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Abstract Nanosized conductive polypyrrole (PPy) powders were prepared using
emulsion polymerization with aid of high speed agitation. Different agitation speeds
from 650 to 24,000 rpm were used with different anionic, cationic, and non-ionic
surfactants. Then, the effects of the agitation speed and surfactant species were
examined in terms of their physical and electrical properties of conductivity and
powder size. Prepared PPy nanopowders exhibited high conductivity values of
10 S/cm regions, when sodium dodecylbenzenesulfonate (SDBS) and sodium
dodecylsulfate (SDS) were used. The powder dispersion of the resultant PPy was
also observed to be dependent on the agitation speed and surfactant type. The
morphology shown by SEM and TEM revealed that the anionic SDBS surfactant
could effectively disperse into nanosized aggregates of the PPy. The results showed
that the combination of the anionic surfactants and high agitation in the emulsion
polymerization could produce nanosized PPy powders with higher conductivity.
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Introduction

Polypyrrole (PPy) is an electrically conductive polymer that has attracted much
attention recently because of its high conductivity, resistance to oxygen, thermal and
environmental stability, and non-toxicity [1-5]. These characteristics are favorable
for various applications, such as metallization of dielectrics, batteries, anticorrosive,
electromagnetic shielding, sensors, and actuators [6—12]. However, several disad-
vantages exist and limit to use for a few applications. This is mainly because of their
poor physical and mechanical properties as well as insolubility in common solvents
as used for film preparation [13]. Therefore, modifications to conductive polymers
might overcome these shortcomings. In order to overcome this problem, alkyl-
chain-substituted pyrrole monomers have shown better solubility in common
solvents. Furthermore, blending with other polymers and preparation of colloidal
particles of conductive PPys have become typical methods for their modification.
However, conductive polymer powders have also been applied to transparent
conductive films dispersed in organic polymer sheets [14, 15]. To obtain such
conductive polymer powders, emulsion polymerization has been reported as an
effective method. Generally, it was known that the emulsion method used a bulky
steric stabilizer to prevent aggregation of the conductive polymer [16—18]. The
result indicated that this method was suitable for large-scale production of
nanoparticles made of PPy and that it might constitute a simple and inexpensive
approach. The preparation of nanosized powders, therefore, could present advan-
tages for the improvement of the electrical and optical properties of the conductive
polymers. Some research groups have prepared nanosized conductive polymers with
a fine powder shape using microemulsion polymerization. For example, Reung-
U-Rai et al. [19] reported that PPy particles of 60—-90 nm were obtainable using this
method. Stejskal and coworkers also studied the physical characteristics of PPy,
reporting thermal stability and conductivity, when it was prepared in the presence
of surfactants by using either anionic, cationic, or non-ionic types of surfactants
[20, 21]. Furthermore, Xing et al. [22] demonstrated that an anionic surfactant such
as sodium dodecylbenzene sulfonate used in the polymerization process of polymer
products could strongly influence their morphology, thermal stability, and other
properties. Although these works using surfactant for preparation of PPy powders
have been investigated, little is known about researches of using surfactants with
different changed species and non-ionic ones for pyrrole emulsion polymerization.

In addition, relative to above works of PPy powders, which have been already
reported, agitation effect on preparation of PPy powders is still not studied. It is
known that homogenizer is effective tool for mixing emulsion to prepare smaller
sized polymers [23]. However, up to date, no reports about the impacts of
homogenization on the emulsion polymerization for preparing nanosized PPy
powders are performed. Therefore, we have paid attention of study for PPy
nanoparticles affected by surfactant agitation in emulsion polymerization. In the
present works, agitated emulsion polymerization with various surfactants under
different stirring speeds was performed as original research for producing nanosized
PPys. In detail, PPys were prepared by using homogenizer in the presence of
anionic, cationic, or non-ionic surfactant, when emulsion polymerization was
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a. Anionic Surfactant
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Scheme 1 Chemical structures of surfactants

Polyethylene Glycol Mono-p-isooctylphenyl Ether
(Triton X-100)

carried out at different agitation speeds of 650-24,000 rpm. Then, evidence of
agitation effect on resultant nanosized PPys for their properties was investigated in
the prospective dispersion and electrical conductivity.

