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1. INTRODUCTION

During the last decades, intrinsically conducting polymers
(ICPs) have captured high attention in different applications
because of their interesting and tunable properties.1 Polyaniline
(PANI) is one of the mostly used conducting polymers2 because
of low cost and ease of synthesis, high environmental and
chemical stability, wide controllable range of electrical conduc-
tivity by simple doping/dedoping, and reversible redox property.
A comprehensive list of possible applications of PANI related to
each of its special properties is provided in the review article by
Bhadra et al.2 In many applications, especially in coatings
technology, PANI is blended into a host polymermatrix and used
as a conductive composite. In this way one may achieve the
desired properties for each application by varying the polymer
matrix, provided there is good compatibility between the com-
posite components. However, problems like weak processability
and poor solubility in most of the available solvents limit the
effective usage of PANI, especially in the doped state where the
high charge density results in a very high solubility parameter.3

Different methods such as melt mixing, mill mixing, solution/

dispersion mixing, in situ polymerization, electrochemical poly-
merization, and thermal reflux for preparation of polymer-based
conducting composites from polyaniline have been discussed in
the literature,2 among which the solution/dispersion method is
of interest for the present work.

Dispersion homogeneity is an important factor for making
composites with uniform properties. It has been shown that
nanostructures of PANI are preferred for achieving good dis-
persibility and processability,4 improved interactions with the
environment and faster response in sensor applications,5 and a
low percolation threshold6�8 that is favorable for making trans-
parent conducting blends and for retaining the mechanical
properties of the host insulating polymer.

Generally, the PANI particle size has been found to be affected
by different factors like reactant concentrations, reaction time,
temperature, and synthesis method.9 There have been several
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attempts reported in the literature using steric stabilizers,8,10,11

surfactants,12 various types of templates13�17 or self-assembly9,18

to produce submicrometer and nanosized PANI fibers and particles.
However, simple ways for preparation of PANI nanostructures is
still a scientific challenge. The most common way to synthesize
polyaniline is chemical oxidative polymerization of aniline. Due
to the exothermic process, synthesis has conventionally been
done by adding the oxidant dropwise to the monomer.19

However, it has been found that the polymer nanostructures
produced in early stages form agglomerates due to secondary
growth of irregularly shaped particles during polymerization.4

The main focus in the present work is on the methods sug-
gested by Huang et al.5 to produce small-diameter PANI, with no
need for any external template or surfactant. One of these
methods, the interfacial polymerization method, is based on
keeping the monomer and oxidant in two different phases during
polymerization in order to minimize contacts of reaction sites
and thus counteract aggregate formation. The drawback is that
only small amount of polymer is produced. The other method
suggested by Huang et al. is based on rapid mixing, where small
particles are achieved, presumable by suppressing the overgrowth
due to the rapid consumption of reactant molecules and reduc-
tion in reaction time during polymerization.

Achieving homogeneous composite dispersions of PANI in
insulating polymers requires not only proper control of the PANI
morphology and size, but also a comprehensive knowledge of the
polymer matrix and other components characteristics. A “none-
quilibrium” or “dynamic”model of the dispersion is suggested in
the literature20 and it explains how spherical dispersed powders
can percolate in a polymer blend by forming network-like
flocculates as the liquid layers adsorbed on the filler particles
come into contact above a critical volume concentration. Thus,
the polymer matrix should be chosen such that formation of large
PANI aggregates is counteracted, meaning that the interfacial
forces within the composite and accordingly the PANI critical
concentration have to be controlled.3 The system can also be
improved by using proper additives, like plastisizers.21 Solution
processing of emeraldine base in N-methylpyrrolidone22 or
emeraldine salt in concentrated sulfuric and other strong acids23

has also been reported as a way to fabricate PANI dispersions in
an insulating polymer matrix that is soluble in the same solvent.
Counterion-induced processability of PANI, i.e. using protonic
acid dopants with counterion species compatible with specific
organic liquids, has been another approach.24 However, the
suggested solvents are mostly toxic, dispersions are stable with
only very low concentrations of PANI, and these approaches
limit the usage of most commercial polymers, which are coso-
luble in other organic solvents, and high solid, solvent-free resins.

The emphasis of the present work is on the dispersion beha-
vior of PANI in solvents and a UV-curing polymer resin to
facilitate homogeneous PANI/resin blends, which can poten-
tially be used as conductive composite coatings. PANI was syn-
thesized by three different methods in the presence of methane
sulfonic acid (MeSA) or phosphoric acid (PA) dopants. The
conductivity, structural characteristics, particle size andmorphol-
ogy of the synthesized PANIs were investigated by a multi-
analytical approach. The compatibility of the composite
components was evaluated by contact angle and surface tension
measurements that allowed calculations of the interfacial energy
between conducting PANI and insulating resin. Centrifugal
sedimentation analysis of the PANI/resin dispersion was carried
out to investigate the stability of the dispersion and particle size

distribution directly in the resin matrix. It should be noted that
the polymer matrix studied in this work is a high solid resin
which, compared to solvent-based systems, makes it more diffi-
cult to prepare the PANI/resin dispersions. Thus, the choice of
resin, its compatibility with the system components, and the
particle preparation before blending into the polymer matrix is of
high importance.

