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Polyaniline (PANI) nanofibers (NFs) obtained by the interfacial polymerization method are studied and
compared with PANI nanostructures prepared by the ultrasonication method and the polymer acid
doping method. In the case of PANI NFs, the effects of the reaction time, the size of the interfacial area,
scale ratio, and concentration of reactant on the crystalline structure, thermal stability, morphology,
electrical conductivity and dielectric permittivity are systematically studied. Meanwhile, huge difference
in morphology is observed and related to the nanofiber growth condition. Unusual morphology and
peaks on X-ray diffraction curve of PANI doped with polymer acid (poly(2-acrylamido-2-methyl-1-
propanesulfonic acid)) (PAMPSA) are observed and associated with high molecular weight of the
doped polymer acid. The change of the conductivity is attributed to a combination of crystallinity and
crystal size. Temperature dependent conductivity reveals a 3-d variable range hopping (VRH) electron
transport mechanism. The electrical conductivity and dielectric permittivity are investigated and mainly
depend on the morphology and crystalline structure. The resistivity of the PANI NFs is observed to be the
lowest one compared with the other two at room temperature. Both PANI nanostructures (NFs and NPs)
exhibit negative real permittivity in the whole frequency range. Meanwhile, positive magnetoresistance
(MR) is observed in all the three kinds of PANI nanostructures and is analyzed theoretically from the
currently available wave-function shrinkage model.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Conjugated polymers have attracted more attention due to their
wide potential applications [1e5] arising from their unique elec-
trochemical, optical and mechanical properties [6e11]. And among
all the conjugated polymers, polyaniline (PANI) is more attractive
owing to its controllable doping levels [12e14] and potential wide
applications such as anticorrosion coating [15], sensors [16],
reduction of toxic in water [17] and tissue engineering [18].
However, for PANI synthesized in the classical way using aniline,
oxidant, and small molecule acid [19], the solubility in the common
solvents is very low, which limits its applications. Even worse, the
ei), zhanhu.guo@lamar.edu
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thermal degradation temperature is lower than its melting
temperature [20], which excludes the traditional melting to process
these conjugated polymers as used for the normal thermoplastics.

Researchers have made many efforts to solve the solubility
challenge. An improved solubility can be achieved by reducing the
PANI grain size [21], introducing the side groups to the PANI chains
[22e24], and synthesizing PANI composites [25,26]. Though
introducing the sulfonic side group to the PANI main chain from the
acids such as fuming sulfuric acid [22] and 1,3-propanesultone [23]
can improve the dispersibility of PANI, PANI can hydrolyze during
the sulfonation reaction [13,27] and results in a decreased electrical
conductivity (s). Polymer acids such as polystyrene sulfonic acid
(PSSA) [28] and poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (PAMPSA) [13] as dopants to form a hybrid with PANI are
found to be more suitable to enhance the dispersibility of PANI due
to the residue acid groups, which did not participate in the doping
process [13]. For example, PAMPSA used to dope PANI is found to
improve the dispersibility with excess pendent sulfonic acid groups
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in the polymer acid backbone [29]. Another way to improve the
solubility of PANI is to decrease the grain size. PANI nanostructures,
including nanowires, nanorods, nanotubes and nanofibers (NFs),
have many advantages such as large interfacial area between PANI
and their surrounding [30], which improves the dispersibility in the
hosting matrices. PANI NFs have found wide applications such as
multifunctional structural nanocomposites [31e33]. For example,
PANI NFs with high s and environmental stability have served as
nanofillers for synthesizing epoxy [34] and poly(methyl methac-
rylate) (PMMA) nanocomposites with improved dielectric proper-
ties [35]. The dedoped PANI NFs are found to enhance the ionic
interfacial stability of the electrolyte system [36]. PANI NFs with
large specific surface area can absorb and react with chloroaurate
anions ðAuCl�4 Þ to form PANI-Au nanocomposites for H2O2 sensing
[33]. And PANI NFs can be well dispersed in collagen (naturally
occurring fibrous proteins) with an enhanced s [37].

Nanostructured PANI can be synthesized by a simple template
method [37e40]. For example, silica [41] and porous poly(styrene-
block-2-vinylpyridine) (PS-b-PVP) diblock copolymers [42] have
been reported to serve as templates to prepare PANI NFs. Although,
this template method can synthesize high quality PANI NFs, the
yield is very low and cannot meet the large-quantity demand for
industrial utilization. Electrospinning is another approach to obtain
PANI NFs. The isolated PANI NFs doped with camphorsulfonic acid
(CSA) electrospunwith polyethylene oxide (PEO) have been used to
sense the aliphatic alcohol vapors with higher sensitivity than the
nanofiber mats prepared via traditional chemical synthesis [43].
However, PANI NFs obtained by electrospinning are always blended
with other more soluble polymers such as PEO and PMMA, which
are used to overcome the low solubility and to improve the proc-
essability of PANI [44e47]. Ways to synthesize nanostructural PANI
without depending on templates or other soluble polymers are
demanding. Recently, Huang and Kaner [48] reported an interfacial
polymerization method, fromwhich large amount of PANI NFs can
be obtained at the interface of the two phases. The solvents for the
organic phase can be benzene, hexane, toluene, carbon tetrachlo-
ride, chloroform, methylene chloride, diethyl ether, carbon disul-
fide [49], or o-dichlorobenzene [48]. The shape and size of PANI are
reported to be independent of the solvent [48]. Similarly, various
dopants can be used to accomplish the interfacial polymerization,
including phosphoric acid, acetic acid, formic acid, tartaric acid,
methylsulfonic acid, ethylsulfonic acid, CSA [49] and 4-toluene
sulfonic acid [48]. PANI NFs with different fiber thickness can be
synthesized with different dopants. Interfacial polymerization
synthesized NFs appear to be insensitive to the polymerization
temperature and monomer concentration, but are affected by the
acid concentration. Magnetic stirring during the interfacial reaction
caused the agglomeration of NFs at the surface of the emulsion
droplets [48]. However, the relationship between the morphology
(length, size and aspect ratio) of the NFs and the used interfacial
surface area (given the same amount of materials) has not been
reported. Furthermore, the property comparison among the
different morphologies synthesized from different methods has
been rarely reported, though it is demanding for academic interests
and engineering applications.

