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ABSTRACT: We herein report the preparation and properties of the first polymer blend using pyrene functionalized polyaniline (pf-
PANI). The pf-PANI has been synthesized and its blend has been prepared with the copolymer of vinylidene fluoride and hexafluoro-
propylene P(VDE-HEFP). The FTIR results reveal intermolecular interaction between the polar amide group of pf-PANI and the polar-
ized CH, group of P(VDF-HFP). The crystalline phase of PVDF of the copolymer revealed a transformation from o to f crystalline
form after blending with pf-PANI, as found from FTIR and XRD measurements. The calorimetric measurements together with DMA
results revealed the blend is partially miscible. The SEM measurements showed that the pf-PANI has been dispersed uniformly in the
P(VDF-HFP) matrix. The solution photoluminescence spectrum of the pf-PANI exhibited emission in the purple-blue region and is
slightly red shifted for the blend. The possible applications of this flexible fluorescent pf-PANI/P(VDE-HFP) has been suggested.
© 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40163.
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INTRODUCTION

Fluoropolymers such as poly(vinylidene fluoride) (PVDF) and
its copolymers are technologically important thermoplastics
because of their availability in different crystalline forms." The
incorporation of amorphous phase of hexafluoropropylene
(HFP) into the main constituent vinylidene fluoride (VDEF)
blocks has been reported to modify some of the properties of
the homopolymer. Particularly, the degree of crystallinity of
P(VDF-HEFP) is significantly reduced in comparison with PVDE,
while the flexibility and solubility for organic solvents are enor-
mously increased."” The amorphous HFP domains can trap
more liquid electrolytes and the crystalline regions (of VDF)
can help to maintain mechanical integrity of the film. On
account of this merit, P(VDF-HFP) has received special atten-
tion as one of the promising host polymers for polymer electro-
lytes.”™ In addition, the dielectric permittivity of P(VDE-HEP)
is also high as compared with other conventional polymers.*

Amongst conductive polymers, polyaniline (PANI) has received
special attention since it possess excellent conductivity.” How-
ever, the processibility of PANI has been a crucial factor in
making use of its interesting electrical and electrochemical
properties in real applications since it is insoluble in common
organic solvents and is unstable at melt processing tempera-
tures.*” In addition, the molecular weight of PANI is relatively
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poor in comparison with other conventional polymers.® Thus,
blending PANI with other conventional polymers, could lead to
blend with excellent mechanical properties and high processibil-
ity of the conventional polymers together with the electrical
conductivity of PANI. This could increase the technological
potential and the commercial viability of PANL®® Keeping this
aspect in view, successful blends have been prepared in the past
with conventional polymers like poly(vinyl acetate),'’ poly(-
methyl methacrylate) (PMMA),"" polystyrene,'* polycarbon-
ate,’” poly(ethylene terephthalate)'* as well as with copolymer
poly(ethylene-co-vinyl acetate)® thus leading to materials of high
mechanical strength and with good electrical conductivity.

But, previous attempts to prepare blends of PANI with PVDF
by mixing them in common solvent turned out to be unsuccess-
ful (as PANI precipitated forming a two-phase system).® The
miscibility between PANI and PVDF has been suggested to
improve by adding poly(vinyl chloride)'> which however
resulted to low mechanical strength and conductivity. But, the
derivatives of PANI like poly(o-methoxyaniline) and poly(o-
ethoxyaniline) and PVDF are reported to be miscible because of
the presence of polar groups in these PANI derivatives.*'® An
alternate method to obtain PANI/PVDF blends has been
reported in which the oxidative polymerization of aniline is per-
formed in solution of PVDF using P-toluene sulfonic acid (p-
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TSA) as a dopant and the blend is reported to be homogeneous
and good mechanical stability.” Successful works on the binary
blend has motivated researchers to go for ternary blends com-
posed of PVDF/PMMA/PANI using DBSA as a dopant.” In the
recent past, researchers have succeeded in making PANI/PVDF
blend without additives using combined grinding-cast procedure
for dielectric capacitor applications.'”

The PVDF is generally compatible with polymers having )C=0O
groups in general and particularly with polymer having )C=O
groups in its side chain since the highly polarized CH, group of
the VDF can form hydrogen bonds with the )C=O groups."®
Because of this ability of hydrogen bonding interaction, compatible
blends of PVDF have been made in the past with PMMA and
acrylic resins.'™'® Recently, pyrene functionalized PANI has been
reported that carries two YC=O groups in its side chain'® (see
Scheme I). Also, pyrene functionalization to PANI backbone results
to material with good light emitting property and better solubility
in organic solvents as compared with PANL' Thus, it is antici-
pated that even P(VDE-HFP) will be compatible with pf-PANL
Furthermore, there has been an increased interest in the use of
pyrene for organic electronic applications owing to its interesting
properties and more details on this subject can be obtained in the
recent review.”’ In this work, the thermal, viscoelastic behavior,
crystalline structure, morphology and optical properties of pf-
PANI/P(VDF-HFP) are studied in comparison with its reference
counterparts, raising the technological importance of this blend. To
the best of our knowledge, this is the first report on polymer blend
using pyrene functionalized polyaniline (pf-PANI).