2. EXPERIMENTAL SECTION

2.1. Materials. The chemicals used for synthesis of the conducting
polymer were aniline (Aldrich grade, 99%), methane sulfonic acid
(MeSA) (Aldrich grade, purityg99%), phosphoric acid (Sigma-Aldrich,
99%), ammonium peroxodisulfate (APS) (Merck grade, 99%), ethanol
(Merck grade 99.9%), and xylene (Fluka, purityg99%). Other solvents
used in the characterization tests were acetone (Merck grade, purity
g99.8%), n-methyl pyrrolidion (NMP) (VWR, purity >99%) and
chloroform (Aldrich grade, for analysis).

The resin used was UV-curing polyester acrylate (PEA), a laboratory
formulation provided by Cytec Surface Specialties to be used as primer
organic coating. The formulation is based on a chlorinated polyester
diluted with hexanediol diacrylate (to a mass ratio of 3:2), with a
photo initiator to facilitate radical-type polymerization while exposed
to UV light and phosphorus-containing acidic methacrylate as adhe-
sion promoter.
2.2. Synthesis of Polyaniline. Three synthesis methods were

employed to prepare PANI. These methods will be referred to as
“conventional”, “rapid mixing” and “interfacial polymerization”. In all
cases, PANI was synthesized by chemical oxidative polymerization of
aniline with ammonium peroxodisulfate as oxidant, in presence of
methane sulfonic acid or phosphoric acid aqueous solution as dopant.
The process is schematically shown in Figure 1.

The dopant anion for PANI-MeSA is CH3SO3
�.25 For PANI-PA

dihydrogen phosphate (H2PO4
�), hydrogen phosphate (HPO4

2�) and
eventually phosphate (PO4

3�) anions are present as a result of different
dissociation levels of phosphoric acid depending on the acidity of the
medium.26

2.2.1. Conventional Synthesis. In the conventional synthesis method,19

the oxidant solution (0.11 molar ammonium peroxodisulfate in ultrapure
water) is added dropwise (by a rate of 0.1mLs�1) to a solution of 0.1 molar
aniline and 0.1 molar dopant (methane sulfonic acid or phosphoric acid) in
ultrapure (Milli Q) water. The reaction is carried out at a temperature of
0�5 �C with ice around the reaction vessel for 12 h under stirring
(1500 rpm). The controlled low temperature is chosen to prevent high
increase in temperature due to the exothermic reactions, and also to limit the
diffusionmobility of particles and, as a consequence, slowdownaggregation.
The polymer obtained was in the conducting state (green color of doped
PANI; emeraldine salt state). The reaction product was separated from the
solution by filtration and washed with ultrapure water (Milli Q) several
times, followed by rinsing with ethanol to remove residual monomers and
other impurities. The powders were then dried at room temperature in a
desiccator (with silica gel desiccant).

2.2.2. Rapid Mixing. In the rapid mixing method,4 oxidant is added to
the aniline/dopant solution all at once, with a monomer:dopant:oxidant
molar ratios of 1:2:1.1. Compared to the conventional method we used

Figure 1. Reaction scheme for synthesis of polyaniline. Right side
shows the schematic structure of polyaniline in emeraldine salt state,
and X� is the counterion.
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half the concentration (in order to minimize the risk due to the
exothermic reaction), and the shorter reaction time was the reason for
using double amount of dopant. The temperature of the reaction vessel
was kept at 0�5 �C with ice around and the polymer appeared first in
nonconducting state (blue color), which turned into the conducting
state by further mixing (dark green color in less than one hour). After
12 h of stirring (1500 rpm), the polymer was filtered and collected
following the same procedure as for the conventionally synthesized
polymer.
2.2.3. Interfacial Polymerization. Interfacial polymerization of aniline4 is

done in a separating funnelwhere reactions take place at the phase boundary
of an immiscible aqueous/organic biphasic system at room temperature.No
cooling is needed as the reactions proceed gradually (limited by the number
of reactants at the interface) and there is no stirring of the system. The
organic medium was xylene, and aniline monomer was added to this phase
to a concentration of 0.1 molar. The aqueous phase contained 0.11 molar
ammoniumperoxodisulfate and 1.5molar dopant (methane sulfonic acid or
phosphoric acid) in ultrapure (Milli Q) water. Generally, in most aqueous
and organic systems, PANI is formed in the aqueous phase since protonated
PANI in the emeraldine salt form is hydrophilic in nature.26 Here, the blue
color of PANI started to appear at the interface a fewminutes after pouring
the two solutions into the separating funnel, and by further reactionwith the
dopant the green (doped) polymer moved into the aqueous medium. The
polymer was collected after 12 h.
2.3. Characterization of the Synthesized Polyaniline.

