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Investigation of ageing effects on the electrical
properties of polyaniline/silver nanocomposites
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Polyaniline(PANI) /Ag nanocomposites, synthesized by incorporation of separately prepared silver nanoparticles

in 1-methyl-2-pyrrolidinone(NMP) solution of PANI, have been aged at the accelerated temperature of 120 °C to

simulate a storage period of 2 years at 25 °C. The accelerated ageing of these materials is done by using the activation

energy calculated from data collected using heat flow calorimetry (HFC). The impedance spectroscopic studies of NMP

plasticized aged nanocomposite films suggest a microphase separation into reduced and oxidized repeat units. There is

crosslinking of the PANI films during ageing thereby obstructing the charge transfer between PANI chains and silver

nanoparticles. As a result, the resistivity is increased.
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1. Introduction

The polyaniline (PANT) is known as one of the
most important conducting polymers having poten-
tials for multitude applications, especially in electronic
devices, chemical sensors and antistatic coatings.!'—*]
Metal nanoparticles, particularly copper, silver and
gold have been the focus of great interest be-

cause of their unique properties.!*—¢

Polyaniline—
metal nanoparticle composites are reported to show
enhanced sensing, electrical and catalytic capabilities,
as compared with those of pure PANL[78]

Depending on the oxidation state, PANI exists
in various forms, including fully reduced leucoemeral-
dine base (LEB), fully oxidized pernigraniline base
(PNB) and half oxidized /half reduced emeraldine base
(PANIEB). Among these, the PANIEB is most stable
and can be made conducting by doping with acids
or inorganic nanoparticles. It is insoluble in com-
mon organic solvents (such as chloroform, xylene and
THF) and mostly soluble in 1-methyl-2-pyrrolidinone
(NMP).

PANI/Ag nanocomposites can be synthesized

Khanna et al.l%

by various methods. prepared
Ag/PANI nanocomposites via in situ photo-redox
mechanism employing UV radiations to reduce sil-
ver salt to nanoparticles, which in turn catalyze the
oxidation of aniline to PANIL. Kang et al.l'% synthe-

sized nanocomposites by oxidative polymerization of
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aniline-stabilized Ag colloids with the ~-irradiation.
Karim et all'l used in situ gamma radiation in-
duced chemical polymerization method to synthesize
the core-shell silver nanocomposites. Previously, we
had dispersed Ag nanoparticles in NMP solution of
PANIEB by sonification after separate syntheses and
then cast into films."?) The impedance spectroscopy
was employed to investigate the effects of Ag nanopar-
ticles on the electrical properties of PANI.

In polymeric materials, the properties change
with time and this process is termed as ‘ageing’.
The ageing is generally categorized by three primary

mechanisms: (13]

chemical, physical and mechanical.
Physical and chemical ageing are intrinsically time-
dependent processes; ageing studies are concerned
amid understanding how materials and their prop-
erties change with time. Knowing how a material
degrades means that lifetimes of components can be
predicted and with this knowledge the shelf life of
materials can be improved. With novel materials
and new applications, it is becoming increasingly
important to understand the relationships between
the elevated temperature and the time-dependent be-
haviour of polymer composites.'4~16] In this study,
accelerated ageing of PANI/Ag nanocomposites has
been conducted, using activation energy from heatflow
calorimetry (HFC), at elevated temperature of 120 °C
to simulate a storage period of 2 years at 25 °C. The

effect of ageing on the electrical properties of these
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nanocomposites has been investigated.

2. Experiment

The PANIEB was prepared by oxidative polymer-
ization of aniline using ammonium persulfate (APS) as
an oxidant.['?l The silver nanoparticles synthesized by
using inert gas condensation were added in the NMP
solutions of PANIEB in different concentrations, such
as 0.25%, 0.5% and 1.0% by weight, to cast PANI sil-
ver nanocomposite films. Details have been described
elsewhere.['?l These films were aged at elevated tem-
perature of 120 °C to simulate a storage period of 2
years at 25 °C.