Experimental
Materials

The pyrrole, used as monomer, was purchased from Tokyo Chemical Industry Co.
Ltd. (Tokyo, Japan) and was distilled under reduced pressure after being dehydrated
with calcium hydride for 24 h. Iron(Ill) chloride anhydrous (FeCl;) was purchased
from Nacalai Tesque Inc. (Tokyo, Japan) and used as an oxidant reagent. Five
surfactants were used (Scheme 1). Sodium dodecylbenzene sulfonate (SDBS) and
cetyl trimethyl ammonium chloride (CTAC) were from Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan) and sodium dodecyl sulfate (SDS), benzalkonium chloride
(BAC), and polyethylene glycol mono-p-isooctylphenyl ether (Triton X-100) were
products of Nacalai Tesque Inc. (Tokyo, Japan). Distilled water was used for all
experiments.

Preparation of PPy powders by emulsion polymerization
with and without different surfactants

Pyrrole (1.0 g, 14.9 mmol) was dissolved with its respective surfactant in 190 mL
of distilled water inside a three-necked flask (500 mL). Here, the surfactant
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Table 1 Polymerization yield, powder size distribution, and conductivity of PPy synthesized with or
without each surfactant

Surfactant Type Concentration Mole Yield (%) Powder size Conductivity
(mmol) fraction (-) distribution (um) (S/cm)
- 0 0 68 56-210 9.9 x 107!
SDBS Anionic 0.2 0.01 74 23-160 5.9 x 10°
0.12 117 12-80 3.0 x 10
5 0.25 139 5-54 3.1 x 10
20 0.57 147 1-8 33 x 10!
40 0.73 150 1-12 33 x 10!
SDS Anionic 0.2 0.01 71 32-167 45 x 10°
2 0.12 113 14-83 1.2 x 10
5 0.25 134 8-50 2.2 x 10
20 0.57 142 3-19 24 x 10
40 0.73 146 2-13 2.6 x 10
CTAC Cationic 0.2 0.01 61 45-173 7.9 x 107!
2 0.12 60 36-87 6.3 x 107!
5 0.25 55 30-81 5.1 x 107"
20 0.57 37 5-45 33 x 107!
40 0.73 35 4-40 27 x 107!
BAC Cationic 0.2 0.01 49 57-187 58 x 107!
2 0.12 40 53-155 47 x 107!
5 0.25 36 45-135 3.9 x 107!
20 0.57 29 23-76 1.7 x 107!
40 0.73 21 14-50 1.5 x 107!
TritonX-100 Non-ionic 0.2 0.01 62 57-192 9.1 x 107!
2 0.12 53 55-174 83 x 107!
5 0.25 48 51-167 73 x 107!
20 0.57 41 45-159 4.1 x 107!
40 0.73 35 36-113 8.5 x 1072

Stirring was carried out at 650 rpm. Pyrrole and oxidant as FeCl; amount were 1.0 g (14.9 mmol) and
5.6 g (34.5 mmol) in 200 mL reaction volume. Polymerization was for 2 h and these resultant polymer
powders were weighted for calculation of yield

Mole fraction = mole of surfactant/(mole of surfactant + mole of pyrrole)

Yield (%) = (g of PPy/g of pyrrole) x 100, where g of PPy and g of pyrrole used weights of powder and
monomer

concentration was varied between 0.2 and 40 mmol (Table 1). For dispersion at
room temperature, either mechanical stirring at 650 rpm or agitation at 6,500,
13,500, or 24,000 rpm was performed using a homogenizer (L005470; IKA®
Works, Inc., USA) for the pyrrole—water mixture. A similar procedure of pyrrole
dispersion in water was conducted without surfactant as a reference. During the
homogenization, FeCl; (5.6 g, 34.5 mmol) that had been dissolved in 10 mL of
distilled water was added dropwise into the pyrrole/surfactant aqueous solution in
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the reaction flask. The FeCl; added to the solution was functioned as the initiator of
the pyrrole polymerization to obtain PPys [24, 25]. The polymerization was started
immediately after the addition of FeCl; and proceeded as the solution changed color
from transparent to black. Then the reaction was conducted for another 2 h at room
temperature while maintaining agitation speeds. After the agitation was stopped, the
precipitated black powders were centrifuged at 12,500 rpm and then washed with
distilled water and acetone to remove remained monomer and other impurities. The
obtained greenish black precipitates were dried in a vacuum oven at 60 °C for 12 h.
The conditions used for preparations are listed in Table 1.