2.3.1. Impedance Spectroscopy for Conductivity Measurement. A
pressed pellet of PANI with 0.15 cm thickness, l, and 1.28 cm diameter,
d, was placed tightly between two gold plate electrodes connected to a
Solartron 1296 electrochemical interface coupled to a Solartron 1260
frequency response analyzer, and the impedance spectrum was mea-
sured with an AC amplitude of 10 mV and frequency range from 1MHz
to 0.1 Hz. Themeasurements were repeated after different time intervals
until a stable condition was reached. The resistance at low frequency, R,
was collected and analyzed by the SMaRT software, from Solartron
Analytical. The conductivity, σ, was then calculated as σ = (4l)/(πd2R).
2.3.2. Spectroscopic and Diffraction Techniques. The molecular

structure of the PANIs was characterized by infrared spectroscopy
(attenuated total reflectance, ATR), UV�visible absorption spectros-
copy, and X-ray diffraction (XRD). The ATR-IR spectrum of the
polymer in powder form was obtained by using a PerkinElmer IR
spectrometer controlled by Spectrum One (with a frequency range of
1800�600 cm�1). The UV�vis spectrum of PANI solution in chloro-
form was recorded by a LAMBDA 650 spectrophotometer (PerkinElmer
Inc., USA) in the range of 300�900 nm. A X’ Pert Pro MPD X-ray
diffractometer (PAN analytical, The Netherlands) equipped with a Cu
KR X-ray source was used to obtain the XRD graphs. The wavelength
of the beam and the scan range (2θ) were 1.54178 Å and 5�50�,
respectively.
2.3.3. Dynamic Light Scattering (DLS). Samples of PANI-MeSA and

PANI-PA were dispersed in several solvents with different dielectric
constants (water (εr = 80), n-methyl pyrrolidion (NMP) (εr = 32),
acetone (εr = 21) and chloroform (εr = 4.8)) to a concentration of
0.03 g L�1 and sonicated for about 4 h by a SONICS Vibra cell, Model
VC750, with a max power of 750W. The (unfiltered) samples were
characterized by dynamic light scattering (DLS) conducted with a
Brookhaven Instruments (USA) device, which consists of a BI-200SM
goinometer and a BI-9000AT digital autocorrelator. The light source
was a water-cooled argon-ion laser, Lexel 95 model 2, with a maximum
power of 2 W and a wavelength of 514.5 nm. The liquid around the
sample holder was decahydronaphtalene. The diffusion coefficients were
determined from the decay time of the autocorrelation function mea-
sured at a scattering angle of 90�. The Inverse Laplace Transformation
analysis was performed by theContin (Non-negatively constrained least-
squares; regularized) method.27 The effective hydrodynamic radius, R, of

the objects in the fluid was calculated from the measured diffusion
constant distribution, D, using the Stokes�Einstein equation for
spherical particles: R = (KBT)/(6πηD) where kB is the Boltzmann
constant, T is the temperature and η is the viscosity. For nonspherical
particles, the equivalent hydrodynamic radius is presented, which is the
hydrodynamic radius of a hard sphere with the same diffusion constant
as the scattering object. More information on the theory behind light
scattering measurements can be found in the literature (e.g., ref 28).

2.3.4. Scanning Electron Microscopy (SEM). The morphology of the
polymer powders was examined by high resolution scanning electron
microscopy (SEM), using a FEI COMPANY (Claymount, The Nether-
lands) instrument. The samples were prepared by depositing one drop
of a sonicated PANI containing solution on a glass plate and allowing it
to dry in a desiccator (with silica gel desiccant) for 24 h, followed by gold
sputtering with a current of 40 mA for 40 s.
2.4. Contact Angle and Surface Tension Measurements.

The compatibility between conducting polymer and resin was examined
by comparing the materials interfacial tension, which provides a quan-
titative expression for the free energy of the interparticle interaction.29

This was achieved by contact angle measurements on smooth films of
the resin and PANIs. Uniform films of PEA resin were applied on
polished carbon steel using a spin coater (Headway Research Inc.). The
films were then UV-cured by employing a Fusion UV curing instrument,
Model MC6R (Fusion Systems Corporation, USA) with P300 M power
supply and UV lamp irradiance of 120( 5 W cm�2 in the UV-A region.
PANI powders were pressed into pellets using the same procedure as for
the samples prepared for conductivity measurements. Contact angles
were assessed with an OCA20 instrument (DataPhysics, Germany), and
measurements were done by the sessile drop method. The liquid droplet
is illuminated while being dispensed (with a volume of 4 μL) on the
surface, and the variation in drop shape is captured by a high resolution
CCD camera. By examining the recorded series of images afterward, the
first point of droplet relaxation equilibrium is found and used for the
contact angle determination, done by the SCA20 software using the
Ellipse fitting method.

