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Surface modification of polymeric films is a way to obtain final products with high performance for many
specific and ad hoc tailored applications, e.g. in functional packaging, tissue engineering or (bio)sensing.
The present work reports, for the first time, on the design and development of surface modified ethylene–
acrylic acid copolymer (EAA) films with polyaniline (PANI), with the aim of inducing electrical conductiv-
ity and potentially enable the electronic control of a range of physical and chemical properties of the film
surface, via a new ‘‘grafting from’’ approach. In particular, we demonstrate that PANI was successfully
polymerized and covalently grafted onto flexible EAA substrates, previously activated. The final hybrid
materials and the corresponding intermediates were fully characterized via FTIR, XPS, SEM–EDAX,
mechanical and electrical tests. The mechanical properties of the films are not detrimentally affected
by each treatment step, while a significant increase in electrical conductivity was achieved for the new
hybrid materials.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Intrinsically conductive polymers (ICPs) are materials inherently
conducting in nature, due to the presence of a conjugated p electron
system in their structure. Among ICPs, polyaniline (PANI) with elec-
trical conductivity values in the range [1] of 10�2–10 S/cm, emerged
as one of the most promising conductive electro-active polymers
[2]. The semi-oxidated acid-doped form of PANI, namely proton-
ated emeraldine, is the only electrically conductive variant, but it
presents a series of drawbacks that hindered its wider diffusion
and use: limited or absent solubility in almost all solvents; infus-
ibility; intrinsically poor mechanical properties [3,4].

Polyaniline can be produced by a variety of synthetic ap-
proaches [5], including electrochemical polymerization, chemical
oxidative polymerization in different media (and in the presence
of either hard [6] or soft templates [7]), photochemically initiated
polymerization [8], enzyme-catalyzed polymerization [9]. Samples
of PANI produced following these different routes present various
molecular features (e.g. different inter-chain interactions, bending
(kinks), local non-conjugation) with consequently different electri-
cal properties.

In order to exploit the interesting electrical properties of PANI
trying to overcome the limitations in processability, several strate-
gies have been adopted. PANI has been incorporated in an insulating
ll rights reserved.
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polymer under the form of micro- or nanoparticles as conducting fil-
ler, yet at some expenses of electric conductivity [3]. Melt mixing, as
well as other mixing-based methods [10,11], were successfully em-
ployed to prepare PANI based composites [12–14] even if, in order to
obtain a percolation necessary to grant conductivity, PANI had to be
added at relatively high contents, with consequent increase of melt
viscosity and detrimental effects on the mechanical performance
[15–20].

PANI-based composites have been also produced by electro-
chemical polymerization. Unfortunately, this method requires the
use of conductive substrates as support for the electrochemical
deposition, severely limiting the selection of possible adjoined
materials and thereby the properties of composite realized [21,22].

An alternative way is the preparation of PANI composites by
in situ polymerization. Several approaches are documented, based
on the simultaneous preparation of PANI and the counterpart in
the same medium [23,24] or on the dissolution/dispersion of the
counterpart [25–29] or of PANI [30] in a suitable solvent, followed
by polymerization of the other phase. In all these cases, the final
materials did not present acceptable mechanical and electrical
properties.

Some authors [31,32] describe the possibility to prepare con-
ductive hybrids based on carbon fibers-epoxy resin. In these stud-
ies, the conductive nanofillers were first modified by oxidation and
then primed by silanization in order to improve the interfacial
compatibility and affinity with the polymer matrix.

In this study, we present a general methodology to covalently at-
tach PANI onto a modified polyolefin flexible substrate. Aim of this
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work is the development of a new all polymeric conductive-insulat-
ing hybrid material prepared by a simple process, conceptually based
on a ‘‘grafting from’’ approach consisting in: (i) activation of the
substrate; (ii) priming of the substrate with suitable reactive groups;
(iii) PANI chains growth outwards the surface. The final materials is,
therefore, an all-plastic product, for potential applications in func-
tional packaging, tissue engineering or (bio)sensing.

In the present paper, a modified ethylene–acrylic acid copoly-
mer (EAA) was selected as a substrate, both in the form of films
and fibers. Carboxyl groups of EAA have been first converted into
acyl chloride (EAA-Cl) [33–35]. Later, the acyl groups of EAA-Cl
substrates have been converted by reaction with aniline or para-
phenyldiamine (priming) and then grafted with in situ grown
PANI. An overall schematic of the whole process is depicted in
Scheme 1. The final hybrid materials and the corresponding inter-
mediates were fully characterized via Fourier Transform Infrared
Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy with Energy Dispersive Analysis
X-ray (SEM–EDAX), Impedance Spectroscopy (IS) and tensile
mechanical properties.

