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Abstract Electrochemical and chemical oxidation
methods are the two common methods used for the
preparation of poly(pyrrole). The two methods have
been acknowledged greatly and extensively studied
because of their feasibility in manipulating the proper-
ties of poly(pyrrole) according to the desired applica-
tion. However, chemical oxidation method is
considered the best method for the preparation of
poly(pyrrole) in larger quantities. There are other
methods through which poly(pyrrole) can be synthe-
sized such as plasma polymerization and photopoly-
merization, which have so far received less attention in
the literature. For this paper, chemical oxidation was
used to prepare poly(pyrrole) by oxidizing pyrrole with
CuCl, under different emulsifying conditions. The
surfactants used were sodium dodecyl sulfate and/or
p-toluenesulfonic acid. Additionally, photopolymeriza-
tion was also exploited to prepare poly(pyrrole) under
similar emulsifying conditions. In this method,
poly(pyrrole) was synthesized with the oxidizing ability
of AgNO; under UV radiation. All samples were
investigated by Fourier Transform-Infrared Spectro-
scopy (FT-IR), X-ray Photoelectron Spectroscopy
(XPS), and Powder X-ray Diffraction (XRD). Scanning
electron microscope was used to compare the morpho-
logical differences, which occurred due to different
experimental conditions. The thermal stability was
studied using thermogravimetric analysis (TGA).
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Introduction

Since the discovery of conducting polyacetylene by
Shirakawa et al. in 1977, electronically conducting
polymers have gained much interest in the field of
electronic devices due to their intrinsic electrical and
physical properties.! The common feature of conduct-
ing polymers and a distinct property, which distin-
guishes them from normal insulating polymers, is the
extended conjugated backbone. To achieve significant
conductivity, charge carriers, such as bipolarons,
should be generated by means of either electrochem-
ical or chemical oxidation, which produces the con-
ducting polymer in its oxidized form.

Poly(pyrrole) is considered one of the most intrigu-
ing conducting polymers for commercial applications
because of its good environmental stability, relatively
moderate conductivity, and easy synthetic process.” In
the last few decades, a great effort has been given in
both the academic and industrial areas toward the
improvement of its processability and environmental
stability. This will enable the development of its
technological applications such as molecular devices,
sensors and actuators, batteries, capacitors, antistatic
coatings, corrosion protection of active metals,
polymer solar cells, and electrodes.”?

Although there are various methods for the prepa-
ration of poly(pyrrole), it is quite often synthe-
sized using one of two major methods: chemical or
electrochemical oxidative polymerization. However,
poly(pyrrole) obtained from the electrochemical meth-
od normally displays better conducting properties due
to lower degree of over oxidation. The main advantage
of chemical oxidative polymerization over the electro-
chemical method is that the poly(pyrrole) can be
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easily produced in large amounts with low cost."?
Poly(pyrrole) was first synthesized by Angeli et al. in
1916 via chemical oxidation of pyrrole with H,O, to
produce a black amorphous powder.'* The product was
found to be insoluble. Subsequently, many researchers
have used various oxidizing agents such as FeCls,
Fe(NO3)3, FC(CIO4)3, HNO3, PbOz, CUClz, and CUBI'Z
to prepare poly(pyrrole) and have reported the con-
ductivity of poly(pyrrole) and the reaction rates.'*
Among all the oxidizing agents, Fe(III) salts produced
highly conductive poly(pyrrole); however, Cu(Il) salts
produced poly(pyrrole) with comparable conductivity
next to Fe(III) salts.'*