Giant magnetoresistance (GMR), defined as a large change in
resistance when the relative orientation of the magnetic domains
in adjacent layers is adjusted from anti-parallel to parallel under an
applied magnetic field, is first discovered in alternating ferromag-
netic iron and non-ferromagnetic chromium layers [50]. Recently,
GMR phenomenon reported in the organic systems, a potential
alternative to metals in GMR sensors, has attracted much attention
due to its unique properties including semiconductive, light weight
and little spin-orbit coupling [51]. To the best of our knowledge,
most of the current research on the MR behaviors in organic
semiconductors is still in a state of modeling and theoretical
prediction [51]. In different models, various polarons are included,
such as in electron-hole (e-h) pair models [52], the anomalous MR
in the semiconductor is related to the recombination limitation of
the electrons and holes. And the bipolaron model [53] with the
effects of the electron and hole being studied separately can be
used to explain the transition between positive and negative MR.
And the organic magnetoresistance (OMR) is generally believed to
originate from spin correlations among the interacting charge
carriers. And a good understanding of the mechanism of MRwill be
beneficial to the applications of the semiconductors [54]. In addi-
tion, due to the tunable electronic property and easy processability,
p-conjugated organic semiconductors have significant technolog-
ical applications such as information display and large-area elec-
tronics [55]. And owing to the unique negative physical properties
such as refractive index and permittivity, metamaterials have
attracted great interests. Recently, negative permittivity is discov-
ered by our group in the conductive polymer-based nano-
composites (PNCs) such as polyanilineetungsten oxide and
polypyrroleetungsten oxide [8,9] and carbon nanofibers (CNFs)/
elastomer PNCs [56]. Thesematerials obtain a promising future that
can be applied in cloaking, superlens, wave filters, remote aero-
space applications, and superconductors [57e59]. However, theMR
and negative permittivity, especially with a combined MR and
negative properties in a semiconductive PANI nanostructure, has
been rarely reported.

In this paper, the interfacial polymerization process for
synthesizing PANI nanofibers (NFs) has been systematically inves-
tigated from an engineering aspect and the synthesized NFs are
compared with the ones obtained from the other two synthesis
methods, i.e., ultrasonication and polymer acid doping. In the case
of interfacial polymerization method, the morphology of PANI NFs
is studied by varying the parameters including the interfacial area
between two phases with a fixed amount of reactants and solvents,
polymerization time, concentration, and scale-down by varying the
amount of reactants and solvent while maintaining the same
interfacial area. The morphology, crystallinity, electrical conduc-
tivity (s), dielectric permittivity, and thermal stability of the
obtained different PANI nanostructures are investigated and
compared. The electron conduction mechanisms are explored by
studying the temperature dependent conductivity. The magnetic
field dependent resistance (MR) is measured in the obtained
nanostructures and is interpreted from the currently available
wave-function shrinkage theory.

2. Experimental

2.1. Materials

Aniline (C6H7N), ammonium persulfate (APS, (NH4)2S2O8), p-
toluene sulfonic acid (PTSA, C7H8O3S) and poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) (PAMPSA, Mw ¼ 2,000,000 g/mol)
solution are all purchased from Sigma Aldrich. Chloroform (CHCl3)
is purchased from Fisher Scientific. All the chemicals are used as-
received without any further treatment.

2.2. Preparation of PANI nanostructures

2.2.1. PANI nanofibers (NFs)
PANI NFs were prepared by the reported interfacial polymeri-

zation [48] and all the samples were prepared with the same ratio,
aniline:APS:PTSA ¼ 8:2:25. The reference sample (PANI-2), which
was used as reference being compared with PANI nanostructures
prepared under other different conditions, was prepared in
a 200 mL beaker with a large interfacial area of 3115.66 mm2. The
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synthesis procedures are briefly described here. First, aniline
(3.2mmol)was dissolved in chloroform (10mL) as solution one, and
solution two is APS (0.8 mmol) dissolved in 10 mmol PTSA aqueous
solution (10 mL deionized water). Then, solution two was added
into solution one for polymerization at room temperature. And after
2-h reaction, the product was vacuum filtered and washed with
ethanol and deionized water to remove excess acid, possible olig-
omers and organic solvent. The obtained powders were dried
completely at 50 �C.

Three series of PANI NFs were prepared. For time series, the
polymerization time was controlled as 15 min (PANI-1), 2 h
(reference, PANI-2) and 9 h (PANI-3). For the scale-up sample PANI-
4 vs PANI-2, all chemicals including reactant and solvent were one
forth of those used for synthesizing the reference sample (PANI-2).
For interfacial area series (PANI-4, PANI-5, and PANI-6), all chem-
icals were one forth of those as used for synthesizing the reference
sample (PANI-2) and the interfacial area is varied, i.e. 3115.66 mm2

for PANI-4, 1721.54 mm2 for PANI-5 and 1157.53 mm2 for PANI-6.
And for concentration-up samples (PANI-7, PANI-8, and PANI-9),
solvent was one forth of that used for synthesizing the reference
sample while the reactants were still the same as those used for
synthesizing the reference sample. In both scale-up and
concentration-up series, the effect of interfacial area was also
investigated by using 80-mL beakers with an interfacial area of
1721.54 mm2 (PANI-5, PANI-8) and 40-mL beakers with an inter-
facial area of 1157.53 mm2 (PANI-6, PANI-9) to perform the inter-
facial polymerization, and represented asmiddle size and small size
of the interfacial area. Samples prepared under different conditions
were named as PANI-1 e PANI-9 and the detailed synthetic
conditions are summarized in Table 1.