2. Experimental

2.1. Materials and procedures

2.1.1. Preparation of EAA substrates
Poly(ethylene-co-acrylic acid) (EAA) (Escor 5001, Exxon Chemi-

cal) films with 6.2% by weight of acrylic acid were prepared using
a single screw extruder (Brabender PLE 651, L/D = 25, D = 19)
equipped with a film blowing unit. The thermal profile adopted for
the operation was 120–140–160–190 �C, the screw speed 70 rpm
and the drawing speed 3 m/min. Under these conditions, the films
had the final thickness of 60 ± 3 lm. Wires were obtained by capil-
lary extrusion (Rheologic, CEAST, Italy) at T = 190 �C and
v = 10 rpm to obtain the average diameter of 300 ± 10 lm.

2.1.2. Surface modification of the EAA substrates
The process consists of three-steps: 1. Activation of the sub-

strate as acyl chloride intermediate (EAA-Cl); 2. Priming of the
activated substrate with aniline or para-phenyldiamine (EAA-Cl-A
and EAA-Cl-pPDA, respectively); 3. Synthesis of PANI onto primed
substrates.

2.1.2.1. Activation of the EAA substrate. The first step has been carried
out following an established methodology [33–35]. In a typical prep-
aration, once produced, the EAA films or fibers were immersed in a
solution of 3 wt.% of phosphorus pentachloride (PCl5, 95 wt.% Sig-
ma–Aldrich) in methylene chloride (CH2Cl2, P99.5 wt.%, A.C.S. re-
agent, Sigma–Aldrich). The reaction was carried out in a beaker
using a magnetic stirrer (VELP, Italy) at room temperature for
30 min, to assure complete conversion of surface carboxyl into acyl
Scheme 1. Reaction path of the overall schematic of the w
chloride groups [33]. A schematic representation of the reaction car-
ried out in the first step of the surface modification of the EAA is de-
picted in Scheme 1 (see also Scheme S1 in Supporting information).

Once modified, the films or fibers were first washed in fresh
CH2Cl2 and thereafter in ethyl acetate (99.5 wt.%, A.C.S. reagent,
Sigma–Aldrich), to remove any excess of reactants not chemically
bound to the surface, then allowed to air dry overnight prior to
proceeding to characterization or to the subsequent surface modi-
fications steps.

2.1.2.2. Preparation of aniline and p-phenylenamine primed EAA
substrates. For the reactive step (2), EAA-Cl samples were im-
mersed in either 0.2 M aqueous solution of para-phenyldiamine
(pPDA) (Sigma–Aldrich), or in a 0.2 M aqueous solution of aniline
(A) (P99.5 wt.%, A.C.S. reagent, Sigma–Aldrich). The reaction was
carried out in a beaker using a magnetic stirrer (VELP, Italy) at
room temperature for 24 h at pH 7. The primed substrates were
then thoroughly washed with distilled water to remove any excess
of reactants not chemically bound to the surface. For characteriza-
tion purposes, the substrates were allowed to air-dry completely.
Otherwise, they were used immediately for the subsequent and
final reactive step (3). A schematic representation of reaction path
of the nucleophilic substitution of acyl chloride groups of EAA-Cl
with priming agents aniline or para-phenildiamine is shown as
the second step of Scheme 1 (see also Scheme S2 in Supporting
information).