Measurements

For characterization of the resultant PPy powders, electrical conductivity, Fourier
transform infrared (FT-IR) spectra, and UV-Visible absorption spectra were
measured. For electrical conductivity, the dried PPy powders were compressed as
pellets of 13 mm diameter and 1 mm thickness. Conductivity was measured using a
typical four-point method (Roresta-GP MCP-T610; Mitsubishi Chemical Analytec
Co. Ltd., Japan) at room temperature over the surface of the pellets. In all, five
points on the surface of the pellets were selected to measure the conductivity. Then
these values were averaged. FT-IR spectra of the resultant PPy powders were
obtained using a FT-IR spectrometer (Prestige-21; Shimadzu Corp., Japan) in
transmittance mode. Transmission spectra were obtained by forming a thin KBr-PPy
pellet. The resolution of the spectral measurements was 4 cm ™' for each spectrum.
The UV-Visible spectra of the PPy pellets were measured using a UV-VIS-NIR
spectrophotometer (V-570; JASCO Corp., Japan) in reflection mode. Similarly,
absorption spectra of the PPy powders dispersed in water were evaluated using
absorption mode. To evaluate the powder size distribution, a laser diffraction
particle size analyzer (SALD-7000; Shimadzu Corp., Japan) was also used on the
aqueous dispersion solutions. The morphology of each polymer sample was
observed using a scanning electron microscope (SEM, JSM-5300 LV; JEOL, Japan)
after gold coating using a Quick cool coater (Sanyu Denshi K.K., Japan). Samples
were also observed using a transmission electron microscope (TEM, JSM-7401F,;
JEOL, Japan).

Results and discussion
Polymerization of pyrrole in the presence of surfactant

To prepare PPy nanopowders in aqueous dispersion conditions, it has known that
emulsion polymerization is an effective method for achievement of monomer
dispersion with the aid of a surfactant in water [26, 27]. Therefore, in the present
work, five surfactants, SDBS and others, were used for pyrrole polymerization in
water. Table 1 presents some results obtained from the surfactants in the
polymerization of pyrrole. For comparison of each PPy polymerization process, a
different surfactant was used in the polymerization with stirring at 650 rpm.
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Because the concentrations of the pyrrole monomer and FeCl; were fixed in the feed
amounts, the surfactant concentration was also adjusted for each system. The
polymerization was continued for 2 h in mechanical stirring conditions. The values
for the yield of the PPy, when anionic surfactants such as SDBS and SDS were used,
tended to increase with the increased surfactant amounts. Especially, although the
resultant PPy was well washed with excess water and acetone after polymerization,
the resultant values of yield were still greater than 100%, except when the
concentration was higher than 0.2 mmol. This indicated that the presence of
un-removed surfactant might result from the formation of an anion—cation complex
with the surfactant and the resultant PPy powders. However, the use of cationic and
non-ionic surfactants tended to decrease the yields of PPy when the surfactant
concentration was high. Consequently, the anionic and cationic surfactants affected
the yields of the PPy in the emulsion polymerization. Table 1 shows values of
conductivity (S/cm) for the PPy pellets and the powder size distribution observed in
water. Actually, the anionic surfactant systems showed a tendency to have higher
conductivity relative to those of the reference. Regarding the increase in the
concentrations in the SDBS and SDS systems, the observed conductivity was in the
range of about 5.9-33 and 4.5-26 S/cm, respectively, from 0.2 to 40 mmol. This
phenomenon reflected that extending conjugate chains of the PPy was present and
that a high degree of acceptor doping of a form of the DBS™ or DS™ ion was
introduced electrostatically into the polymer powders. Additionally, for the
reference PPy, the C1™ ion was introduced by FeCl; oxidant in the polymerization
and was able to act as a dopant when the cationic or non-ionic surfactant was used.
However, the resultant conductivities of CTAC, BAC, and Triton X-100 were lower
than those of the anionic surfactants. Consequently, the PPy conductivity differed
according to the species of surfactant used as the chemical dopant.

