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Abstract

Polyniline and polypyrrole were chemically and electrochemically synthesized in presence of pyridine-3-sulphonic acid.
These conducting polymers were characterized by FT-IR, UV-vis, XRD, TGA and SEM techniques. Polyaniline showed a
conductivity of 4 x 10™* S/cm while polypyrrole exhibited a conductivity of 6.2 x 1072 S/cm. The presence of pyridine ring
in the dopant enabled the polymers to anchor Pd/or PdO through which the composite can work as catalytic material.
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1. Introduction

Conducting polymers are excellent candidates for
applications in displays, electrochromic mirrors,
windows, light-emitting diodes, photovoltaics,
near-infrared devices and electrochromic devices
[1]. Polyaniline has been known almost for 145 years
as an aniline black [2]. However, recent systematic
syntheses and structure explorations [3] made this
conducting polymer as an advanced functional
material. Polyaniline (PAn), though environmen-
tally stable, is intractable due to its metal like
conductivity. Polyaniline is built up of reduced
(-B-NH-B-NH-) and oxidized (—B—N=Q=N—)
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repeating units, where B denotes a benzenoid and
Q denotes a quinoid ring. The conductivity of poly-
aniline depends on oxidation state and also on the
degree of electronegativity of anions, which are
taken up for charge neutrality. Accordingly the
chemical and electrochemical behavior of polyani-
line depends on the pH and the functionality present
in counter ion of the acid doped. The protonation
equilibria involves exclusively on the quinone dii-
mine segment of the polymer chain, as two imine
nitrogen’s have pK, = 1.05 and pK,, =2.5 [4,5].
The protons are preferentially added to —N= sites
while the number of electrons in the chain remains
constant [4,6]. Thus any acid whose pK, value is
around 4.0 can be a useful medium to synthesize
polyaniline [5]. The pK, value of pyridine-3-sul-
phonic acid (PSA) is 2.9 [7] which indicate that it
is a weaker acid compared to its iso-structural
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benzenesulphonic acid (BSA, with a pK, value of
0.2). PSA exists as a zwitter ion which can also act
as acid (H" donor) in presence of even mild bases
such as polyaniline-emaraldine base (Pani-EB)
which is similar to doping by sulphamic acid [§]
(with pK, of 1.01) known in literature. Recently it
has been reported [9] that benzoic acid having a
pK, value of 4.2 can dope Pani-EB to yield conduct-
ing polyaniline with a conductivity of 1 x 1072/
cm. Therefore, it seemed reasonable to expect that
this acid can be useful as a dopant for Pani.

By compositing with metals such as Ru, Pd, Ag,
Pt and Au (M-CPs), applications of conducting
polymers are broadened [10-16]. In our efforts to
synthesize such useful M-CP composites, we dem-
onstrated novel methods to incorporate silver/or
palladium/or gold particles into polypyrrole matrix
(Ag/Pd/Au-PPy) [17-19]. The Pd-PPy composite
can oxidizes hydrazine efficiently even at low Pd
loadings [17]. Incorporation of gold nanoparticles
involved in an in situ mechanism at water—toluene
interphase [18] while simple dip-coating is sufficient
to obtain Ag-PPy composite [19] film. When pres-
ent as the dopant in the polymer chain, PSA may
be useful as it has reactive functional site (pyridine
group) that can possibly anchor transition metal
ions such as Pd*" to form catalytically active con-
ducting polymer composites. This paper presents
and discusses the studies on conducting polymers
polyaniline and polypyrrole in presence of PSA
and anchoring of the palladium/palladium oxide
particles to the dopant which yielded polyaniline—
Pd and polypyrrole-PdO composites.

