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Abstract: Polyaniline (PANI) doped with dodecylbenzene sulfonic acid
(DBSA) was synthesized by emulsion polymerization using ammonium
persulfate (APS) as oxidant in the presence of a constant magnetic field
(0.6 T). The kinetics of the PANI film formation was investigated by the
quartz crystal microbalance (QCM) technique. The reaction exhibited first
order with respect to aniline and half-order to APS and DBSA. The effects
of temperature and different magnetic field intensity on the film growth rate
were investigated. The activation energy calculated from the temperature
dependence of the growth rate was 40.4 KJ=mol. It was observed from the
plot of the PANI film growth rate versus the magnetic field intensity that
the growth rate increased with the increasing magnetic intensity. The UV-
visible spectra of the PANI polymerization was measured and compared to
the polymerization process of the PANI using the QCM technique. The result
showed that the absorption intensity of the PANI polymerized in the presence
of a magnetic field was greater than that of the PANI polymerized in the
absence of a magnetic field at the same time.
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INTRODUCTION

As one of the most interesting conducting polymers, polyaniline (PANI)
has been extensively researched due to its environmental stability, ease in
preparation, antistatic or anticorrosion purposes,[1] exciting electrochemi-
cal and physical properties, and use as microelectronics[2] and sensors and
actuators.[3]

Processing of PANI high polymers into useful objects and devices,
however, has been problematic. Melt processing is not possible. In
addition, major difficulties have been encountered in attempts to dissolve
the high molecular weight polymer. Numerous studies[4–6] were done to
improve the processibility of PANI. Recently, it has been reported that
PANI in emeraldine salt form doped with protonic acid without the
redoping process could be synthesized by the emulsion polymerization
method directly in the presence of functionalized protonic acid, oxidant,
water, and nonpolar solvent such as toluene.[5] Synthesis of PANI soluble
in organic solvents utilizing the emulsion polymerization method has also
been reported by Kinlen et al.[6]

Magnetic fields are known to affect chemical reactions containing
radicals (pairs)[7,8] and to induce orientation of most organic molecules
and biological macromolecules.[9] The alignment can change the proper-
ties of a polymer significantly, increasing its electrical conductivity in one
direction.[10]

The quartz crystal microbalance (QCM) technique has a wide range
of applications in biochemistry, analytical science, and other fields.[11–14]

Ayad et al.[15–17] have applied the QCM technique to monitor the chemi-
cal method of aniline oxidation and to study PANI film formation.

However, a few concerns have been raised on its emulsion polymer-
ization in the presence of a magnetic field, especially on its kinetics. Thus,
it is our purpose to discuss the kinetics of emulsion polymerization of
polyaniline in a magnetic field.

EXPERIMENTAL SECTION

Polyaniline was synthesized by emulsion in the presence of a constant
magnetic field (0.6 T), where dodecylbenzoyl sulfonic acid (DBSA) was
used as dopant and emulsifier.[18] Different concentrations of ammonium
persulfate (APS) and aniline were prepared for each experiment. A QCM
technique was used to monitor the film formation of the PANI.

A 10 MHz cut quartz crystal was used and the measurement
was taken by using a handheld testing instrument, Model AGA2003,
manufactured by Chongqing University, China. The mass per unit area
of the PANI, Dm ðmg=cm2Þ, deposited on the gold electrode on the crystal
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surface, was determined from the change in its resonance frequency. The
relation between the frequency changes Df (Hz) and Dm was already estab-
lished from the work of Sauerbrey and Ayad[19–20] and is given by:

Df ¼ �2� 106 f 2
0ffiffiffiffiffiffiffiffiffiffiffiqQlQ

p

 !
� Dm

where f0 (Hz) is the natural frequency of the quartz crystal, qQ is the
quartz density (2.649 g=cm3), and lQ is the shear modulus
(2.947� 108 N=cm2).