2.1.2.3. PANI in situ polymerization. Films destined to PANI modifi-
cation were placed into the polymerization reactor in the presence
of water, aniline (1 M) and hydrochloric acid (37%, A.C.S. reagent,
Sigma–Aldrich) (pH = 1.6). As the PANI produced via oxidative
polymerization in an acidic aqueous solution is water-insoluble
and precipitates [36,37], films were maintained into a vertical
position during polymerization, in order to avoid gross PANI depo-
sition onto them, and curling that would have impeded uniform
coating of the substrate. The substrates functionalized with aniline
EAA (EAA-Cl-A) or para-phenyldiamine (EAA-Cl-pPDA) were kept
immersed in the aniline/HCl aqueous solution until temperature
was equilibrated at 3–4 �C. Afterward, polymerization was initi-
ated by adding ammonium persulfate (APS) ((NH4)2S2O8, 98%
Sigma–Aldrich, [APS]:[aniline] = 1:1) drop-wise. All reagents were
of analytical grade and used as received, with the exception of ani-
line that was distilled under vacuum prior to using. The reaction
was carried out under constant nitrogen flux and temperature for
24 h, while stirring. Samples were then repeatedly washed with
distilled water and air-dried or treated with aqueous sodium
hydroxide, washed with N-methyl-pyrrolidone (NMP) and rinsed
with water (acidified) before drying in order to remove the PANI
not covalently grafted to the substrate. Polymerization carried
out as the last step of EAA surface modification is depicted as the
third step of Scheme 1 (see also Scheme S3 in Supporting informa-
hole process of EAA films into acyl chloride groups.
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tion). EAA-Cl substrates were seen changing appearance from
colorless to light green, EAA-Cl-A-PANI(NMP), to dark green,
EAA-Cl-pPDA-PANI(NMP), as a result of PANI attachment, as shown
in Fig. 1.
2.2. Characterizations

FT-IR spectroscopy (Spectrum 400, Perkin Elmer) was used to
characterize the films after each step. Spectra were recorded at 30
scans per spectrum, 1 cm�1 resolution and normalized with
respect to methylene rocking vibration band at 720 cm�1. The spec-
trum of pure PANI polymer that has been recovered from the bottom
of the reactor has been obtained by dispersing the solid powder in
potassium bromide and compressing it into a pellet. This spectrum
was not normalized. SEM FEI QUANTA 200F was used for the surface
morphological characterization of both the hybrid material and the
parent substrates and intermediates. The microscopy was carried
out on samples previously subjected to sputtering of graphite (Sput-
tering Scancoat Six – Edwards) to improve images quality at high
magnification. In addition, micrographs were made on non-sput-
tered samples of PANI-based hybrids to highlight the surface con-
ductivity of PANI coatings. The surface composition was studied
with the same instrument equipped with EDX probe to detect the
presence of chlorine and nitrogen, together with other atoms. X-
ray Photoelectron Spectroscopy (XPS) was performed to further sup-
port the presence of PANI on top of the EAA substrates. The analyses
were performed on a Perkin–Elmer U 5600-ci spectrometer using
non-monochromatic Al Ka radiation as the excitation source
(1486.6 eV). The working pressure was lower than 10�8 Pa. The
spectrometer was calibrated by assuming the binding energy (BE)
of the Au 4f7/2 line at 83.9 eV with respect to the Fermi level. The
standard deviation for the BE values was ±0.15 eV. The reported
BEs were corrected for the charging effects, whenever necessary,
assigning to the C1s line of adventitious carbon a value of 284.8 eV
[38]. Survey scans were obtained in the 0–1200 eV range. Detailed
scans were recorded for the C1s, O1s, Cl2p, Si2p, N1s and S2p re-
gions. The analysis involved Shirley-type background subtraction,
non-linear least squares curve fitting, adopting Gaussian–Lorentz-
ian peak shapes and peak area determination by integration. The
atomic compositions were then evaluated using sensitivity factors
supplied by Perkin–Elmer, taking into account the geometric config-
uration of the apparatus. The samples were introduced directly, by a
fast entry lock system, into the XPS analytical chamber in order to
avoid ambient contamination. The tensile tests were carried out,
according to ASTM D882, by using a Zwik/Roell Z005. Impedance fre-
quency dispersions for EAA-Cl substrate, EAA-Cl-A-PANI(NMP) and
EAA-Cl-pPDA-PANI(NMP) films were measured in the frequency
range 10�2–106 Hz and at room temperature by means of a
Fig. 1. Image of EAA-Cl-A-PANI(NMP)
Frequency Response Analyzer (Schlumberger, mod.1255), applying
an ac signal of 0.02 V peak-to-peak, using a two electrode cell, having
two circular gold plated electrodes (working and counter). Circular
films of 20.5 mm diameter and approximately 60 lm thickness
were gently pressed between the electrodes in order to ensure the
electrical contact. Measuring cell and apparatus were placed into a
Faraday cage for shielding any electromagnetic interference. The
electrical impedance was plotted in the complex plane as Z00 as func-
tion of Z0, known as Cole–Cole plot, and as impedance modulus, |Z|,
and phase angle, log h, as function of frequency, that are the Nyquist
and Bode diagrams, respectively. The experimental impedance data
were approximated by the impedance of simple equivalent circuits
constituted by a two elements series, each formed by a parallel of a
bulk resistance and either a geometrical capacitance or a constant-
phase element (CPE). In particular, CPE is an empirical impedance
function of the type

