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ABSTRACT: The present work reports an investigation
on the modification of conducting polyaniline (PANI) char-
acteristics favorably on blending with the neutral polymer,
poly(vinyl pyrrolidone) (PVP) in a systematic variation of
their molar ratios (aniline : PVP =4:1,2:1,1:1,1:2,
and 1 : 3). Prepared by precipitation technique by conven-
tional in situ chemical oxidative polymerization with am-
monium peroxodisulfate in aqueous H,SO, medium (pH
1.0), these materials have nanometer sizes (~ 50-200 nm)
and, depending on the molar ratios, exhibit a distinct devi-
ation in physicochemical characteristics from those of pris-
tine PANI prepared in the identical condition. A gradual
trend in characteristics is noticed in first three PANI-PVP
blends, while an abnormal hike in conductivity, unusual
spectral features in IR and UV-vis, hardened nature, and

induction of characteristic morphology, crystallinity, and
thermal stability are associated with the last two blends
that have excess PVP. Thus a division of two sets of nano-
blends, one set with less or equal content of PVP and
another with excess of PVP, emerges. Evidently, PVP has a
tuning effect on PANI through its dopant, supporting ma-
trix and interpenetrating steric stabilizer acts in proportion
quite unusual to its neutral nature. The study altogether
brings to light a simple way of modification of PANI
characteristics by conventional method of blend syn-
thesis. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106: 673-
683, 2007
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INTRODUCTION

Polyaniline (PANI) nowadays has been receiving a
wide attention because of its attractive electrical and
optical properties as well as its good environmental
stability that give rise to an enormous potential for
versatile technological applications. However, the
mechanical and processability properties of PANI
are not as sufficient as desired for many of its appli-
cations. In an attempt to augment these properties,
in recent years, the synthesis of PANI is redirected
towards blends,"? composites,>* and copolymers’
with common insulating polymers. While blending
PANI with a bulk polymer carrying an anionic
group like sulfonate/carbonate, it is likely that it
could act as polymeric dopant/codopant and could,
thus, enhance the conductivity of PANI and other
properties depending on its chemical nature. Poly-
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meric dopants are superior to conventional small-
sized dopants like CI-, SOZ~, etc., because the for-
mer could significantly improve the stability and
many of the properties of the resulting blend, but
the small-sized dopant usually tends to migrate out
of the polymer matrix. Most success has been
achieved with PANI in the presence of other poly-
mers, for example, poly(styrene sulfonate)® and poly
(acrylic acid).” In this regard, it is emphasizable that
the method of preparation and composition of
blend/composite play a major role in obtaining con-
ducting polymers with wonderful properties. For
example, blending of polystyrene—polybutadiene-
polystyrene thermally with not more than 20 wt %
of PANI has resulted in an electrically conducting
composite with a good level of conductivity.® Rao
et al.” have synthesized PANI and its blends contain-
ing various percentage of polycarbonate by two dif-
ferent methods. Among them, the blend prepared by
emulsion method with 50 wt % loading of polycar-
bonate has conductivity equal to that of PANI.

In this context, the water soluble polymer, poly(vi-
nyl pyrrolidone) (PVP), is of special interest. PVP
has been reported to be an effective steric stabilizer
in the dispersion polymerization of pyrrole'® and
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TABLE I
Synthesis Conditions for PAPVP Blends
Stoichiometric Base mole

molar ratio concentration Volume of Volume of

Sample code (ANI : PVP) of PVP (M) PVP (mL) water (mL)
PAPVP1 4:1 0.2 25 55
PAPVP2 2:1 0.4 25 55
PAPVP3 1:1 0.5 40 40
PAPVP4 1:2 0.5 80 -
PAPVP5 1:3 0.75 80 -

Total volume = 100 mL; Volume of 1.0M aniline = 20 mL.

