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ABSTRACT: The changes of structure and properties of
nanofibers were studied as a function of solubility param-
eters of the organic solvents that are used in interfacial
polymerization of polyaniline (PAni) nanofibers. The pres-
ence of UV-visible absorbance at 340, 440, and 800 nm
confirmed the formation of emeraldine salt structure of
the prepared PAni nanofibers. Fourier transform infrared
spectral results indicate an increasing trend of benzenoid
to quinoid ratio with the decrease of interaction of the sol-
vents with aniline. This can be correlated to the increase in
the degree of conjugation of the polymer chain. Photolu-
minescence study revealed an increase in the density of

defect state with the decrease of interaction. Single-line
approximation technique was used to analyze the broad-
ening of the most intense X-ray reflection peak corre-
sponding to (110) plane of the nanofibers. The greater the
solvent-monomer interaction, the lesser was the domain
length and m-stacking of the PAni chains. The study of
this interaction is instrumental to precisely control the
internal conformation of the PAni nanofibers. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Among the family of n-conjugated polymers, polyani-
line (PAni) carves a unique niche because of its unique
properties such as good environmental stability, solu-
bility, and simple acid/base doping/dedoping chemis-
try. PAni is a promising material for a wide range of
applications, namely, anticorrosion coatings,’ batteries,”
potentiometric sensors,” separation membranes,* anti-
static coa’c'mgs,5 and fluorescent sensing for nucleic acid
detection.® PAni nanofibers possess similar functional-
ities as the bulk counterpart; however, the former
proves to be a better potential for chemical sensing and
water dispersability than the latter.”

Recently, scientists have focused attention on one-
dimensional PAni nanostructures, such as nanofib-
ers, nanotubes, and nanorods, because of their low
dimensional structures, organic nature, and metal-
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like conductivity.® Various strategies have been
developed for the synthesis of one-dimensional PAni
nanostructures by introducing “structure directing
agents,” which include surfactants,’ liquid crystals,10
polyelectrolytes,'’  nanowire  seeds,'”  aniline
oligmers,'”® and relatively complex bulky organic
dopants'* during the polymerization process. Jing
et al.'”® used ultrasonic synthetic approach to synthe-
size PAni nanofibers. Li and Wang'® fabricated chi-
ral PAni nanofibers using an aniline oligomer to
accelerate the polymerization reaction. Zhang et al."”
documented a “nanofiber seeding” method to syn-
thesize bulk quantity of PAni nanofibers in one step.
Lu et al."® reported the preparation of PAni nanofib-
ers by using a “high-gravity oxidative polymeriza-
tion” in a rotating packed bed. In addition, Huang
et al.”>" reported a route to synthesize PAni nanofib-
ers at the organic/inorganic interface. Among these
reported approaches, interfacial polymerization
developed by Huang and Kaner’ is the most facile
as well as template-free approach to synthesize PAni
nanofibers. The interfacial polymerization technique
yields high-quality PAni nanofibers. The secondary
overgrowth is restricted as the hydrophilic nanofib-
ers move toward the aqueous phase leaving the
interface for directional polymerization reaction. The
relative ease of interfacial polymerization made it
the preferred technique in many fields ranging from
microencapsulation of pharmaceutical products to
the synthesis of conducting polymers.””*! Although



there is a lot of literature on one-dimensional PAni
nanofibers including morphological study* and
structural characterization,® studies focusing on the
effects of solvent interaction with aniline on the
structure and properties of PAni nanofibers synthe-
sized using interfacial polymerization are scanty.
Therefore, in this study, the effect of interactions
between the monomer (aniline) and different organic
solvents used in polymerization process of varying
solubility parameter on the structure and properties
of PAni nanofibers are explored.