2. Experimental
2.1. Materials and methods

All chemicals were analytical grade. Pyrrole, ani-
line and palladium chloride, ammonium peroxydi-
sulphate (APDS) were obtained from C.D.H
chemicals (India). Pyridine-3-sulphonic acid (PSA)
was purchased from Aldrich chemical company.
Emaraldine base (E.B) form of Pani was synthesized
from literature procedure [5]. Elemental analyses
were performed on ‘Elementar Vario EL III'(Ger-
many) CHNS analyzer. Electrochemical experi-
ments were performed on Solartron SI 1287
interface using three electrode assembly containing
platinum foil working electrode (5 mm x 2.5 mm),
platinum wire auxiliary electrode and saturated cal-
omel (S.C.E) or Ag/AgCl reference electrode. Purg-

ing nitrogen gas before electrochemical experiments
effectively deoxygenated the electrolytes. FT-IR
spectrum of the polymers ere recorded on model
no. Paragaon-500 of Perkin—Elmer after palletizing
the sample with solid KBr. SEM images were taken
on Hitachi 3000-H instrument by spreading the
powdered sample on copper studs. For obtaining
better quality SEM pictures at high magnifications,
samples were gold sputtered on JEOLFINE COAT
ion sputter (model no. JFC-1100) for 3 min. X-ray
diffraction experiments were conducted on PANa-
lytical’s X’Pert PRO instrument using copper anode
material (K-Alphal [A] 1.54060). The conductivity
measurements were carried out on pressed pellets
(1 cm dia, 3 ton applied pressure) with a four-probe
meter connected to Keithley’s 2182 nanovoltmeter
and 2400 source meter. EDAX data was obtained
on THERMO (electron corporation) Super Dry-II
system.

2.2. Synthesis of polyaniline and polypyrrole

2.2.1. Oxidative polymerization of aniline and pyrrole
in presence of PSA

PSA doped Pani (Pani-PSA) was obtained by
oxidizing an aqueous solution of 0.1 M aniline in
IM PSA using ammonium peroxydisulphate
(0.1 M) (APDS). PSA doped polypyrrole (Ppy—
PSA) was obtained by oxidizing 0.1 M pyrrole in
1 M PSA solution using ammonium peroxydisul-
phate (0.1 M) (APDS). In a typical reaction, to
0.9 ml of aniline in 100 ml 1 M aqueous PSA solu-
tion was added 2.5 g of APSD dissolved in 10 ml
water dropwise. The reaction was continued for
6 h and the resulting green precipitate was filtered,
washed with copious amounts water and oven dried
at 50 °C. The conductivity of the pellet is 3 x
107*S/cm. (The sample is designated as Pani-
PSA-A))

Polypyrrole (PPy-PSA-A) was also prepared by
the same procedure as described for polyaniline.
The conductivity of the sample is 1 S/cm.

2.2.2. Solution and solid state doping of Pani by
PSA

Emaraldine base (E.B, (Co4HgNy), 0.9 g, 0.0025
mole) is ground with PSA (0.78 g, 0.005 mole, 1:2
ratio) in an agate mortar for 1-2 h by which time
the blue color of the E.B changed into dark green
color suggesting that doping by PSA had taken
place. The conductivity of the pressed pellet is 2 S/
cm. (The sample is designated as Pani—-PSA-B.)
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For solution doping, exactly weighed E.B and
PSA samples (in 1:2 ratio) were stirred in 100 ml
water for 6 h at 70-80 °C and the green product
was filtered. The dried, pressed sample showed a
conductivity of 2.7 x 107*S/cm. (sample Pani—
PSA-C).

2.2.3. Doping of Pani and PPy with PSA in presence
of Pd complex

2.2.3.1. Pani-PSA-Pd(0) composite. Pani-PSA-
Pd(0) composite is obtained by solution doping of
E.B with PdCl, - (PSA), complex in 100 ml water
for 6 h at 70-80 °C in a two-step process. First,
PdCl, - (PSA), complex solution is obtained by mix-
ing 0.003 mole of PdCI, and 0.006 moles of PSA in
water, heated to 70-80 °C for half-an-hour and fil-
tered to get clear yellow palladium complex solu-
tion. To this solution, 0.0015 mole E.B was added
and heating (doping) continued for 6 h to get the
desired composite material. The conductivity is
measured as 4 x 107*S/cm. This is designated as
Pani-PSA-Pd-D.