ZCPE ¼ AðjxÞ�a
; ð1Þ

where A and a are frequency-independent parameters, and
0 6 a P 1, j ¼

ffiffiffiffiffiffiffi

�1
p

and x is the frequency. When a = 1, ZCPE = ZC

and the element is an ideal capacitor, when a = 0.5 ZCPE = ZW, the
Warburg impedance, that is the diffusion analog of the impedance
of a finite-length [39].

3. Results and discussion

3.1. Structural analysis

In Fig. 2 FT-IR spectra of films after each functionalization step
and of PANI precipitated at the bottom of the reactor during aniline
polymerization are reported.

In particular, spectra of PANI coated films in Fig. 2c and d refer
to samples that have been previously treated with aqueous sodium
hydroxide to convert the insoluble emeraldine salt into emeraldine
base, being afterwards repeatedly washed with N-methyl-pyrroli-
done, in order to remove by dissolution the PANI that was not
irreversibly bound to the substrate. A typical spectrum of an EAA
film, Fig. 2a, shows a distinct absorption band at 1703 cm�1, owing
to carboxyl groups, that transforms into a new sharp band at
1794 cm�1 after treatment with PCl5, assigned to acyl chlorides.
After 30 min of reaction the nucleophilic substitution reaction of
hydroxyl groups with chlorine atoms can be considered practically
complete, as demonstrated in a previous work [33].

Peaks attribution for the pure PANI, Fig. 2b, is carried out accord-
ingly to the abundant literature data on this polymer [5,36,40–44]:
the broad intense band at wavenumbers higher than 2000 cm�1 is
reported to be typical for the conducting form of PANI and associ-
ated to the stretching vibration mNAH and mþN�H; the broad and weak
, EAA-Cl and EAA-Cl-pPDA(NMP).



Fig. 2. (a) Spectra of EAA and EAA-Cl, (b) spectra FT-IR of PANI; (c) spectra FT-IR of EAA-Cl, EAA-Cl-A and EAA-Cl-A-PANI(NMP); (d) spectra of EAA-Cl, EAA-Cl-pPDA and EAA-
Cl-pPDA-PANI(NMP).
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absorption at about 1600 cm�1 may originate from contributions of
polaronic, bipolaronic and quinoid structures (see Scheme S3 in
Supporting information) and specifically, the relatively small peak
at 1497 cm�1 is attributable to benzenoid rings [42]. The most in-
tense absorption band in the spectrum of PANI that was recovered
as precipitate from the bottom of the reactor, Fig. 2b, is in the range
1488–1360 cm�1 and centered at 1405 cm�1. The attribution of this
peak is not obvious and it will be discussed later. The band at
�1177 cm�1 could be attributed to SO2�

4 stretching vibration, where
sulfate ions derive from the reduction of APS [36]. This band par-
tially overlaps with masCAN and msCAN bands of aromatic amines, that
are generally located in the 1360–1250 cm�1 and 1280–1180 cm�1

regions, respectively. In particular, the band of charge carriers splits
into two components with peaks at 1338 and 1309 cm�1, probably
due to the coexistence of two polaronic structures differing by con-
formation and/or charge configuration, such as those formed from
protonation of amine and imine sites, respectively. The peak located
at 1040 cm�1 further supports the presence of sulfonate groups
bound to the aromatic rings [36], see Scheme 2. Finally, peaks in
the region 900–700 cm�1 of the spectrum correspond to aromatic
ring out-of-plane deformation vibration. Regarding the prominent
absorption at 1405 cm�1, it could be possibly associated to the pres-
ence of branched and/or substituted phenazine-like elements of
chains [36]. In particular, a system of absorption bands at
1625 cm�1 (1632 cm�1 in our sample), 1445 and 1414 cm�1 (here
probably fused in the one large band peaking at 1405 cm�1), at
857 cm�1 (853 cm�1 in our sample) and are at 695 cm�1 are attrib-
uted to phenazines formed through inter/intra-molecular cycliza-
tion of either quinoid or benzenoid units upon oxidative
degradation [42,44]. Furthermore, these structures may also be
formed in the initiation stage of polymerization as a consequence
of ortho-coupling of aniline molecules as suggested by an early
work of Wudl et al. [45], further supported by the work of Stejskal
and co-authors [36]. The ortho-coupled units can be further
converted by oxidative intramolecular cyclization to N-phenyl-
phenazine and others phenazines, as reported in Scheme 3. These
crosslinked structure are often considered responsible for dimin-
ished electrical conductivity of the formed PANI.