The physical properties of the conducting polymer
are highly influenced by the method of preparation, the
characteristics of other additives in the reaction mix-
ture, and the reaction conditions such as time and
temperature. For instance, the effect of surfactant on
the morphology, conductivity, and thermal stability of
the chemically synthesized poly(pyrrole) has been
reported by Omastova et al.'> In the investigation,
various surfactants of anionic, cationic, and nonionic
types were used and the best results were obtained for
the yield, conductivity, and thermal stability of the final
doped poly(pyrrole) when the surfactants were dodecyl-
benzenesulfonic acid (DBSA) and sodium dodecyl-
sulfate (SDS). It was proposed that the improvement in
the conductivity could be due to the incorporation of
bulky anionic surfactants acting as dopants. Similarly,
Kudoh et al. reported that the use of surfactant
increased the rate of polymerization.'® Further, it was
found that the presence of phenolic derivatives con-
taining electron withdrawing groups such as 3-nitro-
phenol when used along with the anionic surfactant
displayed enhanced conductivity, thermal, and air
stability. This is most likely due to the synergistic
interaction of phenol derivative with other reactants.
However, the solubility of surfactants containing bulky
hydrophobic groups such as DBSA and naphthalene-
sulfonic acid (NSA) was found to be very low. This
required a longer time of ultra-sonication to attain
homogenous surfactant solutions. Kim et al. synthe-
sized rod-type poly(pyrrole) doped via micelle forma-
tion with p-toluenesulfonic acid (pTSA), which has
higher water solubility than DBSA and NSA.'” Doped
poly(pyrrole) samples were prepared with different
concentrations of pTSA. It was found that the best
result could be obtained when the ratio of pTSA to
pyrrole monomer was 2:0. It was also concluded that at
this ratio, poly(pyrrole) would exhibit high crystalinity,
dispersity, and thermal stability. In another study for
the preparation of soluble poly(pyrrole), the increase
in the concentration of surfactants such as DBSA,
which contain bulky alkyl groups, was determined to
lead to an increase in the doping level. This was found
to cause poly(pyrrole) to be soluble in m-cresol, NMP,
and chloroform depending on the conditions.'® Soluble
poly(pyrrole) was also prepared by functionalizing
poly(pyrrole) with functional substituents via the
insertion of chlorosulfonyl and sulfonic acid groups.'’
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Colloidal particles of poly(pyrrole) were prepared
via microemulsion—polymerization using several emul-
sifiers by Moon et al. to understand the relationship
between the morphology and photoluminescence
(PL).**2! It was observed that a clear trend in the
morphology of poly(pyrrole) particles with the increase
in the concentration of cationic surfactants occurred. It
was also determined that the morphology was greatly
influenced by the oxidant chosen for the polymeriza-
tion. Finally, it was concluded that the highest PL
intensity could be obtained when the particles were
small and uniformly dispersed in the medium. Using a
novel oxidizing agent, benzoyl peroxide (BPO) in
conjunction with inverted-emulsion—polymerization,
poly(pyrrole) was synthesized by Saravanan et al.
under the presence of both pTSA and SDS.** The
results indicated that the poly(pyrrole) displaying the
highest conductivity was obtained when the ratios of
concentrations of BPO, SDS, and pTSA with pyrrole
are 1.2:1, 1:3, and 2:1 respectively. According to the
authors, the increase in the conductivity would be
because of the incorporation of both pTSA and SDS as
dopants with the optimized doping level.**

Recent studies on photopolymerization of
poly(pyrrole) in the presence of AgNOj; as an electron
acceptor and UV radiation have shown interesting
results for the incorporation of metal nanoparticles
into poly(pyrrole).>** It has been suggested that this
would be an appropriate route to prepare humidity
sensors by coating polyester-based substrate with
poly(pyrrole)/TiO, composites and studying its effect
on the electrical and humidity sensing properties.*>*°
Previously, there were reports on the multiphoton-
sensitized polymerization of pyrrole, self-sensitized
photopolymerization of pyrrole and photopolymeriza-
tion of pyrrole using ruthenium complexes, cobalt
complexes, and copper complexes as electron accep-
tors.”’® However, few reports on photopolymerization
were found during a comprehensive literature survey.

In this study, poly(pyrrole) was synthesized using
CuCl, as the oxidizing agent through a chemical
oxidation method in the presence of pTSA and/or
SDS. Additionally, photochemical oxidation was per-
formed using AgNO; and UV radiation with the
similar emulsifying conditions as applied in the afore-
mentioned chemical oxidation method. With the help
of chemical, structural, and morphological studies, the
products were compared to understand the effect of
the method and its experimental conditions on the
properties of the final conducting polymer.

Experimental details

Materials

Pyrrole received from Sigma-Aldrich Company, USA,
was distilled under vacuum, and stored in a refrigerator

prior to every reaction. Copper chloride (CuCly), silver
nitrate (AgNO3), SDS, and pTSA purchased from
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Sigma-Aldrich Company, USA, were used as received.
Super Spot MK III high intensity Ultraviolet Light spot
curing system (Total UV output: 25,000 mW/cm?*
@UVA, B, Visible) obtained from Lesco, Inc., USA
was used for the photopolymerization. Methanol
distributed by VWR International, USA, was used
as solvent in the photopolymerization.