Contact angle liquids were chosen according to the requirements to
solve eq 1, which arises from the Good�Girifalco�Fowkes combining
rule for interfacial Lifshitz-van der Waals interactions with the Young
�Dupr�e equation considering acid�base interactions.30

ð1þ cos θÞγL ¼ 2ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWS γLWL

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
γþS γ�L

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
γ�S γ

þ
L

q
Þ ð1Þ

Where θ is the contact angle between a droplet of a known liquid L and a
solid S, γ is the surface energy, γLW is the Lifshitz-van derWaals (apolar)
component of the surface energy, γþ is the electron-acceptor surface
energy parameter andγ� is the electron-donor surface energy parameter
of the material. γþ and γ� are nonadditive parameters of the Lewis
acid�base (polar) component of the surface energy; γAB = 2(γþγ�)1/2.

It is important that γL > γS to obtain a finite contact angle and thus
liquids with high surface energy (diiodomethane, water, and ethylene
glycol) were chosen for the measurements. The surface energy proper-
ties of these liquids can be found in the literature,29 and are reproduced
in Table 1.

The surface energy of liquid PEA in air was determined by the
Pendant drop method.31,32

Table 1. Surface Energy Properties (mJm�2) of Liquids Used
for Contact Angle Measurements29

liquid γL γLW γAB γþ γ�

diiodomethane 50.8 50.8 ≈0 ≈0 0

water 72.8 21.8 51.0 25.5 25.5

ethylene glycol 48.0 29.0 19.0 1.92 47.0
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The wettability of liquid PEA on PANI pellet surfaces was investi-
gated by visually following the variations in the PEA drop shape.
2.5. Dispersion Stability and PANI Particle Size Distribu-

tion in Liquid PEA Resin. Blends were made by mixing 0.05, 0.5, 1.5,
and 4 wt.% of PANI powders with liquid PEA resin. The PANI powders
were prepared by evaporation from PANI/acetone solution under
sonication, and were then added to the resin in small portions under
mixing, followed by 24 h stirring using a magnetic stirrer (1200 rpm).
Centrifugal Sedimentation. Sedimentation of PANI in liquid PEA

resin under centrifugal forces was followed using a microprocessor
controlled analytical centrifuge; LUMiSizer dispersion analyzer, model
611 (L.U.M., GmbH Berlin), and the results were analyzed with the
SEPView 5.1 software. The intensity of the transmitted NIR-LED
(880 nm) light over the full sample length was detected by a CCD-
Line (2048 elements) sensor, and the extinction profiles were recorded
as a function of time and radial position during centrifugation. Details of
the technique are described in ref 33. The samples were filled into
cuvettes made of polyamide with an optical path length of 2.2 mm, and
the test was performed at 25 �C with a rotation speed of 4000 rpm. The
extinction profiles were recorded with 300s time intervals.

The dispersion stability was evaluated from the integral of the
transmission profiles between the bottom and the fluid level.34,35 The
particle size distribution was evaluated from the light transmission
variation as a function of the radial sample position over a defined time
interval, using the “constant time” method.36 Briefly, the measured
transmission values, T, are transformed into extinction values, E, using
the equation E =�ln[T/T0], where T0 is the transmission of the sample
cell filled with the dispersion medium only. By invoking Stokes law, the
particle size (equivalent sphere size) is calculated according to eq 2.

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

18ηF
ðFP � FFÞω2tm

ln
rm
r0

� �s
ð2Þ

Where x is the PANI particle size, ηF is the PEA fluid viscosity, FP and
FF correspond to the densities of PANI powder and PEA fluid, r0 is
the starting position of the particles, rm and tm are the measurement
position and time, respectively andω is the angular frequency. With the
constant time method, the cumulative volume or number weighted
particle size distribution is then calculated directly from the extinction
profiles using eq 3.

Q3ðxÞ ¼

Z EðrÞ

Emin

r2

AvðxÞdEðrÞZ Emax

Emin

r2

AvðxÞdEðrÞ
ð3Þ

Where Aν is the volumetric cross section, and this quantity is calculated
by the instrument software using Mie theory.36 These data are, theo-
retically, comparable with results from other laser diffraction and centri-
fugal techniques.37

The viscosity of the PEA fluid as well as the density and refractive
index of both PEA and PANI powder are needed for the particle
size calculations. For the liquid PEA resin, the density is found to be
1.372 g cm�3, the viscosity at 25 �C is 1750 mPa s, as measured by a
Bohlin Gemini Rheometer 150, and the refractive index is 1.525, as

measured by an Abb�e Refractometer, model A (Carl Zeiss, Germany).
The density of the PANI-PA powder was measured by examining the
volume change in water by adding grinded powders of known mass, and
found to be 1.769 g cm�3. The refractive index of PANI-PA was
determined by a phase modulated ellipsometer (Beaglehole In-
struments) using the smooth surface of a pressed PANI pellet, and the
real and imaginary parts of the refractive index of PANI-PA were
calculated to be 1.48 and 0.208, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Doped Polyaniline. 3.1.1. Conduc-
tivity. The conductivity of PANI-MeSA and PANI-PA polymers,
synthesized by the three described methods, was found to be in
the order of 10�2 to 10�1 S cm�1 (see Table 2), which is in
the range of good semiconductors and consistent with values
reported in the literature.26