The heatflow data of PANI/Ag nanocomposites
were obtained with a TAM III microcalorimeter from
Thermometric AB, Sweden. Details of the system have

[17] Measurements were made in

been given elsewhere.
the temperature range of 110-140 °C. Impedance mea-
surements of all aged PANI samples were performed
using an Alpha-N Analyzer from Novocontrol (Ger-
many) in the frequency range of 0.1 < f < 107 Hz
at room temperature. The WINDETA software had
been used for data acquisition, which had been fully
automated by interfacing the analyzer with a PC. Be-
fore the impedance experiments, the dispersive be-
haviour of the leads had been carefully checked to en-
sure the absence of any extraneous inductive or capac-
itative coupling in the experimental frequency range.
The alternating current (ac) signal amplitude used for
all these studies was 0.5 V. The ac resistivity mea-
surements were performed on films having a diameter
of 13 mm and a thickness of ~2 um. In this study,
we present the results of the complex impedance as
7 = 7' 4+ jZ" and the modulus as M = M’ + jM’,
where Z/, M’ and Z", M" are the real and the imagi-
nary parts of the impedance and the modulus, respec-
tively. The relationship between M and Z is given by
M = jwC.Z, where w = 27 f and C. is the capacitance

of the measuring cell.['8]

3. Results and discussion

3.1.Isothermal heatflow microcalorime-
try

3.1.1. Oxidation study

In order to study the oxidation processes occur-
ring in PANI/Ag nanocomposites, three experiments

were conducted for 0.5% Ag films (~0.1 g) in sealed
3 ml glass ampoules at 110 °C. In the first experiment,
the sample was flooded with oxygen gas; in the second
experiment, nitrogen gas was flushed through the sam-
ple; whereas, the third experiment was performed in
air. Figure 1 show the normalized heatflow p (LW /g)
and the normalized heat energy as a function of time
for 0.5% Ag films at 110 °C.
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Fig. 1. (colour online) Normalized heatflow and normal-
ized energy vs time for 0.5% Ag film in a, nitrogen, b,
air and ¢, oxygen at 110 °C: (a) normalized heatflow, (b)
normalized energy.

A strong heatflow signal in oxygen is observed in
all samples, which indicates the occurrence of oxida-
tion process in nanocomposites. This strong exotherm
is followed by a decrease in heatflow due to gradual
consumption of the limited amount of oxygen available
in sealed ampoules. The normalized energies measured
after 3 days of reaction at 110 °C increases from 83 J/g
for nitrogen to 964 J/g for oxygen with 238 J/g in air.

The heatflow signal of nanocomposite samples in
nitrogen decays sharply and then becomes almost sta-
ble after 1 day. The heatflow signal and its decay
can be partially associated with the presence of some
traces of oxygen that are difficult to remove during
flushing of sample with nitrogen. Additionally, vari-
ous oxygen-independent processes like thermal degra-
dation can also contribute to the heatflow signals
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measured in nitrogen saturated samples. The same
heatflow contributions also exist in heatflow curves
recorded in the presence of oxygen.

Figure 2 shows the effect of various concentra-
tions of silver nanoparticles on the heatflow curves of
nanocomposites in air at 110 °C. It can be observed
that all samples show a prominent oxidation peak in
the initial part of exotherm, which decays with time
due to the depletion of oxygen in the ampoules and
then reaches a relatively constant, non-zero level in-
dicating oxygen independent chemical activity in the
sample. This constant level is not attained even after
72 hours (h) in the pure PANI film, whereas heatflow
curves of the 0.25% Ag, the 0.5% Ag and the 1.0%
Ag films turn out to be almost stable after 36, 14 and
8 h, respectively. It indicates that the increase in con-
centration of silver nanoparticles in nanocomposites
represses the oxidation process of PANI. It has been
observed that annealing of NMP plasticized PANI
films at elevated temperature results in the evapo-
ration of NMP molecules hydrogen bonded to the
macromolecular chains.['?) In addition, the crosslink-
ing reaction is proceeded by the formation of radicals
at the imine nitrogen, making a chemical bond with
the quinoid ring of another PANI chain and forming
a 2-dimensional N, N’-diphenylphenazine polymer
structure.(?%2!] The macroradicals formed can react
with oxygen to form hydroperoxides, which themselves
are unstable and decompose to produce alkoxy and
hydroxy radicals. These radicals usually react with
the polymer backbone to produce water molecules.??
The oxidation at elevated temperature may cause
chain scission and opening of quinoid and benzoid
rings thus forming oxime groups and nitrile groups.2"!
The presence of silver nanoparticles in nanocompos-