EXPERIMENTAL
Materials

Aniline (C¢HsNH,) was purchased from Merck
(India). It was purified by vacuum distillation in the
presence of zinc dust (atomic weight 65.37 g/mol;
S.D. Fine-Chem, India) before use. The solvents like
butanol (C,H,OH, with boiling point of 118°C and
density of 0.81 g/ cm?), benzene (C¢Hg, with boiling
point of 80°C and density of 0.88 g/cm®), carbon tet-
rachloride (CCly, with boiling point of 78°C and den-
sity of 1.594 g/ cm®), and dichloromethane (CH,Cl,,
with boiling point of 40°C and density of 1.32 g/cm®)
were distilled before use. Ammonium peroxydisul-
fate [(NH4)25,0g] and hydrochloric acid (HCl; 36.46
g/mol, 11.6N) were used as purchased (Merck).

Preparation of PAni nanofibers by interfacial
polymerization technique

The oxidant, ammonium peroxydisulfate (2.852 g,
0.25M), and the dopant, hydrochloric acid (1.54 mL,
1M), were dissolved in doubled distilled water (50
mL) in a 100-mL glass vial. In a separate glass vial,
distilled aniline (4.56 mL, 1M; aniline/oxidant ratio
is kept at 4 : 1) was dissolved in 50 mL of the or-
ganic solvent. For the denser organic solvents such
as carbon tetrachloride and dichloromethane, the
aqueous solution of the oxidant and the dopant was
carefully added. In the case of the lighter solvents
such as 1-butanol and benzene, aniline dissolved in
the organic solvent was carefully added to the aque-
ous solution of the oxidant and the dopant. The
PAni nanofibers were formed by keeping the com-
bined system for 12-24 h under a static condition at
room temperature. The mass of PAni nanofibers
formed gets dispersed in the aqueous phase, which
were then centrifuged and washed with double-dis-
tilled water followed by methanol for several times
until the filtrate became colorless. The product was
finally dried in a vacuum oven at 40°C for 28 h.
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Characterization

The samples for UV-visible spectroscopy (UV-1700
PharmaSpec spectrophotometer from Shimadzu, Ja-
pan) were prepared by dispersing small amount of
PAni nanofibers in double-distilled water. All the
spectra were recorded between 200 and 900 nm in
differential scanning mode using water as the refer-
ence. The Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet FTIR Impact 410 spec-
trometer. The samples for FTIR were prepared as
pellets by pressing a mixture of PAni and potassium
bromide. The wide-angle diffractograms of the fine
powdered PAni samples were measured with a
scanning rate of 0.05 min~' over a wide scanning
angle of 20 = 10°-70° using Cu Ko radiation by a
Rigaku X-ray diffractometer (Miniflex, UK). Photolu-
minescence (PL) spectra of the samples were
acquired using a Perkin-Elmer Ls-55 florescence
spectrometer. The samples for conductivity measure-
ments were prepared by pressing them into pellets
of 1 cm diameter and analyzed using a Keithley
2400 C source meter. The morphology of the PAni
nanofibers was studied using a JEOL JEM 100 CX-
transmission electron microscope (TEM) at an oper-
ating voltage of 100 kV after casting on carbon-
coated copper grids.

RESULTS AND DISCUSSION

The PAni nanofibers prepared using different or-
ganic solvents, namely, dichloromethane, 1-butanol,
benzene, and carbon tetrachloride (with varying sol-
ubility palrame’cers)24 have been coded as P1, P2, P3,
and P4, respectively. The period from the addition
of the two aqueous/organic biphasic systems to the
beginning of the formation of PAni nanofibers at the
interface of the two solvent systems is termed as
“induction time” to observe the difference of the po-
lymerization of aniline in different organic solvents.
The induction time for the polymerization of aniline
dissolved in dichloromethane, 1-butanol, benzene,
and carbon tetrachloride was 90, 75, 60, and 30 s,
respectively, as given in Table I. In dichloromethane
and 1-butanol, the interaction between solvent and
aniline molecules inhibits the fast release of the
aniline into the interface (because close solubility pa-
rameters) and thus retards their interaction with the
oxidant and the dopant. This results in longer induc-
tion time in dichloromethane and 1-butanol when
compared with carbon tetrachloride, as the differ-
ence in solubility parameter with respect to aniline
is comparatively high in this case. Although the dif-
ference in the solubility parameter is same in the
case of 1-butanol and benzene, the induction period
of the former is more when compared with the latter
owing to the polar—polar and hydrogen-bonding



