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ABSTRACT: In this work electro-conductive polyaniline nanofibers (PAni-nanofibers) were prepared via interfacial methodology. Scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM) observations revealed that the synthesized PAni-
nanofibers present high aspect ratio with an average diameter of 80 nm, while they exhibit high conductivity (DC conductivity values:
4.19+0.21 S cm ™). After specific treatment to remove moisture and remaining trapped HCl from PAni-nanofibers, it was possible
to prepare promising polyethylene (PE)/PAni composites by in situ polymerization of ethylene using bis(cyclopentadienyl) zirconiu-
m(IV) dichloride (Cp,ZrCl,) and methylaluminoxane (MAO) as catalytic system. More precisely, various contents of PAni-nanofibers
(from 0.2 to 7 wt %) were successfully incorporated in the in situ produced PE/PAni nanocomposites. PAni-nanofibers were found to
affect significantly the crystallization of the polyolefinic matrix while preserving its thermal stability. Preliminary measurements of
electric properties showed PAni-nanofibres are able to bring electro-conductive properties to the in situ polymerized PE/PAni compo-

sites. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41197.
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INTRODUCTION

Polyaniline (PAni) is a conjugated polymer that exhibits excel-
lent electrical conductivities, thermal stability, and readily syn-
thesized from a low-cost monomer. However, its reduced
processability and poor mechanical properties limit its use as
polymer matrix. Nevertheless, PAni can be used as particles that
demonstrated a great potential as new conductive filler for poly-
mers." These composites can be easily processed in the melt and
enlarge the possibilities for manufacturing new technical materi-
als for applications such as antistatic packaging, electromagnetic
shielding, anticorrosion shielding or semiconductors.

The conventional aniline polymerization is carried out in aqueous
solution media in which aniline is dissolved in a strong acid solu-
tion at low temperature (0-5°C) and the polymerization is initi-
ated when an oxidant is slowly added. Conventional polyaniline
synthesis produces particles with irregular shapes. The basic mor-
phological unit for chemically synthesized polyaniline appears to
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be nanofibers with average diameters of 30-35 nm. When more
oxidant is added, the nanofibers become scaffolds for secondary
growth of polyaniline, which results in irregular shaped agglomer-
ates containing nanofibers and mostly particulates.

It has already been reported that polyaniline nanofibers (PAni-
nanofibers) present several advantages in fabricating nanodevi-
ces and in preparing nanoscale electrical connections in highly
conducting polymer composites, because of their high surface
contact area.” Therefore, different mechanisms and methodolo-
gies for synthetizing PAni-nanofibers have been investigated in
the literature.*

The interfacial polymerization is quite convenient to prepare
PAni-nanofibers. In this method, aniline is solubilized in an
organic solvent, the oxidant in an aqueous acidic solution and
the polymerization only occurs at the interface of the biphasic
system where all reagents needed for the reaction are located.”
According to the mechanism that supports this methodology,
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the nanofibers are formed when the secondary overgrowth,
which results in irregular PAni particles, is hindered.>”

Composites with polyolefin matrix and PAni can be prepared
by in situ oxidation polymerization of aniline in presence of the
polymer matrix or dispersing PAni in a solution or in a melt of
another polymer.® Another possibility is in situ polymerization
of olefins in presence of PAni. Although only few studies are
reported in the literature for PAni, this method proved to have
great potential as various studies have been successfully applied
to other types of particles (organomodified clays, carbon nano-
tubes, graphene layers, and so forth) allowing for promoting
more uniform dispersion of the nanofiller in the matrix.”® The
in situ polymerization of olefins is even more attractive when
metallocene catalysts are used because they have unique catalytic
properties such as high activity and good control over the
molecular weight and dispersity.” However, it should be consid-
ered that the metallocene catalyst can be easily deactivated in
presence of water traces or any other impurities present in the
reaction medium, for example acidic species used as dopant in
aniline polymerization.