ites may reduce the mobility of polymer chains which
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Fig. 2. (colour online) Normalized heatflow vs time for
a, pure PANI film, b, 0.25% Ag film, ¢, 0.5% Ag film and
d, 1.0% Ag film at 110 °C in air.

suppresses the inter-chain transfer of radicals formed
during degradation of nanocomposites at elevated
temperature. Consequently, the oxidative degradation
of nanocomposite will be reduced.

The energies of various samples can be compared
by plotting the evolved heat energies as a function of
time, which is shown in Fig. 3. In the pure PANI
film, the energy increases sharply even after 3 days
of reaction; whereas in nanocomposites it increases
initially and then becomes almost stable, indicating
entire consumption of the oxygen available in the am-
poule. The constant level of heat energy is achieved
in less time by increasing the concentration of sil-
ver nanoparticles in the nanocomposites. These en-
ergy values for all nanocomposites after ~3.6 days
of reaction are given in Table 1. We note that the
increase in the concentration of silver nanoparticles
from 0.25% to 1.0% results in 26 times decrease in the
energy value of the nanocomposite. Energy of oxida-
tion AHyy can be calculated using the un-normalized
heat energy (11 J) and the amount of oxygen avail-
able in ampoules with air (n ~ 2.4 x 1075 mole) as
11/2.4 x 1075 = 458 kJ /mole Oy. From these results
we can infer that A H,y is independent of the amount
of nano-filler in the polymer.
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Fig. 3. (colour online) Normalized energy vs time for a,
pure PANI film, b, 0.25% Ag film, ¢, 0.5% Ag film and d,
1.0% Ag film at 110 °C.

Table 1. Normalized energy and % degradation of
pure PANI and nanocomposite films after 3.6 days at
110 °C.

Samples Energy/J-g~! Degradation/%
Pure PANI film 341 7.7
0.25% Ag film 337 7.6
0.5% Ag film 177 4.0
1.0% Ag film 13 0.3
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3.1.2. Thermal oxidative

degradation

stability beyond

In Fig. 2, the strong peak observed in the initial
part of the exotherm indicates that the oxidation pro-
cess is followed by an almost non-zero constant level
of heatflow. It provides the information of thermal
stability of the sample. Based on the heatflow curves,
we can point out the following sequence of long term
thermal stabilities: 1.0% Ag film > 0.5% Ag film >
0.25% Ag film > pure PANI film. The reason of the
greater thermal stability of the nanocomposite with
higher concentration of Ag nanoparticles is due to
the reduced mobility of polymer chains, which slows
down the degradation process. These findings support
the thermogravimetric analysis results previously pre-
sented for PANI/Ag nanocomposites.?l

3.1.3. Influence of temperature

The microcalorimetric measurements of all sam-
ples were performed at different temperatures, such
as 110 °C, 120 °C and 140 °C. Figure 4 shows the in-
fluence of temperature on the heatflow and the energy
curves of the 0.5% Ag film in air. It is observed that
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Fig. 4. (colour online) Normalized heatflow and normal-
ized energy for 0.5% Ag film at various temperatures.

the curves are shifted towards longer time and lower
levels at lower temperatures.

