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ABSTRACT: In the present study, we demonstrate the development of novel electromagnetic interference shielding material from the

composite of nanostructured polyaniline-polyhydroxy iron-clay and polycarbonate through solution blending process. Onset of perco-

lation threshold has been manifested from the morphological studies in combination with electrical conductivity measurements. Tem-

perature-dependent electrical conduction mechanism was studied by applying Mott theory and was found to follow 3D variable range

hopping (VRH) model. The presence of interaction between the host matrix and the nanofiller was studied by rheological property

measurement in combination with Fourier transform infrared spectroscopy. Films were further characterized for electromagnetic

interference (EMI) shielding efficiency and thermomechanical properties. Results suggest that these transparent composite films can

be used for the fabrication of EMI shielding/electrostatic dissipation material for the encapsulation of electronic devices and as elec-

trostatic material for high technological applications. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Nanostructured multifunctional electromagnetic composites

have attracted a great deal of attention for their potential appli-

cations in various fields such as electromagnetic interference

(EMI) shielding, antistatic coatings, chemical sensors, trans-

ducers, and corrosion protection coatings.1–6 EMI shielding

essentially depends on the conductivity, dielectric constant, and

magnetic property of the materials for various applications. It is

known that the conducting material can effectively shield elec-

tromagnetic waves generated from an electric source, whereas

magnetic materials can shield effectively the electromagnetic

waves originated from a magnetic source. Thus, materials hav-

ing dual property of conductivity and magnetic properties are

suitable for EMI shielding applications. High thermomechanical

properties are also expected for electromagnetic materials for

high technological applications. Moreover, according to the elec-

tromagnetic wave theory, if the dimension of the conductive fil-

ler is in a nanometer regime and retains a high aspect ratio, it

easily forms a conductive network at low concentration of the

filler with high mechanical strength. Thus, the preparation of

nanostructured polyaniline-polyhydroxy iron-clay (PPIC) com-

posite is important as it is a novel guest–host system consisting

of exfoliated/intercalated nanoclay layers having high aspect ra-

tio, dispersed in nanomagnets encapsulated conducting PANI

and is composed of electric, magnetic, and thermomechanical

property in a unique material system. But the problem with

these materials is its cost and low processability. To make EMI

shielding products viable, composites have been fabricated by

blending them with compatible and mechanically sound con-

ventional polymers.7,8

The commodity polymer poly(bisphenol A carbonate) is receiv-

ing great attraction for the fabrication of composite for high

technological applications because of its excellent processability,

transparency, mechanical properties, good thermal stability, and

good adhesion to other materials.5 Electrically conductive com-

posites of polycarbonate (PC) with conducting polymers such

as PANI and PPy are interesting as they can exhibit low percola-

tion threshold concentration arising from hydrogen bonding

interaction between these two polymers.9–11 Several strategies

are reported for blending conducting polymers with conven-

tional polymers which include solution blending, melt blending,

and so on.12 Apart from these, our group have used a one-step
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surfactant micelle-induced emulsion polymerization strategy for

the preparation of conductive composite of polyaniline-clay

nanocomposite and polystyrene (PS) using the amphiphilic

dopant 3-PDPSA.13,14 They reported that the amphiphilic

dopant could micellize PS matrix and the soft micelle could act as

a structure directing agent to form electrically conductive blends

of highly oriented nano-cylindrical PANI-dispersed PS. There are

many reports on the use of functionalized protonic acids to dope

PANI EB to improve its processability.15 These functionalized

acids having long alkyl chains can increase the solubility of PPIC

in common organic solvents and can induce compatibility

through plasticization with other polymer matrices.16

The EMI attenuation offered by a shield may depend on three

mechanisms: the reflection of the wave from the shield, the

absorption of the wave as it passes through the shield, and the

multiple reflections of the waves at various surfaces or interfaces

within the shield. The multiple reflections, however, requires the

presence of large surface areas (e.g., a porous or foam material)

or interface areas (e.g., a composite material containing fillers

that have large surface area) in the shield. Thus, the composite

prepared with PPIC and PC is expected to effectively shield the

electromagnetic radiations.