2.2.2. Preparation of PANI NPs
PANI NPs have been prepared following our prior procedures

[9]. The molar ratio used in this method was aniline:APS:
PTSA¼ 6:3:5. For solution one, PTSA (60 mmol) and APS (36 mmol)
were dissolved in deionized water (400 mL), then the solution is
put in an ice-water bath under ultrasonication for 1 h. Solution two
is aniline (72 mmol) dissolved in deionized water (100 mL). Then
solution two was added into solution one and the mixture was
sonicated for additional 1 h in an ice-water bath for polymerization.
Finally, the product was vacuum filtered and further treated and
washed with ethanol and deionized water to remove excess acid,
possible oligomers and organic solvent. The obtained powders
were dried completely at 50 �C.

2.2.3. Preparation of PANI-PAAMPSA
The PANI-PAAMPSA is prepared following the procedures

reported by Loo et al. [14]. A molar ratio of aniline:APS:
PAAMPSA ¼ 1:0.9:1 was used. PAAMPSA (0.028 mol) and aniline
Table 1
Synthetic conditions, lattice plane spacing and the average crystallite size of (110) lattice

Sample name Reaction time Interfacial area Scale ratio

PNAI-1 15 min L 1
PANI-2 2 h L 1
PANI-3 9 h L 1
PANI-4 2 h L 1/4
PANI-5 2 h M 1/4
PANI-6 2 h S 1/4
PANI-7 2 h L 1
PANI-8 2 h M 1
PANI-9 2 h S 1

Note: Scale ratio refers to the total reactant volume with the same concentration; and con
the volume the same. Both are based on PANI-2 (reference sample). Large size interfaci
interfacial area is 1157.53 mm2, respectively.
(0.028 mol) were dissolved in deionized water (342 mL) and was
stirred at room temperature for 1 h and thenmoved to an ice-water
bath. APS (0.025 mol) was dissolved in another 25 mL deionized
water, which was added dropwise to the former solution. The
polymerization reaction was continued overnight and maintained
in the ice-water bath for the first 6 h and vigorously stirred through
thewhole process. The final solutionwas dried at 50 �C overnight to
obtain a thin film, which is further grinded into powders. The
powders were washed by acetone and deionized water, and then
vacuum filtered and again washed with ethanol and deionized
water to remove excess acid, possible oligomers and organic
solvent. The obtained powders were dried completely at 50 �C.

2.3. Characterization

2.3.1. Crystalline structure of PANI
The crystalline structure of PANI was studied by X-ray diffrac-

tion (XRD) analysis, which was accomplished in a Bruker D8 Focus
diffractometer equipped with a Sol-X detector using a copper
radiation source. Data were collected in the range of 2q ¼ 5e35� at
a resolution of 0.05� per step with a 6-s integration time per step.
The crystallinity of the PANI nanostructures is calculated by TOPAS
software and is obtained as the crystalline area divided by the sum
of crystalline area and amorphous area [60].

2.3.2. Morphological characterizations of PANI
The morphology of the PANI nanostructures was characterized

with a scanning electron microscope (SEM, JEOL field emission
scanning electron microscope, JSM-6700F).

2.3.3. Thermal characterization of PANI
Thermal degradation property of the PANI was studied by

a thermogravimetric analysis (TGA, TA instruments Q-500). All
PANI samples were heated from 30 to 700 �Cwith an air flow rate of
60 mL/min and a heating rate of 10 �C/min. Differential scanning
calorimeter (DSC, TA Instruments Q2000) measurements were
implemented under a nitrogen flow rate of approximately 20 mL/
min at a heating rate of 10 �C/min from 30 to 400 �C.

2.3.4. Electrical conductivity and resistivity measurement
The electrical conductivity (s) was measured by a four-probe

technique in a Keithley 2400 SourceMeter under voltage-source
testing mode. The measured voltage was adjusted in the range
of �10 to 10 V. The corresponding current was measured and
recorded across the two outer probes. The dielectric permittivity
was measured by an LCR meter (Agilent, E 4980A) equipped with
a dielectric test fixture (Agilent, 16451B) at the frequency of
20e2M Hz. A piece of rectangular standard Teflon sample with
a permittivity of 2.1e2.4 is used for calibration before the test.
plane of different PANI nanofiber samples.

Concentration ratio Crystallinity (%) hkl (110)

d (Å) L (Å)

1 8.31 3.54 33.24
1 9.42 3.54 29.61
1 11.91 3.54 30.73
1 11.80 3.52 29.62
1 12.06 3.52 38.79
1 11.70 3.54 41.76
4 15.76 3.50 35.42
4 14.44 3.49 49.36
4 17.78 3.49 40.75

centration ratio refers to the used reactant concentration doubled while maintained
al area is 3115.66 mm2, middle size interfacial area is 1721.54 mm2 and small size
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The PANI NPs were pressed in the form of disc pellets with
a diameter of 25 mm by applying a pressure of 95 MPa in
a hydraulic presser and the average thickness was about 0.5 mm.
The same sample was used to measure the electrical resistivity by
a standard four-probe method in the temperature range of
50e290 K. The temperature dependent resistivity was used to
investigate the electron transport mechanism in the PANI nano-
structural samples. The magnetic field dependent resistance is
carried out using a standard four-probe technique.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of the PANI NFs, synthesized from
different conditions. All the nanofiber samples mainly have three
peaks with 2q at 15, 20 and 25.25�, which correspond to the (010),
(100), and (110) plane of PANI, respectively [61]. The synthetic
conditions are observed to have a significant impact on the crys-
talline structures. Only concentration-up samples (PANI-7, PANI-8
and PANI-9) have obvious peak at 2q of 15�. In addition, the
peaks of (100) and (110) in the concentration-up samples (PANI-7,
PANI-8 and PANI-9) are much sharper and narrower than those of
the reference sample (PANI-2). The XRD patterns of the crystalline
structures can be used to estimate the average crystallite size,
lattice plane d-spacing and crystallinity. The average crystallite size
of the PANI NFs is estimated from the XRD patterns using Scherrer
formula [62], Equation (1):