The influence of temperature on a reaction is de-
termined by the activation energy (E,). The relation
between FE, and the rate constant (k) of a reaction is

given by the following Arrhenius equation:

b= A exp (IfT) 1)

where A is the pre-exponential factor, F, is the activa-
tion energy, R is the gas constant (8.314 J-mol~1.K—1)
and T is the absolute temperature (K). The rate of a
reaction at some natural storage temperature (77) can
be calculated from the rate at some elevated tempera-
ture (Ty) by means of the acceleration factor (kr),??!

which is defined as

wew[E (L] e

The FE, is usually calculated from an Arrhenius plot of
the natural logarithm of heatflow versus 1/7T", although
the fundamental theory makes use of the natural loga-
rithm of rate constant. Activation energies and accel-
eration factors for samples are summarized in Table 2.
It has been observed that the 1% Ag film has a lower
value of activation energy as compared to the pure
PANT film, even though it is the more stable compos-
ite. It indicates the absence of any direct relationship
between the activation energy and the thermal stabil-
ity of PANI/Ag nanocomposites. Using Eq. (2) with
natural storage temperature 77 = 298 K (25 °C) and
accelerated temperature T, = 393 K (120 °C) yields
the acceleration factors listed in Table 2. Such infor-
mation has been used for the design of temperature-
accelerated ageing of PANI/Ag nanocomposites at ele-
vated temperature of 120 °C to simulate 2 years stor-
age at 25 °C. The aged samples are named as aged
pure PANI, aged 0.25% Ag, aged 0.5% Ag and aged
1.0% Ag films.

Table 2. Kinetic parameters calculated for pure PANI and nanocomposites using isothermal calorimetric data
at 110 °C. The E, is the activation energy and kr is the acceleration factor. The Tj2¢ is the time required to

age samples at 120 °C to simulate a period of two years at 25 °C.

Samples Ea/kJ-mole™! kr (25 °C/120 °C) Ti20/h
Pure PANT film 127 2.38x10° 0.07
0.25% Ag film 89 5.85%103 3.00

0.5% Ag film 89 5.85x103 3.00
1.0% Ag film 117 8.98x10% 0.20
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The ageing of PANI films involves the loss of NMP
solvent, crosslinking reactions resulting from the cou-
pling of two neighbouring quinoid groups to produce
two benzoid groups through a link of nitrogen with its
neighbouring quinoid rings to form phenazine hetero-
cycles and chain scissions to form oxime and nitrile

dation of nanocomposite as
100E(to) Mx
d(X) = T AHx Sy (3)  groups.2 From Table 1, it is observed that the in-
where E(t,) is the total energy (J/g) of the sam- corporation of 1.0% Ag nanoparticles in the polymer
ple released at time t,, Mx is the molecular weight

(g/mol) of the repeating unit in the polymer, AHx

3.1.4. Degradation study
Microcalorimetric data can be used to calculate

the percent (%) degradation of the samples. The fol-
lowing equation is used to convert energy to % degra-

matrix decreases the degradation from 7.7% to 0.3%.

This decrease is due to the reduced mobility of PANI
chains in the nanocomposites thus slowing the trans-
fer of radicals through inter-chain reactions which in

is the degradation reaction enthalpy (J/mol) and Sx
turn leads to the slowdown of the degradation process.

is the number of reactive sites per repeating unit
Realistic values can generally be assigned to Mx
and Sx provided that the chemistry of the degra-

dation reaction is known. The AHx can be calcu- 3.2. Modulus/impedance spectroscopy

lated theoretically from reactants and reaction prod-
ucts by means of Hess’ law, provided that all prod-
affected by ageing. Figure 5 shows the comparison

ucts are known. Crude AHx values can be used for
We have  of imaginary part of modulus plotted as a function
of frequency f for unaged and aged pure PANI and

The electrical properties of materials are strongly

rough estimations of sample degradation.
used AHx = 400 kJ/mole, Mx = 90.5 g/mole and
Sx =1 to calculate % degradation of pure PANI and  nanocomposite films.