Sample preparation

Reactions were divided into two categories: chemical
oxidation reactions and photopolymerization reac-
tions. All of the reactions were performed under a N,
atmosphere to avoid any side reactions with oxygen.
For the chemical synthesis of poly(pyrrole) in the
absence of a surfactant, pyrrole was initially dispersed
in the distilled water for 15 min after which time the
oxidant solution was slowly added for 30 min. For the
chemical synthesis with surfactant, pyrrole was added
into distilled water and the surfactant solution was
introduced into the flask. The reaction mixture was
stirred for 30 min to achieve a homogenous solution.
Then, the solution of oxidizing agent was slowly added
to reaction mixture while under stirring. After 24 h, the
reaction was ended by the addition of acetone. The
black precipitate was washed thoroughly with acetone
and distilled water. The product was dried at 80°C
overnight.

For the photopolymerization, after the addition of
all the reactants, the reaction mixture was irradiated
with UV radiation every 15 min on and 5 min off for
160 min (2 h exposure of UV radiation). The reaction
product was washed with acetone and water and dried
at 80°C overnight. Table 1 displays the reaction details.
A similar procedure was followed with surfactants for
PPY-6, PPY-7, and PPY-8. Ratios are given in molar
concentrations.

Characterization

All of the samples were ground into fine powders prior
to the characterization. The samples were prepared for

Table 1: The chemical and photochemical reactions

Label Monomer Oxidant Pyrrole: Pyrrole: Pyrrole:
Oxidant  SDS pTSA

Part 1: Chemical oxidation reactions

PPY-1 Pyrrole CuCl, 1:1

PPY-2  Pyrrole  CuCl, 1:1 4:1

PPY-3  Pyrrole  CuCl, 1:1 4:1

PPY-4  Pyrrole  CuCl, 1:1 4:1 4:1

Part 2: Photopolymerization reactions (UV radiation)

PPY-5 Pyrrole  AgNOs3 1:1

PPY-6  Pyrrole  AgNOj3 1:1 4:1

PPY-7  Pyrrole  AgNO; 1:1 4:1

PPY-8 Pyrrole  AgNOs3 1:1 4:1 4:1

Fourier Transform-Infrared Spectroscopy (FT-IR) by
making KBr pellets using 95% of KBr and 5% of the
respective poly(pyrrole) sample. Nicolet FT-IR spec-
trometer was used for the FT-IR characterization. For
scanning electron microscopy (SEM) characterization,
a JEOL JSM-6300 scanning electron microscope was
used to obtain the images for the samples. The samples
for SEM were prepared by sprinkling the ground
powder onto carbon tape, which was attached to
aluminum mounts. The magnification (x20,000), accel-
erating voltage (15 kV), and the scale (1 um) were
specified on each image.

The XPS measurements were performed on an
SSX-100 system (Surface Science Instruments)
equipped with a monochromated Al K, X-ray source,
a hemispherical sector analyzer (HSA), and a resistive
anode detector. The samples were mounted on a
sample stage using adhesive Al tapes on top of double-
side carbon tapes. The base pressure of the XPS system
was 2.0 x 107" Torr. During the data collection, the
pressure was 4.0 x 10~° Torr. The X-ray spot size was
1 x 1 mm?, which corresponded to an X-ray power of
200 W. The survey spectra were obtained with 15-25
scans at 150 eV using 1 eV/step.

Powder X-ray diffraction (XRD) data were col-
lected in Bragg-Brentano geometry using a Rigaku
Ultima IV multipurpose XRD instrument. Prior to the
experiment, all samples were ground to a fine powder.
A Cu Ko X-ray radiation was used running at 40 kV
with current at 44 mA. Phase identification was
achieved with the help of software, JADE 9.0.

Thermal degradation of samples was performed
using a Thermogravimetric Analysis instrument TGA
Q 500 of TA Instruments. The samples were heated
from room temperature up to 500°C at a heating rate
of 20°C/min. The obtained results were analyzed using
the software, Universal Analysis 2000.