L ¼ kl
bcos q

(1)

where, L is the average crystallite size, k is the shape factor and is
normally 0.9, l is the X-ray wavelength (l ¼ 1.5406 Å), b is the full-
width at half-maximum (FWHM), FWHM was obtained from data
file of XRD result, firstly the height of peak is calculated to obtain
the number of half-maximum intensity, and then the two points
from the XRD pattern having the half-maximum number were
found, finally, FWHM is the subtraction of the 2 theta degree of the
two points. And q is the diffraction angle. And the lattice plane d-
spacing is calculated based on Bragg formula [7], Equation (2):

l ¼ 2dsin q (2)
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Fig. 1. X-ray diffraction patterns of the PANI nanofibers.
The d-spacing and the average crystallite size at (110) plane of
PANI are summarized in Table 1. And a calculated d-spacing is
observed with comparable sizes for all the PANI nanostructures
synthesized from different synthetic conditions, Table 1. From the
Bragg formula, d-spacing is only associated with the diffraction
angle 2q. The (110) planes of all samples are located at almost the
same 2q value without any obvious peak shift, Fig. 1. This indicates
that the d-spacing does not change obviously as the synthetic
conditions are changed. However, the average crystallite size (L) is
observed to be significantly different in the PANI nanostructures
synthesized in various conditions. From Table 1, an increased
concentration causes L increased drastically (PANI-7 vs PANI-2).
And in the scale-down series (PANI-4, PANI-5, PANI-6),
a decreased interfacial area leads to an increased L as well. L is
decided by two factors, i.e., diffraction angle and the FWHM. A
narrow peak means smaller FWHM and an increased L. Compared
with reference sample (PANI-2), the decreased scale (PANI-4) is
observed not to change L. However, when the interfacial area
(PANI-6) is decreased simultaneously, L is found to increase
significantly. On the other hand, based on the crystallinity of PANI
NFs summarized in Table 1, concentration-up and interfacial area
decrease result in a more crystalline nanostructure with larger
size.

For the interfacial polymerization, only the initial molecules
located at the aqueous and organic interface can act as nucleation
sites for the growth of the PANI chains [48]. In the interfacial area
series (PANI-4, PANI-5, PANI-6) with a reduced amount of reactants
and solvents, the available nucleation sites are reduced, which
favors the formation of PANI with larger crystal size and longer
polymer chains. However, in concentration-up series (PANI-7 vs
PANI-2), when the concentration increases, more initial molecules
are available in the interface and lead to more nucleation sites for
a higher crystallinity, which is consistent with the sharp peak
observed in XRD, Fig. 1. And in the concentration-up series, due to
the increased number of the nucleation sites, the crystallization
process is much more intensive, which causes nonuniform crys-
tallites different from other samples and thus leads to a nonobvious
trend of the average crystalline size with a simultaneously reduced
interfacial area size.

Fig. 2 shows the XRD patterns of (a) PANI NFs (PANI-2), (b)
PANI NPs prepared by ultrasonication, (c) PANI-PAMPSA polymer
hybrid, (d) pure APS and (e) pure PAMPSA polymer acid. Though
no obvious peak shift is observed in the PANI nanoparticle sample
synthesized by ultrasonication (the d-spacing value is 3.5381 Å
equal to PANI NFs), poorer crystallinity (7.48%) and larger average
crystallite size are suggested based on the facts that the height of
peaks at 2q of 20 and 25.25� are much lower than those of PANI-2.
In addition, the L value of (110) plane is 45.2522 Å, which is lager
than that of PANI-2. The broad and weak peak of the PAMPSA,
Fig. 2(e), indicates a poor crystalline structure of the polymer acid.
In the PANI-PAMPSA sample, the observed peaks at 2q of 19.2,
30.35, 36.15 and 40.5� are from the residue crystalline APS,
Fig. 2(c,d). However, the two addition peaks at 2q of 23.4 and 26�

are observed in the PANI-PAMPSA sample. The peaks at 2q of 23.4
and 26� might be (100) and (110) planes of PANI, respectively. As
compared with the (110) plane at 25.15� of PANI synthesized by
PTSA, a shift to a higher angle is noticed, which indicates a strong
interaction between PANI and polymer acid. The observed shift is
attributed to the subchain alignment. In the PANI-PAMPSA sample,
PAMPSA chain is bonded ionically with PANI, when the PANI
chains are arranged and form a crystalline structure, PAMPSA may
act as side chains, which will follow the backbone’s arrangement
and form a layer between the lattices of PANI, thus cause
a decreased d-spacing at a higher angle in the XRD pattern
[12,14,63,64].



Fig. 3. SEM microstructures of the PANI nan

5 10 15 20 25 30 35 40 45 50

I
n

t
e
n

s
i
t
y

2θ

(a)

(b)

(c)

(d)

(e)

110100

110100

Fig. 2. X-ray diffraction patterns of (a) PANI nanofibers, (b) PANI nanoparticles,
(c) PANI-PAMPSA, (d) APS, and (e) PAMPSA.
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3.2. Morphology of PANI

Fig. 3 shows the SEM microstructures of the PANI NFs prepared
in different conditions, and it can be observed from the SEM graph
that the diameter of PANI NFs is fairly uniform. And the physical
parameters (diameter, length and aspect ratio) of the NFs are
summarized and shown in Table 2. For the samples prepared with
different reaction time (PANI-1, PANI-2, PANI-3), the average
diameter of the NFs increases with increasing the interfacial poly-
merization time, which is consistent with the following polymeri-
zation mechanism for the PANI nanofiber formation. The PANI NFs
exist at the very beginning during the traditional polymerization
process to synthesize PANI. However, with the progress of the
polymerization, the formed NFs will serve as scaffolds for the
further growth of PANI and finally develop to a particle form [48].
Thus, a longer polymerization time favors the formation of thicker
NFs.