3.1.2. Molecular Structure Characterization. The spectro-
scopic characterization of the PANI samples confirmed the
characteristic peaks of polyaniline, and showed them to be in
the emeraldine (salt) state (schematically shown in Figure 1).
Examples of the results are shown in Figure 2 for PANI-PA
prepared by conventional synthesis, and similar results were
obtained for the other samples, in accordance with the previously
published data for PANI-MeSA.25

In the ATR-IR spectrum (Figure 2a), the presence of two
bands in the vicinity of 1570 and 1485 cm�1 are assigned to the
nonsymmetric aromatic ring stretching modes, where the higher
frequency vibration at 1570 cm�1 is due to the quinoid rings
arising from both CdN and CdC stretching of the quinoid
diimine unit (N=Q=N),25,38,39 whereas the one at 1485 cm�1 is
due to the C�C aromatic ring stretching of the benzenoid
diamine unit (N�B�N).25,39,40 The peaks around 1300 and
1250 cm�1 correspond to the C�N stretching vibration of
secondary aromatic amine,38,39 and the peak at 1125 cm�1 is
assigned to aromatic C�H in-plane bending.38,40 The broad
band around 1050 cm�1 is a fingerprint arising from the
combination of dopant anions; H2PO4

� andHPO4
2�moieties41

and/or tetrahedral PO4
3� vibration,26 which confirms the pre-

sence of dopant anions on the chain. The peak close to 800 cm�1

is due to out-of-plane deformation of C�H of 1,4-disubstituted
rings.25,38,40

In the UV�vis absorption spectrum (Figure 2b); the char-
acteristic peak at around 330 nm can be assigned to π�π*
transition of the benzenoid rings38,39 (the red-shift of the peak in
the spectrum shown in Figure 2b could be due to the molecular
weight dependence of this peak position42), whereas the peaks at
around 450 and 820 nm can be attributed to the polaron�π* and
π�polaron transitions, respectively.9,39 The peak at around
800 nm is known as a sign of protonation of the emeraldine
form of PANI.42

The XRD pattern of PANI-PA (Figure 2c) shows an intense
peak at a 2θ value of about 25�, which is reported as the

Table 2. Conductivity of the Doped PANIs Synthesized by Different Methodsa

conventional synthesis rapid mixing interfacial polymerization

PANI-PA PANI-MeSA PANI-PA PANI-MeSA PANI-PA PANI-MeSA

σ (S cm�1) 7.3� 10�2 2.4 � 10�1 9.7� 10�2 6.0� 10�1 1.1 � 10�1 8.1� 10�1

aThe conductivity was calculated from the data obtained by impedance spectroscopy on pressed pellets of PANI.
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characteristic peak for polyaniline in the literature.25,38 The
interatomic spacing (d) corresponding to the X-ray intensity

peak at 2θ≈25� is calculated to be 3.6 Å using Bragg’s law. The d-
spacing and interchain separation affect the polymer conductivity
as a decrease in d-spacing results in increased probability of inter-
chain hopping of charge carriers and hence higher conductivity.2

The broad peak centered around 2θ≈25� demonstrates the
predominant amorphous structure of polyaniline. However, the
presence of some sharp peaks indicates some crystallinity of the
sample. Crystallinity also affects the intramolecular mobility of
charged species along the chain and the intermolecular hopping
of charge carriers, thus higher crystallinity and more organized
structure lead to increased conductivity.2

3.1.3. PANI Particle Size Distribution in Solvents. DLS was
performed on dispersions of PANI particles in several solvents
after 4 h ultrasonication. No data could be achieved from NMP
solutions due to the small scattering contrast between NMP and
PANI (refractive index is 1.47 for NMP and 1.48 for PANI). The
PANI particle size in acetone, chloroform and water dispersions
are shown in Table 3.
Independent of synthesis method and dopant type (MeSA or

PA), the particle size was found to mainly depend on the solvent in
the following order: PANIin acetone < PANIin chloroform < PANIin water.
The particle size range in chloroform and water was considerably
broader for conventionally synthesized polymers as compared to
other synthesis methods. Since PANI powders from the same syn-
thesis batchwere used in all solvents, we conclude that the difference
observed is due to different levels of aggregation in the correspond-
ing solvents, and that acetone is the best dispersion medium of the
solvents tested. Thus, for the rest of the discussion, we focus onDLS
results obtained with acetone as solvent.
The particle size (effective hydrodynamic diameter) distribu-

tions, based on the number of particles with a given size, of PANI-
PA and PANI-MeSA synthesized by the three discussed methods
and dispersed in acetone are shown in Figure 3. The results
indicate rather narrow size distribution profiles for PANI parti-
cles in acetone, with interfacial polymerization providing the
smallest particles. More than 90% of the particles are less than
100 nm when synthesized by interfacial polymerization or rapid
mixing, whereas for the polymers made by the conventional
synthesis method, slightly larger particles were detected.
It is concluded that the synthesis method and solution media