EXPERIMENTAL

Sample Preparation

Pellets of copolymer of VDF and hexafluoropropylene P(VDF-
HFP) having M, = 400,000 g/mol and M, = 130,000 g/mol
used in this study, was obtained from Sigma-Aldrich. Hence-
forth, this copolymer will be termed as PVH. The PVH was
dried in vacuum at 50°C for 24 h before use. All the chemicals
used in this study were also obtained from Sigma-Aldrich. The
chemicals such as ammonium persulphate, sodium hydroxide,
and hydrochloric acid were used without further purification
while aniline, m-cresol and N-methyl-2-pyrrolidinone (NMP)
were double distilled before use.

The structure of PANI is popularly called as para-linked phenyl-
ene amine-imine. The PANI derives from the general formula
[(—=B—NH—B—NH—), (—B—N=Q=N—),,],, in which B and
Q denote benzene rings in the benzenoid and quinonoid forms,
respectively. In case of PANI, the oxidation states can vary from
that of the fully reduced state (y=1) called leucoemeraldine
(LM); 50% intrinsically oxidized state (y=0.5) called emeral-
dine base (EB); to that of the fully oxidized (y = 0) called perni-
graniline (PNA). The polymer can achieve its highly conductive
state either through protonation of the imine nitrogens (=N—)
in its EB state or through the oxidation of amine nitrogens
(—NH—) in its LM state.?!

The EB form of PANI (PANI-EB) was synthesized using a
standard procedure®” and is the starting material for pyrene
functionalized PANI (pf-PANI) synthesis. The pf-PANI has been
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Scheme 1. Chemical formulas of pf-PANI and P(VDF-HFP) as well as the
possible interaction site between them has been schematically shown.

synthesized by following the method as reported.'” In brevity,
the synthesis was done by dissolving PANI base in m-cresol sol-
vent and made to react with acid chloride of pyrene butyric
acid at 120°C for 12 h to form pf-PANI. The HCI formed dur-
ing pf-PANI synthesis acted as a dopant to the PANI chain and
could not be removed even after prolonged washing process.
This resulted to protonation of the imine part of PANI back-
bone. The formed pf-PANI was precipitated with methanol,
dried for 48 h in air and then in vacuum for another 24 h
before use in the preparation of blend. The pf-PANI/PVH blend
was prepared by mixing pf-PANI and PVH in NMP solvent
(1 wt % solution) so as to form blend with equal weight ratio.
The mixing was continued for 24 h and the solvent was evapo-
rated thoroughly in air for 48 h and then kept in vacuum for
overnight. The chemical structure of the pf-PANI, PVH, and
the possible interaction site between them in their blend is
shown in Scheme I.

Characterization

Fourier Transform Infrared Spectroscopy. An FTIR spectro-
photometer of PerkinElmer (model Spectrum 100) was used to
identify the chemical structure of the polymers and the blend.
The samples were grinded with KBr powder using a pestle and
mortar and pressed to pellets. The samples were then dried in
the vacuum oven atleast for 12 h before the infrared spectra
were recorded.

Thermogravimetric Analysis. Thermo gravimetric analysis was
performed using a TGA instrument (Mettler—Toledo TGA/SDTA
851°) in the temperature range 30-800°C. Thermal decomposi-
tion experiments were carried out in dynamic conditions using
samples of ca. 5 mg and a heating rate of 20°C/min both in
argon and dry air atmosphere (flow rate = 50 mL/min).

Differential Scanning Calorimetry. The glass transition tem-
perature (Tg), melting temperature (T,,), crystallization temper-
ature (T,) and associated enthalpy changes were measured using
a DSC equipment of TA instruments (Q 200 DSC) in nitrogen
atmosphere (flow rate=50 mL/min). The
equipped with a refrigerated cooling system and has a tempera-
ture accuracy of =0.1°C. Samples of ~5 mg were weighed and
sealed in aluminum sample pans and were heated above their
melting temperature for 5 min in a conventional manner to
erase the thermal history. The samples were reheated from
—90°C to 250°C @ 10°C/min and cooled. The data from the
second heating and cooling traces are reported here.

instrument is
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Modulated Differential Scanning Calorimetry. To confirm the
results of DSC measurements, separate MDSC measurements
were also performed to elucidate the T, based on the change in
reversible C, (C,”") and its temperature derivative (dC,""/dT)
with temperature. The modulation temperature amplitude was
kept small (0.32°C) relative to the underlying heating rate (2°C/
min), so that no local cooling during the standard MDSC scan
(heating-only) and the modulation period was kept as 60 sec.
The peak temperature of [dC,""/dT] is equated to the middle
of the step-change in C,"" curve.