aniline.""™"* Ghosh et al.'" have synthesized PANI-
PVP blend finely-dispersed in aqueous medium,
with a 10% PVP solution and an equimolar aniline
(ANI) and ammonium peroxodisulfate (APS) (5.5 X
107* to 5.5 X 107° mol) solution. In our previous
stucly,15 we have observed that PVP could act as a
polymeric codopant along with the sulfate counter
ion and the phenomenon that is quite unexpected
for a neutral polymer was established with the
PANI-PVP blend of 2 : 1M ratio synthesized by pre-
cipitation method at room temperature. Even with
an amount equal to half of PANI, PVP in this blend
has witnessed many constructive roles including the
codopant activity. Hence it is interesting to investi-
gate the effect of PVP in higher amounts on PANI in
relation with synthesis temperature and to under-
stand the physicochemical principles through which
PVP alters the characteristics of such new blends.
These aspects are essential because the synthesis
conditions greatly affect the structure, morphology,
and final properties of conducting PANI materials.
Therefore, the aim of the present work is the synthe-
sis of PANI-PVP blends (denoted as PAPVP) in vari-
ous molar stoichiometric ratios (with PVP content
lower, equal, and higher than PANI content) at 0°C,
and a systematic study on their electrical, spectral,
morphological, and thermal properties in compari-
son with PANI prepared in the identical condition.

EXPERIMENTAL
Materials

Aniline (SD Fine Chemical, India) was purified by
distillation over zinc dust before use. PVP of average
molecular weight 40,000 (99.5% purity) was from
Sisco Research Laboratory, India, and was used as
such. Double distilled water was used in all experi-
ments. All other chemicals were of reagent grade
and were used as such without further purification.

Synthesis of blend materials

PAPVP blend materials were prepared by in situ
chemical oxidative precipitation polymerization
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method using APS as oxidant in aqueous H,SO, me-
dium pH ~ 1 at 0°C. In a typical procedure, 20 mL
of 1.0M aniline in aqueous H,SO, mixed with PVP
solution (volume and concentration varied according
to the blend molar ratio; Table I) in double distilled
water (total volume 100 mL) was stirred with a mag-
netic stir bar for about 1.0 h at 0°C. Aniline solution
did not show any change with PVP because PVP
remained as an inert polymer. But stirring ensured a
complete physical interaction as evident from UV-
vis spectra. Hundred milliliters of precooled 0.2M
APS was added to ANI-PVP solution dropwise with
constant stirring. (After complete addition, the molar
ratio of APS/ANI would become 1.0). The reaction
mixture was left 1.0 h with constant stirring and was
then kept overnight in a refrigerator for the comple-
tion of polymerization. The polymer mass obtained
was filtered, washed several times with distilled
water and acetone until the washings were colorless,
and finally with 0.1M H50, and the sample was
dried in an air oven at 110°C for about 7.0 h. The
dried polymer sample was ground into fine powder
and the yield was noted. By keeping the ratio of the
aniline to the oxidant constant and varying the ratio
of aniline to PVP, the blends of different composi-
tions were synthesized.

For the purpose of comparison, PANI sulfate salt
was also synthesized in the identical condition with-
out PVP and is referred to as PANL

Conductivity measurement

DC electrical conductivity of the freshly prepared
blend materials was measured by a standard collin-
ear four probe method at room temperature as
described in literature.'® For each material a batch of
two pellets were made using a hydraulic press
(KIMAYA Engineers, India, model WT-324) by
applying 3 ton pressure; diameter 13 mm and thick-
ness ~ 2 mm. [-V values for the two pellets were
recorded at different positions of the pellets by mak-
ing a gentle contact with a gold-tipped collinear four
probe set-up and drawing current from a constant
power supply unit (Scientific Equipment and Serv-
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ices, Roorkee, model DFP-02). From the slopes of the
I-V plots that were linear and overlapping for differ-
ent position measurements, the resistances were
determined and the conductivities were calculated.

The variation in conductivity between the two pel-
lets of the same material was very small. Thus the
consistency in measurements was checked and the
average conductivity of the two pellets was also cal-
culated.

Density measurement

Density measurements were made'” on two pellets
of each of the PAPVP blend materials at room tem-
perature from their thickness (I), radius (r) and mass
(m) of the pellet using the formula,

Density = m/nr*l (1)

where the denominator represents the volume. The
average density of the two pellets was also calculated.