Because the conductivity depended strongly upon the species of surfactants that
were used, the FT-IR spectra of the PPy synthesized with and without surfactant
were measured to detect the presence of the surfactant. Figure 1A shows FT-IR
spectra of PPys obtained with and without surfactant. These data showed the
appearance of the characteristic PPy bands for the C=C double bond stretching of
the aromatic ring (1,545 cm_l), the C—N stretching vibration (1,454 cm_l), and
both peaks of the =CH- in-plane vibration (1,300 cm™") and vibration of the pyrrole
ring (1,190 cmfl). The bands at about 1,030 and 904 cm ™' were attributed to the
C-H and N-H in-plane deformation vibrations. Furthermore, C-H stretching
between 2,850 and 2,950 cm ™' was observed for the PPy-anionic surfactant systems
such as PPy—SDBS and PPy-SDS. This resulted from effects of the doping the
anionic surfactant in the PPy. As Fig. 1B showed, the IR band intensity of the C-H
stretching for the long alkyl group of the dodecyl benzene increased with increased
the surfactant feeding in the polymerization process. We estimated contents of the
SDBS in the PPy using the composition of the IR bands of SDBS and PPy. The IR
intensity of the characteristic bands of 2,925 and 1,545 cm~! for SDBS and PPy
were compared. Results showed that the mole fractions of DBS™ in the PPy were
2.0,2.9,4.4,5.7, and 5.8 mol%, as inferred from the SDBS concentration variation
in the polymerization at 0.2, 2, 5, 20, and 40 mol. Figure 2A portrays UV-Vis
spectra of the PPy pellets prepared with and without surfactant. The resultant
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Fig. 1 A FT-IR spectra of the PPy (a) without surfactant and with (b) SDBS, (¢) SDS, (d) CTAC,
(e) BAC, and (f) Triton X-100. The surfactant feed was 20 mmol in the emulsion polymerization at
650 rpm. B FT-IR spectra of the PPy with SDBS of (@) 0.2 mmol, (») 2 mmol, (¢) 5 mmol, (d) 20 mmol,
and (e) 40 mmol

UV-Vis spectra of the SDBS-PPy and SDS—PPy systems measured in reflection
mode showed that a characteristic weaker absorption band appeared near
370-430 nm. A stronger and broadening absorption was observed for
600-850 nm. The absorption band at 370-430 nm was associated with the 7—n*
transition of the PPy. The strong and broad bands in 600-850 nm were assigned to
the bipolaron state of PPy [28]. Figure 2B also shows the reflection UV-Vis spectra
of the PPy obtained using different SDBS feeds. Data showing broadening
absorption of the bipolaron state were observed clearly in 600-850 nm region, when
the surfactant concentration became higher for the SDBS-PPy system. The
maximum wavelength of the bipolaron state was shifted from 630 to 700 nm when
the SDBS was fed from 0.2 to 40 mmol, respectively, in the polymerization. These
observations revealed that the anionic surfactant used for the polymerization acted
as the dispersion reagent incorporated itself into the PPy backbones as a doping
agent became of the formation of the SO; —Py complex.
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Fig. 2 A UV-Visible spectra (A) [
using the reflection mode of the
PPy (a) without surfactant and
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Table 1 shows the powder size distribution of the PPy dispersed in water. In
addition, Fig. 3 shows the relative size distribution of the resultant PPy powders for
SDBS, CTAC, and Triton X-100 systems at different concentrations in water. As
shown there, the powder size distribution of the PPys was shifted to the smaller side
when the SDBS concentration increased. Especially, the PPy dispersion of the
SDBS-PPy was effective with less than 2 mmol contents. As shown, the average
powder size for the SDBS—-PPy and SDS—PPy systems was decreased considerably
by increasing the surfactant concentration. This was mainly because of the dopant of
anionic species stabilizing the resultant PPy particles through the formation of the
ionic complex. However, other systems used with cationic and non-ionic were
observed similarly, but the powder size distribution became broader and larger
relative to that of the SDBS-PPy system, perhaps because of the low ability to
achieve dispersion stability of the PPy without such an ion complex for the cases of
CTAC and Triton X-100.
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Fig. 3 Powder size distribution of the PPy with SDBS, CTAC and Triton X-100 of a 0.2 mmol,
b 2 mmol, ¢ 5 mmol, d 20 mmol, and e 40 mmol at 650 rpm