In Fig. 2c, the comparison of the spectrum of EAA-Cl-A with the
spectra of EAA-Cl substrate provides adequate evidence of covalent
attachment of aniline to the activated substrate, accordingly with
the proposed scheme in Supporting information S2-a: the C@O
stretching vibration of the acyl chloride groups at 1798 cm�1

disappears to give rise to a strong band at 1663 cm�1 (‘‘Amide I’’
band) to support the successful chemical modification of the
substrate. In the 3500–3200 cm�1 range the multi-component
absorption band of secondary amines when associated to carbonyls
is also evident. PANI polymerization on this substrate introduces a
new band at 1163 cm�1. This peak would fall within the envelop of
the band already observed for PANI homopolymer and attributed to
CAN stretching of amines and/or to sulfate anions. When the EAA-
Cl is primed with pPDA, Fig. 2d and Scheme S2-b in Supporting
information, it can be observed: (i) two sharp bands at 3414 cm�1

and 3364 cm�1 associated to the presence of primary amine groups
(symmetric and asymmetric stretching modes) superimposed to
the adsorption bands of secondary amine groups; (ii) a new sharp
band at 2613 cm�1 due to the symmetric and asymmetric stretch-
ing vibration of protonated amines (�mþNH2

or mþNH); (iii) a group of
bands characteristic of phenyls and, in particular, overtones of
CAH (out-of-plane) bending at �1800 cm�1 and C@C stretching
frequencies at �1600 cm�1 and below. The FT-IR spectrum of the
film obtained after oxidative graft copolymerization of PANI on
EAA-Cl-pPDA, also reported in Fig. 2d, presents all the bands al-
ready discussed for the EAA-Cl-pPDA substrate, although the bands



Scheme 2. Sulfonated ions as counter-ions of electronic holes in the protonated pernigraniline intermediate and in the protonated emeraldine, final product of
polymerization, coming from ammonium peroxydisulfate used as oxidant in aniline polymerization reaction.

Scheme 3. Oxidation of neutral aniline produces oligomers having mixed ortho- and para-coupled aniline constitutional units, supported through the presence of phenazine-
like structures, generated by the intramolecular cyclization of ortho-coupled units.

R. Scaffaro et al. / Reactive & Functional Polymers 71 (2011) 1177–1186 1181
associated to the primary amines show strongly reduced intensi-
ties with respect to the bands in the 1600–1400 cm�1 region
(benzenoids and quinonoids), a more pronounced absorption at
�1170 cm�1 and a new band at 1578 cm�1. Interestingly, spectra
of both PANI-EAA skin–core hybrid films do not show the band
at �1400 cm�1, thus suggesting that phenazine-like segments are
not quantitatively formed at the film surface, differently from PANI
that polymerized in the solution bulk and precipitated during the
coating process. This result would suggest that the initiation step
of the polymerization occurring in the bulk of the aqueous solution
likely involves ortho-coupling of neutral aniline monomers [36,45].
These elements are subsequently transformed into phenazine-rich
chains that precipitate from water at the increase of molecular
weight. On the contrary, PANI growth out from the films seems
to proceed through mainly para-coupling of oxidized anilinium
cations, probably due to steric hindrance of the ortho-position. Un-
der this hypothesis, we would expect that significant increase of
conductivity of EAA-Cl-pPDA-PANI films. EDX microanalysis car-
ried out on EAA and EAA-Cl substrates, see Figs. S4–S5 of Support-
ing information, confirms the presence of chlorine atoms on the
EAA-Cl films, not present in the neat EAA ones. Moreover, the dis-
tribution of chlorine on EAA-Cl sample appears uniform as demon-
strated by the mapping. The same analysis has been carried out on
PANI coated substrates prepared with the two different primers
after extraction of the not irreversibly bond PANI with NMP. Nitro-
gen is found on the surface thus confirming the presence of PANI
on the EAA substrates (see Figs. S6–S7 of Supporting information).