control the particle size distribution, while altering between
phosphoric and sulfonic acid based dopants does not have any
significant effect on the particle size. Since rapid mixing synthesis
provides significantly more material than interfacial polymeriza-
tion, and only slightly larger particles, PANI prepared by the
rapid mixing process was chosen for further studies.
3.1.4. Morphology. SEM images of PANI-PA synthesized by

rapid mixing after drying from solutions of different solvents are
shown in Figure 4.
The drying process clearly causes aggregation, and the mor-

phology of the aggregates formed during drying depends on the

Table 3. Particle Size Range (nm) Detected by DLS for PANI-PA and PANI-MeSADispersed in Acetone, Chloroform, andWater

conventional synthesis rapid mixing interfacial polymerization

solvent PANI-PA PANI-MeSA PANI-PA PANI-MeSA PANI-PA PANI-MeSA

acetone 90�160 90�115 55�85 75�115 50�110 40�95

chloroform 320�860 345�1150 185�320 200�350 130�400 100�300

water 340�1250a 610�900 320�410 360�440 120�350 180�560
aAlso some particles of >3 μm.

Figure 2. (a) ATR-IR, (b) UV�vis absorption, and (c) XRD spectra for
PANI-PA.
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solvent. Aggregation of nanosized particles to a structure resem-
bling a bunch of cauliflowers is seen for PANI dried from acetone
(Figure 4a). These structures appear to be formed by particles in

the size range detected by DLS (Figure 3) as shown by high
resolution SEM (inset in Figure 4a). In contrast, the PANI pow-
ders formed by drying from NMP (Figure 4c) and chloroform

Figure 3. DLS results; relative number versus hydrodynamic diameters of PANI-PA particles (left column) and PANI-MeSA particles (right column)
synthesized by the mentioned methods, and dispersed in acetone. Insets show the size for 50% and 90% of the distribution and red lines illustrate the
cumulative number percentage of particles.
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(Figure 4d) show mostly fibrillar morphology, with the fibers
being more separated in case of NMP. In NMP, the interactions
with the dopant acid result in dedoped PANI (i.e., emeraldine
base state),43 and it has been suggested that hydrogen bonds
between the carbonyl groups in NMP and the amine sites of
emeraldine base PANI (i.e., CdO 3 3 3H�N) counteracts large
aggregation of the emeraldine base.44 Because acetone has a
dielectric constant in between that of NMP and chloroform,
there is not a simple relation between the morphology of the
dried particles and the dielectric constant of the solvent from
which they are dried. Dispersions dried from water result mostly
in large aggregates and clusters of particles (Figure 4b) that
appear to be sintered together in contrast to the more open
structure of the aggregates formed by drying from acetone. The
PANI particles shape and morphology found here is quite
different from the fibrillar structure reported by Huang et al.,5

which emphasizes the intricate effects of synthesis medium and
reactant concentrations. Wessling et al.3 found that the PANI
primary particles are of spherical nature with a diameter of about
10 nm, but frequently tend to aggregate to spherical secondary
particles of up to 100 nm in size. They suggested that the secon-
dary particles can also have fibrillar shape due to strong dipolar
interactions that favor linear growth.
The results presented above suggest that PANI powder dried

from acetone will be more readily redispersed than PANI dried
from any of the other solvents tested. This rationalized why
PANI powders, to be dispersed into liquid PEA resin, were dried
from PANI/acetone solutions under ultrasonication.
3.2. Interfacial Energies. The average contact angle values

determined for water, ethylene glycol, and diiodomethane on
PANI pellets and PEA resin films are shown in Figure 5. The
water contact angle of emeraldine salt PANI was found to be

Figure 4. SEMmicrographs showing the morphology of PANI-PA, synthesized by the rapid mixing method and dried from dispersions in (a) acetone,
(b) water, (c) NMP, and (d) chloroform.

Figure 5. Contact angles of water, ethylene glycol, and diiodomethane droplets on cured PEA resin film, PANI-MeSA and PANI-PA pellets. Insets are
photographs of water droplets on the corresponding surfaces.
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below 50� for PANI-PA and below 60� for PANI-MeSA, which is
consistent with values reported in the literature. For instance,
Blinova et al.26 determined the water contact angle as a function
of doping medium acidity and found a decrease in contact angle
(from 78� for PANI base down to 44� for PANI salt) by lowering
the pH, i.e. by increasing the protonation level. We find slightly
higher hydrophilicity of PANI doped with phosphoric acid
comparing to PANI doped with methane sulfonic acid, and such
dopant effects have been noted previously.9,26

The surface energy components of the tested materials were
calculated according to eq 1, and the results are shown in Table 4.
We note that the tested PANI samples are in conducting (emeral-
dine salt) form and the high γ� value obtained is due to the amine
groups present in the emeraldine salt chain that act as electron
donors,42 although imine groups (electron acceptors in emeral-
dine base) have been protonated by the doping process, as seen in
Figure 1. The liquid PEA resin surface energy determined by the
Pendant dropmethodwas 46.2mJm�2, which is somewhat higher
than that of the cured resin, reflecting the fact that nonpolar groups
in solid polymeric materials accumulate at interfaces toward
air.45,46 Such molecular reorientations introduce an uncertainty in
the estimation of the interfacial energy between PANI and liquid
PEA resin. In the following we utilized the resin surface energy
components given inTable 3 to estimate the interfacial energy (γ12)
between resin and PANI, as calculated according to van Oss.29