Effects of agitation on the resultant PPy powders

To elucidate agitation speed effects on the emulsion polymerization of the PPy,
polymerization was conducted at speeds greater than 650 rpm using a homogenizer.
As portrayed in Fig. 4, the yields obtained for the non-surfactant system at
6,500-24,000 rpm were 68—-64%. High agitation lowered the yield of the PPy
slightly relative to data obtained with 650 rpm stirring. When SDBS was added to
the polymerization, higher yields of 149-147% were obtained. These values were
higher than those of either cationic or non-ionic systems. For the yield of the SDS—
PPy system, somewhat lower values were observed. Figure 5 shows the effect of the
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Fig. 4 Agitation speed of polymerization and yield of the PPy prepared (a) without surfactant and with
(b) SDBS, (¢) SDS, (d) CTAC, (e) BAC, and (f) Triton X-100 by 20 mmol feed
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Fig. 5 Agitation speed of polymerization and powder size distribution of the PPy prepared (a) without
surfactant and with (b) SDBS, (¢) SDS, (d) CTAC, (e) BAC, and (f) Triton X-100 by 20 mmol feed

agitation speed on the yield and other properties of the PPy nanopowders. In the
polymerization experiments, the agitation speed of the homogenizer was changed
from 6,500 to 24,000 rpm, with fixed concentrations of the surfactant and pyrrole.
In the SDBS—-PPy system, the powder size distribution was shifted to a smaller size
of about 35-102 and 37-104 nm, because the respective speeds were 13,500 and
24,000 rpm. The SDS-PPy system showed a similar tendency, with 40-103 and
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Fig. 6 Powder size distribution of the PPy prepared with SDBS, CTAC, and Triton X-100 (20 mmol
feed) at a 650 rpm, b 6,500 rpm, ¢ 13,500 rpm, and d 24,000 rpm

46-107 nm observed, respectively, for 13,500 and 24,000 rpm. In contrast, the
CTAC-PPy system showed about 55-152 and 57-127 nm for respective agitation
speeds of 13,500 and 24,000 rpm, but the effect was apparently lower than in the
cases of the SDBS-PPy and SDS—PPy systems. The non-ionic surfactant for the
Triton X-100-PPy system showed a somewhat larger powder diameter than that
obtained using the SDBS—PPy system. The powder particle size distributions were
about 8-75, 4-48, and 4-42 pm, respectively, for specimens agitated at 6,500,
13,500, and 24,000 rpm when a Triton X-100 was used. As Fig. 6 shows, the
powder size distribution of the PPy powders shifted significantly to the lower side,
as obtained using the higher agitation for the SDBS-PPy and the CTAC-PPy
systems. Although it was not observed well for the case of Triton X-100-PPy
systems, these data showed clearly that the agitation speed was effective for the
production of PPy nanosize powders.

Figure 7 presents results for the electrical conductivity of PPy powders obtained
at different agitation speeds. The conductivity of the resultant PPy pellets did not
vary significantly in the absence and presence of surfactant at different agitation
speeds. In the absence of the surfactant, the pellet showed conductivity of
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Fig. 7 Agitation speed of polymerization and conductivity of the PPy prepared (a) without surfactant
and with (b) SDBS, (c) SDS, (d) CTAC, (e) BAC, and (f) Triton X-100 by 20 mmol feed