STRUCTURE AND PROPERTIES OF PAni NANOFIBERS 3
TABLE I
Physical Properties and Interactions of the Organic Solvents and Induction Time for the
Formation of PAni Nanofibers

Solubility parameter S — & Dielectric Dipole Induction Quantum
Solvent (85) (cal/cm?)!/2 (cal/cm®)'/? constant moment (D) period (s) yield
CH,Cl, 9.7 0.6 9.1 1.60 90 0.24
C,H,OH 11.4 1.1 17.8 1.66 75 0.13
CgHg 9.2 1.1 2.3 0 60 0.11
CCly 8.6 17 22 0 30 0.08

8; (solubility parameter of aniline) = 10.3 (cal/cm®)*/%

interactions of the former with the aniline monomer.
The smaller difference in the solubility parameter
between dichloromethane and aniline when com-
pared with 1-butanol indicates that they have similar
internal energies and hence greater interaction. In
the case of PAni prepared in benzene and carbon
tetrachloride as organic phase, only dispersive inter-
actions exist between them and aniline because of
their nonpolar nature. The difference in the induc-
tion time may be originated from the difference in
intermolecular interaction between the organic sol-
vent and the aniline molecules. Stronger interaction
resulted in a longer induction time.

Figure 1 shows the UV-visible spectra of PAni
nanofibers synthesized using different organic sol-
vents. The spectra of nanofiber samples contained
all of the characteristic peaks of doped form of PAni
emeraldine salt. The three absorption bands of nano-
fibers® appeared at around 340 nm corresponding
to m—n* transition, a band centered at around 440 nm
corresponding to polaron—m* transition and a broad
band at around 800 nm assigned to the m—polaron
transition. A broad absorption band observed at
around 3700 to 1800 cm ™' is characteristic of electri-
cally conductive polymers, which reflects the elec-
tronic transition from the valence to the conduction
band.*® The UV-visible spectra of PAni nanofibers
reveal the existence of a single broad polaronic band
deep in the band gap of the PAni, which is stabi-
lized by the Columbic interactions, dielectric screen-
ing, and local disorder in the PAni lattice.?”

TEM micrographs (Fig. 2) exhibit the nanofibrillar
morphology of PAni with average diameter around
25-30 nm."” Even though the changes in the internal
morphology of the PAni nanofibers are not noticea-
ble in electron microscopy images, the changes are
revealed from the FTIR, XRD, PL, and conductivity
results.

The FTIR spectra of the samples showing the char-
acteristic bands of PAni in the range 5004000 cm '
are shown in Figure 3. The FTIR bands at around
3435, 1300, and 1150 cm™' are assigned to N—H,
C—N, and C=N stretching vibrations, respectively.
The strong band at 1150 cm ™' is ascribed as a mea-
sure of the degree of delocalization of electrons, a

characteristic band of conducting PAni nanofibers.”®
The characteristic bands at 1490 and 1576 cm™' are
assigned to the benzenoid and quinoid rings,*
respectively, and were deconvoluted computation-
ally (Fig. 4). The strong absorption band at 1576
cm ™! also corresponds to the coupling of the N—H
bending and C—N stretching vibrations in PAni
nanofibers. It was observed that greater the interac-
tion (i.e., smaller difference in solubility parameter)
of the solvent with the monomer, the lesser is the
benzenoid to quinoid ratio. Table II shows the val-
ues of the band position, intensity, and full width
half maximum of the band corresponding to the
benzenoid and the quinoid units. Although both
1-butanol and benzene have the same difference in
the solubility parameter to aniline, the former has
lower benzenoid to quinoid ratio, which can be
ascribed to the additional polar-polar interaction of
the former with the aniline monomer.