An emulsion for each experiment was made in which, for example,
aniline and DBSA were mixed and fully emulsified, and then an APS
solution was added and shook strongly for the uniform mixing. After
that, 200 mL of the mixture were added into the QCM detection cell
immediately. The temperature of the system was kept constant at
20�� 1�C. Once the polymerization starts, the PANI deposits on the gold
electrode surface. The reaction system was kept unstirred. The frequency
change with time for each emulsion was measured and then Dm was cal-
culated at different time intervals of polymerization. The effect of the
magnetic field on the film growth rate was investigated with different
magnetic intensities (0.2–0.8 T). The absorption spectra of the real-time
detection of aniline polymerization taking place in the sample cell were
recorded with a Shimadzu UV-2450 spectrophotometer.

RESULTS AND DISCUSSION

Different kinds of emulsion were prepared in which the concentrations of
APS and DBSA were kept constant (0.028 M, 0.01 M, respectively) and
the concentration of aniline was varied. The molar ratio between aniline
and APS was varied from 0.8:1 to 2.0:1. It was worth nothing that the
time required to carry out each experiment for different emulsions was
approximately 1 h.

Figure 1 shows the plots of Dm against time of polymerization for
different ratios between aniline and APS. It can be seen that Dm increased
with increasing concentration of aniline and reached a maximum value
after approximately 20 min.

To study the kinetics of PANI film deposition in emulsion in the
presence of a magnetic field, the growth rate (Dm=s) was calculated from
the slope of the mass-time relation in Figure 1. This slope represented the
growth rate (R) at a given concentration of APS, DBSA, and aniline.
Since the APS and DBSA concentrations were kept constant and only
the concentration of aniline was varied, the double logarithmic plot of
R versus [Aniline] was calculated and is shown in Figure 2. A straight line
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was obtained with slope equal to 0.98, which is nearly equal to 1. That
indicated the PANI formation was first order with respect to An.

Then, the concentrations of aniline (0.035 M) and DBSA (0.01 M)
were kept constant while the concentration of APS was varied. Figure 3
shows the plots of Dm against time for different ratios of [APS]=
[Aniline] (0.08 to 2.0). The double logarithmic plot of R versus [APS] is
in Figure 4. A straight line could also be obtained with slope equal to

Figure 2. Logarithmic plot of the growth rate (R) vs. log [Aniline].

Figure 1. Relationship between Dm ðmg=cm2Þ of the PANI deposited and time at
different molar ratios of [Aniline]=[APS]: (a) 0.8, (b) 1.2, (c) 1.6, and (d) 2.0.
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0.49, which almost equals 0.5. That indicated the PANI film formation
was half-order with respect to APS.

Similarly, the concentrations of aniline (0.035 M) and APS (0.028 M)
were kept constant while the concentration of DBSA was varied. The
mass-time relationship of PANI deposition is shown in Figure 5. It was
shown that the mass of PANI deposited on the gold electrode increased

Figure 4. Logarithmic plot of the growth rate (R) vs. log [APS].

Figure 3. Relationship between Dm ðmg=cm2Þ of the PANI deposited and time
at different molar ratios of [APS]=[Aniline]: (a) 0.08, (b) 0.8, (c) 1.2, (d) 1.6,
and (e) 2.0.
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with increasing concentration of DBSA, which is in agreement with
the results of classical emulsion polymerization. The growth rate was
calculated from the slope of the mass-time relation in Figure 5. The
double logarithmic plot of R versus [DBSA] is shown in Figure 6. A
straight line was obtained with slope equal to 0.51, which is nearly equal

Figure 5. Relationship between Dm ðmg=cm2Þ of the PANI deposited and time
at different concentrations of DBSA: (a) 0.01 M; (b) 0.014 M; (c) 0.018 M;
(d) 0.0228 M.

Figure 6. Logarithmic plot of the growth rate (R) vs. log [DBSA].
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to 0.5. That indicated the PANI film formation was half-order with
respect to DBSA. Consequently, the overall kinetic order of the PANI
polymerization was second order.