More detailed information on the surface chemical composition
of the samples as a function of different preparation conditions was
obtained by XPS analysis. The quantitative results are gathered in
Table 1. The experimental uncertainty on the reported atomic com-
position values does not exceed ±5% of each value reported on the
table. In Fig. 3a the C1s peak for the bare substrate EAA, which
consists of a single component is reported. The symmetric shape



Table 1
Surface chemical composition (at.%) of the different samples.

Sample C O N Cl Si S

EAA 95.5 4.5 – – – –
EAA-Cl 96.3 3.5 – 0.2 – –
EAA-Cl-A-PANI 69.0 18.1 6.7 3.5 1.7 1.0
EAA-Cl-A-PANI(NMP) 76.3 7.9 9.0 5.8 0.3 0.7
EAA-Cl-pPDA-PANI 75.7 12.7 7.5 1.6 2.0 0.5
EAA-Cl-pPDA-PANI(NMP) 77.5 10.6 9.3 1.5 1.1 –
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and the binding energy position (284.8 eV) suggests that the signal
is mostly attributable to hydrocarbon-type carbon atoms [46]. Be-
sides carbon, XPS analysis also reveals the presence of oxygen O1s
on the films surface, as expected in EAA. After surface modification
of the EAA substrate (EAA-Cl), besides C1s and O1s regions, the
presence of chlorine is also detected. The band shape and energy
position of the Cl2p line (200.5 eV) are consistent with chloride
organic species anchored on the polymeric substrate (Fig. 3b). A
clear variation in the surface composition of both EAA-Cl-A and
EAA-Cl-pPDA activated samples is found after surface functionali-
zation with PANI. Fig. 3c shows C1s spectrum for the EAA-Cl-A-
(pPDA)-PANI hybrid specimen, where the presence of a shoulder
on the high energy side of the peak can be clearly observed. Peak
fitting revealed three components centered at binding energies of
284.8 eV (CI), 286.1 eV (CII) and 288.1 eV (CIII). The dominant low
energy component (CI) is the fingerprint of aliphatic carbon,
whereas the two high energy bands can be coherently ascribed
to single CAN bonds (CII) and to the electron-depleted carboxylic
moieties (CIII). The presence of such components supports the
chemical reaction between acrylic ClAC@O groups present on
EAA-Cl polymeric surfaces with amino groups of either A or pPDA
to give the functionalized EAA-Cl-A and pPDA surfaces. The relative
integral values between the different components, CI:CII:CIII, is ca.
6.8:2.3:1. As for N1s region (Fig. 3d) in EAA-Cl-A(pPDA)-PANI sam-
ples, the band consists in a single component centered at 399.9 eV,
typical of aminic nitrogen atoms [46]. The nitrogen content is
Fig. 3. (a) C1s XPS peak for the bare substrate EAA; (b) Cl2p XPS line recorded on EAA-
components; (d) N1s spectrum for EAA-Cl-A-(pPDA)-PANI samples; (e) Cl2p spectra for E
and EAA-Cl-A-(pPDA)-PANI samples.
slightly higher on the surface of the pPDA pre-treated samples,
suggesting that pPDA probably induces a better attachment, prob-
ably due to the presence of double terminal amine groups: the first
of those reacting with acyl chlorides on EAA surface, whereas the
second promoting the in situ growth of PANI. It is worth noticing
the coexistence of two different types of chlorine atoms when PANI
is grafted on the polymeric support. Indeed, besides the previously
mentioned component at 200.5 eV, the Cl2p region shows a second
weak component at lower energy (ca. 198 eV, see arrow) that can
be associated to chloride anions (Fig. 3e). These findings well agree
with the fact that hydrochloric acid is used also to dope PANI dur-
ing polymerization. Therefore, chlorine ions are likely trapped as
counter-ions of the protonated emeraldine form of PANI. Finally,
in full agreement with IR data, we also observed the presence of
oxidized sulfur atoms (S2p at ca. 168 eV) in the samples (Fig. 3f),
where sulfate species may play the role of counter ions, as well
as Cl� species.
3.2. Morphology

Fig. 4 shows the micrographs of the films before and after treat-
ment in PCl5, respectively. It can be noticed that the first treatment,
with phosphorus pentachloride, does not induce modifications of
the surface morphology of EAA substrates. The surface of EAA film,
Fig. 4a, appears uniform without imperfections. The treatment
with PCl5 does not significantly change the morphology, as it can
be appreciated in Fig. 4b.