A single relaxation peak is observed in Figs. 5(a)

PANI/Ag nanocomposites at energy (F) obtained af-
and 5(b), whereas a small peak below 5 Hz appears in

ter 88 h of reaction at 110 °C; these results are given
Figs. 5(c) and 5(d).

in Table 1.
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Fig. 5. Comparison of M"" vs f of unaged and aged samples: (a) pure PANI film, (b) 0.25% Ag film, (c) 0.5%

Ag film, (d) 1.0% Ag film.
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In addition, this peak becomes more pronounced

by increasing the concentration of silver nanoparticles

from 0.5% to 1.0%. From Fig. 5, we can see that

the ageing of samples causes an increase in the peak
height with a shift of the peak to lower frequencies,
indicating that the aged samples are less conducting
than the unaged ones as suggested by Mellander and
Albinsson.?*! The two characteristic relaxation fre-
quencies corresponding to oxidized and reduced re-
peat units in aged PANI films were not resolved well
in modulus plots similar to those in unaged ones; how-
ever they are resolved well in impedance plots as dis-
cussed below.
The Z’ and the Z” versus frequency plots for
unaged and aged samples are shown in Figs. 6 and
7 respectively. The behaviour of the real part of

impedance of aged samples is similar to that of un-
aged samples; both spectra show the existence of a
strong peak corresponding to the phase of oxidized
repeat units at low frequency and a weak peak corre-
sponding to the phase of reduced repeat units at high
frequency. The comparisons of Z’ and Z” values of
unaged and aged samples are given in Table 3, which
indicate that in aged samples both phases have high
resistivity when compared with unaged ones. From
the imaginary part of the impedance (Fig. 7), the re-
laxation peaks of both phases observed in aged sam-
ples are enhanced and shifted towards lower frequency.
These results point out that the conductivity of the
samples decreases with time, which is consistent with

the previous study of Mellander and Albinsson.|
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Fig. 6. Real part (Z”) vs f of unaged and aged samples: (a) pure PANI film, (b) 0.25% Ag film, (c) 0.5% Ag
film, (d) 1.0% Ag film.

Table 3. Comparison of Z’ and Z' values of

phases of unaged and aged samples.
Samples Phases Impedance  Pure PANI film 0.25% Ag film 0.5% Ag film 1.0% Ag film
Z'/Q 3.0x108 9.5x107 7.9x107 6.1x107
oxidized phase
4 . Z" | -1.1x108 -3.7x107 -3.5x107 -3.1x107
U
flaged sampies 7'/ 1.9x107 8.8x106 2.9%106 2.0x 106
reduced phase
Z" Q2 -1.0x107 -4.6x106 ~1.7x106 -1.0x106
Z'/Q 1.3x10° 3.9x108 2.4x108 1.0x108
oxidized phase
Aved ! Z" | -6.7x108 -2.7x108 -1.0x108 -4.6x107
goc sampies 7'/ 5.1x107 4.5%107 1.7x107 2.1x10°
reduced phase
Z" Q2 -2.7x108 -2.3x107 -1.0x107 -1.2x106
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Fig. 7. Imaginary part (Z'') vs f of unaged and aged samples: (a) pure PANI film, (b) 0.25% Ag film, (c) 0.5%

Ag film, (d) 1.0% Ag film.

Impedance plane plots of unaged samples have
been investigated previously (Fig. 8);'? in the present
study we have aged these samples to simulate a stor-
age period of 2 years at 25 °C and investigate their
electrical properties. Here we compare the impedance

plane plots of unaged samples (Fig. 8) with that of
aged samples (Fig. 9).

—20 _m— pure PANI o —1-5*/‘—/#
—e—0.25% Ag D —10 _//4[7‘ ---------- 4
—A—05% A = | 474
15t )8 N 08 e
—-v—1.0% Ag
o 0 08 16 24
- e Z'/107 Q
S 10}
>
N
—0.5 + J \R-
- .
R -
tA
0 . | ) 1 L
0 0.6 1.2 1.8 2.4 3.0
Z'/108 Q

Fig. 8. Impedance plane plots of PANI/Ag nanocompos-

ite films. Insert is enlarged portion of the impedance plane
plots of the 1st small arc.[!?]