The effect of temperature on the growth rate of PANI film formation
is shown in Figure 7, for which the concentration of aniline, APS, and
DBSA were 0.035 M, 0.028 M, and 0.01 M, respectively. As can be seen
in Figure 7, the growth rate increased as the temperature increased. Also,
increasing temperature brought about a decrease in the length of the
induction period in the temperature range 15� � 30�C. That might be
due to fact that the free radicals could not take part in the side reactions
at lower temperatures. The growth rates at different temperatures were
determined and plotted according to the Arrhenius equation (Figure 8).
The activation energy here was 40.4 KJ=mol, which was in correspon-
dence with the value (44.3� 2.1 KJ=mol) reported by Jozefowicz
et al.[21] Since the polymerization was an exothermic progress, it could
therefore be expected that increasing temperature would decrease the
yield.

Figure 9 shows the mass-time relation of the PANI polymerized in
different magnetic intensities for which the concentrations of aniline,
APS, and DBSA were 0.035 M, 0.028 M, and 0.01 M, respectively.
Figure 10 shows the variation of the PANI growth rate with different
magnetic field intensities according to Figure 8. It was shown that the
rate of the PANI deposited on the gold electrode increased with increas-
ing intensity of magnetic field. According to Chiriac and Simionescu,[22]

Figure 7. Relationship between Dm ðmg=cm2Þ of the PANI deposition and time
at different temperatures.
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owing to the presence of the magnetic field, changes occurred from the
singlet to the triplet state in the spin multiplicity of the initiator radicals
and the concentration of transient free radicals, which initiate polymeri-
zation, and the radical life increased. As a result, the initiation efficiency
and the rate of polymerization were enhanced due to the decrease of the
‘‘cage’’ effect and the reduction of radical recombination.

Figure 11 shows the UV-visible spectra of PANI during polymeriza-
tion in the presence and absence of a magnetic field (0.6 T). The spectra
were measured at the same reaction time. By comparing spectrum
(a) with spectrum (b) in Figure 11, it was found that the absorption

Figure 9. Relationship between Dm ðmg=cm2Þ of the PANI deposited and time in
different intensities of magnetic field: (a) 0.2 T, (b) 0.4 T, (c) 0.6 T, and (d) 0.8 T.

Figure 8. Temperature dependence of the growth rate (R).
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intensity of the PANI polymerized in a magnetic field was greater than
that of the PANI polymerized in the absence of a magnetic field at the
same time. This may indicate that the reaction rate of the PANI polymer-
ized in the presence of a magnetic field was higher than that of the PANI

Figure 11. Absorption spectra during the polymerization of aniline: (a) with a
magnetic field (0.6 T); (b) without magnetic field.

Figure 10. Variation of the PANI growth rate (R) with magnetic field intensity.
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polymerized in the absence of a magnetic field, which is in agreement with
the results obtained by using the QCM technique.

Furthermore, it was found that the trends of the PANI film formation
were similar to the detection of the QCM technique. The only difference
that existed was the sensitivity on the detection. The sensitivity of the
QCM technique to any formation of polymers might be superior
to the traditional UV-visible absorption detection. Therefore, the
QCM technique can provide a more suitable technique for monitoring
the induction periods than absorption spectroscopy.

CONCLUSION

The QCM technique was used to study the kinetics of DBSA-doped
PANI film formation by emulsion polymerization using APS as oxidant.
The PANI film formation exhibited first order with respect to aniline and
half-order to APS and DBSA. The overall kinetic order of the PANI
polymerization was second order. Polymerization carried out in different
magnetic field intensities was investigated. The result indicated that the
reaction rate increased with increasing intensity due to the application
of magnetic field increasing the concentration of transient free radicals,
which initiate polymerization. The activation energy calculated from
the temperature dependence of the growth rate was 40.4 KJ=mol. The
UV-visible spectra for PANI film formation were measured. The result
showed that the trends of the film growth of PANI with time were
similar. The detection of polymerization by using the QCM technique
was more sensitive than the detection of UV-visible spectra under the
same conditions.
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