FTIR spectroscopy

FTIR spectra of the blend materials (in spectral grade
KBr pellets) were recorded on JASCO FTIR-410 spec-
trophotometer provided with computer software.
The recording was performed in 4000-400 cm ™'

wave number range with a resolution of 2 cm ™.

UV-vis spectroscopy

The UV-vis spectra of the blend materials in the sol-
vents, dimethyl sulfoxide (DMSO) and m-cresol were
obtained in the wavelength range 330-1100 nm on
Perkin—-Elmer spectrophotometer, Lambda 25 model,
in matched 1-cm quartz cuvettes. The aliquots for
UV-vis spectra were prepared by dispersing 8 mg of
each polymer material in 6 mL of each solvent and
allowing it to dissolve overnight. The clear superna-
tant polymer solution was used in the spectral mea-
surement.

SEM characterization

Scanning electron micrograph (SEM) images of
PANI and its blend materials in different magnifica-
tions were observed with Hitachi 5-450 or Jeol JSM
5610LV microscope operating at 20 kV, after coating
the samples with gold to a thickness of 100 A using
Hitachi HOS 5 GB vacuum evaporator or Jeol JFC
1600 auto fine coater with sputtering technique.

Structural characterization with XRD

XRD patterns for the powder blend samples were
observed on Philips Analytical computer-controlled

X-ray diffractometer using CukK, radiation (A
= 1.5418 A) scanning between angle 10° and 90° in a
step of 0.1°/s, available at Indian Institute of Science,
Bangalore.

Thermal characterization

Thermal studies (TGA and DTG) of PAPVP blends
were carried out from 50 to 800°C under air atmos-
phere with a heating rate of 20°C/min with Perkin—
Elmer thermogravimetric analyzer, model 7 at the
Catalysis Laboratory, Indian Institute of Technology
Madras, Chennai.

RESULTS AND DISCUSSION
Yield, density, and conductivity

Table II lists the yield, density, and room tempera-
ture conductivity of the freshly prepared polymer
samples measured by standard collinear four probe
method. The yields of PAPVP blends are higher
than PANI itself. The gradual increase in yield from
PAPVP1 to PAPVP5 reveals the inclusion of PVP in
increasing amounts in the blend. The density of
PANI (1.21 g cm™?; Table II) is comparable with the
already reported value of 1.26 g cm™°."7 But the den-
sity of PAPVP blends is found to be higher than that
of PANI This result explains the hard nature of
PAPVP blends, against the soft PANI, observed dur-
ing handling, especially during powdering, pelletiz-
ing, and aliquot preparation for spectroscopy. This is
quite reasonable if one considers the interpenetration
of PVP into PANI matrices. It was reported in a pre-
vious study on PANI/silica composite'® that the
incorporation of increasing amount of silica, leads to
an elevation in density of PANIL.

With regard to conductivity, there is a slight
decrease in PAPVP1 and PAPVP2, almost equal in
PAPVP3 and an abrupt increase in PAPVP4 and
PAPVP5 blends ie., an eightfold increase from
PANIL Cautiously this trend was checked by
repeated blend preparation and conductivity mea-
surement and was found to be true. A possible rea-
son could be as follows. When the PVP concentra-
tion is small, i.e., in PAPVP1 and PAPVP2 blends,

TABLE II
Yield, Density, and Conductivity of Blend Materials
Yield  Density Conductivity (S em™?)
Sample (g) (g cm ™) (collinear four probe method)
PANI 1.89 1.21 5.06
PAPVP1 1.93 1.52 211
PAPVP2 195 1.29 3.57
PAPVP3 197 1.54 4.72
PAPVP4 2.04 1.44 40.00
PAPVP5  2.62 1.46 39.22
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the overall interaction and the orientation of PVP
chains within PANI domain might be incoherent
and scattered such that PVP disrupts the ordered/
crystalline region of PANI, causing a decrease. How-
ever, with increase in PVP concentration, this may
turn to the other side and further the dopant role of
PVP might become greater (partial negative charge
on oxygen of PVP interacting with positive imine
center of PANI'®). Hence in 1 : 2 and 1 : 3 ratio
blends, it becomes so high that an abnormal raise in
conductivity is caused. Similar observations have
been reported in anionic surfactant-PANI systems
with an increase in yield" and also the conductiv-
ity of the polymer. The other characteristics of
PANI-PVP blends shed some light at the molecular
level and provide an insight into their interactions.