Results and discussion

The morphology of the poly(pyrrole) obtained from
the above-mentioned experiments was analyzed using
SEM. Chemically prepared poly(pyrrole), prepared in
the absence of surfactant, did not show any specific
morphological order, as shown in Fig. 1a for PPY-1.
The PPY-1 sample displayed particulate masses and
flakes with irregular shapes. It is suggested that when
no surfactant was in the system, random nucleation and
chain growth of polymer were possible.

With the introduction of SDS as surfactant in
experiment PPY-2, as shown in Fig. 1b, polymer
nucleation and growth would have occurred inside
the micelles of SDS via emulsion polymerization. This
caused the formation of poly(pyrrole) as three-dimen-
sional regular rectangular-shaped particles. As there
was a large variation in the particle size, it would be
difficult to specify the average particle size. Along
with these regular-shaped poly(pyrrole) particles,
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Fig. 1: Poly(pyrrole) chemically synthesized (a) without surfactant (PPY-1), (b) SDS as surfactant (PPY-2), (c) pTSA as

surfactant (PPY-3), and (d) both SDS and pTSA (PPY-4)

a few irregular-shaped particulate masses were also
observed. This may indicate that the formation of
particles could occur either inside or outside of the
micelles.

When SDS was replaced with pTSA, in experiment
PPY-3, the poly(pyrrole) particles appeared with a
spherical granular shape, as shown in Fig. lc. It is
interesting to note that pTSA has a smaller hydro-
phobic chain than SDS; therefore, smaller micelles
would be produced. However, this is probably not the
only reason for the smaller particles that were derived
from reaction PPY-3 as the difference in micelle size is
not significant enough to explain the difference in
particle size of the products arising from the two
reactions. Further experimentation is required to
elucidate completely the mechanisms in both reactions.

An interesting morphology was observed for PPY-4
as shown in Fig. 1d where pTSA and SDS were used in
equal quantities. During the synthesis, perhaps the
pyrrole monomer was initially protonated by pTSA
and then absorbed into the micelles formed by the
combination of pTSA and SDS. The outward appear-
ance of this morphology could be possible with the
agglomeration of particles when there were close
interactions between the polymer chains.?

Morphological investigation on poly(pyrrole) sam-
ples prepared via photopolymerization displayed very
distinctly different results from aforementioned chem-
ically synthesized poly(pyrrole), as shown in Fig. 2.
Even in the absence of surfactant, the polymer parti-
cles were obtained with regular and spherical shape,
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and with uniform size. Interestingly, the reduction of
silver ion led to the development of hexagonal silver
metal particles as shown in Fig. 2a.

When SDS was used in experiment PPY-6, there
appeared to be no development of the hexagonal silver
metal particles as shown in Fig. 2b. The poly(pyrrole)
consisted of small agglomerated particles. In the
presence of pTSA in experiment PPY-7, a spherical
shape of the poly(pyrrole) particles resulted; again, no
hexagonal silver particles were found. When both
surfactants were used in experiment PPY-8, no definite
morphology was found for silver metal particles or for

poly(pyrrole).

XPS characterization

XPS spectra of chemically synthesized poly(pyrrole)
samples in a low resolution survey scan are shown in
Fig. 3. The binding energies for C 1s at 285 eV, N 1s at
400 eV, O 1s at 530 eV, CI 2p at 200 eV, and Cu 2p at
935 eV were identified in all spectra with differences
in the intensities observed. In the spectra of PPY-2,
PPY-3, and PPY-4, the binding energy for S 2p at
169 eV was recognized as the sulfate ion from SDS
(CH3(CH,)1;0S0O,47) and sulfite ion from pTSA
(CH3CH4SO57).

From the XPS data, the estimated values of dopant
level in each sample are mentioned in Table 2. The
results obtained from the XPS for elemental compo-
sition revealed a gradual decrease in the percentage of
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Fig. 2: Poly(pyrrole) photopolymerized (a) without surfactant (PPY-5), (b) SDS as surfactant (PPY-6), (c) pTSA as surfactant

(PPY-7), and (d) both SDS and pTSA (PPY-8)

chlorine and increase in the percentage of sulfur from
PPY-1 to PPY-2 and PPY-3, and then to PPY-4. The
S/N ratio for PPY-2 and PPY-3 were 0.251 and 0.177,
respectively. This implies that the percentage of sulfur
content in PPY-2 was slightly higher than that in PPY-
3. This may indeed indicate that the dopant level of
SDS in PPY-2 was greater in poly(pyrrole) than pTSA
in PPY-3. This is supported by FT-IR characterization
also, which will be discussed in the next section.