The XRD patterns of different PAni nanofibers
(Fig. 5) display broad reflections at around 20 =
19.2° and 26°, typical of HCl-doped PAni*® The
peaks at 19.2° and 26° due to the (100) and (110)
reflections are assigned to the regular spacing
between phenyl rings of adjacent chains of PAni in a
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Figure 1 UV-visible spectra of P1, P2, P3, and P4 PAni

nanofibers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2 TEM images of (a) P1, (b) P2, (c) P3, (d) P4 PAni nanofibers, and (e) low magnification of P4 PAni nanofibers.

parallel orientation and perpendicular orientation,
respectively. A single-line method using a Voigt
function has been used to analyze the origin of line
broadening in the X-ray diffraction pattern.”” The
more intense (110) reflection peak at about 26° has
been deconvoluted computationally (Fig. 6) to calcu-
late the d-spacing, domain length, and strain
produced in the PAni chains. Line broadening in the
X-ray spectra may be due to variation in size of

-1490 cm”
-- 3435 cm

-+ 1150 cm-!
- 1300 cm!

Absorbance (%)

v T T T \ T v T v T T T v
500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm’)

Figure 3 FTIR spectra of P1, P2, P3, and P4 PAni nano-
fibers showing the characteristic bands in the range 500—
4000 cm . [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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the crystalline domains and strain in the material.
The size of coherent domains (or incoherently dif-
fracting domains) is not only limited to the grains
but may also include effects of stacking and twin
faults and subgrain structures such as small-angle
boundaries. The strain broadening, on the other hand,
is caused by any lattice imperfection (dislocations and
different point defects). The theory is quite general
and has been successfully applied to all forms of mate-
rials, including oxides and polymers.®>’ Thus,

Normalized Absorbance (%)

1400 1450 1500 1.’:50 1600 1650
Wavenumber (cm’™)

Figure 4 Deconvoluted FTIR peaks of benzenoid and
quinoid structures for P1, P2, P3, and P4 PAni nanofibers.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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TABLE II
Deconvolution of the C=C Stretching Vibration of FTIR
Peaks Corresponding to the Benzenoid and Quinoid
Structures for Different PAni Nanofiber Samples

Deconvolution of
quinoid peak

Deconvolution of
benzenoid peak

Sample code (1490 cm ™) (1576 cm ™)
Position
P1 1487.6 1579.1
P2 1474.3 1577.2
P3 1497.3 1580.5
P4 1495.9 1579.3
Intensity
P1 11.48 10.42
P2 11.36 10.70
P3 14.76 10.58
P4 25.13 20.59
Full width half maximum
P1 62.76 46.36
P2 75.50 61.50
P3 45.40 58.82
P4 47.42 61.32

investigation of the domain length and strain can pro-
vide important insight into the effect of solvent inter-
actions to the structural properties of PAni nanofibers.

It has been observed that with increasing interac-
tion between the solvent and the monomer, the d-
spacing between the polymer chains increases. The
increase in the d-spacing from 3.45 A, in the case of
P4, to 3.53 A in P1 suggests an increase in the angle
at which the chains tilt with respect to the (a, b) ba-
sal plane of PAni nanofibers.”” The increase in the
tilt angle of Cing—N—Ciing indicates reduction in -
stacking among the PAni chains. Moreover, the con-
tributions of domain length and strain toward the
line broadening of the X-ray diffraction pattern have
been calculated and summarized in Table III. The
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Figure 5 X-ray diffractograms of P1, P2, P3, and P4 PAni
nanofibers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6 Comparison of diffraction peak corresponding
to the (110) plane of P1, P2, P3, and P4 PAni nanofibers.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

domain length or the range of order in polymer has
also been found to decrease with the increase in the
interaction between the organic solvent with aniline.
Table III shows that the strain corresponding to the
(110) reflection increases from P4 to P1. This can be
interpreted as an increase in the concentration of
defects within the polymeric backbone of PAni
nanofibers. Thus, the broadening of the (110) reflec-
tion is attributed to the decrease in the domain
length along with the increasing strain in the PAni
nanofibers. The lesser the solvent—aniline interaction,
the greater is the m-stacking of the PAni chains and
the degree of conjugation, which is also evident
from the FTIR results.