2.2.3.2. Ppy—PSA-PdO composite. After prepara-
tion of PdCl, - (PSA), complex solution, pyrrole
(0.2 ml, 0.0029 mole) was added and oxidized with
APDS (0.0029 mole) solution for 6 h at room tem-
perature. The product was filtered, washed with
water and dried at 50 °C. The conductivity was mea-
sured to be 0.3 S/cm. This is designated as Ppy—
PSA-PdO-B.

3. Results and discussion
3.1. Synthesis and characterization

3.1.1. Polyaniline

Thin films of PSA doped Pani can be synthesized
by potentiodynamic method by cycling the potential
between —0.2 and 0.8 V (with reference to SCE) on
a platinum foil at a scan rate of 50 mV/s. The
growth of the film is shown for first two scans in
Fig. 1a in the form of a cyclic voltammogram where
the potential is scanned between —0.2 and 1.0 V.
Deposition of the polyaniline was observed in the
subsequent scans when the potential was limited
to even 0.8 V. The initiation of polymerization,
i.e., radical cation formation is observed after
0.8 V as indicated by steep increase in current. The
growth pattern of Pani on the platinum electrode
showed a different behavior compared to the Pani
in sulphuric acid medium. It is known that in pres-

ence of sulphuric acid medium, the growth pattern
shows well defined cyclic voltammetric peaks [20]
at 0.09, 0.36 and 0.625V (vs.SCE). However in
the present case the formation of polyaniline is char-
acterized by an oxidation peak at 0.44 V and a cor-
responding reduction peak at 0.36 V with a
AE,=80mV. The peak heights increased and the
solution became more greenish with increasing the
number of scans. Examination of the electrode after
cycling showed that only a thin film is deposited on
the electrode. This observation is very similar to the
electrochemical polymerization of m-anilicacid [21]
which is due to the formation of soluble low molec-
ular weight polymers.

The Pani film (0.5 pm) doped with PSA was char-
acterized by electrochemically by performing cyclic
voltammetry in 1 M monomer-free PSA solution.
The CV is shown in Fig. 1b. Observation of the
Fig. 1b shows that the PSA doped Pani exhibits a
broad anodic and a cathodic peaks centered around
0.41V and 0.38 V, respectively.

The Pani-PSA sample obtained by chemical
polymerization of aniline in 1 M PSA using APDS
was subjected to FT-IR analysis (Fig. 2a). The
bands at 1038 cm™ ' is assigned to the symmetric
—SO; stretching, and are the characteristic bands
of a sulphonate group present in the dopant. The
band at 815 cm ™! indicates that there is a head to
tail coupling in a polymer that is to say that mono-
meric units are linked at 1,4-position. This band
shifts to 827 cm ™! in an undoped emaraldine base,
indicating the strong influence of dopant on C-—
H,,, vibration.

The absorption band at 1140 cm ™' in the Pani—
H,SO, system is said to be due to charge delocalisa-
tion on the polymer backbone; this band in the
undoped state appears with very weak intensity. In
the present study this band is observed at
1128 cm~'. Bands due to aromatic ring breathing
mode are observed in the region 1650-1400 cm ™.
The characteristic bands of N—-¢-N is observed at
1492 cm ™" and the band characteristic of N=¢=N
is observed at 1580 cm™'. The C-N stretching is
observed at 1301 cm ™' [22-24]. The aromatic C-H
is observed at 2923 cm™".

The d.c conductivity of electrochemically depos-
ited Pani-PSA film could not be measured due to
its fragile nature. The pressed pellet sample of
Pani-PSA (Pani-PSA-A) obtained from chemical
polymerization showed a conductivity of
3 x 107*S/cm whereas Pani-PSA sample (Pani—
PSA-B) obtained by simple solidstate doping of
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Fig. 1. Growths of (a) Pani-PSA, (b) characteristic CV diagram of Pani-PSA in 1 M pyridine-3-sulphonic acid and (c) Ppy—PSA growth

in 1 M PSA. The scan rate is 50 mV/s.
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Fig. 2. Segment of FT-IR spectra of (a) Pani-PSA, (b) Pani-PSA-
Pd composite, (c) PPy-PSA and (d) PPy-PSA-PdO composite.