For the scale-down samples (PANI-4 vs PANI-2), the diameter
decreased from 142.7 nm (PANI-2) to 135.3 nm (PANI-4). The NFs
(PANI-4) have an average length of 1.29 mm, which is much longer
than that of the reference sample (PANI-2) with an average length
of 1.00 mm, which demonstrates that the decreased scale can
provide a condition to synthesize larger NFs. In addition, interfacial
area has an influence on themorphology of the NFs, comparedwith
samples PANI-4, PANI-5, and PANI-6. The mean diameter of the NFs
ofibers prepared in different conditions.



Table 2
Diameter, length and aspect ratio of the PANI NFs prepared in different conditions.

Samples Diameter (nm) Length (mm) Aspect ratio

PANI-1 124.2 0.94 7.57
PANI-2 142.7 1.00 7.01
PANI-3 150.3 1.00 6.65
PANI-4 135.3 1.29 9.53
PANI-5 147.0 0.84 6.80
PANI-6 174.8 0.63 3.60
PANI-7 106.0 0.67 6.32
PANI-8 109.1 0.61 5.59
PANI-9 133.1 0.51 3.83
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increases with decreasing the interfacial area. The same tendency is
also observed in the concentration-up series (PANI-7, PANI-8 and
PANI-9). For the interfacial polymerization process, the reaction
takes place at the interface and thus forms the NFs there. In the case
with a decreased interfacial area, less surface area is available for
the growth of the NFs, which will cause NFs stick together and form
thicker NFs. Meanwhile, a decreased interfacial area will limit the
growth of the NFs, Fig. 3, PANI-6 with an average length of 0.63 mm
and an average diameter of 174.8 nm, which are shorter and thicker
than the NFs of PANI-4 with an average length of 1.29 mm and an
average diameter of 135.3 nm, Table 2.

For concentration-up samples (PANI-7 vs PANI-2), the NFs not
only have a smaller average diameter, but also become shorter. The
average length of the NFs is 0.67 mm for PANI-7, which is much
shorter than PANI-2 (1.00 mm). This special morphology is due to
the intensive reaction conditions. As aforementioned in the crys-
talline structure analysis part, more initial molecules are available
in the interface in the concentration-up samples and the system
has a higher reaction rate. The formed NFs do not have adequate
time to grow up and thus relatively tiny NFs are observed in the
concentration-up samples.

PANI obtained under ultrasonication is also in the nanoscale
level. Instead of a nanofiber structure, spherical shape is observed,
Fig. 4(b). And, the small NPs tend to agglomerate and form large
particles. On the other hand, the PANI dopedwith PAMPSA polymer
acid has a completely different morphology as compared with the
PANI NFs, Fig. 4(c), and PANI NPs, Fig. 4(b). The PANI-PAMSPA
exhibits a flake shape and looks like a brittle plastic fracture
surface, Fig. 4 (a). This special composite morphology [65] is caused
by the long-chain structure of the utilized PAMPSA polymer acid,
which serves as template for the growth of PANI.
3.3. Thermogravimetric analysis

Fig. 5(A) shows the TGA curves of the PANI nanostructures
prepared in different conditions. All the samples have three weight
Fig. 4. SEM images of (a) PANI-PAMPSA, (b) PA
loss stages. The first stage from room temperature to 150 �C is
attributed to the release of the moisture and the residue organic
solvent entangled in the polymer chains. The second stage between
250 and 350 �C is caused by the loss of the doping acid [66,67]. The
third stage arises from the degradation of PANI. The degradation
temperature increases slightly with extending the preparation time
(PANI-1, PANI-2, PANI-3) and decreasing the scale (PANI-4 vs PANI-
2), Table 3. However, with the increase of the reactant concentra-
tion (PANI-7 vs PANI-2), the onset decomposition temperature is
increased intensely and the weight loss is decreased. The second
weight loss stage almost disappears for the concentration-up
samples (PANI-8 and PANI-9), Fig. 5(A). This improved thermal
stability in PANI-8 and PANI-9 in the second temperature range is
caused by the increased crystallinity in PANI-8 and PANI-9. In other
words, the second weight loss stage is associated with the lost
doping acid. It would needmore energy for the acids to be removed
from the polymer chains if the PANI chains dopedwith acid arewell
arranged in a more crystalline structure. Thus, the second weight
loss stage of samples with higher crystallinity will shift to higher
temperature and overlap with the third weight loss stage. With
further increasing the temperature, the third weight loss stage
ranging from 350 to 600 �C is observed with a rapid weight loss in
all the samples, which is due to the breakdown of the backbone
[68,69].

Table 3 also shows the degradation information of the PANI NFs,
PANI NPs and PANI-PAMPSA. For PANI prepared with different
methods, the thermal stability is changed significantly, Fig. 5(B).
The PANI NPs are the most stable one, with a slightly weight loss in
the second stage. And the PANI-PAMPSA has the poorest thermal
stability. Although the onset temperature of the PANI-PAMPSA is
higher than the PANI NFs and PANI NPs, it has a much larger weight
loss fraction of 21.85% than the PANI NPs and PANI NFs in the
second stage, which is 3.70% and 10.00% respectively. The larger
weight loss in the second stage is attributed to the degradation of
PAMPSA.
3.4. Differential scanning calorimetry

The DSC curves of PANI prepared with various conditions are
shown in Fig. 6(A). There are two endothermic transitions ranging
from 50 to 150 �C and 250e350 �C, respectively. Fig. 6(B) shows the
DTG and DSC curves of PANI-1. Both transitions in the DSC curve
agree with those of the DTG curve. The first one is the evaporation
of moisture and residue organic solvent. The second one is an
endothermic process of the loss of the doping acid instead of a glass
transition [63]. Based on the prior report, the glass transition
temperature (Tg) is not evident in the thermographs [9]. In addition,
there is a weight loss in the temperature range between 275 and
300 �C in the DTG curve, and the glass transition, which is a phase
NI nanoparticles, and (c) PANI nanofibers.