The PL spectra of different PAni samples are
shown in Figure 7. The nanofibers were excited at
220 nm, and they showed luminescence in the blue
region of the spectrum around 390 nm.** Tt was
observed that PL intensity was quenched with the
increase of interaction between the solvent and ani-
line. The quantum yields of PAni nanofibers were
determined using quinine sulfate as the reference.
The quantum yields of the PAni nanofibers have
been found to decrease from P4 to P1 as 0.24 to 0.08

TABLE III
Solubility Parameter, d-spacing, Domain Length (L),
Strain, and Conductivity of P1, P2, P3, and P4 Samples

d-spacing . Strain Conductivity
Sample (A) L (A) (e) (%) (S/cm)
P1 3.53 19.01 2.3 462 x 107*
P2 3.49 21.70 1.6 9.62 x 10°*
P3 3.48 22.77 0.68 142 x 1072
P4 3.45 81.08 0.26 324 x 1072

Journal of Applied Polymer Science DOI 10.1002/app



(shown in Table I). This is indicative of the fact that
the density of defect states decreases with the
increase of interaction.”” This is further vouched by
the characteristic current-voltage (I-V) plots of the
samples.

The [-V characteristic curves of PAni nanofibers
(Fig. 8) reveal that their conductivities increase with
the decrease of interaction between the solvent and
aniline. This is attributed to the increase in benze-
noid to quinoid ratio,”® m-stacking of the PAni
chains, and density of defect states with the decrease
in interaction. The effective conjugation length of
PAni nanofibers are thus strongly affected by its
conformation because the degree of the p-orbital
overlap in the extended m-bond is determined by the
torsion angle of the backbone.>* Consequently, the
I-V measurements corroborate with the FTIR, XRD,
and PL results. It has also been observed that the
-V curves for the PAni nanofibers were nonlinear,
which is supported by the observation of Kaiser
et al.”. This nonlinearity in the -V characteristic
curves of conducting polymers can be explained
using an extended fluctuation-induced tunneling
and a thermal excitation model. The conductivities
of the PAni nanofibers have been found to decrease
from P4 to P1 as 324 x 1072, 142 x 1073, 9.62 x
107* and 4.62 x 107*s/ cm, respectively (shown in
Table III).

The changes in the structural characteristics of the
PAni nanofibers with changing organic solvents of
varying solubility parameter are attributed to the
intermolecular interactions between the solvent and
aniline. When aniline is added to the organic sol-
vents, namely, dichloromethane, 1-butanol, benzene,
and carbon tetrachloride, dipole-induced-dipole
interactions arise between amino groups of aniline

500
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Normalized PL intensity
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370 380 390 400 410
Wavelength (nm)

Figure 7 Photoluminescence spectra of P1, P2, P3, and
P4 PAni nanofibers. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 [-V characteristic curves of P1, P2, P3, and P4
PAni nanofibers. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

and the solvent. However, dichloromethane and 1-
butanol exerts a polar-polar interaction with aniline
along with the dipole-induced-dipole interactions.
Unlike others, 1-butanol exerts additional hydrogen-
bonding interaction with aniline, whereas dichloro-
methane has the greatest interaction with aniline
owing to the smallest difference in the solubility
parameter.

CONCLUSIONS

The difference in the monomer—solvent interaction
leads to the variation in the degree of conjugation,
domain length, d-spacing, and strain as revealed by
the various characterization tools. Dipole-induced-
dipole, polar-polar, and hydrogen-bonding interac-
tion produced the changes in the internal morphol-
ogy of PAni nanofibers with the change of organic
solvents in the interfacial polymerization technique.
This approach of the in-depth study of the interac-
tions between the monomer and the organic solvents
would help to precisely control the internal confor-
mations of the PAni nanofibers. Thus, the optoelec-
tronic properties of PAni nanofibers are assertively
influenced by the conformation of the polymers.
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