IR spectral studies

Figure 1 illustrates the FTIR spectra of PANI, all the
blend materials and PVP; Table III summarizes the
peak positions and the features for each material.
Since only two major less-significant peaks appear in
the wave number region 4000-2000 cm ', spectra
without this region are shown in Figure 1 but the
data are included in Table III. Several reports were
consulted for such peak assignment (PANI/
blend,**"?* SO~ ,*** and PVP%). The first strong
and broad peak at 3600-3400 cm ' assignable to
O—H stretching occurs due to the absorbed/coordi-
nated water of both PANI and PVP, because they
have the tendency to acquire water of hydration due
to the presence of hydrophilic groups. TGA data (Ta-
ble V) are in confirmatory to this observation. The
second multiple of peaks actually observed five in
number in PANI films by Trchova et al.** were given
the name ““H peaks” and are assigned to the N—H
and C—H stretching vibrations. The individual
C—H assignments are available in Ref. 5. The other
peaks listed in Table III, except those of PVP, are the
commonly observed peaks for PANL*!

PANI characteristic peaks undergo shifting in
peak position as well as intensity change on incorpo-
ration of PVP in its blend. The O—H and ““H peaks”
on addition of PVP become weak/feeble in the ini-
tial stage but get intensified at higher PVP content.
On the other hand, the Q (Quinoid) and B (Benze-
noid) ring stretching peaks, C—H out-of-plane bend-
ing and N—H (B ring) bending peaks initially strong
become weak/feeble with greater PVP addition. The
initially strong peaks of the vibrations, QN—H"B
(imine), BN—HB (secondary amine), 1,4-disubstituted
ring stretching, N—H Q ring bending and S—O and
5=0 get further intensified with PVP. Uniquely, the
conductivity peak split into two peaks, one at 1181
and another at 1069 cm ™' in former and at 1171 and
1064 cm ™' in latter blend. The 1069 and 1064 cm ™'
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Figure 1 FTIR spectra of (1) PANI, (2) PAPVP1, (3)
PAPVP2, (4) PAPVP3, (5) PAPVP4, (6) PAPVP5, (7)
PAPVP3-NaOH treated, (8) PAPVP5-NaOH treated, and
(9) PVP.
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peaks arise due to the S—O and S=O vibration.
Salaneck et al.?’ observed a band at 1171 c¢m !,
termed it an electronic-like band (correlative to high
conductivity), and considered it as a measure of
degree of delocalization of m electrons. In our case
also, in consistent with the IR results of conductivity
peak, the PAPVP4 and PAPVP5 blends exhibit an
abnormal hike in conductivity (8 times) compared to
other samples.