It is known that PAni can absorb water molecules reversibly
and irreversibly.'® Dry samples can absorb water by keeping
PAni in humid ambient. The reversibly absorbed water can exist
in two different forms. The first is weakly bonded to the poly-
mer chain by hydrogen bonding, which can be removed from
PAni with a flow of nitrogen or under dynamic vacuum. The
second form has higher activation energy than the hydrogen
bonding energy and it has been suggested that it results from
the formation of chemical bonds with the PAni polymer back-
bone and it can be removed out by heating at the temperature
range of 70-150°C.'"'> There also exists the irreversibly
absorbed water that can only be removed out from polymer
matrix at higher temperature range of 200-350°C. These
strongly bounded water molecules act as a secondary dopant
and it is often named as bounded water.'"'? Accordingly, for
producing PE/PAni-nanofiber nanocomposites by in situ cata-
lyzed polymerization it is necessary to completely remove both
the reversibly absorbed water molecules from PAni chains and
the excess of acid dopant molecules as they will be detrimental
to the catalytic system readily deactivating it.

In this work PAni-nanofiber have been first synthesized by
interfacial polymerization and then used for producing
polyethylene-based composites by means of metallocene/methyl-
aluminoxane (MAO)-catalyzed in situ polymerization of ethyl-
ene. In order to avoid any deactivation of the MAO-based
catalytic system, it has been necessary to adapt the PAni-
nanofiber purification and drying processes allowing for pre-
serving an efficient catalysis and polymerization step with good
control over the morphology of the resulting nanocompositions.

EXPERIMENTAL

Materials

Aniline (Merck) of analytical grade was distilled before use.
Ammonium peroxydisulfate, toluene (F. Maia) and hydrochloric
acid (Merck) as analytical grade were used without any further
purification. In the synthesis of PE/PAni nanocomposites all
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manipulations were performed under inert atmosphere (nitro-
gen or argon) using standard Schlenk techniques. Toluene was
dried over metallic sodium and benzophenone and distilled
before use. MAO (Aldrich 10 wt % Al in toluene solution) and
bis(cyclopentadienyl)zirconium dichloride (Cp,ZrCl,) (Sigma-
Aldrich) were used as received.

Synthesis of PAni-Nanofibers

PAni-nanofibers were synthesized according to the interfacial
polymerization method previously described in the literature.”'?
A 5.48 mmol amount of aniline was dissolved in 50 mL toluene.
1.26 mmol of ammonium peroxydisulfate (APS) and 0.5 mol of
hydrochloric acid were dissolved in 50 mL water. The aniline
organic solution was slowly added in the aqueous solution. The
resulting two-phase system was left undisturbed for 18 h and
after this period the aqueous solution was filtered and the dark
green precipitate washed repeatedly with acetone to remove
impurities. The resulting nanofibers were dried at room temper-
ature for 48 h in a dessicator with silica gel as drying agent.

Preparation of PE/PAni Composites

To improve the removal of moisture and free dopant acid, the
PAni-nanofibers were washed repeatedly with a solution of
water and acetone until pH 4. Then the sample was dried under
vacuum oven at 80°C for 30 h. Before the polymerization the
recovered nanofibers were stirred with 20 wt % of MAO for 30
min in dried toluene.

The polymerization reactions were carried in a 100 mL PARR
reactor. Toluene was used as solvent, MAO as cocatalyst (Al/
Zr =1000) and Cp,ZrCl, as catalyst (2 X 107° mol). The reac-
tions were performed at 60°C for 30 min using an ethylene
pressure of 1.6 bars. The PAni-nanofibers previously treated
with MAO were added to the reactor as filler at different given
amounts.

Characterization of the PAni-Nanofiber and PE-Based Com-
posites. The IR spectroscopy data of PAni-nanofibers were
obtained on a Prestige 21 Shimadzu spectrometer using KBr.
UV spectra were performed on a Cary 50 Bio Varian spectrome-
ter using water as solvent.