Thus, the objective of the present study is to prepare composite

films of nanostructured electromagnetic PPIC in PC matrix

through solution blending. The prepared blends were character-

ized for electrical conductivity, temperature-dependent electrical

conduction mechanism, percolation threshold concentration,

rheological property, and morphology, EMI shielding efficiency,

and thermomechanical properties.

EXPERIMENTAL

Materials and Methods

Aniline monomer (99.5% pure, Ranbaxy Chemicals, Mumbai)

was distilled under reduced pressure. Ammonium persulphate

(APS), methyl alcohol, and ferric chloride hexahydrate were pur-

chased from S.D. Fine Chem, Mumbai, India, and were used

without further purification. Sodium carbonate was purchased

from Ranbaxy Fine Chemicals, India. Naþ Cloisite clay with cat-

ion exchange capacity of 92.6 meq/100 g and a mean chemical

formula of (Na, Ca)0.33(Al1.67Mg0.33)Si4O10(OH). 2nH2O was

purchased from southern clay products. 3-Pentadecyl phenol-4-

sulphonic acid (3-PDPSA) was prepared from 3-pentadecyl phe-

nol (cardanol), obtained by the double distillation of cashew nut

shell liquid (cashew export promotion council, India) at 3–4

mmHg at 230–235�C. PC was purchased from GE plastics, India.

(Mw ¼ 50,000 g/mol, glass transition temperature [Tg] ¼ 150�C).

Preparation of PPIC Composites

The polyhydroxy iron cation (PIC) solution was prepared by

the hydrolysis of 0.2M ferric chloride hexahydrate solution with

sodium carbonate.17 Typical synthetic procedure for the prepa-

ration of PPIC is as follows. PIC (11.5 mL, 0.2M) was added

dropwise to 3-PDPSA (10�3M, 25 mL) with stirring for 1 h.

Aqueous suspension of clay (1 wt %) was added to the above

vigorously stirring solution. The ratio of the cation to clay was

90 mmol/meq. Upon the complete addition of clay to the

hydrolyzed Fe3þ solution, the reaction mixture was ultrasoni-

cated for 2 h. Aniline (2.5 g) in 25 mL of water was then added

and continued ultrasonication for another 0.5 h. Aniline :

PDPSA mole ratio was kept at 1 : 0.1. Aqueous solution of APS

(6.1 g in 60 mL water) was added to the above mixture and the

resulting solution was stirred for another 5 min to ensure com-

plete mixing. The reaction was continued without further agita-

tion for 24 h at room temperature. Finally, the product was pre-

cipitated with methanol, washed with deionized water until the

filtrate become colorless, and dried under vacuum at 60–80�C
for 12 h.

Preparation of Electromagnetic Blends PPIC/PC

Electrically conductive blends of PPPC were prepared via solu-

tion blending. Stock solutions of PPIC (5% w/v) and PC (5%

w/v) in chloroform were prepared separately and the PC solu-

tion was added to the conducting filler solution at different

proportions. The mixed solutions were subjected to magnetic

stirring for 2 h. The solvent was then removed by evaporation

under vacuum at room temperature to get the PPPC blends.

Characterization Techniques

Fourier transform infrared (FTIR) measurements were made

with a fully computerized Nicolet impact 400D FTIR spectro-

photometer. Polymers were mixed thoroughly with potassium

bromide and compressed into pellets before recording.

Electrical conductivity (rdc) of films was measured using the

standard spring-loaded pressure contact four probe conductivity

meter supplied by Keithley, Bangalore, India with 6221 direct

current (DC) and AC current source and 2182A nanovoltmeter.

The conductivity (r0) was calculated using the relationship r0
¼ (ln 2/pd) (I/V), where d is the thickness of the film, I is the

current, and V is the voltage. A constant current was passed

with a direct current (DC) voltage source through two outer

electrodes and an output voltage was measured across the inner

electrodes with the voltmeter. The small uniform sized 11 mm

disk sample was placed in a PID-controlled oven before the

measurement.