Dynamic Mechanical Thermal Analysis (DMTA). The visco-
elastic behavior of the samples were studied in the film form in
tension mode using a DMTA of GABO (EPLEXOR—I150N).
The dynamic responses were tested from —100°C to 120°C at a
frequency of 10 Hz and with a heating rate of 2°C/min.

Wide Angle X-ray Scattering (WAXS). The WAXS patterns
were collected with a X-ray Diffractometer of Rich Seifert &
Co., Germany (model ISO-Debyeflex 2002) using Cu K, radia-
tion (1= 1.54 A). The samples were placed between the kapton
foils and the scattering profiles were collected at diffraction
angle 20 from 5° to 60° at a scanning rate of 1°/min to explore
the crystalline structure of the virgin polymers and their blend.

Scanning Electron Microscopy (SEM). The surface morphology
of the blends was examined using a Carl Zeiss EVO 50 Scanning
Electron Microscope with 10 kV operating voltage. The samples
were sputter coated with gold on the viewing surface to enhance
its conductivity.

UV-Visible Spectroscopy. The optical absorption measure-
ments of the samples were carried out using quartz cuvettes at
room temperature in NMP solution (0.01 mg/mL) using a UV-
Vis spectrophotometer of Thermoscientific (model GEESYS
10S).

Photoluminescence Spectroscopy. The photoluminescence (PL)
experiments were also recorded in NMP solution (0.005 mg/
mL) using a Horiba Jobin Yvon FluoroLog-3 Spectrofluorome-
ter. The photoexcitation was done at the wavelength corre-
sponding to maximum absorbance by the polymer. The
emission was detected at right angles to the direction of
excitation.

RESULTS AND DISCUSSION

First, we report the confirmatory tests for the synthesized pf-
PANI and compare the results with PANI-EB. The UV-Visible
measurements for PANI-EB when collected in chloroform sol-
vent (0.4 mg/mL), revealed strong absorption bands at ca. 270
nm, 386 nm, and 560 nm. The absorption at 560 nm is due to
quinonoid form of benzene ring while the absorption at 386
nm is due to benzenoid form.>”*! In case of pf-PANI in chloro-
form solvent (0.01 mg/mL), the absorption bands seen at ca.
246 nm, 280 nm and 348 nm are the characteristic absorptions
of pyrene functionalized moieties [see Figure 1(A)].2 Please
note that PANI-EB is sparingly soluble in chloroform and its
concentration needs to be relatively high as compared with pf-
PANI to get an optimum UV-Vis spectrum. The PL measure-
ments for pf-PANI upon excitation at 355 nm in m-cresol solu-
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tion (0.005 mg/mL) reveal an excimer fluorescent intensity
maximum at ca. 479 nm in close agreement with its reported
value [see Figure 1(B)]*** while PANI-EB exhibits PL intensity
maximum at ca. 398 nm.

The molecular structure of the pf-PANI is further confirmed by
FTIR measurements. The FTIR spectrum of PANI-EB and pf-
PANI are displayed in Figure 1(C). The ring stretching of the
quinonoid and benzenoid form of benzene in PANI are clearly
observed at 1581 and 1477 cm ™', respectively.”**> The presence
of almost equal intensities for 1477 cm ™' and 1581 cm™" bands
is consistent with the PANI structure in its EB state.’' The
C—N stretch of the aromatic amine appears at ca. 1295
cm™ 7" In addition, pf-PANI exhibits the aliphatic asymmetric
and symmetric C—H stretch vibrations at 2952 and 2856 cm™ ',
respectively indicating the existence of alkyl substituents in
PANI chain.” The YC=O stretch vibration in pf-PANI appears
at ca. 1651 cm™ ', due to N-[4-(1’-pyreno butanoyl)] group
attached to PANI (see Scheme I). The resulting structure leads
to an amide group in pf-PANIL It is known in polymers and
peptides that the YC=O stretch of the amide (amide I band)
occurs at ca. 1650 cm™ ', **7 It is good to note that this )C=0
stretch band is distinctly seen even though there is an overlap-
ping quinonoid ring stretch band [Figure 1(C)]. Also, the 1156
cm~ ! band seen in pf-PANI is the characteristic of the doped
(protonated) imine part of PANL>' which indicates that the
[4-(1'-pyreno butanoyl)] group is attached to the amine part
(see Scheme I).