Scanning electron microscopy (SEM) was performed with a Phi-
lips microscope, model XL30, operating at 20 kV. The samples
were prepared by sample deposition in an aluminum stub and
gold metalized. Transmission electron microscopy (TEM)
images were obtained using a transmission electron microscope
JEOL 1011 operated at 100 kV. All samples were prepared by
deposition of a decaline solution drop on a grid of copper of
300 mesh covered with amorphous carbon.

The thermogravimetric analysis (TGA) was carried out using a
Q5000IR TGA from TA Instruments. The experiment was per-
formed under N, atmosphere from 25 to 400°C (PAni-nanofib-
ers) and from 25 to 700°C (nanocomposites) at a heating rate
of 10°C/min. The differential scanning calorimetric (DSC) study
was carried out using a Q20 DSC from TA Instruments, under
N, atmosphere from 20 to 160°C at the heating rate 10°C/min.

To evaluate the electrical properties of PAni-nanofibers, the col-
lected polymeric powder was compressed in a cylindrical matrix
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Figure 1. Morphology of PAni-nanofibers: (a and b) SEM images; (¢ and
d) TEM images.

yielding small discs (13 mm in diameter and 1.0 or 2.5 mm
thickness). Four probes were connected to the circular sample
and the Van der Pauw method was followed.'* In this method,
the current is introduced in a couple probes and the potential
difference is measured at the other pair.

The electrical properties of the nanofibers and nanocomposites
were also determined with a two-probe Keithley multimeter
2700. Silver paint was coated on the surface of the samples to
decrease the contact resistance.

RESULTS AND DISCUSSION

PAni-Nanofiber Preparation and Characterization

PAni-nanofibers were produced by the interfacial polymeriza-
tion approach in which aniline was dissolved in toluene phase
and ammonium peroxydisulfate (APS) dissolved in aqueous
chloride acid phase. When the two solutions were slowly put in
contact, green PAni was formed first at the interface and then
migrated into the aqueous phase, avoiding secondary growth of
PAni that would result in the formation of irregularly shaped
agglomerates.'> Figure 1 shows typical SEM and TEM images
of the synthesized PAni-nanofibers. Nanofibers characterized by
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Figure 2. UV-Vis spectrum of PAni-nanofibers.
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Figure 3. FTIR spectrum of PAni-nanofibers.

high aspect ratio proved to form a largely interconnected
network.

The molecular structure of the PAni-nanofibers was evaluated
by FTIR and UV-Vis spectroscopies. Three characteristic absorp-
tion bands appeared in the UV-Vis spectrum of doped nanofib-
ers corresponding to PAni in its emeraldine salt form (Figure
2). The first absorption band with maximum at 339 nm is asso-
ciated with the 7m-7* electron transition of the benzoid seg-
ments, the second and third absorption bands at 432 and
800 nm are related to the acid-doped state and polaron forma-
tion, respectively.'® The FTIR spectrum of PAni-nanofibers (Fig-
ure 3) shows structural characteristics consistent with previous
reports'”'®: absorption bands in the spectrum are observed at
around. 1570 and 1500 cm ™! (quinoid and benzenoid stretching
rings, respectively), in the range of 1290-1250 cm™ ' (C—N
stretching of aromatic secondary amines), 1130-1140 cm ™'
(C=N stretching) and around 800 cm ™" (1,4-substituted phenyl
ring stretching).

Figure 4 presents the DSC thermogram of doped PAni-
nanofibers. Three endothermic peaks are observed below 100°C,
at around 145°C and around 170°C, respectively assigned to
loss of H,O, free (unbound) HCI and some unreacted monomer

05

Heal Flow (Wig)
P
1

=204

50 100 150 200 250 30 380 400
Temperature (*C)