EB with PSA showed a very good conductivity of
about 2 S/cm (Table 1) and is comparable to elec-
trochemically prepared Pani-benzenesulphonic acid
[20]. The higher conductivity in Pani-PSA sample
obtained from EB is due to higher molecular weight
of pre-formed EB and hence higher doping levels of
about 40%. The doping level in chemically synthe-
sized sample (Pani-PSA-A) was found to be only
22%, and hence showed a lower conductivity. The
electronic spectrum of Pani-PSA-A dissolved in
m-cresol is shown in Fig. 3. The green color solution
exhibited bands at 326 nm, 423 nm, 569 nm and
1085 nm, similar to the reported Pani-camphor sul-
phonic acid (or PTSA) system in phenols studied in
literature [25,26]. The generally observable elec-
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Table 1
FT-IR and conductivity data of the samples

Polyanilines FT-IR(KBr pellet) (cm™") Conductivity (S/cm)
C-H,p, R —SO5 C-N N-B-N N=Q=N C—Harom) N-H
Pani-PSA 815 1038 1245 492 1580.7 2923 3427.3 3.0 x 1074
Pani-PSA-Pd 814 1036 1242 1498 1586 2923 3438 40x107*
Pani-PSA-doped - - - - - - - 2.0
Polypyrroles C-H-def C-H/N-H def N-H-str C=C & C-C str
PPy-PSA 1045 1297 1475 1554 1.0
PPy-PSA-PdO 1042 1304 1446 1551 0.3
Py-PSA(e.c) - - - - 6.4 x 1072
3
2
;'. b Pani
2
< 400
counts Pd{111)
] Pd (200} Pd{(222)
or 200 Pdl220)  pyisyg) l
1 L
200 500 1000 1500 P — — PP —TrrrT—— ‘
Wavelength (nm) 20 30 40 50 60 70 20 90
2[theta]
Fig. 3. UV-vis spectrum of Pani-PSA in m-cresol.
C
300 PdO(004)
tronic bands in hydrochloric acid doped Pani at 326,
423 and 826 nm do also appear in Pani-PSA-A/ 200
m-~cresol but some bands are red shifted. The band PPy
at 326 nm is attributed to © — n* of benzenoid seg- counts | PAO((002) Pdo(22)
ments. The bands at 423 or 569 nm are due to cation 100 A
radicals. The band at 826 nm due to trapped exi- Fa0Rea
tons(bipolarons) in Pani-HCI is red shifted to 0 4
1085 nm due to secondary doping by m-cresol in

Pani-PSA system. The X-ray diffraction of the
PSA doped Pani (Pani-PSA-A) presented in
Fig. 4a shows that there are two main broad peaks
located around 26 = 19 and 25 and suggest amor-
phous nature of the polymer. The morphology
and structural characteristics of the polymer is
investigated by SEM technique. Fig. 5a shows the
SEM of Pani-PSA which consists of 0.1-0.2 um
sized globules and plateau regions.

2[theta]

Fig. 4. XRD of (a) pure Pani-PSA, (b) PAni-PSA-Pd composite
and (c¢) PPy-PSA-PdO composite.