The same result was observed in the case of
photopolymerized poly(pyrrole) samples. The higher
percentage of nitrogen in PPY-5 implies the presence
of the nitrate ion as a dopant. The decrease in its
percentage with respect to carbon is compensated for
by the increase in the percentage of sulfur in PPY-6,
PPY-7, and PPY-8. Figure 4 shows the XPS spectra of
these poly(pyrrole) samples. Although both pTSA and
SDS were used in PPY-4 and PPY-8, the S/N ratio in
both cases shows that there was no significant increase
in the doping level of surfactant from PPY-2 to PPY-4
and from PPY-6 to PPY-8, respectively. When XPS
spectra in both methods are compared, it should be
noted that the higher values for S/N ratio found in the
case of photopolymerized polyprroles would be the
result of higher doping level of surfactants.

FT-IR characterization

Two types of amine vibrational stretching modes were
identified in PPY-1 and PPY-2 at 3444 and 3335 cm ™'

depending on the surrounding environments, as repre-
sented in Fig. 5.>° These two peaks were broad in the
case of PPY-3 and PPY-4, probably due to hydrogen
bonding with the water molecules that absorbed along
with pTSA molecules.

The FT-IR spectra of chemically synthesized
poly(pyrrole) samples, as identified in Table 1 were
investigated by comparing the major differences as
shown in Fig. 6. The spectra of all of the samples
displayed the characteristic peaks of poly(pyrrole) with
noticeable differences due to shifts to either higher or
lower frequencies, depending on the experimental
conditions.

The band at 1702 cm ™" is due to the formation of a
carbonyl group by the nucleophilic attack of water
molecules on pyrrole.”” This peak displayed a higher
intensity in the spectrum of PPY-3. This could be
attributed to the catalytic nature of pTSA, which may
protonate pyrrole and cause the increase in nucleo-
philic attack. However, this band was reduced to lower
intensity in the case of PPY-4, when both pTSA and
SDS were used. One reason might be the occurrence of
micelle formation by SDS molecules around proton-
ated pyrrole molecules that would have minimized the
nucleophilic attack of water molecules.

The band at 1558 cm ™! in the spectrum of PPY-1
corresponds to the ring stretching vibrations of mostly
C-C and C=C bonds. This band was slightly red-shifted
to 1555 cm ™! in the spectra of PPY-2, where SDS was
used as an anionic surfactant. In the case of PPY-3,
where pTSA was used as dopant, this band was found

149



J. Coat. Technol. Res., 7 (2) 145-158, 2010

(a) ° 2
& o ]
= C
4K |.
35K MJ'M f,{
3K 1l
£ M.
c 25K L] i
=1 L % i
o
S 2k \,U 7
15K 4_‘
e, .
1K Loy &
y o
500 an J’,Mﬂ
1100 1000 900 800 700 600 500 400 300 200 100
Binding energy (eV)
(b) o5 w
5 2
25K 2
3
7
2K N‘f"" }ﬁ
12}
£ 15K s e 'WM m
3 &
© 1K |
S el o e i
500 : i g
N2
" | e T Y
1100 1000 900 800 700 600 500 400 300 200 100
Binding energy (eV)
(0 r
wn
- C
o
25K
2K wrdreeen
2 il 3
S 15K M ' |le -Jl 2
o | J
o wﬁww"“‘"m%_
1 K H H : 1
i |
ity s
500 &g
. s &
1100 1000 900 800 700 600 500 400 300 200 100
Binding energy (eV)
G 2
C
35K e
o
3K
25K
32
c 2K 1
3 2 i | @
O 15K 3
il
1k BTN st | |
Nt AP it o
500 ! o
b A &

1100 1000 900 800 700 600 500 400 300 200 100
Binding energy (eV)

Fig. 3: XPS spectra of chemically synthesized poly(pyrrole) samples: (a) PPY-1, (b) PPY-2, (c) PPY-3, and (d) PPY-4
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Table 2: XPS data for chemically and photochemically
prepared poly(pyrrole) samples

