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Polyaniline/poly(p-phenylenediamine) (PAN/PAPPD) copolymer was prepared in an inverse miniemulsion by the copolymerisation of
p-phenylenediamine and aniline using (NH4)2S2O8 as an oxidant in the presence of surfactant sodium dodecylbenzenesulfonate. The PAN/
PAPPD copolymers were characterised in terms of X-ray diffraction diagrams, Fourier transform infrared and dynamic light scattering,
respectively. The effect of a monomer molar ratio, the content of the surfactant, the concentration of the oxidising agent and the
temperature on the yield and the intrinsic viscosity of the copolymer were investigated. In this system, the apparent value of the energy of
activation (Ea) was calculated to be −16.1 kJ/mol from 5 to 30°C. The conductivity of the copolymer obtained in the miniemulsion was
higher than that in the solution.
1. Introduction: Polyaniline (PAN) has been widely applied in the
areas of batteries, sensors, electrochromic devices, capacitors,
photochemical cells and light emitting diodes because of its
environmental stability, high conductivity, good redox reversibility
and various application potentials [1, 2]. Traditionally, PAN is
typically synthesised via a chemical-oxidation polymerisation with
oxidising agents such as ammonium persulfate (APS) or
electrochemical preparation; production can be carried out as
solution [3–5], emulsion [6–8], microemulsion [9–11] or
miniemulsion free-radical polymerisation [12–14]. However, PAN
is difficult to process because of its rigidity, large polar, poor
mechanical properties, insolubility and infusibility, causing
limitations in its industrial applications and further research [15,
16]. The solubility, the processability and the electrical properties
of PAN can be improved by the copolymerisation of a series of
derivatives of aniline and particularly by the choice of the
substituents [17, 18]. This has been established as a
convenient method for the preparation of novel conducting
materials with desired properties superior to those of individual
homopolymers.
A number of alky [19, 20] or alkoxyl ring-substituted polyani-

lines [21], such as o-toluidine [19], o-ethoxy aniline [20] and o-
aminobenzoic acid [21] are used; the properties of such copolymers
are controlled by adjusting the molar feed ratio of the comonomers.
Poly(aniline-co-PPD) (PAPPD) has been paid less attention until

now. Only a few studies about the copolymerisation of aniline and
p-phenylenediamine have been reported [22].
Miniemulsions, which are prepared via ultrasonication, combine

the bulk reaction in nanosized droplets and the advantages of emul-
sion polymerisation. The miniemulsion polymerisation is known to
be a powerful technique to produce a whole variety of new polymer
latexes. By now, no report concerning the miniemulsion copoly-
merisation of aniline (AN) with p-phenylenediamine has been
found. The effect of the miniemulsion copolymerisation on the
properties of PAPPD has not yet been studied, particularly with
nanoscale synthesis.
The aim of the work reported in this Letter was to investigate

the effect of the miniemulsion copolymerisation of the PAPPD.
With the further aim of enhancing the processibility and the
conductivity, the synthesis of PAPPD was achieved by the
inverse miniemulsion polymerisation method in the presence of
a cationic surfactant. The synthesised copolymers were charac-
terised with Fourier transform infrared (FTIR), ultraviolet-visible
(UV–vis), thermogravimetric analysis (TGA), X-ray diffraction
techniques. The effect of the copolymerisation on the
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morphological, the thermal and the conductivity characteristics
of the resulting copolymers was analysed.

2. Experimental
2.1. Chemicals: Aniline (AR) was obtained from the Tianjin Tianli
Chemical Reagent Co. Ltd, Tainjin, China. It was distilled under
reduced pressure prior to use. p-phenylenediamine (AR) was
purchased from the Shanghai Jinshanting Chemical Reagents
Factory, China. APS (AR) and sodium dodecyl benzenesulfonate
(SDBS) (AR) were purchased from the Tianjin Fuchen Chemical
Reagents Factory, China and used as received. Hexadecane (HD)
(AR) was obtained from Shanghai Chemical Reagent Corporation,
China and used as received. Other reagents were used as received.
All the solutions were prepared by using bidistilled water.