Figure 4. DSC (first heating scan, see experimental) of PAni-nanofibers.
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Figure 5. TGA (weight loss curve and deriv. weight) curves of PAni-
nanofibers (a) before and (b) after extraction/drying treatment (see text).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

as already reported in the literature.'”” The large peak centered
around 270°C may be related to removal of water molecules
bonded to polymeric chains, which act as a secondary dop-
ant.'”'? The glass transition temperature (T,) of the PAni-
nanofibers is not readily detected. Indeed, the T, values
reported in the literature for PAni vary from 36 to 250°C evi-
dencing its difficulty to be localized.'>***> The T, value
depends on various parameters such as the processing tempera-
ture, heat treatment time, type and concentration of the dopant,
content in remaining solvent.'” To better highlight the T, value
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Figure 6. Electrical resistivity measurement of the PAni-nanofibers. A lin-
ear regression evidences the ohmic behavior of the produced sample.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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a second heating run was performed (not shown here) but no
more thermal event could be observed. Similar results were
reported by Ding et al.*® and according to their interpretations
this absence of thermal transition indicates a morphological
change in PAni during the thermal treatment process, which
likely increases the T, to a value close to the decomposition

temperature.zo

The TGA curve of the PAni-nanofibers (Figure 5) appears in
good agreement with the observations previously achieved by
DSC. The first step of weight loss below 100°C is likely due to
unbound water,'' the second step of weight loss occurring
between 150°C and 300°C may be attributed, respectively, to
the unbound HCI (as well as some remaining monomer) and to
bound water acting as secondary dopant. The last step of weight
loss observed in the range 300-380°C is because of the loss of
the primary dopant, that is, HCL.***> According to the literature
the thermal decomposition of PAni with final carbonization of
the intermediate compounds is observed over the temperature
range of 450-800°C.'"** MAQ-based catalytic system is known
to be very sensitive to protic contaminants. Therefore, in order
to prevent its deactivation, both water and free HCI have to be
removed. For that purpose, an additional step of washing and
drying of PAni-nanofibers was considered. More specifically,
PAni-nanofibers were further washed with water/acetone solu-
tion until pH = 4 was reached as above this pH, the conductiv-
ity of PAni is known to decrease drastically.”® Then, the samples
were intensively dried under vacuum oven at 80°C for ~30 h.
Figure 5(b) shows the TGA analyses after this additional treat-
ment of the PAni-nanofibers. The TGA curve clearly highlights
the disappearance of both peaks initially present at 50-100°C
and 100-200°C attributed to water and free HCI.

The electrical properties of PAni-nanofibers were evaluated
through the electrical conductivity (o) and sheet resistivity (Rg).
Figure 6 shows the ohmic characteristic of the sample obtained
through the Van der Pauw method. The line slope provided a
sample resistance of 0.19 £ 0.01 Q. Introducing this value in the
Van der Pauw formalism one obtains a sheet resistance of
0.96 = 0.05 Q. Considering the sample thickness it is possible to
obtain its resistivity, 0.24 * 0.01 Q-cm, and conductivity, that is,
4.19+0.21 S cm™ . Interestingly, the electrical conductivity of
the nanofibers obtained in this work appears of high value with
respect to other values reported in the literature, especially those
obtained using interfacial polymerization process.">'**7~*

After the additional treatment of PAni-nanofibers in order to
remove residual impurities, the conductivity value proved to
decrease down to 2.2 X 1072 S cm™ ', Actually such a decrease
is expected because during the treatment, next to the removal
of free HCl, PAni-nanofibers were partially deprotonated as well
leading to some reduction of the initially recorded electrical
conductivity value obtained via interfacial polymerization
methodology.