Like PANI, the blending agent PVP also has char-
acteristic vibrational groups like C=0O, C—H, and
N—H.? But their appearance are not detectable in
first three blends, may be due to the low concentra-
tion of PVP. Nonetheless, in last two blends where
[PVP] > [ANI], their appearance must have been
higher. But contrarily, N—H imide peak (strong) has
overlapped with N—H secondary amine and the
other two characteristic peaks of PVP show only a
weak/feeble appearance. However, they show a con-
siderable red-shift (from 1657 cm ™' for C=0 and
1444 cm ™! for C—H in native PVP; Fig. 1 spectrum
9). These observations suggest that PVP extends its
interaction (codopant, steric stabilizer, etc.,) by stay-
ing latently within PANI matrix, probably through
interpenetrating “hydrogen bond chain crosslinks.”
Conversion of emeraldine salt to emeraldine base of
PAPVP3 and PAPVP5 blends (representative for
lower/equimolar and higher [PVP] blends) by treat-
ment with 1.0N NaOH for 1 day, adds evidence to
this. A weight decrease of about 40% owing to the
removal of sulfate was observed together with sev-
eral orders of decrease in conductivity (immeasur-
ably small) in these two samples (proof for codopant
operation of PVP only with SO; ™~ ions). The IR spec-
tra of emeraldine base samples (Fig. 1, spectra 7 and
8) reveal that the PAPVP3 (1 : 1 ratio) blend has
exposed PVP (as evident from the intense carbonyl
peak) after the removal of sulfate but the last blend
PAPVPS5 (1 : 3 ratio) still hides PVP, though exposed
somewhat better in emeraldine base. Therefore, it
becomes obvious that greater the amount of PVP,
greater is the interaction between PANI and PVP.

The IR spectral study yields certain concrete infer-
ences. First, the extent of spectral change is indica-
tive of the degree of interaction between PANI and
PVP, which, in turn, depends on the amount of PVP
in the blend. From lower to equimolar [ANI] : [PVP]
ratio, the observed spectral change is gradual and
takes up one trend; but with higher PVP content, the
change seems to be abnormal and follows another
trend, suggesting different types/level of interaction.
An earlier study has reported a similar phenomenon.
Zengin et al*® have synthesized PANI-multiwalled
carbon nanotube composite films with conductivity
in the order of magnitude higher than that of PANI
and interpreted the result as due to the existence of
“dopant effect’”” of carbon in PANI composite.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 (a) Absorption spectra in the visible region of
(1) PANI, (2) PAPVP1, (3) PAPVP2, (4) PAPVP3, and (5)
PAPVP4 in DMSO. (b) Absorption spectra in the visible
region of (1) PANI, (2) PAPVP1, (3) PAPVP2, and (4)
PAPVP3 in m-cresol.

UV-Vis spectral studies

Figure 2(a,b) depicts the visible absorption spectra of
the materials in DMSO and m-cresol solvents,
respectively. In DMSO, PANI and its five blend
materials exhibit unusual spectra. Initially the spec-
tra commence with a strong absorption (absorbance
~ 2.0) at 325 nm, descend steeply, form a hump/
shoulder around 550 nm and then subside gradually
up to 1100 nm. Since all the materials have fine par-
ticles having nanometer sizes (~ 200 nm from SEM;
Fig. 3), during overnight dispersion for aliquot prep-
aration, DMSO being a polar solvent, might break
interparticle adhesion and might form colloidal dis-
persion of various particle sizes. When incident light
falls on aliquot, the nanoparticles of PANI/blend
scatter it extensively, resulting in strong absorption
in the initial stage. As the wavelength increases, the
scattering diminishes, probably due to the widening
difference of particle size and incident light wave-
length. Anyway the scattering appears to extend up
to 450 nm and in this wavelength range (325-
450 nm), two characteristic peaks, n—n* (300-340 nm),
and polaronic transitions (400450 nm)* fall. Owing
to this scattering phenomenon, displacement of
peaks, especially the polaronic transition might
take place, which appears as a hump/shoulder at
550 nm. Almost a similar absorption spectrum has
been reported for colloidal PANI-PVA blend.*” Since
PAPVP4 and PAPVP5 blends have ‘crystalline
phase” (from SEM; Fig. 3), their dispersion in DMSO
is meager/nil, leading to low-intense absorption
spectra.

In m-cresol (Fig. 2b) the spectra appear differently.
PANI and its first three blends display an intense
sharp peak at about 400 nm and a broad one around
800 nm. They indicate the presence of polarons and
emeraldine salt, respectively.”” However, the spectra
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Figure 3 SEM images of (1) PANI (2000), (2) PAPVP1 (10,000), (3) PAPVP2 (10,000), (4) PAPVP3 (20,000), (5) PAPVP3
(1000), (6) PAPVP4 (20,000), (7) PAPVP4 (500), (8) PAPVP5 (10,000), and (9) PAPVP5 (1000) blend materials (times of mag-

nification given in parenthesis next to each sample).

of PAPVP4 and PAPVP5 could not be recorded due
to the poor solubility of the materials leading their
absorbance to the negative region.