Fig. 5. (A) TGA curves for PANI nanofibers, (B) TGA curves of (a) PANI-PAMPSA, (b)
PANI nanoparticles, and (c) PANI nanofibers.
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change, will not cause the weight loss. The decomposition enthalpy
(DH) and temperature values of the second endothermic process
are summarized and listed in Table 4, with polymerization time
increased (PANI-1, PANI-2, PANI-3), and scale down (PANI-4 vs
PANI-2) the enthalpy decreased with temperature increased, which
means the decomposition process will release more energy in the
lower temperature range.
Table 3
Onset temperature and weight loss in 150e300 �C for PANI nanofibers prepared in
different conditions, PANI nanoparticles, and PANI doped with PAMPSA.

Samples Onset
temperature (�C)

Weight loss (%) in
150e300 �C

PANI-1 233.05 10.920
PANI-2 231.62 9.968
PANI-3 233.05 5.696
PANI-4 236.32 5.041
PANI-5 240.92 4.203
PANI-6 233.30 6.246
PANI-7 242.62 3.462
PANI-8 244.20 3.005
PANI-9 248.57 1.729
PANI

nanoparticle
213.56 3.699

PANI-PAAMPSA 243.92 21.85

Fig. 6. (A) DSC curves of the PANI nanofibers, (B) DSC and DTG curves of PANI-1
nanofibers, and (C) DSC curves for (a) PANI-PAMPSA, (b) PANI NPs, and (c) PANI
nanofibers.
Consistent with what is shown in the TGA curve, with an
increased onset decomposition temperature, Fig. 5(A), the thermal
stability of the scale down (PANI-4, PANI-5, PANI-6) and
concentration-up (PANI-7, PANI-8, PANI-9) samples are slightly



Table 4
DSC characteristics of the second endothermic transition of PANI nanofibers
prepared in different conditions, PANI nanoparticles, and PANI doped with PAMPSA.

Samples T (�C) DH (J/g)

PANI-1 280.11 94.62
PANI-2 282.64 31.56
PANI-3 330.43 30.67
PANI-4 298.82 15.41
PANI-5 318.33 30.08
PANI-6 339.43 24.23
PANI-7 278.19 104.1
PANI-8 298.15 20.10
PANI-9 331.33 19.81
PANI nanofibers (PANI-2) 282.64 31.56
PANI nanoparticles 228.91 4.438
PANI-PAAMPSA 278.67 712.6
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improved, especially when the interfacial area is middle size (PANI-
8) in concentration-up series, the second endothermic transition
can be barely found. However, in Fig. 6(C), the DSC curve of PANI-
PAMPSA sample has a larger endothermic peak at lower tempera-
ture range, which again demonstrates that PANI-PAMPSA can be
degraded more easily.
3.5. Electrical conductivity (s)

Fig. 7 depicts the room-temperature s of the PANI nano-
structures. With polymerization time extended (PANI-1, PANI-2,
PANI-3), the s of the PANI NFs is almost the same. However, the s

is obviously improvedwhen the scale is decreased (PANI-4 vs PANI-
2), which is associated with the morphology of the PANI NFs. From
Fig. 3 and Table 2, PANI-4 with a higher aspect ratio of 9.53 is
observed to have a higher s than that of PANI-2 with an aspect ratio
of 7.01 [70,71]. For interfacial series (PANI-4, PANI-5, and PANI-6),
no obvious change of s is observed. Similarly, the increased
concentration (PANI-7 vs PANI-2) has negligible effect on s,
although concentration-up will increase the crystallinity of the
PANI NFs, which has a positive effect on the s. Meanwhile, more
aggregation of the PANI NFs is observed in PANI-7 and PANI-8,
which is unfavorable for s [72]. In addition, the aspect ratio of the
NFs of PANI-7 (5.59) and PANI-8 (3.83) is much smaller than that of
the PANI-2 (7.01).
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Fig. 7. Electrical conductivity of PANI nanofibers prepared in different conditions and
methods, PANI nanoparticles (PANI-10), PANI-PAMPSA (PANI-11).
Compared with the s of PANI nanostructures prepared with
different methods, ultrasonication (PANI-10) and polymer acid
doping (PANI-11), PANI NFs (PANI-2) have a slightly higher s than
that of the PANI NSs (PANI-10), which is associated with the poorer
crystallinity and lower aspect ratio of nanosphere samples.
Although PANI-PAMPSA (PANI-11) has sharp peaks in the XRD
pattern, most of which can be tracked from oxidant, and the crys-
tallinity of the peaks belong to PANI is pretty lower (6.93%) than the
crystallinity of 9.42% for PANI-2 and 7.48% for PANI-10, which leads
a lower s.

Fig. 8(A) shows the resistivity as a function of temperature for
the PANI NFs prepared with different conditions. Both increased
concentration (PANI-7 vs PANI-2) and decreased interfacial area
(PANI-4, PANI-5, and PANI-6) cause an increased resistivity. And for
scale-down sample (PANI-4 vs PANI-2), the resistivity of PANI-4 is
higher than that of PANI-2 in the low temperature range. However,
with increasing temperature, the resistivity of PANI-4 becomes
lower than that of PANI-2. In addition, the resistivity of the PANI
NFs is lower than that of the PANI NPs. And PANI-PAMPSA has the
highest resistivity compared with those of the PANI NFs and PANI
NPs, Fig. 8(B). And the change of resistivity can be associated with
the electron transportation mechanism.