FTIR Results

The molecular interactions between pf-PANI and PVH have
been analyzed using FTIR spectrum (Figure 2). Depending on
the geometric chain configurations, the crystalline structure of
PVDF can exist mainly as « and f§ forms." The a-form has trans
and gauche conformations arranged as TGTG’ with the neigh-
bouring dipole moments in opposite directions, and thus the
unit cell has no net dipole. The f-form has all trans confirma-
tions and more polar than a-form."?” The features observed at
615 and 763 cm ™' in virgin PVH are due to « crystalline phase
of PVDE"* The spectral feature at 615 cm ™" is attributed to a
mixed mode of CF, bending and C—C—C skeletal vibration
while the one at 763 cm™ ' is attributed to in-plane bending
vibration." These features are absent in the blend. Instead,
strong peaks at 510, 840, and 879 cm™ ' are evident for the
blend which is due to 8 crystalline phase of PVDE"**” The 510
cm™ ' has been assigned to CF, bending mode, 840 cm™' peak
has been assigned to a mixed mode of CH, rocking and CF,
asymmetric stretching vibration and 879 cm™' is assigned to
CF, stretch of PVDF-HFP.! Thus, the FTIR results indicate the
possible transformation of PVDF (in PVH) from w-crystalline
form to f[-form upon blending it with pf-PANL. We confirm
this transformation also from our XRD results, which will be
discussed below.

The amide I band at 1600-1700 cm ™' is the characteristic
YC=0 stretch and infers whether the )C=O group participates
in the hydrogen bonding or not.”® As pointed out earlier, the
spectral feature seen at ca. 1651 cm™ ' in pf-PANI is the contri-
bution from )C=O stretch of the amide linkage. This band
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Figure 1. (A) UV-Vis spectrum of PANI-EB (0.4 mg/mL) and pf-PANI (0.01 mg/mL) collected in chloroform solution (B) PL spectrum of PANI-EB
and pf-PANT in m-cresol solution (0.005 mg/mL) and (C) A comparative FTIR spectra of pf-PANT and PANI-EB in the region 1000-3500 cm™'. The
FTIR spectra have been displaced vertically for clarity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

downshifts to 1644 cm ™' when blended with PVH. It is known
in polymers and peptides that the amide I band downshifts in
wave number upon hydrogen bonding, while the free carbonyl
group appears at higher wavenumber.”*™*® This observation can
be interpreted in terms of probable interaction between the
hydrogen in the CH, group of PVH and the oxygen of the
YC=O0 group of pf-PANI (see Scheme I).

In addition to this, there are other spectral features which sup-
port the interaction of pf-PANI and PVH. The intense peak at
1452 cm™' of pf-PANI almost disappears and a new peak
emerges at 1404 cm™'. The two sharp peaks at 1239 and 1291
cm™ ' together with the spectral feature seen at ca. 1156 cm™'
in pf-PANI appears to have been merged and results to a single
broad peak in the blend. It is to be noted that virgin PVH do
not exhibit any strong overlapping spectral features in this
region. Also, the peak at 806 cm™ ' in pf-PANI almost vanishes
in the blend. All these spectral changes also indicate the interac-
tion between pf-PANI and PVH exists.
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TGA Results

The effect of pf-PANI inclusion on the thermal properties of
PVH has been studied by TGA, DSC, MDSC, and DMTA. The
TGA results of the virgin polymers and their blend are carried
out in argon [Figure 3(A)] and in dry air [Figure 3(B)], respec-
tively, and their corresponding derivative curves are shown in
Figure 3(C,D). In argon medium, the PVH chain decomposes
by random chain-scission at a temperature of ca. 440°C. This
decomposition temperature is in good agreement with its
reported value of 420-470°C for this copolymer by other
research groups.”>”' The pf-PANI exhibits two steps of mass
loss behavior. In the first step, a small fraction of mass loss
(<2%) gets initiated at ca. 170°C, which is attributed to evolu-
tion of acid or could be due to loss of oligomers and
unbounded dopant.’? The second and main decomposition step
unlike the first step could be clearly deciphered and begins at
ca. 220°C with a decomposition maximum at ca. 313°C which
is attributed to cleavage of the alkyl tails and the decomposition
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Figure 2. FTIR spectra of pf-PANI, PVH, and pf-PANI/PVH in the region
400-2000 cm ™. For clarity, the spectra have been displaced vertically.

of the PANI main chain. Please note that the PANI-EB back-
bone degradation occurs at ca. 420°C and the doped PANI is
less thermally stable than PANI-EB.*® In the present case, the addi-
tional bulky side chains in pf-PANI have further reduced the ther-
mal decomposition temperature to ca. 220°C. The char yield at
800°C is ca. 23% for the PVH while it is 38% for pf-PANL

The TGA plot for the blend in the inert medium shows two-
step decomposition and indicates the degradation features of
both the partners with the decomposition maximum (T,,,) at a
slightly different temperature. This change in Ty, again sup-
ports the findings that the interaction between the two poly-
mers exists. The first decomposition has a T, at ca. 320°C,
which is slightly higher than the T;,,, of the main decomposi-
tion of pf-PANIL The second decomposition has a T, at ca.
482°C which is slightly lower than the T,,, of PVH.