These spectral studies point out one clear fact that
PVP does not offer any advantage to the solubility
of PANI in PAPVP4 and PAPVP5. In these two
cases, it was specifically observed that the particles
were so dispersed in their mother liquor during syn-
thesis (observed by Ghosh et al.'! also), perhaps due
to their nanoscale; but once carefully filtered and
perfectly dried, they became compact and hardened
as noticed on grinding them and were unable to dis-
perse/dissolve. An earlier observation®' that the in-
soluble part contributes to greater electrical conduc-
tivity in conducting PANI, resembles with the pres-
ent observation of lower solubility and greater
conductivity of PAPVP4 and PAPVP5.

SEM characterization

Figure 3 illustrates the SEM images of PANI and its
five blend materials in different orders of magnifica-

tion. As seen clearly from the images, PANI and its
first three blend materials (PAPVP1-3) have spheri-
cal particles with a smooth homogeneous surface
structure.” The sizes of the particles vary and an ap-
proximate size range that could be deducible on
careful view is 50-200 nm. However, the particles
undergo agglomeration/aggregation resulting in
grains of irregular size and shape, the agglomeration
being to a larger extent in PANI-PVP blends than in
pristine PANIL This observation demonstrates the
facilitating surface adhesion and close packing na-
ture of blend materials.

In the case of PAPVP4 and PAPVP5 blends, the
surface morphology remains distinct from others
(Fig. 3, images 6-9). For these two blends the SEM
images were recorded both at lower magnification
(for particles after preparation) and at higher magni-
fication (for layer of dried particles on glass slide
from dispersed mother liquor of synthesis). From the
higher magnification image (20,000; image 6), it
appears that the dispersed PAPVP4 blend has many
surface-fractured clumps/bigger aggregates, with

Journal of Applied Polymer Science DOI 10.1002/app
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lesser number of individual spherical particles. How-
ever, at lower magnification (500; image 7), the same
blend material presents in clear well-defined sharp
“crystalline objects.” Similar is the case with the last
blend PAPVP5 also. Perhaps, this “crystalline phase”
may be responsible for the hardened nature of
PAPVP4 and PAPVP5 blends. The unusual clump
formation at higher PVP concentrations firmly sug-
gests an interpenetrating and networking role of
PVP. Up to 1 : 1M ratio of ANI : PVP, i.e.,, PAPVP3
blend, this role is minimal or marginal such that the
blend materials can be segregated or dispersible as
evident from the SEM picture of PAPVP3 blend
(Fig. 3, image 5, 1000X magnification without any
crystalline object as compared to PAPVP5 at the
same magnification). Conclusively the SEM pictures
together with the UV-vis spectra intensity give rise
to the inference that the mother liquors of PAPVP
blends contain dispersed nanoparticles and only on
washing and drying process, particle agglomera-
tion/aggregation in first three blends, and “crys-
talline phase” formation in last two blends take
place. In this context the Ghosh et al.’s'' report
would be supportive. They have noticed the fine dis-
persion or near solution of PANI-PVP blends in
aqueous mother liquor medium and have found that
it was stable even for 6 months.