The electron transportation mechanism is investigated by
exploring the relationship between temperature and s, using
Equation (3) [9,73]:

s ¼ s0exp
�
�
�
T0
T

�1=n�
(3)

T0 is the characteristic Mott temperature related to the electronic
wave-function localization degree and s0 is the conductivity at
infinite high temperature, the value of n can equal to 4, 3 and 2
representing three, two and one dimension. Here n is equal to 4,
which is the best fit for each sample, Fig. 8 (C&D), indicating a 3-
d variable range hopping (VRH) behavior. And it is observed that
the PANI NFs (PANI-4) with the highest aspect ratio have the lowest
resistivity. For the hopping electron, it will choose a way with the
lowest energy consumption and shortest distance, and the energy
of electron hopping between the fibers should be higher than the
energy hopping along the fibers owing to the contact resistance
between fibers. In addition, in a 3-d VRH electron transportation
system, the junctions of the PANI NFs with higher aspect ratio are
fewer than those in the PANI NFs with lower aspect ratio. Thus, the
PANI NFs (PANI-4) with the highest aspect ratio have the lowest
conductivity [74].

3.6. Dielectric permittivity

Fig. 9(A&B) shows the real permittivity ðε0Þ and imaginary
permittivity ðε00Þ of the PANI NFs, respectively. Both ε

0 and ε
00 can be

divided into three stages. In the lower frequency region
(20e110 Hz), ε0 increases and ε

00 decreases sharply with increasing
frequency. During 110-105 Hz, the slopes of both curves become
small. And in the higher frequency region (105e2 � 106 Hz), both ε

0

and ε
00 tend to be constant with increasing frequency.

In the whole frequency range, ε0 keeps negative and increases
with increasing frequency. On the contrary, ε00 is always positive
and decreases with increasing frequency. And thus, the dielectric
loss (tand) value of the PANI nanofiber samples, Fig. 9(C), which is
the ratio of ε0 and ε

00, is negative and increases with increasing
frequency. And in higher frequency region (105e2 � 106 Hz), tand
gets close to zero. And such lower dielectric loss (tand) in high
frequency can be useful in supercapacitor field [9]. The negative
ε
0and high value of s indicate a disordered motion of the charge
carriers along the backbone of the conjugated polymer, and



Fig. 8. (A) Resistivity vs temperature of PANI nanofibers prepared in different conditions, (B) Resistivity vs temperature of (a) PANI nanofibers, (b) PANI nanoparticles, (c) PANI-
PAMPSA (C) ln(s) vs T�1/4 of PANI nanofibers prepared in different conditions, and (D) ln(s) vs T�1/4 of (a) PANI-PAMPSA, (b) PANI nanoparticles, (c) PANI nanofibers.
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which in turn could improve the microwave behavior [75], indi-
cating that these PANI NFs are good candidates for electromag-
netic field shielding. The negative real permittivity is also
observed in PANI due to the delocalization of charge carrier in
a macroscopic scale, which induces the negative permittivity, and
is caused by the instinct metallic state in PANI [76,77]. In early
study of metallic property of conducting PANI, the data is
consistent with the Drude model, in which the relationship
between the permittivity and frequency can be written as
Equation (4) [61]:

ε
0ðuÞ ¼ εN �

h
u2
ps

2
�
1þ u2s2

��1i
(4)

where up is the screened plasma frequency, u is the test frequency,
smeans free time between ionic collisions, εN is the high frequency
dielectric constant, since εN, s, up are constant, which can be
calculated, with the value of u increase, the value of ε0ðuÞ should
increase. And as expected, at the screen plasma frequency, the
values of ε0ðuÞ will cross zero and become negative at all frequen-
cies below certain frequency [61]. What is observed in our test
exactly follows the same trend, with the frequency increase, the
value of permittivity increases, which completely corresponds to
the equation. The lower value of ε0 of the sample with short fibers
(PANI-5, PANI-7 and PANI-8) is attributed to the tight contact of the
NFs compared with the longer ones (PANI-2 and PANI-3) in the
presses samples. And tight contact is beneficial for the movement
of charge carriers.
For PANI NPs and PANI-PAMPSA samples, Fig. 10(A&B), PANI NPs
have a similar change tendency of ε0 and ε

00 with PANI NFs. In the
lower frequency range (20e103 Hz), the ε0 of PANI NPs is lower than
that of the PANI NFs, however, with the frequency increased, the ε

0

of the PANI NPs is almost the same as that of the PANI NFs. On the
contrary, PANI-PAMPSA has positive ε

0 and negative ε
00 in the lower

frequency region, and with the increase of the frequency, ε
0

decreases to negative and ε
00 increases to positive. The positive real

permittivity of PANI-PAMPSA is consistent with the derived elec-
tron transportation mechanism. The obtained T0 and s0 values for
each sample from the electron transportation part are summarized
in Table 5. It is worth noting that T0 of PANI-PAMPSA
(148.62 � 105 K) hybrid is much higher than that of the PANI NPs
(26.40 � 105 K) and PANI NFs (1.39 � 105 K), and larger T0 indicates
stronger localization of charge carriers [9], which causes the
difference of permittivity change. The lowest value of dielectric loss
(tand) of PANI-PAMPSA appears at 100 Hz, Fig. 10 (C), which is
attributed to the much larger increases of ε

00 than the lower
decrease of ε0 in lower frequency range.