The decomposition of PVH in air medium is similar to that in argon
medium atleast up to 440°C. The thermo-oxidation starts for PVH
at ca. 440°C, which leads to almost negligible residue at 800°C. The
pf-PANI shows three-step decomposition in air medium with the
first two steps similar to the decomposition in inert medium while
the third step is due to oxidation of the PANI backbone that gets ini-
tiated around 500°C with a decomposition maximum at ca. 572°C
leaving almost no residue at 800°C. The blend exhibits the thermo-
oxidation pattern similar to pf-PANI and PVH.

DSC Results

The DSC plots of the samples during second heating and cool-
ing are shown in Figure 4(A,B), respectively and the results are
tabulated in Table 1. The T, is one of the most important
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parameters of the amorphous phase that determines the flexibil-
ity of the material at room temperature. The reported T, value
of pf-PANI is 210°C."" Infact, we observed a similar DSC curve
as given in ref. 19 [data shown as an inset in Figure 4(A)]. But,
upon second and third heatings, this transition does not exist
but the step-change is observed at 87°C during these repeated
heatings. Hence, we suggest that the transition seen during first
heating could be associated with residual stress retained in the
polymer during preparation conditions and the T, of pf-PANI
is ca. 87°C. To confirm the T, we have also performed MDSC
measurements and are discussed in the next section. It is inter-
esting to note that pf-PANI exhibits no indication of melting or
crystallization up to the decomposition temperature [220°C; see
Figure 3(A)] and similar behavior has been observed in pyrene
functionalized octavinylsilsequinone.™

The T, of virgin PVH is a weak transition occurs at ca.
—32.6°C and the melting temperature (7,,) occurs at ca. 137°C
which is close to that reported.’>?® The blend showed no evi-
dence of T, but the T,, up shifts to ca. 143°C. The heat of
fusion for pure PVH is 16.4 J/g while that for the blend it is 6.0
J/g (see Table I). The PVDF crystalline phase in f-form are
characterized with higher T,, as compared with a—form."*”*
Thus, the up shift in T,, could be taken as the formation of
strong f crystalline structure, thus supporting the FTIR and
WAXS results. Upon cooling, higher crystallization temperature
is found for the blend (96°C) as compared with PVH (92°C),
which suggests that the pf-PANI chains acts as a nucleating
agent for PVH crystallization [Figure 4(B)]. This result is com-
pletely in contradiction to the results reported for PANI/PVDF
blend, where the authors did not observe any change in T, and
T,, for the blend in comparison with their reference counter-
parts suggesting their incompatibility.*®

Using the enthalpy value obtained for the melting of PVH, the
relative crystallinity (X,) of the blend is calculated as

X.={AH,,/AH?} % 100%,

where AH;, is the enthalpy change associated with the melting
of 100% crystalline PVDF 105 J/g *° and AH,, is the heat of
fusion for the blend. Using this, the X, value for PVH is found
to be 15.6% and it decreases to 5.7% for the blend. The
decrease in X, is in agreement with the XRD results showing
less crystalline peaks. This drop in crystallinity is ca. 64% to its
original value which is higher than the composition of PVH in
the blend (50%). This result also supports the fact that pf-PANI
and PVH are compatible.

MDSC Results

It is known that polymer blends that are judged miscible based
on conventional DSC have shown two calorimetric Tgs based on
heat capacity results obtained from MDSC*“** and thus the
indication of a single T, in a blend using DSC is not the univer-
sal feature to judge the polymer miscibility.! To elucidate the
presence of possible T,s in these materials, C,"" and its temper-
ature derivative [dC,""/dT] are plotted against temperature
[Figure 5(A,B)]. In the [dC,"/dT] versus temperature plot,
only one peak is evident for pf-PANI (ca. 85°C) and PVH (ca.
—30°C). However, the blend showed two peaks at ca. —20°C
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Figure 4. DSC thermograms of pf-PANI, PVH, and pf-PANI/PVH during (A) second heating and (B) second cooling. The thermograms are displaced
vertically for clarity. The first heating curve for PANI-EB is shown in the inset of (A). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Table I. DSC and MDSC Results of pf-PANI, PVH, and pf-PANI/PVH Blend
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DSC MDSC
Sample T4 (°C) T, (°C) AH., Jlg) T. (°C) AH. (J/g) T, (FC)
PVH -32.6 137.7 16.4 92.1 23.9 -30.2
pf-PANI +87.0 = = = = +84.8
pf-PANI/PVH —-22.0 143.2 6.0 96.2 9.9 —-20.2 and +49.8

and 50°C, thus revealing the presence of two Ts (see Table I).
The presence of two identifiable Tes in the blend which are
shifted towards each other from their original values infers that
the blend is partially compatible.*>** Thus, the decrease in Tg of
pf-PANI and increase in the T, of PVH indicates some level of
intermolecular interactions in the amorphous regions of the
blend. It is to be noted that even the T, of PVH is not well
resolved in DSC plot [Figure 4(A)], while it is distinctly evident
in MDSC results [Figure 5(B)].