Polarized light micrographs (PLMs) were taken in an Olympus

BX 51 microscope after drop casting the solution of sample in a

clean dry glass plate. For scanning electron microscopy (SEM)

measurements, samples were subjected for thin gold coating

using a JEOL JFC-1200 fine coater. The probing side was

inserted into JEOL JSM-5600 LV scanning electron microscope

for taking photographs. Atomic force microscopy (AFM) images

were recorded under ambient conditions using Ntegra multi-

mode Nanoscope IV operating in the tapping mode regime.

Microfabricated silicon cantilever tips (MPP-11100-10) with a

resonance frequency of 284–299 kHz and a spring constant

of 20–80 Nm�1 were used. The scan rate varied from 0.5 to

1.5 Hz.

Rheological properties of the conductive blends were measured

using Modulated Compact Rheometre-150 Physica (Germany)

in dynamic oscillatory mode at 100�C (frequency range, 0.001–

1000 rad/s). In all the rheological tests, the parallel plate sensor

with a diameter of 50 mm and a gap size of 0.25 mm was used.

Thermal stability measurements were performed at a heating

rate of 10�C/min in nitrogen atmosphere using Shimadzu,
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DTG-60 equipment. Differential scanning calorimetry (DSC)

scans were performed using Dupont DSC 2010 differential scan-

ning calorimeter attached to Thermal Analyst 2100 data solu-

tion under nitrogen atmosphere at a heating rate of 10�C/min.

Tensile tests of the PC and PPIC composites were conducted

using dumb-bell-shaped samples of width 4 mm and thickness

in the range 1.5–2 mm. The measurements were carried out in

an Instron universal testing machine. HTE-5KN Load cell is

used and calibration was performed as per the ASTM procedure

D 638 at a crosshead speed of 2 mm/min at room temperature.

EMI SE of the prepared samples have been measured using a

laboratory developed one-port coaxial sample holder backed by

metallic plate as short circuit on Vector network analyzer

(VNA), Wiltron 37247B in the desired frequency range. The ref-

erence value of return loss (RL) in dB was measured by con-

necting the one-port sample holder at the test port without

sample on the calibrated VNA. Now, the sample is inserted in

the holder and the RL value is recorded. The difference between

these two values is the measured RL of the inserted sample.

Half of this measured RL is the EMI SE of the sample in dB. In

a similar fashion, the EMI SE measurements of other samples

were performed by replacing the previous sample. The SE was

measured using an X-band waveguide as a sample holder

(Figure 1). Samples having a thickness of 2 mm were used dur-

ing measurement. The EMI shielding measurement was carried

out for each sample by continuously sweeping the frequency

between 2 and 8 GHz.

RESULTS AND DISCUSSION

Nanostructured electromagnetic PPIC was prepared by the oxi-

dative emulsion polymerization of anilinium salt of PDPSA as

reported in the experimental section. The conducting state of

PPIC was characterized by recording the UV–visible spectra and

it exhibited a prominent peak at 430 nm and a free carrier tail

around 780 nm corresponding to the polaron band (conducting

state). Electrical conductivity measurements of PPIC showed a

value of the order of 1 S/cm and the magnetic property meas-

urements carried out using vibrating sample magnetometer

exhibited a saturation magnetization of � 2.5 emu/g with a co-

ercive force of 50 Oe. Particle size measurement of PPIC was

carried out using dynamic light scattering technique which

exhibited diameter in the range of 50–150 nm.

Composite of PPPCs was prepared with varying ratios of PPIC

to PC. The PPPC composites with 2, 3 ,4, 5, 6, 7, 10, 20 and 30

weight % of PPIC were designated as PPPC1, PPPC2, PPPC3,

PPPC4, PPPC5, PPPC6, PPPC7, PPPC8 and PPPC9, respec-

tively, and is summarized in Table I. Visual inspection of the

PPPC blends showed transparent emeraldine green-colored film

whose intensity increased with the PPIC concentration. A repre-

sentative film of PPPC is shown in Figure 2.

FTIR Spectroscopy

Generally, most of the bands of PC and PPPC in FTIR spectra

overlap as shown in Figure 3. The band at 1770 cm�1 in the

spectrum of PC shifted to a lower frequency by about 8 cm�1

in PPPC and is observed to slightly bifurcate, confirming the

Figure 1. Experimental set up for the measurement of EMI SE.