Contrariwise, the presence of PANI coatings on the polymeric
substrates induces a drastic change of surface morphology, from
smooth to granular at the nanoscale [36,47]. In particular, SEM
micrographs shown in Figs. 5 and 6, and referring to the same
treatments carried out on either EAA films or wires, prove that
the PANI layer perfectly adheres to the polymeric substrate and
uniformly coats all the analyzed samples.

In particular, the PANI layer thickness is higher in the case of
EAA-Cl-A-PANI than of EAA-Cl-PANI-pPDA, both for films, Fig. 5a
Cl sample; (c) C1s spectrum for EAA-Cl-A-(pPDA)-PANI, along with the three fitting
AA-Cl and EAA-Cl-A-(pPDA)-PANI (upper line) samples; (f) Sl2p spectrum for EAA-Cl



Fig. 5. SEM micrographs of hybrid thin films and details of typical morphology of PANI polymerized on thin film: (a) EAA-Cl-A-PANI and its magnification, (a0); (b) EAA-Cl-A-
PANI(NMP) and its magnification, (b0); (c) EAA-Cl-pPDA-PANI and its magnification, (c0); (d) EAA-Cl-pPDA-PANI(NMP) and its magnification, (d0).

Fig. 4. Micrographs of the EAA (a) and EAA-Cl surfaces treated with the 3% by weight of PCl5 in CH2Cl2, (b).
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and c, and wires, Fig. 6a0 and c0. In particular, for the wires, PANI
layer thickness is around 60 lm for EAA-Cl-A-PANI and around
few microns for EAA-Cl-PANI-pPDA. Basification and washing with
NMP, effectuated to remove the PANI non-covalently linked to the
substrate, in both cases significantly reduces the thickness of the
PANI coating. Nonetheless, the coverage of surfaces is still uniform,
as it can be seen in micrographs of Fig. 6b and d. In the case of pre-
functionalization with aniline, the PANI coating thickness is now
reduced to few microns, Fig. 6b00, and to about 200 nm in the case
of pre-treatment with pPDA, Fig. 6d00. The characterization of the
surfaces at higher magnifications allows identifying the typical
nanogranular morphology of PANI when polymerization is carried
out in strongly acidic solutions, both on thin films, Fig. 5a0–d0, and
when a wire is used as polymeric support during polymerization,
Fig. 6a00–d00, thus confirming what it has been already observed
[3,36], that the supramolecular assembly of the growing PANI mac-
romolecules, leading to a characteristic nanostructured morphol-
ogy, is regulated by the acidity of the polymerization solution.

3.3. Mechanical and electrical characterization

The tensile test on hybrid PANI films, carried out to evaluate
their mechanical properties, Table 2, showed that substitution of
carboxylic acid groups in acyl groups via wet chemistry promoted
only slight increases of the elongation at break (EB) values with
slight reduction of Young’s modulus (E) and tensile stress (TS) val-
ues. These results are in agreement with the observed very similar
surface morphologies of EAA and EAA-Cl films. The second modifi-
cation, i.e. the conversion of acrylic groups into aril substituted
amides, caused the decrease of tensile stress and elongation at
break, even if the Young’s modulus remains practically constant.
The resulting loss of deformability could be reasonably connected
with the impact of the large number of topological defects gener-
ated after the chemical treatments on the thin films, as confirmed
by SEM analysis, Fig. 4. Nevertheless, after PANI polymerization,
the mechanical properties of the hybrid systems, if compared with
the corresponding primed substrates, seem to be slightly improved
and the elongation at break shows a slight increase, with concom-
itant increases of tensile stress.

The electrical properties of the skin–core hybrid films have been
studied via Impedance Spectroscopy, according to the formalism of
complex impedance, Z� [39]. The EAA-Cl substrate showed the
electrical behavior of a pure capacitor, with h = tan�1(Z00/Z0) = 90�
over all investigated frequencies and bulk resistance above
1012 X. Conversely, films pre-treated with aniline or para-phen-
yldiamine and coated with PANI showed complex impedance as



Table 2
Tensile mechanical test of the films.