DMTA Results

To further understand the glass transition process in these mate-
rials, their viscoelastic behavior was studied in the temperature
region —100°C to 120°C using DMTA [see Figure 6(A,B)]. At
low temperature region (—40°C to —100°C), the blend exhibits
a storage modulus E’ (7.6 GPa) almost comparable with the vir-
gin PVH (8.8 Gpa). This E value for PVH is in close agreement
with the E* value of PVDF reported at —80°C.>” Upon heating,
the storage modulus for virgin PVH starts to decrease steadily
at ca. —45°C while the blend retains its stiffness up to ca.
—27°C but decreases steeply thereafter. Although the E’ of both
the PVH and the blend decreases in a different manner, their E’
values reach to almost comparable state in the temperature
region 20-40°C. In this temperature regime, E for the blend
shows a small plateau and start to decrease again beyond 40°C.
In correlation with the results obtained from MDSC, this sec-
ond decrease in E’ could be attributed to the T, of the pf-PANIL

However, a film of pf-PANI alone could not be characterized
with DMA owing to its brittle nature (see photographs of the

representative films displayed as an inset in Figure 6(B). Please
note that the brittle nature of pf-PANI has resulted to films of
very small size and are arranged in a manner so as to appear
similar to PVH and pf-PANI/PVH films). It is good to compare
here an earlier DMA results on PANI/PVDF blend,”® where the
authors observed drop in E’ value at —40°C for both virgin
PVDF and its blend owing to their immiscibility.

The tan 0 is widely being used to identify the T, of the polymers
and their blends."* The pure PVH shows a single tan J peak at
ca. —3°C. Interestingly, the blend shows two peaks one at ca. 8°C
and the other at ca. 90°C with a shoulder at the left part of the
high temperature peak. Similar to E variation with temperature
indicating two Tgs for the blend, the low temperature peak is due
to T, of PVH while the high temperature peak is related to T, of
pf-PANIL The shoulder peak is suggested to represent the mixed
amorphous phase of pf-PANI and PVH, thus revealing their par-
tial compatibility as observed in other polymer blends.*” It is
interesting to note that even though the E of both PVH and the
blend almost decreases in a similar manner above 40°C, their tan
0 shows a very different behavior. The tan ¢ peak height value for
the blend reaches to almost thrice the value of PVH at this tem-
perature. This suggests good ductile behavior of the blend as
compared with pristine PVH. This result is interesting in compar-
ison with an earlier work on blending PANI with PVDF that has
resulted to blend with brittle nature.*’

WAXS Results
The XRD profiles of virgin PVH, pf-PANI and their blend are
measured in the 20 range 5° to 60°. The data were smoothed

—— pf-PANI (A) —— pf-PANI (B)

— PVH —— PVH

—— pf-PANI/PVH || ——pr-PANIPVH
— | PVH ¢ ‘lr PVH
—
2 ' = v pf-PANI
g | of-PANI © l N\
$) 5

2 -PANI/
pf-PANIPVH —_ { v PEPANIEVH
-100 -50 0 50 100 150 -100 -50 0 50 100 150

Temperature ( °C)

Temperature ( °C)

Figure 5. Typical MDSC plots for pf-PANI, PVH, and pf-PANI/PVH (A) C,”" versus temperature and (B) [dC,"'/dT] versus temperature. The curves
have been displaced vertically for clarity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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range —100°C to 120°C. (A) storage modulus (E') versus temperature and

(B) tan ¢ versus temperature. The inset in Fig. 10B is the photographs of pf-PANI, PVH, and pf-PANI/PVH. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

using an automatic smooth program, which uses the Savitzky-
Golay algorithm (see Figure 7). The main characteristic scatter-
ing patterns appear at 20 < 45° and clearly reveals the effect of
pf-PANI on the crystalline phase of PVH. The scattering profile
of PVH reveals two sharp diffraction peaks at 20 = 18.5°and
20.1° and a broad diffraction peak at 38.6° as reported for
PVH.* The scattering peaks seen at 20 =18.5° and 20.1° are
due to a-crystalline phase of PVDE"*" The pf-PANI reveals a
sharp scattering peak at 20 =7.3° and a broad scattering peak
at ca. 20=23.6°. It is to be noted that PANI-EB has been
reported to exhibit diffraction peak at 26 =20° and 25° while

pf-PANI/PVH

Intensity (a.u.)

pf-PANI

20

Figure 7. XRD scattering profiles of pf-PANI, PVH, and pf-PANI/PVH.
For clarity, the scattering profiles have been displaced vertically.
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the diffraction peak at ca. 260 = 7.3° is the characteristic peak of
pyrene moiety.*>* In our case, it is possible that upon pyrene
functionalization the peaks at 20 =20° and 25° are not well
resolved and seems to exhibit a broad single scattering peak at
ca. 20 =23.6°.

Interestingly, the diffraction pattern of the blend reveals two
peaks at low scattering angles one at 7.3° and the other at 7.8°.
This new peak at 7.8° indicates the predominance of -phase of
PVDE® We wish to point out here that as reported by some
authors,”'® we did not observe any separate diffraction peak in
the blend near 20 =20° that was also associated with the
p-phase of PVDE. This could be due to the overlapping diffrac-
tion peak of pf-PANI that appears around the same 20 region
thus resulting to a broad scattering hump centered at ca. 19.3°
(see Figure 7). Also, in the blend, the diffraction peak at 38.6°
seen in PVH almost disappears suggesting that the crystallinity
of the PVDF is considerably hindered upon pf-PANI addition.
In an earlier XRD study on the blend of PMMA and PVH, the
presence of hydrogen bonds between their chains has resulted
to decrease in crystallinity which is in consonance with the
present results.*”

In brief, the XRD results reveal that the a-crystalline form of
PVH changes to f-form upon blending it with pf-PANI in
agreement with FTIR results.' It is good to compare here the
previous work of PANI blended with PVDF which also resulted
to conversion of PVDF crystalline phase from «-form to fi-form
in agreement with our results.”” Since the f-crystalline form of
PVDF is more polar than o-form,"**”* it is easy to realize
that it can have good interaction with the polar groups of pf-
PANI (see Scheme I). It is to be noted that the FTIR features
and XRD peaks assigned for f-phase are quite broad and thus
some contributions of a-phase in them could not be ruled out.

Scanning Electron Microscopy (SEM) Results

The SEM images of the surface morphology of PVH, pf-PANI
and the pf-PANI/PVH are displayed in Figure 8(A-C) respec-
tively. The pf-PANI crystals are of irregular shape and are in the
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Figure 8. The SEM micrographs of (A) pf-PANI, (B) PVH, and (C) pf-PANI/PVH.

size range 2—-10 um [Figure 8(B)]. However, in the blend, the
particle size turns out to be ca. 620 nm and is found uniformly
distributed throughout the matrix [Figure 8(C)]. The copolymer
acts as an insulation layer between the adjacent conductive pf-
PANI particles. More precisely, the blend morphology reveals
that the pf-PANI particles are uniformly apart from each other
and the space surrounding them is occupied by the dielectric
medium. When such a patterned blend is used as a dielectric
material, it can impair the occurrence of leakage current, store
charges as dielectric and thus can contribute to increase in
dielectric permittivity.'”

UV-Vis Results

The normalized electronic absorption spectra for pf-PANI, PVH
and their blend collected in NMP solution are displayed in Fig-
ure 9. The pf-PANI displays a main absorption band at ca. 279
nm while PVH shows no absorption in the wavelength region
studied. The electronic absorption of the blend reveals a slight
upshift in the wavelength with the main absorption peak
appearing at ca. 282 nm. This small up shift in the absorption
pattern also supports our findings that the interaction between
pf-PANI and PVH exists even in the solution phase.

To understand further details, the UV-Vis spectrum of PANI-EB
is also studied. For PANI-EB, the spectrum shows two absorption
maxima one at around 330 nm and the other at ca. 630 nm (see
inset of Figure 9). The two absorption maxima are attributed to
n—1* transition of the benzenoid and quinonoid form of benzene
rings as discussed above.>”*! Please note that the absorption
peaks depends on the type of solvent.’ On the contrary, the
absorption spectrum of neither pf-PANI nor the blend showed
any absorption at ca. 630 nm. This confirms that the imine part
of pf-PANI remains protonated®"*® by the entrapped HCl during
synthesis and is in agreement with the FTIR results.

Photoluminescence Results

The normalized emission spectrum of the virgin polymers col-
lected in NMP solution is displayed in Figure 10. The PVH
exhibits no fluorescence in the wavelength range studied. The
pf-PANI exhibits an emission maximum at ca. 421 nm that lies
in the purple-blue color region of the visible spectrum with a
weak shoulder peak at ca. 480 nm to its right side. The
obtained fluorescent intensity pattern is comparable with that
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reported for pyrene based urethane methacrylate comb polymer
and pyrene functionalized Ruthenium nanoparticles.’®”" The
emission bands at lower wavelength (375-395 nm) was reported
to be due to electronic transitions of monomeric pyrene moi-
eties and the other at higher wavelength (470-490 nm) was
attributed to excimer emission.’®' Following this, the main
emission peak at 421 nm in pf-PANI could be attributed to
electronic transitions of the monomeric pyrene moieties and the
shoulder peak at 480 nm to be due to excimer emission. The
excimer is a complex which is formed when excited pyrene
encounters a ground-state pyrene by processes such as diffu-
sion.>® If there is a good interaction between the neighbouring
pyrene moieties, then this band appears prominent.”>! In the
present case, the weak shoulder peak at 480 nm implies that
there is no significant interaction between the pyrene moieties
in pf-PANIL Alternatively, the PL spectrum of pf-PANI in
m-cresol exhibits a characteristic emission peak at ca. 479 nm
[see Figure 1(B)] implying that there is significant self-

1.6 L] L L) L3 L] ks L) i

- 279 Solvent : NMP
3 | P."-:NI b;se
= 1.2r 330 .
2 ' 630
‘B |
c l | h
e |
[ ==
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@ I
o ]! 1
g I\
5 0.4H “ —— pf-PANI -
z I N b PVH
SN - == pf-PANI/PVH | 4
»"\I'. " \\s\
1 ""“'_----—,.--‘_-_--“ |
300 400 500 600 700

Wavelength (nm)

Figure 9. Normalized UV-Vis spectrum of pf-PANI, PVH, and pf-PANI/
PVH collected in NMP solution (0.01 mg/mL). For comparison, the absorp-
tion spectrum of PANI-EB is shown in the inset. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Normalized PL spectra of pf-PANI, PVH, and pf-PANI/PVH
obtained in NMP solution (0.005 mg/mL). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

aggregation of pyrene moieties and thus shows prominent exci-
mer emission. Thus, in a broader sense, this emission peak at
480 nm reveals information about the nature of the polymer
association. Since there is no significant change in the shoulder
peak between pf-PANI and its blend (in NMP solvent) implies
that blending has not resulted to closure association of hanging
pyrene units, which is again an indication of good intermolecu-
lar interaction between pf-PANI and PVH.

The peak of emission spectrum for the blend appeared red
shifted by 11 nm, which also supports the interaction between
the two polymers in the solution phase. It is interesting to note
that even a small red shift in the absorption spectrum has
resulted to large red shift in the emission spectrum. It has been
reported that the pyrene fluoropore suffers from short emission
wavelength, which makes it difficult to use in fluorescence
imaging applications.”® Thus, the upshift of emissive wavelength
obtained in the present study gains significance.

It is surprising to have such a high intensity PL spectrum in the
blend that contains only 50% of the photoactive polymer. From
the SEM study, we know that these pf-PANI particles are uni-
formly distributed and confined to a small region of 620 nm. It
is known that pyrene in the aggregated state suffers from
reduced-emission due to self-quenching effect.”® Very recently,
significant enhancement in fluorescent intensity of pyrene mole-
cules has been reported and the reason for enhancement is
attributed to reduced self-quenching effect upon confining them
to nanosizes.*” Thus, one could speculate that such a nanosize
confinement of pf-PANI exists even in the solution phase which
could be the reason for high PL intensity in the blend.

From the SEM study, we understand the blend morphology to
be uniformly distributed pf-PANI molecules separated by PVH
matrix which acts as an insulating medium (dielectric material).
In such a pattern, there are very less chances for the particulates
to connect with each other to form a conductive network [see
Figure 8(C)]. In the absence of percolative paths, the conduc-
tion mechanism in this blend could be due to inter-particle
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tunneling effect as reported in PANI/PVDF nanohybrid films."”
Differing from the common way of preparation of high dielec-
tric material by the physical dispersion of a ceramic phase in
virgin PVH, the polyblends of this type have the advantage of
keeping the flexibility inherent in the material. Also, the blend
obtained in the form of film is flexible and has stiffness very
close to PVH [Figure 6(A,B)]. These results open up relation-
ship between the thermal, microstructure and optical properties
of pf-PANI/PVH blends that could help to develop materials
with high dielectric constant. A more detailed electrical and
dielectric study on this blend is currently under way.

It is known that PVH is a preferred polymer electrolyte com-
pared with PVDF due to its high amorphous nature thus result-
ing in high ionic conductivity.”> The developed pf-PANI/PVH
blend is more amorphous than PVH and has better damping
property especially in the temperature range 40-100°C. The
polymer electrolyte film must be thermally stable since heat is
generated when used in the battery. Since this blend film has
shown thermal stability atleast up to 200°C both in inert and
oxidative atmosphere [see Figure 3(A-D)], it is expected that
the blend could also find application as a polymer electrolyte.

CONCLUSIONS

Partially compatible polymers blend using pyrene functionalized
PANI has been reported for the first time. The pf-PANI was
blended with the copolymer of VDF and hexa fluoropropylene.
The T, of pf-PANI has been identified for the first time to be ca.
85°C by repeated heating—cooling cycles and also confirmed by
MDSC measurements. Blending pf-PANI with PVH transforms
the PVH from more crystalline o phase to less crystalline f§
phase. The possible intermolecular interaction between the
YC=0 group of pf-PANI and CH, group of PVH has resulted to
a partially miscible pf-PANI/PVH blend. The SEM results reveal
that the pf-PANI particles confines to ca. 620 nm size surrounded
by high dielectric PVH matrix. The blend is thermally stable
atleast up to 200°C, possesses optimum mechanical stability
which is much better than the pf-PANI alone. This pf-PANI/
PVH blend also being flexible and more amorphous compared
with PVH, could find application as a polymer electrolyte.
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