Table I. Electrical Conductivity and Mechanical Strength of PPPC Blends

as a Function of the PPIC Content

Sample

weight of
PPIC in
PPPC (%)

Electrical
conductivity
(S/cm)

Tensile
strength
(MPa)

Elongation
at break
(%)

PC 0 5 � 10�12 57 130

PPPC1 2 4 � 10�8 57.18 132

PPPC2 3 6 � 10�7 58.1 132

PPPC3 4 7.3 � 10�6 58.2 135

PPPC4 5 2.4 � 10�4 58.5 136

PPPC5 6 7.5 � 10�4 57.7 136

PPPC6 7 9.5 � 10�3 57.5 135

PPPC7 10 1.6 � 10�2 57.3 134

PPPC8 20 1.6 � 10�2 57.1 133

PPPC9 30 1.6 � 10�2 58.1 132

Figure 2. Clear transparent green film of PPPC blend. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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hydrogen bonding interaction existing between NH of polyani-

line and C¼¼O of PC as shown in Scheme 1.18

Electrical Conductivity and Conduction Mechanism

Electrical conductivity is the most sensitive method to monitor

the continuity of the conductive filler phase within the host ma-

trix. The particular concentration at which there is sharp

increase in conductivity can be termed as percolation threshold

concentration.19 The low value of percolation threshold is an

important criterion in the preparation of the conductive blend

of polyaniline and insulating polymer as to minimize processing

problems and depletion of the mechanical properties of the

host-insulating polymer. Table I summarizes the conductivity

values corresponding to the various composition of the blend.

PC is an insulative polymer having conductivity of 10�12 S/cm.

It was observed that the electrical conductivity can be controlled

in a wide range by changing the amount of conducting PPIC.

Electrical conductivity of PPPC increased to 4 � 10�8, 6 �
10�7, 7.3 � 10�6, 2.4 � 10�4, 7.5 � 10�4, 9.5 � 10�3, 1.6 �
10�2 S/cm in PPPC1 PPPC2, PPPC3, PPPC4, PPPC5, PPPC6,

PPPC7, respectively. Such an unpredictable enhancement in

electrical conductivity at the threshold concentration was

explained by the formation of percolated structure of PPIC in

PPPC. The percolation threshold concentration curve PPIC in

PPPC is shown in Figure 4. This can be taken as the point

where the material changes from insulating phase to conducting

phase. At the threshold concentration, the isolated conducting

PPIC in the PC matrix is bridged by a conducting channel of

PPIC, forming an interconnected network, which results in the

abrupt increase in conductivity and thus generating continuous

conducting paths. Onset of percolation is further strengthened

by the morphological observation under PLM,SEM and AFM.

To study the electronic transport behavior of the material, the

conductivity of the materials as a function of temperature was

measured over the temperature range of 303–393 K and is as

shown in Figure 6. The conductivity initially increased with

increasing temperature and then decreased and this is typical

for semiconductors.

According to Arrhenius equation,

q ¼ q0 exp
Ea

kT

� �� �
(1)

where Ea is the thermal activation energy during polaron con-

duction and qo is a parameter depending on the semiconductor

Figure 3. FTIR spectra of PC and PPPC. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Scheme 1. Hydrogen bonding between PC and PPIC. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 4. Percolation threshold concentration curve of PPIC in PPPC.

Figure 5. Temperature-dependent conductivity of PPPC blend. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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nature. Arrhenius plot of the measured conductivity (q vs. 1/T)

was made. It was observed that the curve is deviating from

straight line and therefore deviates from Arrhenius equation

which is typical for simple semiconductors. But it has been

observed that the data are fitting with variable VRH of localized

polarons according to eq. (2)

R Tð Þ ¼ Roexp To=Tð Þm (2)

where R(T) is the resistivity, Ro is the pre-exponential factor, and

To is the Mott characteristic temperature.20

To can be obtained from the slope of ln R(T) vs. T
�m plot. The

value of the exponent ‘‘m’’ depends critically on the nature of

hopping process. The exponent m ¼ 1/4, 1/3, and1/2 for 3D,

2D, and 1D hopping, respectively. To obtain the value of ‘‘m’’

with more accuracy, a plot was made with ln q vs. T�1/m, where

m ¼ 1/4, 1/3, and 1/2 and the best fit was obtained for m ¼ 1/

4 and the plot of ln q vs. T�1/4 is shown in Figure 5. The plot

showed a linear trend and therefore followed 3D-VRH model.