9.9 x 10" S/cm, which might result from the C1~ ion being a less effective dopant
added from the FeCl; oxidant. In contrast, it was a remarkable observation for the
cases of the anionic surfactants of SDBS-PPy and the SDS-PPy systems that
the conductivities obtained appeared at 4-33 S/cm. This more clearly showed that
the effect of the dopant using an anionic surfactant caused higher conductivity.
Examination of the dispersion conditions of resultant PPy powders prepared with
different agitation speeds in the absence and presence of the surfactants is important.
The morphology of the PPy powders was observed by SEM and TEM measurements.
Figures 8 and 9 portray SEM and TEM images of the resultant PPy powders. Here,
these PPys were prepared with agitation speeds of 650 and 13,500 rpm using the
homogenizer. When no surfactant was present in the polymerization medium
(Fig. 8a), the resultant PPy showed strong aggregation, with about 300 nm size of the
aggregates. The SEM image (b) of the SDBS—PPy powders appeared to show more
compact particles, of about 60 nm, relative to those of the other images (a). However,
the images of PPy powders of the CTAC-PPy and Triton X-100 systems showed
powder sizes around 100-200 nm. In panels (e)—(h) for the PPy powders obtained at
13,500 rpm, it was clarified that the dispersion effectively enhanced for the obtained
size of the PPy particles. As shown in Fig. 9, which depicts TEM images, the smaller
PPy powder particles were mutually aggregated. For panels (a) and (b) of the PPy
prepared without surfactant, some particles that were present in an aggregated
condition had about 40-55 nm diameter. However, the aggregated size of the SDBS—
PPy system obtained with 13,500 rpm formed small aggregates of the nanosized PPy
powders about 35-50 nm. These results demonstrated that, at high agitation speed, the
SDBS surfactant could disperse the PPy well. At these conditions, the agitation speed
enhanced the production of nanosized PPy with good dispersion. Relative to the
cationic and non-ionic surfactants, the anionic surfactants at high-speed agitation
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(a) PPy without surfactant (650 rpm){ (b) SDBS-PPy (650. rpm)
ot )

™
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(g) CTAC-PPy (13500 rpm) (h) Triton X-100-PPy (13500 rpm)

15kV % 10,000 15KV %x10,000

Fig. 8 SEM images of the PPy without surfactant and with SDBS, CTAC, and Triton X-100. Each
surfactant was 20 mmol for emulsion polymerization at 650 (a—d) and 13,500 rpm (e-h)

were extremely effective for the dispersion, meaning that the dopant surfactant
produced a bipolaron state, which then resulted in the high conductivity. As evidence
of these results, although the obtained polymer powders could not be dissolved
in organic solvents, the resultant nanosized powders were well dispersed in water.
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Fig. 9 TEM images of the PPy without surfactant synthesized at a 6,500 and b 13,500 rpm and with
¢ SDBS, d CTAC, and e Triton X-100. Each surfactant was 20 mmol for the emulsion polymerization at
13,500 rpm

It might be possible to measure the absorption spectra using transmittance mode. For
example, in the spectra for the SDBS—PPy solution in Fig. 10A, absorption bands were
observed at 460 nm in the UV—Vis spectrum and at around 900 nm for stronger broad
absorption. The first absorption band was associated with the n—n* transition band,
whereas the second was associated with the bipolaron state of PPy [18, 29]. However,
for the non-surfactant system and CTAC-PPy and Triton X-100 systems, we were
unable to prepare such transparent solutions with the produced PPys in the aqueous
solution. As shown in Fig. 10B, the UV-Vis spectra of SDBS—PPy solution became
shaped clearly with the effect of dispersion of PPy at high agitation speed.
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Fig. 10 A UV-Visible spectra (A) 0.5
of the PPy aqueous solution for (a)
the polymer (a) without ®)
surfactant and with (b) SDBS, I ©
(¢) CTAC, and (d) Triton X-100 0.4
The PPy was prepared with ° d)
20 mmol surfactant feed at 2
13,500 rpm. B UV-Visible S 034
spectra of the PPy aqueous §
solution for the polymer with Q
SDBS at (a) 650 rpm,
(b) 6,500 rpm, (c) 13,500 rpm 0.2 1
and (d) 24,000 rpm
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Conclusion

In the present work, nanosized PPy powders were prepared at high agitation speeds
using emulsion polymerization of pyrrole with anionic surfactants used as dopants.
The PPy produced with anionic surfactant SDBS had about 30 S/cm conductivity
with aggregation powders having particle sizes of about 1-8 pm. The results of
FT-IR and UV-Visible spectra proved that the surfactant was incorporated into the
PPy backbone with ionic complex formation as the doping anion. Additionally, the
increment of the dopant engendered high conductivity, as observed in the resultant
PPy. In contrast, the PPy prepared without surfactant and with cationic and non-
ionic-PPy systems showed less conductivity, resulting in less dopant ability for their
surfactants. For agitation speeds of 13,500-24,000 rpm using homogenizer for the
SDBS-PPy system, the PPy powders were well dispersed: 35-102 nm. However,
CTAC and Triton X-100 showed very low dispersion and lower conductivity in the
resultant PPy powders.
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