Part 1: Chemically synthesized poly(pyrrole) samples

Label C(%) N(®) Cl(%) S(%) CIN S/N
PPY-1 62.504 9.550 2.901 - 0.304 -
PPY-2 65.199 6.941 2.004 1.745 0.288 0.251
PPY-3 68.089 8.59 1.23 1523 0.143 0.177
PPY-4 70.147 9.165 - 2.384 - 0.261
Part 2: Photopolymerized poly(pyrrole) samples

Label C (%) N (%) Ag (%) S (%) S/N
PPY-5 65.586  13.946 0.509 - -
PPY-6 71.256 7.063 0.607 2.816  0.398
PPY-7 69.379 9.074 1.505 2.591 0.285
PPY-8 69.304 7.659 0.938 3.009 0.392

at 1575 cm ™! with a blue-shift. However, this band was
shifted to 1552 cm™' when both SDS and pTSA were
used. These shifts in the frequencies could be inter-
preted in terms of the nature of dopant and its
influence on the ring vibrations of poly(pyrrole).*!
When pTSA is incorporated into poly(pyrrole), its
effect on the bond lengths of C=C and C-C during the
vibrational motion is reflected in the change in the
vibration frequency. In the case of SDS, an exactly
opposite effect on ring vibrations is observed. Never-
theless, the spectrum of PPY-4 displays this band at
1553 cm™ !, indicating that the band was more affected
by SDS as dopant rather than PTSA. This may be
because of a higher affinity of SDS anion toward
positively charged poly(pyrrole) where pTSA is a good
leaving group and may serve as a protonating catalyst
by producing an increase in the number of sites for
doping. Even though the spectrum of PPY-4 displays
the presence of SDS and pTSA as dopants, it closely
resembles the spectra of PPY-2, indicating the prob-
able higher doping level of SDS than pTSA in PPY-4.

The band at 1464 cm™' in the spectra of PPY-2,
PPY-3, and PPY-4 arises from the combination of
mainly C-N and C=C stretching modes. This band was
not clearly resolved in the spectra of PPY-1. As
mentioned in the work of Tian and Zerbi, the ratio
of the total intensities at 1465 and 1561 cm ™' gives the
approximate conjugation length.*'** When the spectra
of these four poly(pyrrole) samples were visually
compared, this ratio was apparently increased from
PPY-1 to PPY-4, implying that PPY-4 has the longest
conjugation length in this range of samples. A weak
broad band at 1296 cm ™' in the spectrum of PPY-1 was
assigned to the C-H and C-N in-plane deformation
modes. This band appeared with lower intensity in the
spectra of PPY-2, PPY-3, and PPY-4 probably due to
the restriction of in-plane deformation occurring with
the incorporation of bulky dopants. The characteristic

band of ring breathing vibration at 1184 cm™!, which
could be seen in PPY-1 as a broad peak, was observed
in the spectra of PPY-2, PPY-3, and PPY-4 as being
overlapped with the characteristic asymmetric stretch-
ing band of the S=O bond, which occurs at
1183 cm~1."® Though the peak at 1045 cm ' in all
spectra can be considered as the characteristic C-H
deformation in poly(pyrrole), it would be difficult to
detect any shift in its frequency in PPY-2, PPY-3, and
PPY-4.! As a result of the incorporation of dopant
into poly(pyrrole), the dopants such as pTSA and SDS
also display the characteristic C-H deformation peaks
at this position.

In Fig. 7, the FT-IR spectra of photopolymerized
poly(pyrrole) samples PPY-5, PPY-6, PPY-7, and
PPY-8 are shown. The characteristic bands of poly(pyr-
role) were identified as 1545, 1467, 1292, 1184, 1038,
930, and 781 cm '’"*? The peaks at 2920 and
2855 cm~! in the spectra of PPY-2, PPY-3, PPY-4,
PPY-6, PPY-7, and PPY-8 were attributed to the
asymmetric and symmetric stretching vibrations of
alkyl C-H bonds in the dopants, indicating that the
poly(pyrrole) was doped with pTSA and SDS. The
peak at 3100 cm~! in PPY-3 and PPY-7 belongs to
the aromatic C-H group stretching frequency.'>'’
The reason for the absence of the stretching frequen-
cies at 3446 and 3340 cm ™! in the photopolymerized
poly(pyrrole) samples, at this point, is unclear. Further
experimentation will be conducted to provide a basis
for understanding the cause of the absence of the
aforementioned frequencies.