Preparation and Characterization of PE-Based
Nanocomposites Filled with PAni-Nanofibers

The nanocomposites were produced by means of metallocene/
MAO-catalyzed in situ polymerization of ethylene directly per-
formed in presence of the PAni-nanofibers. From Figure 5(b), it
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Table I. Catalytic Activity of the Prepared Nanocomposites and the
Relative Content of PAni-Nanofibers in the In Situ Produced PE-Based
Nanocomposites

Weight

Weight of composite % Catalytic
Entries of PAni (g) (9) PAni® activity®
1 = 4.7730 = 2983
2 0.0024 1.4750 0.2 590
3 0.0245 4.5333 0.5 1813
4 0.0483 2.0074 2.0 1441
5 0.0952 1.7460 5.0 2169
6 0.2401 3.3805 7.0 2113

2Percentage of nanofibers calculated in accordance with nanocomposite
yield.
® (kgPol/molZr.h.bar).

is possible to observe that there is some residual moisture
remaining present in the nanofibers, even after drying under
vacuum. In order to remove any residual water, PAni-nanofibers
were dried under vacuum for more than 2 h and then impreg-
nated with MAO in toluene before polymerization.

Table I shows the catalytic activity determined in function of
the starting content in PAni-nanofibers introduced in the poly-
merization medium (see experimental). It is important to note,
that without the treatment of nanofibers to remove free HCI
the catalytic activity proved to be very low and in some cases
simply nonexistent. After the treatment, HCI remains trapped
within the core of the PAni-nanofibers, thus acting as primary
dopant, but at the surface it does not show deactivation ability
onto the polymerization catalytic system (Table I).

From Table I, it can be observed that even if the catalytic activ-
ity is maintained in the presence of the treated PAni-nanofibers,
it is reduced with respect to the production of neat polyethylene.

2 T S 5
Figure 7. SEM images of (a) neat PE and (b) PE/PAni-nanofiber nano-

composites (with 2.0 wt % in PAni); TEM images (¢ and d)of PE/PAni-
nanofiber nanocomposites (with 2.0 wt % in PAni) at two different scales.
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Table II. Melting Temperature (T,,), Enthalpy of Fusion (AH), and Degree
of Crystallinity of PE (X,)

Sample codes AH (J/g) Tm (C) T (°C) X (%)
PEPANI 0% 224 LEE 117 78
PEPANI 0.2% 128 135 118 47
PEPANI 2.0% 141 131 119 52
PEPANI 5.0% 213 133 119 74
PEPANI 7.0% 187 130 118 69

Remarkably, by increasing the relative content in treated nano-
fibers some increase of catalytic activity is observed (even if the
higher recorded value remains below the activity observed for
neat PE). A kinetic study of polymerization of ethylene in pres-
ence of nanofibers and differential pulse voltammetry of PAni
in presence of MAOQ/catalyst/ethylene are being conducted to
understand the interaction of PAni with the catalytic system
and will be discussed in a future paper.

SEM and TEM images recorded on the recovered nanocompo-
sites (Figure 7) show that the filler addition changes the mor-
phology of the produced polyethylene. All nanocomposites
displayed a structure similar to PAni-nanofibers suggesting that
the polymer chains grew around the nanofibers. When
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Figure 8. TGA curves (and related deriv. weight) of neat PE and related

nanocomposites as recorded under nitrogen.
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Table III. Temperature of Thermal Degradations (from TGA curves) for
Neat PE and Related Nanocomposites

Sample Tonset (°C) Tmax (°C)
PEPANI 0% 442 480
PEPANI 0.2% 437 488
PEPANI 2.0% 419 487
PEPANI 5.0% 419 486
PEPANI 7.0% 412 487

compared with the samples obtained by melt blending, in situ
polymerization is a softer process allowing for preserving the
aspect ratio of the filler, dispersing it uniformly in the in situ
grown polymeric matrix and improving the “filler-polymer”
interfacial interaction (actually, mostly via physical adsorp-
tion).® Moreover, a good adhesion between the nanofiber and
polymer matrix should result in nanocomposites characterized
by improved mechanical properties.”'

Interestingly enough, the DSC analysis shows that the addition
of PAni-nanofibers only slightly changes the melting tempera-
ture of the resulting high density PE-based nanocomposites
with melting temperature values ranging between 127 and
133°C (Table II). As far as the degree of crystallinity of the pol-
yolefinic matrix is concerned, a decrease is observed in presence
of PAni-nanofibers. However, by increasing the nanofiber con-
tent, the crystallinity difference between neat HDPE and nano-
composites tends to be reduced. More studies (under current
investigation) are necessary to understand such an effect but at
this stage this is far beyond the scope of this contribution.