γ12 ¼ γLW12 þ γAB12 ¼ ð
ffiffiffiffiffiffiffiffi
γLW1

q
�

ffiffiffiffiffiffiffiffi
γLW2

q
Þ2 þ 2ð

ffiffiffiffiffiffiffiffiffiffiffi
γþ1 γ�1

q

þ
ffiffiffiffiffiffiffiffiffiffiffi
γþ2 γ�2

q
�

ffiffiffiffiffiffiffiffiffiffiffi
γþ1 γ�2

q
�

ffiffiffiffiffiffiffiffiffiffiffi
γ�1 γ

þ
2

q
Þ ð4Þ

It is clear from eq 4 that a pronounced polar cohesion of
component 1 or 2 gives rise to higher γ12 value, whereas a strong
polar adhesive interaction between the two components results
in a decreased γ12.

30

The interfacial energy between PEA resin and PANI, γPEA/PANI,
was found to be�1.9 mJm�2 for PANI-MeSA and�2.8 mJm�2

for PANI-PA. The negative values of the interfacial energy
indicate that the free energy of interaction (ΔG121 = �2γ12)
between two PANI particles immersed in the PEA resin is
positive. This arises from the strong Lewis base character of
PANI and the presence of some Lewis acid character for the PEA
resin. We note that ΔG > 0 indicates repulsion between PANI
particles, signifying good dispersibility in the PEA resin.
The wetability behavior of liquid resin on PANI pellets was

also investigated and the snapshots seen in Figure 6 illustrate the
general behavior until full-wetting of the surface. The high
viscosity of the PEA resin strongly influences the spreading
behavior.
The base diameter of the drop expands during the first minute

in contact with the surface. At the end of this stage the contact

Table 4. Surface Energy Components (mJ m�2) Calculated
for the Tested Materials

γ γLW γþ γ�

cured PEA resin 40.7 34.0 0.8 13.7

PANI-PA 40.4 36.8 0.09 36.9

PANI-MeSA 41.9 40.2 0.03 27.0

Figure 6. Liquid PEA resin drop shape on a PANI-PA pellet surface as a function of time. Images captured by a high-resolution CCD camera while the
drop is illuminated from the other side. θf0, and the prolonged full-spreading relaxation time is due to the high viscosity of the PEA resin.

Figure 7. Changes in contact angle of PEA resin on PANI-PA pellet
(right Y-axis and blue open triangle symbol) and drop volume (left Y-axis
and red open square symbol) by time.



1689 dx.doi.org/10.1021/am2002179 |ACS Appl. Mater. Interfaces 2011, 3, 1681–1691

ACS Applied Materials & Interfaces RESEARCH ARTICLE

line becomes pinned and the contact angle is about 20�. A further
reduction in contact angle occurs as the PEA resin imbibes into
the micropores of the PANI pellet. By further imbibition, the
base diameter of the droplet starts contracting (compare the
image after 10 min and after 15 min), and this occurs when
the contact angle is reduced to a few degrees. Finally, a part of
the PEA resin droplet that is not taken up by PANI forms a thin
layer on the pellet surface. From this sequence of events we can
conclude that the advancing contact angle is about 20�25� and
the receding angle is close to zero, again indicating good
compatibility between liquid PEA resin and PANI.
The initial stage of the wetting of PEA on PANI is illustrated in

Figure 7, which provides quantitative data on the changes in the
contact angle and PEA drop volume by time. The initial spread-
ing, most pronounced during the first 15 s, results in a quick
lowering of the contact angle, whereas the droplet volume
decreases smoothly with time due to imbibition. It should be
noted that PEA is a solvent-free resin and the change in droplet
volume is thus not due to evaporation.
3.3. Dispersion Stability and Particle Size Distribution in

Resin. PANI-PA synthesized by the rapid mixing method was
chosen for the composite preparation, due to good dispersibility in
acetone, concluded from DLS results, and good compatibility with
PEA resin, concluded from interfacial tension studies. Furthermore,
the phosphoric acid dopant may have an additional benefit in some
applications as adhesion to metals is promoted by the presence of
phosphates,47 and specially that there already exists phosphorus-
containing adhesion promoters in the resin base formulation.
Centrifugal Sedimentation. An example of the centrifugation

transmission profiles versus position and time is shown in
Figure 8.
The demixing process is followed by the changes in transmis-

sion profiles versus time. The high transmission at the end of the
experiment (about 85% in Figure 8) indicates full-sedimentation.
The slowly declining transmission profiles versus position reflect
the particle size distribution, with particles settling by different
velocities depending on their size.
Dispersion Stability. The clarification of the PANI-PA disper-

