine component (a t  about 200 eV) 
is now even larger than is the C10; component (a t  
207.3 eV). It is possible that the decomposition of 
the C10; anions resulted in some of the nitrogen 
being doped by the oxygen from the decomposition 
process since the N + / N  ratio is now substantially 
higher than the ClO;/N ratio, which is 0.07. 

In contrast to the obvious decrease in the doping 
levels of the PPY-perchlorate and PBT-perchlorate 
complexes after 24 h at 150°C, the PAN-perchlorate 
complex shows no significant changes in the 
ClO;/N and N + / N  ratios under similar conditions 
(Table 111). The proportions of the different N spe- 
cies in Table I11 have been obtained from the de- 
convolution of the Nls  spectra based on the follow- 
ing peak assignments: imine peak at 398.1 eV, amine 
peak at 399.3 eV, and positively charged nitrogen at  
BE > 401 eV." The C12p spectra of the PAN-per- 
chlorate complexes are similar to that of the pristine 

Table I11 XPS Surface Stoichiometries of PAN-Perchlorate Complexes 

Ratio of" Proportion of 

Sample ClO;/N C1 b/N =N-C -NH- N+ 

Pristine 0.55 0.08 - 
After heating to 150°C 0.53 0.07 - 
After 24 h at 15OoC 0.52 0.09 0.02 

0.55 0.45 
0.56 0.44 
0.54 0.44 

a*b,c Refer to footnotes to Table 11. 
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PPY-perchlorate complex [Fig. 3 ( a )  1 ,  indicating 
the presence of at least two distinct species of chlo- 
rine. The thermal stability of the C10; anions in 
the PAN-perchlorate complex is also in marked 
contrast to the C1- anions in PAN-HC1 that undergo 
reactions with the polymer in air a t  150°C to form 
covalent chlorine species.14 However, the CJ of the 
PAN-perchlorate complex apparently does not ex- 
hibit improved thermal stability over those of PPY- 
perchlorate and PAN-HC1 complexes. Since the 
doping level of PAN-perchlorate is not altered by 
the heat treatment, it is likely that the number of 
charge carriers does not change either. However, the 
mobility of these charge carriers in the PAN-per- 
chlorate complex may have been affected by struc- 
tural changes in the complex that are not manifested 
in the surface stoichiometries as determined by XPS. 

CONCLUSION 

The thermal decomposition of PBT-perchlorate 
complex commences at  a temperature that is sub- 
stantially lower than those of PPY-perchlorate and 
PAN-perchlorate complexes and is comparable to 
the decomposition temperature of the PBT base 
polymer. The three perchlorate complexes do not 
undergo significant changes in the doping level after 
one cycle of heating to 150°C and then cooling to 
room temperature. The conductivity after this heat 
treatment is about half or more of the original value. 
However, after 24 h exposure to 150°C in air, only 
the PAN-perchlorate complex shows no significant 
signs of decomposition, but its conductivity has de- 
creased by over two orders of magnitude, XPS anal- 
ysis reveals that in the pristine complexes a small 
fraction of the chlorine may exist as partially ionic 
and covalent species. During the thermal decom- 
position process, the perchlorate anions undergo re- 
actions resulting in both volatile chlorine species 
and chlorine that is covalently bonded to the poly- 
mer. Comparison of the stability studies of the PPY, 
PBT, and PAN perchlorate complexes with those 
of the corresponding polymers doped with other an- 
ions indicate that the anion plays a more prominent 
role in affecting the thermal stability of the PPY 
and PBT complexes than in the PAN complexes. 
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