Sample E (MPa) TS (MPa) EB (%)

EAA 134 ± 6 13.4 ± 2 274 ± 20
EAA-Cl 123 ± 4 12.4 ± 2 320 ± 20
EAA-Cl-A 93 ± 7 8.3 ± 0.5 129 ± 10
EAA-Cl-pPDA 93 ± 7 8.3 ± 0.5 129 ± 10
EAA-Cl-A-PANI 96 ± 5 9.5 ± 0.5 152 ± 10
EAA-Cl-pPDA-PANI 96 ± 5 9.6 ± 0.5 156 ± 10

Fig. 6. SEM micrographs of hybrid yarns and details of thickness and typical morphology of the PANI layer polymerized on wire: (a) EAA-Cl-A-PANI, (a0) cross-section and (a00)
detail of surface morphology; (b) EAA-Cl-A-PANI(NMP), (b0) cross-section and (b00) detail of surface morphology; (c) EAA-Cl-pPDA-PANI, (c0) cross-section and (c00) detail of
surface morphology; (d) EAA-Cl-pPDA-PANI(NMP), (d0) cross-section and (d00) detail of surface morphology.
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variable function of frequency, as shown in Figs. 7 and 8, respec-
tively, where the complex plane diagram as well as the Nyquist
and Bode diagrams are represented [39]. In order to evaluate the
contribution of different microstructural components of the hybrid
films, the complex impedance has been modeled with equivalent
circuits consisting of two elements in series. For EAA-Cl-A-PANI,
Fig. 7, the equivalent circuit contains one element represented by
a geometrical capacitance C1 and a bulk resistance R1 in parallel
with it and a second element represented by the parallel of a bulk
resistance R2 and a constant-phase element. The lower resistance
value, R1, is likely to refer to both the two symmetrical, external
layers of PANI, while R2 to the resistance of the internal EAA-rich
layer. It is not possible to describe the electrical properties in terms
of the complex resistivities of each layer, because a precise
measurement of the different layers thickness is not feasible.
Furthermore, the recourse to a CPE to model the electrical proper-
ties of the internal layer suggests inhomogeneous material proper-
ties and/or contributions from ion-hopping conduction. It is worth
pointing out that the overall bulk resistance is approximately eight
order of magnitude higher than the bulk resistance of the pure
EAA-Cl substrate. This may also suggest a certain degree of inter-
penetration of the in situ polymerized PANI through the bulk of
the EAA-Cl substrate. For the EAA-Cl-pPDA-PANI film, Fig. 8, an
equivalent circuit which models the behavior of the material has
a CPE in both the two elements of the series, the overall resistance
being two order of magnitude lower than for the EAA-Cl-A-PANI.
Furthermore, estimated a values are lower than the value
attributed to the CPE of EAA-Cl-A-PANI, thus suggesting a more
important contribution from a diffusion controlled process.

4. Conclusion

All characterization data strongly suggest that PANI was suc-
cessfully polymerized and covalently grafted onto the flexible
EAA-Cl substrates. The molecular structure of the PANI chains
grafted on the polymeric substrate is fairly different from that of
polymer precipitating in the bottom of reactor, being the former
more likely to be constituted by para-coupled benzenoid/quinoid
elements, while the latter is richer of phenazine-like elements
deriving from the initiation step of the oxidative polymerization
in the bulk water [47]. The pre-treatment with para-phenyldi-
amine is more effective in promoting PANI chains growth out of
the EAA films with superior electrical conductivity, as suggested
by eight orders of magnitude decrease in bulk resistance as
opposite to six order of magnitude decrease in the case of EAA-
Cl-A-PANI. Some degree of interpenetration between the insulant
core material and the conductive PANI coating cannot be excluded.
There are no significant differences after each treatment in the
mechanical properties, except a faint decrease of the elongation
at break.



Fig. 8. Impedance Spectroscopy data of EAA-Cl-pPDA-PANI at 25 �C: experimental data (full line with symbols), approximate model by idealized circuit elements (full line
with no symbols): (a) Cole–Cole diagram. The parameter is frequency in Hz, (b) plot of |Z| vs. log (x) (x in Hz), (c) plot of tan(h) vs. x (x in Hz), (d) equivalent circuit and
relative parameters.

Fig. 7. Impedance Spectroscopy data of EAA-Cl-A-PANI at 25 �C: experimental data (full line with symbols), approximate model by idealized circuit elements (full line with no
symbols): (a) Cole–Cole diagram. The parameter is frequency in Hz, (b) plot of |Z| vs. log (x) (x in Hz), (c) plot of tan(h) vs. x (x in Hz), (d) equivalent circuit and relative
parameters.
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