To values derived from the slope were found to be 226 K.

Morphology of PPPC

Morphology of PPPCs was studied for monitoring the onset of

percolation threshold concentration and also checking the com-

patibility of the components PC and PPIC. Figure 7 shows the

PLM photographs at a magnification of 20� of PPPC blends

with different percentage loadings of PPIC. The PLM image of

PPPC1 with 5 wt % loading of PPIC is shown in Figure 7(a).

In the micrograph, the dispersed phase of PPIC appears to exist

as isolated globules which are mostly surrounded by the insulat-

ing matrix and are therefore unable to come into contact with

each other. On increasing the concentration of PPIC to 10 wt

%, it exhibited a percolated structure [Figure 7(b)]. On further

increase in PPIC to 15 wt %, it exhibited thick network struc-

ture [Figure 7(c)] and tend to form organized aggregates of

fibrillar morphology. The onset of percolation of PPIC in PPPC

blend was further studied by observation under SEM and AFM

Figure 8(a, b) shows the SEM and AFM micrographs of PPPC

containing 10 wt % of PPIC. The observation made was com-

plementary to that obtained from PLM. Both SEM and AFM

photographs showed conductive network of PPIC containing

nanostructured electromagnetic PPIC and it was observed that

the conductive phase is fluidized and there is connectivity

between the conductive chains and the interconnectivity (perco-

lation) is observed between the conducting phases. Bright por-

tion in the micrograph indicated the presence of electromag-

netic filler and black portion, the matrix polymer.

Rheological Properties

The presence of exfoliated nanoclay and the interaction between

the conductive filler host matrix was manifested from the rheo-

logical property measurements. The dynamic oscillatory meas-

urements of the conductive blends were carried out under angu-

lar frequency sweep. Loss modulus (G00) and storage modulus

(G0) were measured as a function of frequency at 170�C under

angular sweep of 1–100 rad/s at 5% strain and is shown in Fig-

ure 9. The G0 is related to the ability of the material to store

energy when an oscillatory force is applied to the specimen and

the G00 is related to the ability to dissipate the energy. These

properties were measured to examine the degree of filler–host

matrix interaction in the conductive film. Solid-like behavior

(G0 > G00) could be observed from the dynamic oscillatory

responses. The G0-values of PC and PPPC measured at 10 rad/s

are 10.9 and 15 KPa, respectively. PPPC showed enhanced stor-

age modulus on comparing with PC. This increased storage

modulus observed might be arising owing to the interaction

between the PPIC and the PC. It may be observed from the

plot that the values of the frequency at the intersection of G0

and G00 vs. angular frequency curve, the film of PPPC showed

Figure 6. 3D VRH plot of PPPC blend. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Polarized light micrographs of (a) 5% PPIC, (b) 10% PPIC, and (c) 15% PPIC blends showing the percolation network formation. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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value of 2.06 rad/s which is obviously lower than that of the