2.2. Inverse miniemulsion copolymerisation of p-phenyl-
enediamine with aniline: The inverse miniemulsions were
prepared according to the following procedure. As an example, a
mixture of 0.9313 g aniline (0.01 mol) and 3 g of concentration
aqueous HCl was dispersed in a solution of 6.9696 g SDBS (0.02
mol) in 80 ml of cyclohexane. 1.0814 g solution of
p-phenylenediamine (0.01 mol) was mixed with aniline in a
reaction. 2.2818 g APS (0.02 mol) was dissolved in 10 ml
bidistilled water and was introduced. The above procedure was
performed under stirring and nitrogen at room temperature for
1 h. The coarse inverse emulsion was then sonicated with a
Fisher Model 30 sonic dismembrator operated at 70% power
output for 5 min. The obtained miniemulsion was transferred into
a 100 ml flask with a magnetic stirring bar. The reaction mixture
was kept in a water bath at a desired temperature range of 5–30°C.

The copolymers PAPPD was synthesised with the aforemen-
tioned procedure with different monomer feed ratios of
p-phenylenediamine to aniline. The samples were dedoped by
washing with a 5% ammonium hydroxide solution. Then, the
samples were sequentially washed three times with water and
clyclohexane to remove a possible soluble fraction. The powders
of the copolymers were then dried in vacuum at 65°C for 18 h.

2.3. Characteristics of the copolymer: The dried copolymer samples
were used to measure the spectra and the conductivity. The FTIR
spectra of the powdered copolymers were taken in the form of
KBr pellets using a Thermo Nicolet 370 FTIR spectrophotometer.

The intrinsic viscosities of the PAPPD copolymers were deter-
mined using an Ubbelohde viscometer at 30 ± 0.1°C. The solvent
was NMP.
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Figure 3 X-ray diffraction diagrams of the copolymers with AN/PPD molar
ratios of 7:3 and 3:7

Figure 2 FTIR absorption spectra of the copolymers with an AN/PPD
molar ratio of 5/5

Figure 4 Particle size distribution of the PAPPD for the oxidation copoly-
merisation of AN and PPD in the miniemulsion system with AN and PPD
molar ratios of 7:3
For the X-ray diffraction analysis, X-ray diffractograms were
recorded with an XRD-6000 (Shimadzu, Japan) crystallographic
unit and a Cu Kα (λ = 1.541 Å) radiation mode was used (40 kV,
30 mA) for recording data in the range of 2θ = 10–80° at a scan
rate of 8°/min with 0.02° steps.

Final latex particles were measured with a Zetasizer (3000 HSA,
Malvern) at a fixed scattering angle of 90°. The basic principle for
measuring the size distribution is based on the technique of
dynamic light scattering.

The electrical conductivities of the resulting PAPPD were
measured on dried pressed pellets at room temperature by using
the four-point probe technique and the calculation of the conductiv-
ity σ of the PAPPD samples was as described in the literature [23].
σ was calculated according to the formula: σ(electrical conductiv-
ity) = L/RS (L, R and S refer to the thickness, the resistance and
the touching area of the sample, respectively).

The yield of the polymer was determined by the formula: yield
(%) =W2/W1 × 100% where W1 is the initial weight of the comono-
mers and W2 is the weight of the resultant polymer.

3. Results and discussion
3.1. Synthesis of PAPPD in the miniemulsion: PAPPD copolymers
were prepared by chemical oxidation copolymerisation of
p-phenylenediamine and aniline at room temperature in the
miniemulsion using APS as the oxidising agent as described in
Fig. 1.

The obtained PAPPD copolymer was characterised by FTIR, and
the FTIR spectrum is shown in Fig. 2. As indicated, the band at 817
cm−1 was assigned to the deformation of the CH out of the plane. A
medium peak at 1307 cm−1 is due to the C–N stretching vibration in
an alternative unit of quinoid–benzenoid–quinoid. The much
stronger absorption peak at 1508 cm−1 was attributed to the benzen-
oid unit. The stretching vibration of the benzene ring of the PPD
portion appeared at 1585 cm−1. The band at 2801 cm−1 was
assigned to the oligomers of aniline, as reported by Kang et al. [24].

The PAPPD copolymers were further analysed by X-ray diffrac-
tograms. In the X-ray diffractograms (Fig. 3), two polymers with
AN/PPD ratios of 7:3 and 3:7, respectively, exhibit their strongest
peak at 2θ = 20.8° and 24.4°, their second strongest peak at 19.3°
is attributed to the momentum transfer and the periodicity parallel
to the polymer chain. A medium peak appeared at 16.7°. The
results were similar to [22]. However, the X-ray diffractograms of
the copolymers obtained were almost identical in the presence of
different molar ratios.