3.1.2. Polypyrrole
The electrochemcial growth of polypyrrole is
shown in Fig. lc. The initiation of polymerization
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took place around 0.86 V. However in contrast to
the general formation of thick films of polypyrrole,
only thin films of PPy—PSA are observed. According
to the numerical calculations based on charge con-
sumed in the electropolymerisation reaction of pyr-
role that 500 mC/cm? gives about I pm thick
polypyrrole film [27,28], the thickness of the film
estimated is 0.07 um. Attempts to grow thicker films
in presence of neutral salt NaPSA also failed.
Indeed it is observed that the formation of radical
cation and subsequent growth of the polypyrrole
film are identical in PSA and NaPSA. The cyclic
voltammogram of a thin film of Ppy-PSA in a
monomer-free 1 M PSA solution showed a capacita-
tive behavior. The conductivity of these thin films
were found to be low, in the range 6.4 x 1072S/
cm (Table 1) showing low levels of doping by PSA.
IR spectrum (Fig. 2¢) of the PSA doped polypyr-
role (Ppy—PSA-A) obtained from oxidation of pyr-
role in PSA solution by APDS showed charge
carriers, bipoloron bands at 920 and 1196 cm ™!
indicating the Ppy formed is in oxidized state
[29,30]. The peaks at 1690.7, 1553 and 1475 cm™!
are assigned to fundamental vibrations of pyrrole
rings [31,32]. The broad hump at 3400 cm™' is
assigned to N-H stretching vibration from pyrrole.
The Raman spectrum for this compound exhibited
bands as follows: The C=C stretching is found at
1605cm~'. The C-N-antisymmetrical stretching
observed at 1380 cm™' in pure polypyrrole [33] is
shifted to 1400 cm™'. The other bands found are
due to symmetrical C-H in-plane bending associ-
ated with dication at 1080 cm ™', ring deformation
associated with dication at 950 cm ™. The electronic
spectrum of PPy-PSA recorded in diffused reflec-
tance mode showed a peak between 350 and
390 nm, assigned to m — ©* transition associated
with benzenoid ring. The band due to cation radi-
cals lie between 400 and 1000 nm as broad rising
band. The tail of this band extends to the infra-
red region indicating that the charge carriers are
bipolarons. The absorption peak around 1300 nm
can be related to a transition from the valance band
to the half filled polaron bonding level. The peak
around 457 nm corresponds to the transitions from
valance band to the antibonding polaron state.

3.2. Studies on anchoring of palladium through
dopant PSA

Doping polyaniline-E.B by PSA in presence of
palladium chloride demonstrates the utility of dop-

ant PSA for anchoring Pd*? ions. For this purpose,
first a PACI,[PSA], complex is generated by heating
PdCl,and PSA (1:2 ratio) in water at 70-80 °C, as
described in Section 2. The formation of the com-
plex is evident from yellowish color due to the for-
mation of a square-planar complex, (Scheme 1)
akin to many Ni(II) complexes (UV-vis spectrum
showed 369 nm LMCT band) [34]. Addition of
E.B to the complex solution and heating for 3 h
(70-80 °C) gave Pd containing PSA doped polyani-
line (Pani-PSA-Pd-D). During the course of reac-
tion, it is noticed that Pd™? ions are reduced to
Pd(0) state. This can be anticipated as the Pd"? ions
are known to undergo reduction with even mild
reducing agents (due to the noble nature, i.e., higher
positive reduction potential of Pd(II)/Pd(0) couple
0.95V vs NHE). Palladium(0) state is confirmed
from X-ray diffraction profile for the composite
(Fig. 4b). The composite exhibited reflections due
to planes of (111), (200), (220), (311) and (222)
at 20 =40.11, 46.50, 67.95, 81.79, 86.40 in accor-
dance with literature (JCPDS FILE 5-0681). The
conductivity of the composite (PAni-PSA-D) is
4 x 07*S/cm (Table 1) with a doping PSA level of
22.6 wt%. The conductivity of the composite is
slightly more than the pure PAni-PSA-C
(2.7 x 10~* S/cm, Table 1) prepared under similar
experimental conditions (i.e., heating at 70-80 °C
for 3h) with doping level remaining unchanged.
The increase in the conductivity of composite is
due to the presence of Pd(0) particulates. The FT-
IR spectrum of the sample shown in Fig. 2a resem-
bles the pristine polymer except for decrease of
(about 3cm™') C-N and increase for other bands
frequencies indicating possible interaction of Pd
particles with polyaniline nitrogens. The analysis
of the composite by EDAX (Fig. 6a) showed that
Pd is present in the composite with other elements
such as Al, Cu and Au which arise due to base mate-
rial (copper stud) and gold sputtering on the sample.
Fig. 5(c) shows the scanning electron micrograph of
the composite with loosely packed, porous sponge
like structure of polyaniline. This is in contrast to
the morphology of the pristine polymer (Fig. 5(a))
where the polymer is tightly packed and non-porous
and somewhat crystalline. The porous and spongy
nature of the Pani-PSA-Pd composite is desirable
and a promising character to function as a catalyst.