We observe a clear resolution of two arcs corre-
sponding to the two phases in NMP plasticized films;

which are similar in unaged and aged samples. By

comparing Figs. 8 and 9 for unaged and aged sam-
ples, it is clear that the sizes of both arcs increase
with ageing. The phenomenon can be attributed to the
crosslinking of the PANI films during ageing thereby
obstructing the charge transfer between PANI and sil-

ver nanoparticles. As a result, the resistivity is in-

creased.
*7 I/.\.
/'/ .
-6 -
—m—aged pure PANI
5t —e—aged 0.25% Ag
—A—aged 05% Ag
c a4l —m—aged 1.0% Ag
0
=
3¢ / S
N Vi =l N
2t 47 2
o 2
N
LA
Z'/10% Q
0 . . . .
0 3.0 6.0 9.0 12.0
Z'/108 Q

Fig. 9. Impedance plane plots of aged pure PANI and

aged nanocomposite films. Insert is enlarged portion of

the 1st small arc of the impedance plane plots.

Impedance data is analyzed by fitting it to an
equivalent circuit model. It has been observed that
the best fitting of impedance data is achieved by em-

ploying the equivalent circuit configuration presented
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in Fig. 10. That is (R,, CPE,) and (R,, CPE,)
for reduced phase and oxidized phase respectively,
where subscripts “r” and “o” indicate the phases of
reduced and oxidized repeat units respectively. The
fitting parameters of the equivalent circuit for aged
film (0.25% Ag) are presented in Table 4. When
these values are compared with those for unaged
film (0.25% Ag); we note an increase in the resis-
tance of reduced and oxidized repeat units (R,, Ro)
from 9.01x10% © and 9.32x107 © to 4.83x107 © and
7.38x108 € respectively, after 2 years ageing. This in-
crease is more significant in oxidized phase than that
in reduced phase due to the occurrence of crosslinking
in oxidized phase.?®! However, the CPE parameters
of aged samples decrease with ageing. Ageing pro-
cess decreases the values of n, and n, of both phases,
signifying that aged samples show more heterogeneity

when compared with unaged ones.

CPE: CPE,

R R,

Fig. 10.
impedance data of unaged and aged pure PANI and

Equivalent circuit model used for fitting

PANI/Ag nanocomposite films.

The accelerated ageing of NMP plasticized PANI
films at 120 °C for simulating 2 years causes the evapo-
ration of NMP, which is more serious in reduced phase
than in oxidized phase, followed by the crosslinking
in the phase of oxidized repeat units. In case of
nanocomposites, the crosslinking hinders the conduc-
tion mechanism (as discussed earlier) between silver
nanoparticles and PANI chains. Consequently, there
is a decrease in conjugation and an increase in the bar-
rier height for charge transport, thus increasing the

resistivity of aged nanocomposites.

4. Conclusions

Silver nanoparticles, prepared by using inert gas
condensation were incorporated in PANI solution to
HFC data of

these samples was used for their accelerated ageing

cast PANI/Ag nanocomposite films.

at elevated temperature of 120 °C to simulate a stor-
age period of 2 years at 25 °C. Aged nanocomposites
showed microphase separations into reduced and oxi-
dized repeat units. Resistivities of aged nanocompos-
ites were larger than those of unaged ones; reason can
be attributed to the crosslinking of the PANI films
during ageing, which obstructs the charge transfer be-

tween PANI chains and silver nanoparticles.
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Table 4. Fitting parameters calculated from the
equivalent circuit model.
Parameters 0.25% Ag film Aged 0.25% Ag film
CPE./F 6.30x10~11 6.08x10~11
Ny 0.96 0.95
R:/Q 9.01x 108 4.83x107
CPE,/F 2.93x1079 2.23x1079
No 0.86 0.85
Ro/Q 9.32x107 7.38x108
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