frequency observed for neat PC. This may be owing to the dra-

matic exfoliation of clay into nanometer scale and also owing to

the interaction between the nanoclay layers and the primary

particles contributing to shear thinning as reported by Acierno

and coworkers.21

Thermal Stability

Thermal stability of PPPC and PC was studied by thermog-

ravimetry (TGA) and is shown in Figure 10. Both PPPC and

PC showed a small weight loss below 100�C presumably caused

by the loss of solvent and low-molecular-weight volatile impur-

ities. The second stage weight loss occurs at 411�C in PC corre-

sponding to the decomposition of the polymer. In PPPC, the

decomposition temperature was observed at 422�C. The higher

decomposition temperature observed for PPPC compared to PC

can be owing to the hydrogen bonding interaction existing

between PPIC and PC and also owing to the presence of nano-

clay particles with high aspect ratio which may hinder the deg-

radation process providing a barrier to preclude evaporation of

small molecules generated during the thermal decomposition

process. According to Zanetti and Pereira,22 the barrier effect of

the clay increases during volatilization because of the reassembly

of the silicate layers occurring on the polymer surface during

the thermal decomposition. TG of PPPC showed a residual char

content at 600�C corresponding to the residue of clay present in

the system. Thermal phase transition temperature of PC and

PPPC was studied by DSC and is shown in Figure 11. PC

exhibited a peak at 145�C which corresponds to its glass transi-

tion temperature (Tg). PC exhibited another endothermic peak

at around 418�C corresponding to the decomposition of the

same and is matching with the TG data, whereas DSC curve of

PPPC showed Tg at 110
�C and decomposition at 426�C.

Mechanical Testing

Mechanical properties of the conductive composites were meas-

ured with uniform size strips of conductive film as per the

ASTM standard procedure. Effect of amount of conductive filler

on the ultimate tensile strength (UTS) was measured and is

summarized in Table I. PC showed UTS of 57 MPa and elonga-

tion at break at 28%. Generally, the UTS and elongation at

Figure 8. (a) SEM and (b) AFM figures of PPPC blend at 10 wt % of PPIC. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Plot of storage modulus and loss modulus vs. angular frequency

(� � � PPPC (G0) and PC (G0) and - - - PPPC (G00) and PC (G00)). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 10. TGA plots of � � � PC and - - - PPPC blend. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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break decreased by the addition of conductive fillers, indicating

that the conductive components are slightly incompatible with

the PC matrix despite the nature of the counter ion used for

the protonation. But the UTS and elongation at break of these

PPPC films showed positive variation for conductive films con-

taining 5, 10, 15, 20, 25, and 30% of PPIC. It exhibited UTS

and elongation at break of 57.18 (130%), 58.1 (131%), 58.2

(132%), 58.5(132%), 58.7(133%), and 58.9 (134%), respectively.

The higher value observed for nanocomposites is owing to the

presence of exfoliated nanoclay having high aspect ratio and

also owing to the excellent compatibility induced by the amphi-

philic dopant.23

EMI Shielding

EMI SE of the conductive films was measured as per the stand-

ard procedure.24 EMI SE can be taken as the ratio of the field

strength before and after attenuation. It was observed that as

the amount of filler loading was increased, SE also increased.

When irradiated with electromagnetic radiation of 8 GHz, the

SE of conductive films was measured to have values: 24 dB (5%

PPICSA), 42 dB (10%), 50 dB (15%), and 52 dB (30%), respec-

tively. Generally, the EMI SE measurement showed similar

trends for all the conductive fillers. The conductive films con-

taining PPIC can attenuate electromagnetic radiation by three

mechanisms of absorption, reflection, and multiple reflections.

Absorption loss is caused by the heat loss under the action

between magnetic and electric dipole present in the shielding

material and the electromagnetic field. Reflection owing to the

magnetic polyhydroxy iron species and the multiple reflection

loss as a result of the presence of porous/multiple-layered clay

present in the shielding material which contribute large surface/

interface area for multiple reflections. The higher the SE value,

the less energy passes through the sample. The results revealed

that the conductive blends under investigation can be consid-

ered as a prospective candidate for the encapsulation of micro-

electronic devices as a shielding material.25

CONCLUSIONS

We have successfully developed EMI shielding material from the

conductive composite of PC and nanostructured electromag-

netic PPIC composite. The onset of percolation threshold con-

centration was manifested from the studies made from electrical

conductivity measurements in combination with morphology.

Electrical conduction mechanism in PPPC studied by measuring

temperature-dependent conductivity was found to be following

3D VRH. The superior rheological properties exhibited by con-

ductive blends containing clay nanocomposites can be explained

owing to the presence of the nanoclay primary particles and the

strong interfacial interactions between the doped PPIC and the

clay platelets present. EMI SE and thermomechanical measure-

ments suggest that these materials can be used as a prospectable

candidate for the encapsulation of electronic devices for civil

applications.
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