3.7. Magnetoresistance properties

The magnetoresistance (MR), (R(H,T) � R(0,T)/R(H,T)) is defined
as a resistance change when the relative orientation of the
magnetic domains in adjacent layers is adjusted from anti-parallel
to parallel under an applied magnetic field [50]. Normally, two
theories are used to interpret the resistance change in materials



Fig. 9. (A) Real permittivity, (B) Imaginary permittivity, and (C) Dielectric loss of PANI
nanofibers prepared in different conditions.

Fig. 10. (A) Real permittivity ðε0Þ of (a) PANI-PAMPSA, (b) PANI nanoparticles, (c) PANI
nanofibers; (B) Imaginary permittivity ðε00Þ of (a) PANI-PAMPSA, (b) PANI nanoparticles,
(c) PANI nanofibers; and (C) Dielectric loss (tand) of (a) PANI-PAMPSA, (b) PANI
nanoparticles, (c) PANI nanofibers.
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under an applied magnetic field. Forward interference model
[78,79] is used to explain the negativeMR, the effect of interference
among various hopping paths between hopping sites is considered
and is expressed in Equation (5):
DRðH; TÞ
Rð0; TÞ ¼ rðH; TÞ � rð0; TÞ

rð0; TÞ z� Csat
H

Hsat
(5)



Table 5
T0 and s0 of the PANI nanofibers prepared in different conditions, PANI nano-
particles, and PANI doped with PAMPSA.

Samples T0 � 105 (K) s0 (S/cm)

PANI-1 3.71 168.54
PANI-2 1.39 141.35
PANI-3 9.77 306.34
PANI-4 9.03 3670.01
PANI-5 18.23 2936.49
PANI-6 11.14 741.53
PANI-7 9.45 460.49
PANI-8 3.91 178.99
PANI-9 26.31 1587.69
PANI nanofiber (PANI-2) 1.39 141.35
PANI nanoparticle 26.40 2480.19
PANI-PAMPSA 148.62 7817.89
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Csat is the saturation constant and Hsat is the effective saturation
magnetic field, the resistance will decrease with the addition of
magnetic field. Slightly negative MR is observed in PANI in early
study of PANI nanocomposites [80].

On the contrary, the external magnetic field will cause an
increase of the resistance, which is associated with the wave-
function shrinkage model [79]. In this theory, the magnetic field
leads to the contraction of the electronic wave function at impurity
center and results in the reduction of the hopping probability
between two sites, which in turn cause the positive MR. In this
theory, MR is given by Equation (6):

DRðH; TÞ
Rð0; TÞ zt2

H2

H2
C

�
TMott

T

�1=4

(6)

Here, t2 ¼ (5/2016) � 36 is a numerical constant and
HC ¼ 6Z½ea20ðTMott=TÞ1=4�, HC is the normalized intrinsic magnetic
field, a0 is the localization length. The introduction of a magnetic
field contracts the localization site and causes the decrease of a0,
which then increases the resistance R(H,T).

The MR of PANI vs H1/3 is shown in Fig. 11. Generally, the MR of
PANI is proportional to H1/3 (H is the magnetic field) at high
magnetic fields [81]. All the samples, i.e., PANI NFs (PANI-8 and
PANI-9), PANI NPs (PANI-10) and PANI-PAMPSA (PANI-11) exhibit
a positive MR and proportional to H1/3. In strong magnetic fields
[81], Equation (7)
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Fig. 11. ln[R(H,T)/R(0,T)] vs H1/3 of PANI nanofibers (PANI-8 and PANI-9), PANI nano-
particles (PANI-10), and PANI-PAMPSA (PANI-11).
ln½rðH; TÞ=rð0; TÞ� ¼
�
2:1eH=NðEÞcZLHkBT3

�1=3
(7)
Here, kB is the Boltzmann constant, N(E) is the density of state at
the Fermi level, Z is the Planck constant, e is the electronic charge, c
is the velocity of light, and LH is the magnetic length. When H and T
are constant, the slope of ln[R(H,T)/R(0,T)] vs H1/3 is only related to
N(E), larger MR indicates less N(E), thus PANI-PAMPSA (PANI-11)
has higher density of state at the Fermi level in strong magnetic
fields than PANI nanoparticles (PANI-10).

4. Conclusion

The influences of the synthesis methods (interfacial polymeri-
zation, ultrasonication, and polymer acid doping) on the
morphology and physicochemical properties of the polyaniline
nanostructures are investigated. Among the PANI nanostructures
prepared by the three different methods, only the interfacial
polymerization yields nanofiber morphology, nanoparticles are
observed from ultrasonication. However, PANI doped with PAMPSA
polymer acid possesses unique flake-like structure. The crystalline
structure of PANI-PAMPSA with an observed XRD peak shifting to
higher degree is different from that of the nanostructures synthe-
sized by the other two methods. In the interfacial polymerization,
the effects of the polymerization time, interfacial surface area, and
the concentration of the reactants on the microstructures and the
physicochemical properties have been studied. The morphology of
the PANI NFs can be controlled by varying synthesis conditions.
Among all the PANI NFs, the decreased scale (PANI-4 vs PANI-2)
provides NFs with larger aspect ratio and the conductivity is
higher than other samples. And the increased concentration (PANI-
7 vs PANI-2) causes thinner PANI NFs with an improved thermal
stability owing to the increased crystallinity. Interfacial area also
affects the morphology of the PANI NFs with decreased interfacial
area leading to shorter NFs. The NFs with larger length are observed
to have lower resistivity due to the 3-d variable range electron
hopping conduction mechanism. The PANI NFs have lower resis-
tance than the PANI NPs and PANI-PANPSA. Both kinds of nano-
structural PANI (NFs and NPs) have negative permittivity in the
whole frequency range, however, PANI-PAMPSA has positive
permittivity in the lower frequency range. The dielectric loss of all
PANI is negligible in higher frequency range, indicating a less
energy loss if serving as supercapacitor. The positive magnetore-
sistance in all three kinds of PANI is observed and theoretically
analyzed by the wave-function shrinkage model.
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