Fig. 4 presents a plot of the particle size distribution for the
PAPPD particles synthesised with AN and PPD molar ratios of
7:3 in the miniemulsion system. As can be seen from Fig. 4, the par-
ticle size distribution centred at 216, 92 and 28 nm, respectively.

3.2. Effect of the PPD content on the copolymerisation yield and
the intrinsic viscosity of the copolymer: An investigation was
conducted to determine the effect of the varying molar ratio of
the AN/PPD on the copolymerisation yield. The reaction time
of the copolymerisation was kept at 6 h with the molar ratios of
aniline and p-phenylenediamine varying from 10:0 to 0:10. A
series of experiments were performed. The results of the
experiments are shown in Fig. 5. The yield decreased with an
increasing PPD content and reached the minimum value of
27.92% at the PPD content of 90 mol%. The effect of the
monomer molar ratios of the PPD and the AN on the intrinsic
viscosity of the copolymers of PPD with AN is depicted in
Figure 1 Preparation of the PAPPD copolymer in reverse miniemulsion

150
& The Institution of Engineering and Technology 2014

Micro & Nano Letters, 2014, Vol. 9, Iss. 2, pp. 149–152
doi: 10.1049/mnl.2013.0640



Figure 5 Variation of the polymerisation yield and the intrinsic viscosity
with the PPD feed content in the PPD/AN copolymers
Oxidising agent/monomer ratio = l/1, surfactant/monomer ratio = l/1 and
polymerisation time = 6 h

Figure 7 Variation of the polymerisation yield and the intrinsic viscosity of
the PPD/AN (5/5) copolymers with the oxidant/monomer ratio during the
miniemulsion polymerisation of PPD and AN
Surfactant/monomer ratio = l/1, PPD/AN= 5/5 and polymerisation time = 6 h
Fig. 5. The maximal intrinsic viscosity was observed with a molar
ratio of 1:9. The intrinsic viscosity decreased with the molar ratio
from 1:9 to 8:2. This was because the inhibition effect between
the two monomers increased with increasing content of the PPD
resulting in a hindrance to the polymerisation process.

3.3. Effect of the surfactant content on the copolymerisation yield
and the intrinsic viscosity of the copolymer: The surfactant plays
an important role in the miniemulsion polymerisation. The
surfactant was used as both the formation micelles and a dopant
of the polymer in the miniemulsion polymerisation of aniline.
As depicted in Fig. 6, the copolymer yield increased with the

molar ratio of the surfactant/monomer, reaching the maximum
value of 41.88% at the molar ratio of 1. With an increase in the
molar ratio of the surfactant/monomer from 1 to 12, the yield
decreased monotonically from 41.88 to 21.91%. Meanwhile, the in-
trinsic viscosity reached the maximum value at the molar ratio of
0.5. The above results showed that the surfactant had a vital influ-
ence on not only the yield but also the intrinsic viscosity of the co-
polymerisation of PPD and AN in the miniemulsion.

3.4. Effect of the amount of the oxidising agent on the
copolymerisation yield and the intrinsic viscosity of the copolymer:
Figure 6 Variation of the polymerisation yield and the intrinsic viscosity of
the PPD/AN (5/5) copolymers with the emulsifier/monomer ratio
Oxidising agent/monomer ratio = l/1, PPD/AN = 5/5 and polymerisation
time = 6 h
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The effect of the molar ratio of the oxidant (NH4)2S2O8/monomer
on the copolymerisation of PPD/AN (5/5) at room temperature in
the miniemulsion was studied.