sion in PEA during sedimentation is illustrated in Figure 9 in

terms of the integrated transmission profile in the middle region
of the test tube versus the centrifugation time. These changes are
directly related to the dispersion stability and the sedimentation
rate. The initial change in transmission is fairly low for all
samples, indicating slow sedimentation, which corresponds to
high stability of the dispersions.33 This is primarily an effect of the
high viscosity of the liquid, but also consistent with the repulsive
particle�particle interactions. It should be noted that the very
slow change in transmission in the first hours for the samples with
high PANI-PA content is likely due to the difficulty in track-
ing changes in transmission through concentrated and highly
absorbing solutions. Therefore the curves are shifted toward
larger times with increasing PANI concentration. Another reason
could be that hindered settling becomes important in the more
concentrated systems, where repulsion between the dispersed
particles counteract formation of a compact sediment. The shape
of the integral transmission curve for the highest PANI content
(4 wt.%) appears distinctly different from those at the lower
concentrations, suggesting that hindered settling is of impor-
tance in this case.
Particle Size Distribution in Resin. The particle size (equi-

valent Stokes diameter) was calculated from the transmission
data using eqs 2 and 3. The particle size distribution obtained
from the transmission profiles for the 1.5 wt.% PANI-PA/PEA
dispersion is illustrated in Figure 10. Statistical analysis shows
that 50% of the particles have a size below 200 nm and 90% of the
distribution is less than 400 nm. Note that this range of particle
size is achieved for PANI powders prepared by ultrasonically
drying from acetone solution and in a solvent-free and high
viscous resin.
The small-size distribution peak (at around 100 nm) is close to

that found for PANI dispersed in acetone (Figure 3). The overall
larger particle size distribution as compared to the DLS results is
due to the addition of PANI to PEA resin as dry powder, and as
seen in the SEM images (Figure 4) the drying process results in
aggregate formation. This highlights the importance of deter-
mining the particle size directly in the resin matrix. The larger
fraction seen in Figure 10 is due to aggregates that could not be
dispersed under our mixing conditions. One should keep it in

Figure 8. Transmission profiles of a 0.05 wt.% PANI-PA dispersion in liquid PEA resin, collected at 4000 rpm and 25 �C by a LUMiSizer dispersion
analyzer. Color scale from red to green shows the time progress of the profiles (every 5 profile of the recorded profiles withΔt = 300 s are shown here).
The bottom of the test tube is at a position of 130 mm.



1690 dx.doi.org/10.1021/am2002179 |ACS Appl. Mater. Interfaces 2011, 3, 1681–1691

ACS Applied Materials & Interfaces RESEARCH ARTICLE

mind that the negative interfacial energies between PANI and
PEA suggests that if the powders are added as individual particles,
or the energy input needed to disperse the aggregates is provided
by proper mixing, repulsive forces between particles in the resin
will keep them separated.

4. CONCLUSIONS

The results reported in this work provide guidelines for
preparation of homogeneous dispersions of PANI in an
insulating polymer matrix. Doped polyaniline (PANI) with
conductivities in the order of 10�2 to 10�1 Scm�1 were
synthesized by the conventional, rapid mixing and interfacial
polymerization methods. Of these methods, the rapid mixing
was preferred since it provided a large quantity of PANI in the
form of small particles. The doped PANI-PA particles prepared
in this way dispersed well in acetone, and DLS measurements

showed 90% of the particles to be less than 70 nm in diameter.
The particles dried from acetone under sonication aggregated
in loose cauliflower-like structures, as determined by SEM
analysis, and they could largely be redispersed. Thus, this
appears to be a suitable method for preparation of redisper-
sible dry PANI powder.

The surface properties of PANI-PA and PANI-MeSA in
emeraldine salt form were determined as the apolar, Lewis acid
and Lewis base components of the surface energy. It was found
that the Lewis base component of the PANIs was large, indicating
that the interfacial energy toward liquids with some Lewis acid
surface energy component should be small. Indeed, slightly
negative interfacial energies between PANI and polyester acry-
late (PEA) resin were found and suggested good compatibility of
the two components.

Centrifugal sedimentation analysis of PANI-PA dispersions in
PEA demonstrated a high stability. The particle size distribution

Figure 9. Integral transmission versus centrifugation time for PANI-PA/PEA dispersions with different PANI content noted on the curves (integration
in the middle region; position 106.5�129.5 mm of the transmission profiles). The experiment was performed at 4000 rpm and 25 �C by a LUMiSizer
dispersion analyzer.

Figure 10. Number weighted particle size distribution of 1.5 wt.% PANI-PA, synthesized by the rapidmixingmethod, dispersed in liquid PEA resin. The
size distribution was calculated from centrifugal sedimentation data collected at 4000 rpm and 25 �C by a LUMiSizer dispersion analyzer.
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in PEA resin was shifted toward somewhat larger sizes as com-
pared to that found in acetone, but nevertheless 90% of the
particles were found to be below 400 nm. This is promising since
small particle sizes favor high dispersion homogeneity and a low
percolation threshold, and indicate that a low PANI content may
be sufficient for achieving, e.g., good corrosion protection with-
out compromising the material properties of the host polymer
matrix.
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