XRD studies

Figure 4 illustrates the XRD patterns of the polymer
samples (pristine PANI, PVP, and PANI-PVP blend
materials) and Table IV presents the corresponding
data. It is discernible from Figure 4 that the observed
peaks of all the materials are diffuse and consider-
ably broad and they provide, by virtue of this fea-
ture, another evidence for the nanoscale materials. In
comparison to PVP, that displays diffraction peaks
at 20 = 11.66° and 20.85°, PANI and its blends ex-
hibit peaks at about 21° and 25°. It follows then that
the first peak of PVP has no relevance in PANI-PVP
blends while its second peak remains integrated
with the closely lying first peak of PANI (20.75°) in
the blends. A close examination of the peak posi-
tions in Table IV further reveals that peak 1 is dis-
placed towards the higher angles (lower d-space),
while peak 2 remains a constant for first three blends
and shifts to the lower angle (higher d-space) in last
two blends. Thus the two peaks move mutually
closer. These two peaks are mainly attributable to
the interchain periodicity of the polymer samples.
The d-space for the peak at 25° is a measure of close
contact distance between two adjacent PANI chains
with the phenyl rings nearly located in the plane of
the nitrogen atom.?> The blend materials have lesser
interchain distance between two adjacent PANI
chains than is present in pristine PANI (from peak
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Figure 4 XRD of (1) PANI, (2) PAPVPI, (3) PAPVP2,
(4) PAPVP3, (5) PAPVP4, (6) PAPVP5, and (7) PVP.

1). This suggests substantial order of crystallinity in
blends than in PANI. This is explicable by the fact
that the large size PVP chains establish a proximal
contact with PANI chains and thereby prevent the
twist of PANI chains and maintain them in more
expanded conformation.?*3® Further, as evident
from the last column of Table IV, the peak intensity
ratios of PAPVP1, PAPVP2, and PAPVP3 are high
whereas those of PAPVP4 and PAPVP5 are low.
Thus the XRD observations divide the five blend
materials in to two groups and this result coincides
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TABLE IV .
XRD Data of Blend Materials: Peak Position (°), d Space (A), and Intensity (a.u.)
Peak 1 Peak 2

Sample 26 d space L 26 d space I L/1,
PANI 20.75 4.281 201 25.02 3.560 293 1.457
PAPVP1 21.19 4.191 128 25.23 3.528 155 1.210
PAPVP2 21.59 4114 125 25.13 3.542 167 1.336
PAPVP3 21.55 4.122 155 25.17 3.539 210 1.354
PAPVP4 22.65 3.928 111 24.63 3.616 128 1.153
PAPVP5 22.79 3.904 126 24.14 3.684 137 1.087
PVP 11.66, 20.85 7.591, 4.260 525, 494

with all previously discussed results of conductivity,
IR, UV-vis, and SEM.

Thermal studies

Thermograms of TGA are displayed in Figure 5 and
the results are summarized in Table V. PANI and
its blend materials undergo three-step weight losses,
which correspond, respectively, to the elimination of
loosely bound or mobile water molecules, removal
of dopants and other small molecules from the poly-
mer phase, and degradation of polymer itself.””
However, for native PVP there are only two weight
loss steps corresponding to water elimination and
polymer decomposition, respectively. The second
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Figure 5 (—) TGA and (- - -) DTG curves of (1) PANI,
(2) PAPVP1, (3) PAPVP2, (4) PAPVP3, (5) PAPVP4, and
(6) PAPVP5; (- - -) TGA curve of (7) PVP.