As discussed earlier, in the case of chemically
synthesized poly(pyrrole) samples, it was assumed that
the conjugation length would have reached the max-
imum number in PPY-8. This was confirmed as the
ratio of 1467 and 1545 cm ™' from PPY-5 to PPY-8 was
found to increase. In the spectrum of PPY-5, the peak
at 1383 cm ™! was assigned to the stretching vibration
of N=O in the nitrate ion, which is gradually dimin-
ished in the spectra of PPY-6, PPY-7, and PPY-S§,
suggesting the replacement of NO3~ dopant in PPY-5
by SDS in PPY-6, pTSA in PPY-7, and both surfactants
in PPY-8.”

Although there were several differences between
the spectra of chemically polymerized poly(pyrrole)
and photopolymerized poly(pyrrole), the spectra of
poly(pyrrole) samples, PPY-4 and PPY-8, match very
closely as shown in Fig. 8. When comparing PPY-4
and PPY-§, it appears that the concentration of the
carbonyl group that occurred, due to higher oxidation,
was higher in the case of chemically prepared
poly(pyrrole), PPY-4. In order to verify whether
AgNOj; can oxidize pyrrole without UV radiation, a
chemical oxidation experiment was performed using
AgNO; with a pyrrole: AgNO; ratio of 1:1. While it
took almost 48 h for this reaction to give approximately a
5-10% yield, the reaction in the presence of UV radiation
produced approximately 30% yield of poly(pyrrole)
within 2 h of UV exposure.
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Fig. 4: XPS spectra of photopolymerized poly(pyrrole) samples: (a) PPY-5, (b) PPY-6, (c) PPY-7, and (d) PPY-8
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Fig. 5: Possible structures as determined via FT-IR

TGA characterization

A gradual weight loss was observed for all of the
samples from ambient temperature to 200°C as shown
in Figs. 9-11. However, some small differences were
observed between all of the poly(pyrrole) samples, for
example, the rate of weight loss in PPY-4 is less than
that in PPY-2 and PPY-3. Perhaps this is due to a lesser
amount of physically adsorbed water and residual
monomer or a stronger interaction of the physically
adsorbed water and residual monomer in the PPY-4
sample. As the temperature approached 200°C, the
samples converged with each other, supporting the
latter case as at this temperature no water or monomer
was expected to be present.

It is suggested that the slope over the temperature
range from 200 to 275°C would be the beginning of
degradation of doped polypyrrole chains. The degra-
dation behavior of PPY-3 was less than the other
chemically polymerized samples as it is more stable
over this temperature range. Perhaps the presence of
an aromatic ring in the PTSA dopant anion increased
the thermal stability of polypyrrole chains in PPY-3 as
compared to the chloride dopant in PPY-1 and SDS

dopant anion in PPY-2.** PPY-4 displayed the least
amount of thermal stability over this same temperature
range than all of the samples. As discussed in afore-
mentioned FT-IR, the doping level of SDS may have
been higher than the other samples and this, therefore,
reduced its thermal stability even further.

A similar trend was observed for the photopoly-
merized poly(pyrrole) samples as shown in Fig. 10.
However, it does appear that the amount of either
physically adsorbed water or residual monomer were
less than that observed for the chemically synthesized
poly(pyrrole). When the poly(pyrrole) samples con-
taining the same dopant but synthesized via the two
different methods were compared individually, as
shown in Fig. 11, the poly(pyrrole) samples made via
the photochemical oxidation method displayed the
better thermal stability behavior. This could be due to
differences in the chemical structure and dopant level
or, perhaps, the molecular weight.>>