As it is not possible to dope polypyrrole chemi-
cally like as described above for polyaniline,
another in situ method is chosen for loading Pd into
polypyrrole. Polymerization of pyrrole in the
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Fig. 5. Scanning electron micrographs of (a) Pani-PSA, (b) Ppy-PSA at x3000, (c) Pani-PSA-Pd composite and (d) PPy-PSA-PdO
composite at x 5000 magnification.

NH—©7NH =<:>=N Pani-EB
(y=0.5)
y 1-y

SO.H
: Cl
N—Pd—N Q complex
a SOH

32@N--Pd(0)--N@§ 3 -

composite

Scheme 1. Scheme showing doping process by palladium complex and the structure of polyaniline—palladium composite.
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Fig. 6. EDAX profile of the composites.

solution of PdCI,(PSA), complex with APDS
yielded Pd-PPy composite (Ppy-PSA-PdO-B).
However, as the Pd(II) is also subjected to oxidation
by strong oxidant APDS during the reaction, the
resultant composite contained PdO particles instead
of Pd as confirmed by X-ray diffraction profile
(Fig. 4c). The peaks at 20 =42.10, 49.17, 72.59
and 88.38 are assigned for the reflections due to
(002), (200), (004) and (222) by palladium oxide
particulates in the polymer. The conductivity of
the composite is 0.3 S/cm (Table 1). EDAX analysis
(Fig. 5b) of the sample also confirmed the presence
palladium. Elemental analyses (C, H, N and S,
Table 2) performed on these two composites suggest
that one Pd(0)( or one PdO) and two PSA molecules
exists in the four-rings extended PAni (or PPy)
chain (Scheme 1). The stability of the Pani and

Ppy composites were investigated by TG analysis
(Fig. 7). The analysis showed that there is a weight
loss of 8§-10% at 100 °C due to moisture. The per-
centage is little higher and is due to incomplete dry-
ing of the samples. The Pani and PPy composites
are stable up to 250 and 300 °C, respectively. The
decomposition of the composites starts at these tem-
peratures and continues upto 490 °C for Ppy com-
posite with 70% overall loss, which is mainly due
to the loss of dopant molecules. The decomposition
for Pani composite is found to be faster between 300
and 500 °C with a overall loss of 95%. As the weight
of the doped PSA is almost same in both composite,
the final residual weights of these composites
(8.5 wt% for PPy and 6.5% for Pani) suggest that
the loading of Pd into PPY composite is higher by
about 2%. The exothermic peak in their DTA curves
at 498 °C for PPy and 470 °C for Pani may arise due

8
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Fig. 7. TGA curves for Pani-PSA-Pd (above) and Ppy-PSA-
PdO (below) composites.

Table 2

Elemental data of the composites

Composite C% H% N% S%
Pani-PSA-Pd(C3,HasNg OgPdS,) 54.3(54.1) 3.71(3.71) 11.07(11.1) 3.8(4.20)
PPy-PSA-PdO (C,sH,)Ng O,PdS;) 47.6(47.4) 3.16(3.06) 12.32(12.76) 4.3(4.86)

Numbers in parentheses are calculated values.
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to sintering of Pd(0) particles [35]. The morphology
of the composite is shown in the scanning electron
micrograph (Fig. 5(d)) which shows that the uni-
form sized globules of polypyrrole is loosely packed
resulting in porous structure. The composites can be
useful as catalysts for C-C bond forming coupling
reactions and electrocatalytic reactions [36-38].
These procedures for inclusion of metal particles
through dopant PSA paves a way to load various
other transition metals/ions into the conducting
polymer matrices.

4. Conclusions

Pyridine-3-sulphonic acid doped polyaniline and
polypyrrole thin films can be prepared on platinum
electrodes. We have demonstrated a new route to
load catalytic metals like Pd into the polymer matrix
through the dopant. The presence of Pd in compos-
ites were confirmed by XRD and EDAX tech-
niques. The new composites can find catalytic
applications in organic synthesis.
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