Figure 8 shows TGA thermograms of neat PE and the nano-
composites as recorded under N,. The maximum of degradation
temperature of the nanocomposites is around 480°C, no signifi-
cant change is observed when compared with neat PE. However,
the onset degradation temperature is found to be slightly lower
than in the case of neat PE (Table III). This result is related to
the early degradation of PAni.

Concerning the ability of PAni-nanofibers to bring electrical
properties to PE-based polymers, several studies are reported in
the literature. Most of them focus on the melt blending
approach of PAni-nanoparticles within PE matrix. For instance,
Su et al. prepared by melt processing ternary composites of
PAni nanofibers doped with dodecylbenzenesulfonic acid (PAni-
DBSA) and low density polyethylene (LDPE) and ethylene-
acrylic acid copolymer (EAA) as compatibilizer. Their results
showed that percolation threshold occurs at about 4% of

Table IV. Volume Resistivity of PE/PAni-Nanofiber Nanocomposites
Prepared by In Situ Polymerization

Composition Volume resistivity (Q cm)

PEPANI 0% 10"
PEPANI 0.5% 108
PEPANI 1.0% 104
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PAni-DBSA and to reach a conductivity of 8 X 107> S cm ™',

20 wt % of PAni nanofibers were required for PAni/LDPE/EAA
(20/64/16) composites.”” Lofgren et al.>* investigated the use of
functionalized polyethylene to compatibilize PE with PAni
nanofibers. They prepared blends by melt mixing with PAni
amounts ranging from 2 to 18 wt % and they found 15 wt %
was needed to reach electrical conductivity around 3 X 107> S
cm™'. Zhang et al. dispersed PAni-DBSA in the matrix LDPE.
Their results showed that the conductivity of the composites
was 107° S cm™' and 1077 S cm™', respectively, when the
weight fraction of PAni filler was 10 wt % and 25 wt %.” To
summarize the literature results, it appears that via direct melt
blending approach, the amount of PAni-nanofibers required to
achieve PE materials with dissipative electrical conductivity is
quite high. In Table IV, volume electrical resistivity of the PE-
based nanocomposites as prepared following our procedure by
in situ polymerization are gathered.

It appears that after PAni-nanofibers underwent the treatment
to remove water and free HCl, in situ polymerization of ethyl-
ene can successfully take place leading to composites, which
exhibit promising electrical properties, reaching a volume resis-
tivity of 10* Q.cm. Moreover, in situ polymerization allows a
better controlled process when compared with direct melt
blending compounding and a better tuning of morphology and
improved electrical properties of PAni/PE composites can thus
be expected. These points will be discussed in a forthcoming

paper.
CONCLUSIONS

PAni-nanofibers were successfully synthesized and characterized
by SEM, TEM, FTIR, UV-Visible, DSC, and TGA. The mea-
surement of the electric properties indicates an ohmic behavior
of PAni-nanofibers stressing their potentiality to be used as
conductive nanofillers. PAni-filled polyethylene nanocomposites
were successfully prepared by in situ polymerization of ethylene
directly catalyzed in the presence of PAni-nanofibers. It was
necessary to adapt and modify the process of PAni-nanofibers
manufacture by adding a supplementary step to remove the
unbounded water as well as the excess of HCl dopant, which
can deactivate the MAO-based catalytic system and prevent
ethylene from polymerizing. The resulting materials exhibited
high potential as it appeared that PAni-nanofibers affect signifi-
cantly the PE cristallinity while preserving the thermal stability
of PE matrix. Preliminary measurements of electric properties
show PAni-nanofibers are able to bring electro-conductive
properties to the in situ polymerized PAni/PE nanocomposites.
All these results are very promising in the search for new mate-
rials  for engineering applications requiring electrical
conductivity.
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