As can be seen from Fig. 7, the copolymerisation yield increased
with increasing molar ratio of the oxidant content from 0.2 to 1 and
exhibited a maximum at the oxidant/monomer molar ratio of
1. However, the copolymerisation yield decreased when the
molar ratio of the oxidant content increased from 1 to 1.75. It is
probable that some comonomers could not be oxidised to polymer-
ise, which reduced the polymerisation when less oxidising agent
was added. However, the intrinsic viscosity of the resulting copoly-
mer decreased with increasing of the molar ratio of the oxidant/
monomer from 0.2 to 1.75. Two comonomers could be oxidised
to the radical cation when more oxidising agent was added,
leading to the inhibition effect increasing. The intrinsic viscosity
of the copolymer was higher when the concentration of the oxidis-
ing agent was less. This might be because of the priority of the
chain propagation from the monomer compared with the chain ini-
tiation because the probability of chain propagation was larger than
the possibility of chain ending.
3.5. Effect of temperature on the copolymerisation yield and the
intrinsic viscosity of the copolymer: The effect of the changing
temperature on the copolymerisation was examined in the range
of 5–30°C. All the copolymerisation reaction times were kept at
6 h. The results were listed in Table 1. As can be seen from
Table 1, the yield of the copolymer decreased with increasing
temperature in the range of 5–30°C. The rate of the
decomposition of the oxidising agent was slower at a low
temperature. The radical cations were of higher stability in this
system. Furthermore, the surfactant made the chain termination
reaction rate lower. Thus, it would favour chain propagation
under these conditions. However, the intrinsic viscosity exhibited
the highest value at 20°C.
3.6. Conductivity studies: The conductivity values of the samples
of the PAPPD obtained from the miniemulsion and obtained in
the HCl solution are given in Table 2. The conductivity of the
sample of the PAPPD obtained in the miniemulsion and obtained
in the solution was found to be 4.44 × 10−5 and 2.12 × 10−5 S/cm−1,
respectively. The conductivity of the copolymer obtained in the
miniemulsion was found to be higher than that of the copolymer
obtained in the solution.
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Table 2 Conductivity values of the PNA and its copolymers

Sample Conductivity, S/cm

PAPDD obtained in the miniemulsion 4.44 × 10−4

PAPDD obtained in the solution [22] 2.12 × 10−5

Fig. 8 for aniline and PPD shows the Arrhenius plot of the logarithmic
rate of the polymer formation against 1/T. The apparent value of the
energy of activation (Ea) for the copolymerisation of aniline and PPD is
determined to be −16.1 kJ/mol

Figure 8 Plot of log kp against 1/T

Table 1 Effect of temperature on the copolymerisation yield and the
intrinsic viscosity of the copolymer

Run T, °C Yield, % kappP , s−1b Intrinsic viscosity, dL/g

1 5 67.85 −5.76 0.35
2 10 58.48 −5.91 0.48
3 15 52.52 −6.02 0.53
4 20 48.14 −6.11 0.63
5 25 41.88 −6.25 0.55
6 30 37.05 −6.34 0.51

Surfactant/monomer ratio = l/1, PPD/AN = 5/5, oxidising agent/monomer
ratio = l/1, polymerisation time = 6 h. kappP was determined from the kinetic
slope
4. Conclusions: The chemical oxidation copolymerisation of PPD
and AN at room temperature in the miniemulsion was successfully
achieved with APS as the oxidising agent. The effects of the
monomer molar ratio, the content of the surfactant and the
concentration of the oxidising agent on the conducting copolymers
of PAPPD were studied. The FTIR and the X-ray diffraction
diagrams confirmed copolymerisation. The particle sizes of the
copolymer were in the nanoscale range as observed by dynamic
light scattering. The yield and the intrinsic viscosity of the
copolymer were influenced by the monomer molar ratio, the
content of the surfactant, the concentration of the oxidising agent
and the temperature. The apparent value of the energy of activation
(Ea) was calculated for the copolymerisation of aniline and the PPD
was determined to be −16.1 kJ/mol in the range of 5–30°C. The
PAPPD sample obtained in the miniemulsion exhibited increased
conductivity in comparison with the PAPPD in the solution.
152
& The Institution of Engineering and Technology 2014
5 References

[1] MacDiarmid A.G., Chiang J.C., Halpern M., ET AL.: ‘“Polyaniline”:
interconversion of metallic and insulating forms’, Mol. Cryst. Liq.
Cryst., 1985, 121, pp. 173–180

[2] Huang W.S., Humphrey B.D., MacDiarmid A.G.: ‘Polyaniline,
a novel conducting polymer. Morphology and chemistry of its oxida-
tion and reduction in aqueous electrolytes’, J. Chem. Soc. Faraday
Trans., 1986, 82, pp. 2385–2400

[3] Moraes S.R., Huerta-Vilca D., Motheo A.J.: ‘Characteristics of poly-
aniline synthesized in phosphate buffer solution’, Eur. Polym. J.,
2004, 40, pp. 2033–2041

[4] Ruckenstein E., Yin W.S.: ‘Polyaniline co-doped with camphor sul-
fonic and hydrochloric acids by chemical oxidation in aqueous solu-
tion’, J. Appl. Polym. Sci., 2001, 79, pp. 80–85

[5] Zhou C.Q., Han J., Guo R.: ‘Synthesis of polyaniline hierarchical
structures in a dilute SDS/HCl solution: nanostructure-covered rect-
angular tubes’, Macromolecules, 2009, 42, pp. 1252–1257