XRD characterization

The XRD spectra of the samples display the presence
of a broad peak, which occurred due to the overlap of
two characteristic peaks of polypyrrole located in
between the angles 20 = 12° to 35° as shown in
Figs. 12, 13, and 14. The peaks at approximately
20 =20° and 26° are believed to occur because of
the interplanar Vander Waals arrangement of the
pyrrole—pyrrole rings in polypyrrole chains and pyrrole—
counterion or inter—counterion interactions, respec-
tively. The d-spacing for this peak gives the distance
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Fig. 6: FT-IR spectra of chemically synthesized poly(pyrrole) samples: PPY-1, PPY-2, PPY-3, and PPY-4
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Fig. 8: FT-IR spectra of PPY-4 and PPY-8

between pyrrole-pyrrole stacking planes.>’® It was
found from powder diffraction file (PDF) data that
the sharp crystalline peaks indicate the formation of
copper chloride hydroxides (Cu,ClI(OH); and Cu,.
Cl,(OH);). The shift in the main peak in the case of
PPY-2 toward higher d-spacing might be due to
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increase in the size of dopant anion from Cl™ in
PPY-1 to SDS anion in PPY-2.

When the XRD spectra of PPY-2, PPY-3, and
PPY-4 are compared from Fig. 13, the same peak was
shifted more to higher d-spacing in the case of PPY-3
due to the interference of rigid aromatic benzene ring
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of pTS anion in between pyrrole-pyrrole interplanar
arrangement.”® This increase or decrease of d-spacing
may depend on the orientation of benzene ring in pTS
anion. Conversely, this peak in PPY-4 remained almost
at the same d-spacing as in SDS, indicating the
predominating nature of SDS as dopant in PPY-4.
Interestingly, the formation of copper chloride hydroxides
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Fig. 9: TGA curves of PPY-1, PPY-2, PPY-3, and PPY-4
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was prevented in both PPY-3 and PPY-4 where pTSA
was present.

The crystalline peaks of Ag metal shown in Fig. 15
were identified in the XRD spectra of PPY-5, PPY-6,
PPY-7, and PPY-8 using PDF data. Further research
may be needed on this to understand the mechanisms
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Fig. 10: TGA curves of PPY-5, PPY-6, PPY-7, and PPY-8
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Fig. 12: XRD spectra of PPY-1 and PPY-2
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Fig. 13: XRD spectra of PPY-2, PPY-3, and PPY-4 for 20 = 2°-35°

The peak with a d-spacing of about 10 A at around
20 = 8-10° in the spectra of all samples represents the
enhancement of the structural order of counterions in
the polymer chain. As reported by Carrasco et al., the
poly(pyrrole) having highest intensity of this peak
showed highest conductivity due to improved order
of counterion in the material.>’ It can be specu-
lated upon comparison of the spectra of chemically
synthesized and photopolymerized poly(pyrrole)s
shown in Fig. 14 that the degree of the structural
order of counterions in the polymer chain would
have been improved in the case of photopolymerized
poly(pyrrole)s. The peak at around 260 = 8-10° in
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these samples is more sharp and intense, indicating
the possibility of higher conductivity.

Conclusions

Poly(pyrrole) was synthesized using two methods: (i) a
chemical oxidation method and (ii) a photopoly-
merization method, with and without surfactants. The
changes in morphologies were studied using SEM in
both cases with respect to the changes in the emulsi-
fying conditions. It was understood that the mor-
phology of poly(pyrrole) particles could be manipulated
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Fig. 15: Silver metal peaks in XRD spectra of PPY-5, PPY-6,
PPY-7, and PPY-8

by choosing an appropriate surfactant at an appropriate
concentration. Even though the poly(pyrrole) that was
synthesized with the combination of PTSA and SDS by
chemical and photochemical methods showed similar
chemical structure in FT-IR, different morphologies
were observed via SEM. XPS studies showed a gradual
decrease in the dopant concentration of chloride ion
in the chemically prepared poly(pyrrole) samples
and nitrate ion in the photochemically prepared
poly(pyrrole) samples with the incorporation of sur-
factants. FT-IR analysis showed that the use of
surfactant could cause an increase in the conjugation
length of the poly(pyrrole). It was also confirmed
by XPS and FT-IR that SDS has higher affinity

than pTSA as a dopant toward positively charged
poly(pyrrole). TGA analysis showed a reduction in the
thermal stability of poly(pyrrole) with the incorpora-
tion of surfactants. Additionally, thermal stability of
photopolymerized poly(pyrrole) was higher than that
of chemically prepared poly(pyrrole). XRD analysis
indicated improved counterion—counterion structural
order in photochemically prepared samples.
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