step, of course, consists of a steep weight loss fol-
lowed by a gradual one. PANI has the highest
weight loss of 18.6% in the first step indicating a
large amount of absorbed water. With the inclusion
of PVP in PANI, however, this weight loss
decreased. For the blends it is around 8%, except for
PAPVP4 where this is minimal. This shows that
incorporation of PVP in PANI reduces the extent of
bound water molecules and this reduction reaches
maximum at PAPVP4. In the second step weight
loss, PANI exhibits a higher value (34.2%) than the
first three blend materials. However, PAPVP4 and
PAPVP5 are exceptional by suffering the highest
weight losses and also by exhibiting the highest
inflection point (385°C by PAPVP5). As PVP has
very high tendency to absorb moisture and anions,
PVP in these blends could have bound water and
also the SO;™ ions. It is these species, which may
eliminate largely during the second-stage degrada-
tion. In the case of first three blends, since PVP con-
tent is lesser or equal to ANI, this elimination may
be nil or of lesser degree. The third step weight loss
in PAPVP blends is higher than that in PANI but
the extent declines with PVP content. The greater
weight loss is in quite agreement with the expecta-
tion that both PVP and PANI would undergo decay
at the third stage. The decrement, however, pin-
points the strengthening as well as the elevation in
PANI-PVP interaction with PVP content. Supple-
menting this interpretation, the inflection point for
the polymer decomposition is shifted to higher tem-
perature in PAPVP4 (699°C) and it could not even
be observed in PAPVP5. Also, the percentage of res-
idue in PAPVP blends at 800°C generally increases
with increase in PVP content. Thus, incorporation of
PVP in PANI in excess amounts improves the
amount of conducting phase and this phenomenon
is not an uncommon one and it all depends on the
degree of doping and the nature and amount of pri-
mary dopant (in our case SO3Z ™ ions) present in the
conducting polymer material. The largest residue
for PAPVP5 clearly suggests that PVP and PANI
chains are strongly interacting so as to effectively
block the degradation of PANI chain. This observa-
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TABLE V
TGA and DTG Data of Blend Materials
DTG
% of % of inflection
Temperature weight residue points
Sample range (°C) loss at 800°C (T, °C) Comments
PANI Up to 150 18.6 No residue 303 670 Decomposition is
150-450 34.2 completed by
450-788 47.2 788°C with one
sharp and one broad
inflection points
PAPVP1 Up to 167 7.9 1.9 300 658 Decomposition is not
167-435 27.2 completed by 800°C
435-800 63.0 with one sharp and
one broad inflection points
PAPVP2 Up to 158 6.5 No residue 293 658 Decomposition is
158-445 30.2 completed by 790°C
445-790 63.3 with one sharp and one
broad inflection points
PAPVP3 Up to 150 9.6 1.5 300 661 Decomposition is
150-450 29.2 not completed by 800°C
450-800 59.7 with one sharp and one
broad inflection points
PAPVP4 Up to 150 1.3 4.9 303 699 Decomposition is not
150-456 39.3 completed by 800°C
456-800 54.5 with one sharp
and one broad
inflection points
PAPVP5 Up to 200 6.6 46.7 385 - Decomposition is
200-550 36.4 not completed by
456-784 10.3 784°C with one
sharp inflection
point
pvp Up to 200 11.0 2.1 Decomposition is
200-700 86.9 completed by 663°C with

a steep weight
loss during
397-477°C

tion is in perfect agreement with the previous char-
acterization results and the corresponding interpre-
tation of PANI-PVP chain interpenetration and
“crosslinks.”” The thermal characterization, thus,
unequivocally establishes the improved thermal sta-
bility of PAPVP blends and explains the hardened
nature, especially of PAPVP4 and PAPVP5 blends.
Conforming to IR, UV-vis, SEM, and XRD charac-
terizations, here also, PAPVP4 and PAPVP5 exhibit
remarkably different behavior from other three
blends.

CONCLUSIONS

The studies reveal that PVP acts as codopant along
with SO,2” ion in all the five blend materials. Of
the five, the three blend materials with PVP loading
lesser than or equal to aniline concentration exhibit
conductivity in increasing order with its content,
while the other two blend materials with excess
PVP have unusually higher conductivities than

Journal of Applied Polymer Science DOI 10.1002/app

PANI. This difference in electrical property caused
by the PVP content is reflected in their spectral,
structural, and thermal properties also. With excess
PVP content, thus, the blend materials become high-
conducting, hardened, more crystalline, less-soluble,
and thermally resistant. Despite the demerit of less-
solubility, the introduction of PVP, a water-soluble
polymer into PANI blend greatly enriches the lat-
ter’s characteristics beyond expectation depending
on the input molar ratios. All this is made possible
through PVP’s dopant, supporting matrix, and inter-
penetrating steric stabilizer acts in dimensions quite
unusual to its neutral nature. On the whole, the
study deciphers a simple way of modification of
PANI characteristics in pursuant to desire through
the conventional chemical route of blend synthesis
with PVP.

The authors gratefully acknowledge the help rendered by
Professor S. V. Subramanyam, Department of Physics, In-
dian Institute of Science, Bangalore, for XRD characteriza-
tion.
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