[6] Palaniappan S., John A.: ‘Polyaniline materials by emulsion polymer-
ization pathway’, Prog. Polym. Sci., 2008, 33, pp. 732–758

[7] Kinlen P.J., Liu J., Ding Y., Graham C.R., Remsen E.E.: ‘Emulsion
polymerization process for organically soluble and electrically
conducting polyaniline’, Macromolecules, 1998, 31, pp. 1735–1744

[8] Kima J., Kwonb S., Ihmc D.: ‘Synthesis and characterization of
organic soluble polyaniline prepared by one-step emulsion polymer-
ization’, Curr. Appl. Phys., 2007, 7, pp. 205–210

[9] Asima N., Radimana S., Yarmob M.A.B.: ‘Preparation and character-
ization of core–shell polyaniline/V2O5 nanocomposite via micro-
emulsion method’, Mater. Lett., 2008, 62, pp. 1044–1047

[10] Xia H.S., Wang Q.: ‘Synthesis and characterization of conductive
polyaniline nanoparticles through ultrasonic assisted inverse micro-
emulsion polymerization’, J. Nanoparticle Res., 2001, 3, pp. 399–409

[11] Kumara S., Singha V., Aggarwala S., Mandalb U.K.: ‘Synthesis of
polyaniline nanostructures via reverse microemulsion technique’,
Soft Mater., 2009, 7, pp. 150–163

[12] Marie E., Rothe R., Antonietti M., Landfester K.: ‘Synthesis of poly-
aniline particles via inverse and direct miniemulsion’,
Macromolecules, 2003, 36, pp. 3967–3973

[13] Bhadra S., Singha N.K., Khastgir D.: ‘Polyaniline by new miniemul-
sion polymerization and the effect of reducing agent on conductivity’,
Synth. Met., 2006, 156, pp. 1148–1154

[14] Wang H., Wang L., Wang R.X., Tian X.Y.: ‘Novel route to polyani-
line nanofibers from miniemulsion polymerization’, J. Mater. Sci.,
2011, 46, pp. 1049–1052

[15] Geniès E.M., Boyle A., Lapkowski M., Tsintavis C.: ‘Polyaniline: a
historical survey’, Synth. Met., 1990, 36, pp. 139–182

[16] Gospodinova N., Mokreva P., Terlemezyan L.: ‘Stable aqueous
dispersions of polyaniline’, J. Chem. Soc. Chem. Commun., 1992,
13, pp. 923–924

[17] Wang S.L., Wang F.S., Ge X.H.: ‘Polymerization of substituted
aniline and characterization of the polymers obtained’, Synth. Met.,
1986, 16, pp. 99–104

[18] Roy B.C., Gupta M.D., Bhowmik L., Ray J.K.: ‘Synthesis and
characterization of poly (2,5-dimethoxyaniline) and poly(aniline-co-
2,5-dimethoxyaniline): the processable conducting polymers’, Bull.
Mater. Sci., 2001, 24, pp. 389–396

[19] Wei Y., Focke W.W., Wnek G.E., Ray A., MacDiarmid A.G.:
‘Synthesis and electrochemistry of alkyl ring-substituted polyani-
lines’, J. Phys. Chem., 1989, 93, pp. 495–499

[20] Leclerc M., Guay J., Dao L.H.: ‘Synthesis and characterization of
poly(alkylanilines)’, Macromolecules, 1989, 22, pp. 649–653

[21] MaCinnes D.J., Funt B.L.: ‘Poly-o-methoxyaniline: a new soluble
conducting polymer’, Synth. Met., 1988, 25, pp. 235–242

[22] Li T.X., Yuan C.Q., Zhao Y.H., Chen Q.L., Wei M., Wang Y.M.:
‘Synthesis, characterization, and properties of
aniline-p-phenylenediamine copolymers’, High Perform. Polym.,
2013, 25, pp. 348–353

[23] Yang J., Ding Y., Chen G., Li C.: ‘Synthesis of conducting polyani-
line using novel anionic Gemini surfactant as micellar stabilizer’,
Eur. Polym. J., 2007, 43, pp. 3337–3343

[24] Kang E.T., Neoh K.G., Tan K.L.: ‘Polyaniline: a polymer with many
interesting intrinsic redox states’, Prog. Polym. Sci., 1998, 23,
pp. 277–324
Micro & Nano Letters, 2014, Vol. 9, Iss. 2, pp. 149–152
doi: 10.1049/mnl.2013.0640


	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions

