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ABSTRACT: Conductive homopolymers and composites
of poly(2-chloroaniline) (P2ClAn) and polyfuran (PFu) were
synthesized chemically in hydrous and anhydrous media,
and their properties were investigated. The polymers and
composites were characterized by Fourier infrared spectros-
copy, ultraviolet-visible absorption spectroscopy, thermo-
gravimetric analysis, differential scanning calorimetry, scan-
ning electron microscopy, magnetic susceptibility, and con-
ductivity measurements. It was found that the PFu/P2ClAn
composite is thermally more stable than both the P2Cl1An/
PFu composite and the homopolymers. It was determined
from Gouy scale measurements that conducting mecha-
nisms of homopolymers and composites are polaron and
bipolaron in nature. It was observed that the conductivity

and magnetic susceptibility values changed with a changing
amount of the guest polymer in the prepared composites.
The conductivity (3.21 X 1072 S/cm) of the P2ClAn/PFu
(65.8% m/m) composite was found to be higher than the
conductivities of both homopolymers (opp, = 1.44 X 107°
S/cm; Opacian = 1.32 X 1072 S/cm). It was determined that
the composites synthesized had different conductivities and
morphological and thermal properties from changing syn-
thesis order. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 88:
2924-2931, 2003
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INTRODUCTION

Conducting polymers have many applications as elec-
tronic devices, batteries, and sensors in scientific and
technological areas.'™ Polyaniline, polypyrrole, and
polythiophene and their derivatives are important in
these situations because of their good conductivity
and chemical stability.*® Among doped polyconju-
gated polymers, polyfuran has been one of the less
studied conducting materials because of the difficul-
ties in synthesizing it and because of its low conduc-
tivity.”® It may be difficult to polymerize furan be-
cause it has a higher potential of oxidation than other
conducting polymers. It has low electrical conductiv-
ity as a result of the low level of conjugation in its
polymeric chains.’

One of the disadvantages in the processing of con-
ducting polymers for technological applications is
their poor solubility in the majority of solvents. This
solubility can be enhanced by preparing derivatives of
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the conducting polymers.”>'! To make systematic
changes in the properties (e.g., conductivity, solubil-
ity, processibility) of the conducting polymers, various
methods have been employed: (1) chemical methods,
such as chemical modification of the conducting poly-
mer, preparing copolymers or composites'>'%; and (2)
physical methods, such as blending the conducting
polymer with one or more other materials'*"> or dop-
ing with a suitable dopant that plays the role of plas-
ticizer.'®

Recently, great attention has been paid to the prep-
aration of a conducting polymer composite'”'® be-
cause with this method it is possible to prepare high-
quality polymers, including those with good electrical
properties. With this purpose, most of the copolymers
and composites of polyaniline and polyfuran and their
derivatives already have been prepared.®'**

In this study, in order to modify the properties of
poly(2-chloroaniline) and polyfuran, the aim was to
synthesize conducting composites of these two poly-
mers that had not been previously investigated. PFu/
P2ClAn and P2ClAn/PFu composites were prepared,
changing the synthesis order of the guest polymer in
composites of both homopolymers that needed differ-
ent synthesis conditions. The effects of variation in
synthesis order on the properties of the composites
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obtained were investigated. The PFu:P2CIAn (1:1) me-
chanical mixture of both homopolymers was pre-
pared, and their properties were compared with those
of the PFu/P2ClAn and P2CIAn/PFu conducting
composites. The obtained composites and homopoly-
mers were characterized by Fourier transform infrared
spectroscopy (FIIR), ultraviolet-visible absorption
spectroscopy (UV-vis), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), ther-
mal analysis, scanning electron microscopy, and con-
ductivity and magnetic susceptibility measurements.

EXPERIMENTAL
Materials

All chemicals were obtained from Aldrich. 2-Chloroa-
niline and furan were distilled in vacuum under a
nitrogen atmosphere prior to use. Ammonium persul-
fate [(NH,),5,05], antimony(III) chloride (SbCl;), chlo-
roform, hydrochloric acid, N,N-dimethylformamide
(DMF) and diethyl ether were used as received.

Synthesis of P2ClAn and PFu homopolymers

In 100 mL of 1.5M HCI, 8.76 mmol of 2-chloroaniline
was dissolved. The temperature of solution was main-
tained at 2-5°C. To the monomer solution was added
dropwise another solution of 17.5 mmol of (NH,),5,0¢
in 100 mL of 1.5M HCL The polymer solution was
stirred for 24 h. The pristine polymer was collected by
filtration and then washed with 1.5M HCI, distilled
water, and diethyl ether until the filtrate was clear;
then it was dried in a vacuum oven at 70°C for about
24 h.

In a nonaqueous media (CHCl;), 13.3 mmol of furan
was polymerized at 20°C using SbCl; as an oxidant
(ratio of oxidant to monomer of 1.3 : 1). Polyfuran was
washed with chloroform and dried in a vacuum oven
at 70°C.

Synthesis of PFu/P2ClAn conducting composite

For synthesis of the PFu/P2ClAn composite, a certain
amount of PFu powder was dispersed in a 1.5M HCI
medium, with stirring at 2-5°C. Then (NH,),5,05 was
added to the medium and stirred under an N, atmo-
sphere. To the dispersed polymer solution was added
a dropwise solution of 2-ClAn in 1.5M HCL After
polymerization for 24 h, the composite was collected
and washed with 1.5M HCL Finally, the composite
was dried in a vacuum oven at 70°C for 24 h. The
quantity of P2ClAn in the composite was calculated
from the total mass of the composite. PFu/P2ClAn
composites of varied percentages of P2CIAn were pre-
pared, maintaining constant ratios of salt to monomer.
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Synthesis of P2Cl1An/PFu conducting composite

A certain amount of P2C1An powder was dispersed in
CHCl;. Then SbCl; was added to medium and stirred
at 20°C. To this solution furan monomer was added
drop by drop. After 24 h the composite was filtrated
and washed with CHCl;. The product was dried in a
vacuum oven at 70°C. The amount of PFu was calcu-
lated from the total mass of the composite. P2CIAn/
PFu composites were synthesized in which the per-
centage of PFu varied while maintaining ratios con-
stant.

Characterization

FTIR spectra of the polymer samples were recorded
with a Mattson 1000 model spectrophotometer em-
ploying the KBr pellet technique. The UV-vis spectra
were taken in DMF using a Unicam UV-2 model spec-
trophotometer. The conductivities of the synthesized
polymers were measured using the four-probe tech-
nique. The polymer samples were made into pellets,
and their conductivity levels were measured using a
Nippon NP-900 multimeter. TGA thermograms were
recorded with a Rigaku Var 2-22E2 thermal analysis
system at a heating rate of 10°C/min in a nitrogen
atmosphere up to 1000°C. The DSC measurements
were carried out in a nitrogen atmosphere at a heating
rate of 10°C/min between 0°C and 600°C using a
SETERAM DSC 131 model calorimeter. Scanning elec-
tron microscopy (SEM) micrographs of the polymers
in powder form were taken on a SEM (Jeol, model JEM
100 CX II). Magnetic susceptibility measurements
were carried out with a Sherwood Scientific model
MKI Gouy scale, using a procedure reported else-
where.*

RESULTS AND DISCUSSION

The conductivities and magnetic susceptibility values
of the composites containing different percentages of
P2ClAn are given in Table I. As can be seen in Table I,
the conductivities of P2CIAn and PFu were deter-
mined as 1.32 X 107 and 1.44 X 107° S/cm, respec-
tively. It can also be seen that the conductivity of an
PFu/P2ClAn composite increased with an increasing
yield percentage of P2CIAn. Once the composite
reached 32% P2ClAn, additional increases of P2ClIAn
did not change the conductivity, which then remained
nearly constant. In addition, the conductivity of this
composite was close to that of a PFu:P2CIAn (1:1)
mechanical mixture.

The magnetic susceptibility data of the polymers
also are given in Table L. It was determined that the
magnetic susceptibility values of the homopolymers,
composites, and (1:1) mechanical mixture had diamag-
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TABLE 1
Conductivity and Gouy Balance Measurements of PFu/P2CIAn Composites
Magnetic
Yield of P2ClAn Conductivity susceptibility
Polymer in composite (m/m %) (S/cm) (Mogry BM)*
PFu/P2ClAn 1.0 344 x107° —43
PFu/P2ClAn 11 4.02x107° —43
PFu/P2ClAn 19 1.93 x 107* —42
PFu/P2ClAn 32 257 X 1072 -13
PFu/P2ClAn 46 9.77 X 1072 —40
PFu/P2ClAn 59 1.33 x 1073 —38
PFu/P2ClAn 1:1 mechanical mixture — 3.80 x 1072 -37
PFu — 144 X 107° —-51
P2ClAn — 1.32 x 1073 =37

* wege effective magnetic moment; BM: Bohr magneton.

netic properties, that is, their conducting mechanisms
were bipolaron in nature.”'

The conductivity and magnetic susceptibility values
of the prepared P2CIAn/PFu composites that had a
changing order of synthesis of the guest polymer are
given in Table II. As can be seen in Table II, the
conductivity of the composites that were 47.0% and
55.8% PFu were higher than that of the PFu, the
P2ClAn, and the 1:1 mechanical mixture. An overall
look at the tabulated conductivity values reveals that
the conductivities of the polymer samples tended to
change according to the order of synthesis. Similar
results were observed for the polyaniline/polypyrrole
and polyaniline/polythiophene systems in previous
electrochemical studies.”***

Magnetic susceptibility data of the polymers shifted
to positive values with an increasing amount of PFu.
This shows that polaron groups in composite structure
increase with an increasing amount of PFu.® Based on
this observation, it was concluded that P2ClAn/PFu is
not simply a mechanical mixture, that is, P2CIAn/PFu
is a composite. It was determined that both the con-
ductivity and magnetic susceptibility values of the
PFu/P2ClAn and P2ClAn/PFu conducting compos-
ites changed with varying synthesis order.

Figure 1 shows a comparison of the FTIR spectra of
conducting polymers such as P2ClAn, PFu, PFu/
P2ClAn, and the PFu:P2ClAn (1:1) mechanical mix-
ture. When the spectra of PFu/P2ClAn [Fig. 1(a)] are
investigated, the characteristics peaks corresponding
to both homopolymers (PFu, P2CIAn) were seen and
the shifts in wavenumbers of these peaks were deter-
mined. The frequency of bands seen at 791-746 cm ™'
corresponding to C—H out-of-plane bending of the
furan ring®* [Fig. 1(b)] had shifted to 810-752 cm ™' in
the composite. The 1580 and 1503 cm ™! bands belong-
ing to aromatic C=C stretching vibrations of the qui-
nonoid and benzenoid rings at the P2CIAn spectrum
[Fig. 1(c)]*® had shifted to, respectively, 1593 and 1497
cm ™! in the composite. The C—H stretching bands
(1305 cm ') of P2C1An can be seen at 1339 cm ™ ! in the
composite. The bands at 1214 and 1142 cm ™' corre-
spond to C—C (or C—N)) stretching and, in the plane
C—H bending modes, the shift to 1250 and 1160 cm ™',
respectively, in composite.® The FTIR spectra [Fig.
1(d)] of PFu:P2Cl1An mechanical mixture show bands
similar to those of P2CIAn. A similar situation can also
be observed in conductivity and magnetic susceptibil-
ity results of the PFu:P2C1An mechanical mixture. The
FTIR spectra of the P2Cl1An/PFu composite, P2CIAn,

TABLE II
Conductivity and Gouy Balance Measurements of P2CIAn/PFu Composites
Magnetic
Yield of PFu Conductivity susceptibility

Polymer in composite (m/m %) (S/cm) (Mot BM)*
P2ClAn/PFu 7.00 1.32x 1073 -37
P2ClAn/PFu 11.0 1.44 X 1073 —13
P2ClAn/PFu 412 1.52 x 1072 +6
P2ClAn/PFu 47.0 2.02 X 1072 +15
P2ClAn/PFu 55.8 321 X 1072 +18
P2ClAn/PFu 1:1 mechanical mixture — 3.80 X 1072 —-37
PFu — 144 X 107° —=51
P2ClANn — 1.32x 1073 —37

* mege effective magnetic moment; BM: Bohr magneton.
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Figure 1 FTIR spectra of polymers: (a) PFu/P2CIAn, (b)
PFu, (c) P2ClAn, (d) PFu:P2CIAn 1:1 mechanical mixture.

PFu, and the mechanical mixture are given in Figure 2.
If the spectra are investigated, differences at the bands
at 1300 cm ™' and shifts at other bands can be seen. The
FTIR spectral characteristics of the composites were
found to be different from those of the homopolymers,
but the differences were not as distinct as those ob-
tained with conductivities and TGA results.

The UV-vis spectra of polymeric samples were re-
corded at room temperature and are shown in Table
III. Two absorption bands can be observed in the
UV-vis spectra of the polymers (Fig. 3). The first ab-
sorption is assigned to the m — 7 transition of the
polymer-backbone benzenoid rings and the second
absorption to the m — 7 transition of the diamine
groups in the quinoid rings.””*® The shifts in spectra
of the composites were observed according to their
P2ClAn. The first and second absorption bands in the
PFu/P2ClAn composite shifted to a long wavelength.
In the P2CIAn/PFu composite the first band shifted to

% Transmittance

T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’)

Figure 2 FTIR spectra of polymers: (a) P2ClAn/PFu, (b)
PFu, (c) P2ClAn, d) PFu:P2ClAn 1:1 mechanical mixture.
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TABLE 1II
Absorption Spectral Data of Polymers
Polymer Ay (nm) A, (nm)

P2ClAn 319 598
PFu/P2ClAn 320 599
P2ClAn/PFu 317 607
PFu:P2ClAn 1:1

mechanical mixture 321 602

a short wavelength, whereas the second band shifted
to long wavelengths. The absorbance wavelengths of
the PFu:P2ClAn (1:1) mechanical mixture were close
to those of P2ClIAn. The UV-vis spectrum of PFu
could not be taken out because of its insolubility in
common solvents. The absorbance wavelengths of
PFu/P2ClAn were close to those of P2ClAn, results
that are in accord with the conductivity measurements
(Table I). The second band, corresponding to the pol-
aron structures and arising from the charge transfer
from the benzenoid rings, exhibited a shift to long
wavelengths.?® This shift shows an enhanced conjuga-
tion in polymer backbone, a result also in accordance
with the increasing conductivity. Similarly, the con-
ductivity of the P2C1An/PFu composite was found to
be higher than that of P2CIAn (Table II).

The DSC measurements were carried out in order to
determine the thermal transitions in the polymers and
composites. The DSC curve of P2ClAn is shown in
Figure 4. An endothermic peak at 133°C can be ob-
served because of the removal of water molecules
present in P2C1An.*® The second endothermic peak, at
190°C, indicates the loss of dopant anions bound to the
polymer chain.?® The exothermic peak at 370°C sug-
gests interchain crosslinking.?*> The peak observed
at 496°C corresponds to the degradation of the poly-
mer.

If the DSC curve of PFu is investigated (Fig. 5), three
endothermic transitions (79°C, 115°C, and 250°C) can

2.000

PFu/P2CIAn---ee e

P2CIAN/PFu...cnue..

PFu:P2CIAn.____
(1:1)

Absorbance

‘Wavelength (nm)

Figure 3 UV-vis spectra of polymers.
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Figure 4 DSC curve of P2CIAn.

be seen. The peaks seen at 79°C and 115°C indicate
removal of units with low molecular weights such as
monomers and solvents present in PFu.>® The transi-
tion observed at 171°C may be described as the glass-
transition temperature of PFu.** The peak at 250°C
indicates the removal of dopant anions. The sharp
peak observed at 400°C may be attributed to inter-
chain crosslinking.

Three endothermic transitions, at 118°C, 194°C, and
305°C, can be observed in the DSC curve of PFu/
P2ClAn (41:59 m/m %) composite (Fig. 6). The tran-
sitions at 118°C and 194°C indicate removal of low
molecular weights such as monomers, moisture, and
solvents absorbed in PFu and P2ClAn. The peak at
305°C indicates elimination of the dopant.

The DSC curve of the P2C1An/PFu conducting com-
posite (Fig. 7) is similar to that of PFu/P2ClAn com-
posite. As can be seen in Figure 7, three endothermic
peaks are present—peaks at 100°C and 162°C arising
from the removal from the composite of units with
low molecular weights and another endothermic peak
at 274°C arising from the removal of dopant in the
polymer matrix. The exothermic peak at 408°C corre-
sponds to the degradation of the polymer.>*

Heat Flow/mW
25

50 100 150 o 2% 300 £ Rl

Temperature °C
7 L

Figure 6 DSC curve of PFu/P2ClAn.

The DSC curve of the PFu:P2CIAn (1:1) mechanical
mixture is shown in Figure 8. Three endothermic tran-
sitions can be observed, at 122°C, 187°C, and 296°C,
whereas an exothermic transition can be seen at 413°C.
The DSC curve of mechanical mixture is similar to
those of the PFu/P2CIAn and P2CIAn/PFu compos-
ites, shown in Figures 6 and 7, respectively.

These results revealed that there is no chemical
bonding (such as a copolymer) between polymers in
composites (PFu/P2ClAn and P2ClAn/PFu). It can be
concluded that PFu/P2CIAn and P2ClAn/PFu are
composites.

The TGA curves of the homopolymers and compos-
ites are given in Figure 9 and the tabulated results in
Table IV. As can be seen from Table IV, the three
decomposition temperatures (T;, T,, T of the poly-
mers were different from each other. PFu shows de-
composition in three steps. The first weight loss (114—
273°C) indicates the loss of small units such as sol-
vents and monomers in the polymers. The second
weight loss, between 273°C and 409°C, indicates re-
moval of the dopant anions from the polymer struc-

T Ll T T T T i T
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350 400 Temperature/ *C
1 1 b 1 1 1 L 1

e
£
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¥
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Figure 5 DSC curve of PFu.

Figure 7 DSC curve of P2Cl1An/PFu.
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Figure 8 DSC curve of PFu:P2ClAn 1:1 mechanical mix-
ture.

ture. The final step, at 518°C-568°C, shows degrada-
tion of the polymers.

It was determined that P2ClAn, the PFu:P2ClAn
mechanical mixture, and composites show two-step
weight loss. In the TGA thermograms of the polymers,
the weight loss between 30°C and 100°C corresponded
to the removal of water absorbing in the polymer
matrix.*

At the second decomposition temperature
(136-464°C), the polymer chain structure decom-
posed after the elimination of the dopant acids from
the polymer structure.’® According to initial decom-
position temperatures (T;), PFu/P2CIAn composite
had the highest decomposition temperature (255°C).
The PFu/P2ClAn composite system prepared in the
changing synthesis order was more thermally stable
than the P2CIAn/PFu composite. Although P2CIAn/
PFu had the highest conductivity, it also had lower
thermal stability. These results are in accord with the
results of the DSC. Moreover, from the decomposition
temperatures it can be observed that the composites
were thermally stable.

110,
100} .
a ~ '\\'\ PFu:P2CIAn.a-.
Y R 1)
- % N
® 3
z 0
5
S
-3
60l
50
0
30
20}
101
[} L " . L L L 1 2a ) gt
20 100 200 300 400 500 600 700 800 900 1000

Temperature (*C)

Figure 9 TGA thermograms of polymers.
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TABLE IV
Results of TGA Analysis of Polymers

Decomposition temperature

(°O)

Polymer TS T, TS

114 181 273

273 341 409

PFu 518 541 568

P2ClAn 177 275 373

PFu/P2ClAn 255 364 464

P2ClAn/PFu 136 173 227
PFu:P2ClAn 1:1

mechanical mixture 148 209 318

T2 initial temperature; T%: maximum decomposition
temperature; Tf: final temperature.

The SEM micrograph of P2CIAn (Fig. 10) shows a
granular and porous structure. The surface morphol-
ogy of PFu can be seen to have two different structures
(Fig. 11). The SEM micrograph of PFu shows a non-
porous and uniform structure in the under layer and a
granular and spongelike structure on the upper sur-
face. The SEM micrograph of PFu/P2ClAn (Fig. 12)
shows a spongelike and vessel-like structure, whereas
that of P2CIAn/PFu (Fig. 13) shows a disorganized
spongelike structure. It can be seen that the surface
morphologies of PFu and P2CIAn are different from
each other. This difference in the morphology of the

Figure 10 SEM micrograph of P2ClAn (magnification
1500X, bar = 6.7 wm).
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Figure 11 SEM micrograph of PFu (magnification 800X, . . L
bar = 12.5 pm). Figure 13 SEM micrograph of P2ClAn/PFu (magnification

800X, bar = 12.5 um).

ed4 bwOODDE

Figure 12 SEM micrograph of PFu/P2CIAn (magnification Figure 14 SEM micrograph of PFu:P2CIAn (1:1) mechani-
800X, bar = 12.5 um). cal mixture (magnification 2000X, bar = 5.0 um).
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polymers greatly depends on the types of anions and
monomers.”” So, the surface morphology of a polymer
influences its conductivity. The SEM micrographs of
PFu/P2ClAn and P2CIAn/PFu are different from ho-
mopolymers. The SEM micrograph of the PFu:P2Cl1An
(1:1) mechanical mixture (Fig. 14) looks like both PFu
and P2ClAn structures. Moreover, the PFu/P2CIAn
and P2CIAn/PFu composites are rather different from
that of the PFu:P2ClAn (1:1) mixture. From the SEM
micrographs it can be concluded that PFu/P2ClAn
and P2CIAn/PFu can be composites.

CONCLUSIONS

From thermal analysis, conductivity measurements,
UV-VIS spectra, and SEM micrographs, it was found
that PFu/P2ClAn and P2ClAn/PFu composites pre-
pared in changing synthesis order had properties dif-
ferent from the PFu:P2CIAn (1:1) mechanical mixture
and homopolymers. The thermal and conductivity
properties of PFu and P2Cl1An were modified by pre-
paring the PFu/P2ClAn and P2Cl1An/PFu composites.
In particular, the conductivity value of PFu was in-
creased 1000 times by preparing the P2ClAn/PFu
composite. Moreover, the varying synthesis order of
the polymers affected the structure, conductivity, and
microstructural properties of the resulting polymers.
The novel composites obtained could be utilized in the
development of devices and applications in various
areas.
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