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Effects of Reaction Sequence on the Colloidal
Polypyrrole Nanostructures and Conductivity

Juyoung Choi, Hyungtae Kim, Seungjoo Haam, and Sang-Yup Lee

Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul, Korea

The relationship between nanoscaled morphology and macroscopic electrical conductivity of
polypyrrole (PPy) nanostructures was qualitatively investigated. The PPy nanostructures were
prepared via microemulsion polymerization using ionic surfactants. The morphology of PPy
was influenced by both the type of ionic surfactants and reaction sequences; specifically, the
PPy structures were highly influenced by the reaction sequence when anionic surfactant of
SDS was used. By changing reaction sequence, a gel-like PPy was formed influencing on the
macroscopic electrical conductivity. The results indicate that the macroscopic conductivity of
PPy is affected by its nanoscaled structures as determined by the reaction conditions.
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1. INTRODUCTION

Polypyrrole (PPy), a conducting polymer, has been
widely studied because of its various applications in electri-
cal devices such as batteries and sensors.' ¥ For these
promising applications, a variety of fabrication methods
of PPy in the form of films,” " nanoparticles,® '] and
nanotubes!'>'3! have been developed. In general, the PPy
nanoparticles and nanotubes were prepared via oxidative
polymerization of pyrrole (Py) monomer requiring soft
template such as microemulsion. Because the structure of
soft template can be modified by controlling the physico-
chemical reaction parameters such as surfactant concen-
tration and temperature, the soft template-based oxidative
PPy polymerization is a promising method to control the
morphologies and physical properties of PPy.['413]

Surfactant and dopant molecules are the key factors
determining morphology and electrical conductivity of
PPy product prepared via microemulsion technique. The
electrical conductivity of PPy is influenced by the existence
of dopant molecule that associates with Py backbone. The
anionic surfactant can work as a dopant molecule by associ-
ating with the positive PPy. Thereby, the effects of anionic
surfactant in preparation of PPy are so complex specifically
when it is used as a templating molecule. This dopant role of
surfactant highly influences on the conductivity of PPy
product."¥ However, the morphology in nanoscale can
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change the overall conductivity, too. Thus, it is required to
make an inspection on the relation between nanoscaled
morphology and macroscopic physical property.

In this report, the morphology and surface property of
PPy nanostructures prepared from different types of
surfactants and reaction sequences were investigated with
the consideration of the electrical conductivity. The
morphologies of the product were changed by both the
types of surfactant used and addition sequence of reac-
tants. This morphology change was closely related to the
surface coverage of surfactant and influenced on the electri-
cal conductivity.

2. MATERIALS AND METHODS

2.1. Chemicals

Pyrrole monomer (98%), ammonium persulfate
((NHy4)»05S,, 98%), sodium dodecyl sulfate (SDS, 99%),
and tetradecyl trimethyl ammonium bromide (TTAB,
99%) were purchased from Aldrich (St. Louis, MO,
USA) and used as received without further purification.

2.2. Polypyrrole Nanostructure Synthesis

Polypyrrole nanostructures were synthesized in an
aqueous solution containing surfactants. In general, Py
monomer was dropped into surfactant solution with a
vigorous stirring to construct microemulsion, and then
oxidant solution was added to initiate polymerization.
Herein, the PPy nanostructure samples were labeled in the
form of “surfactant name-PPy.” For example, when the
PPy nanostructure was prepared using SDS, it was labeled
as SDS-PPy. When the addition sequences of oxidant and
pyrrole monomer was reversed (i.e., surfactant, oxidant,
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and pyrrole monomer were added in sequence), the
products were presented as “R-surfactant name-PPy” in
the text.

In preparing PPy samples, a general preparation pro-
cedure is given in the reference.””’ Details of our experiments
are given as follows; the cationic surfactant-based PPy
nanostructures were synthesized using tetradecyl trimethyl
ammonium bromide (TTAB). First, 2.02g of TTAB
(6 x 107> mol) was dissolved in 30ml of distilled water
and stirred at room temperature for 1 hour. A volume of
0.2ml pyrrole monomer dropped into the surfactant
solution slowly with stirring. The pyrrole solution was
stirred for another 6 hours to form microemulsion. To this
microemulsion solution, 5.8 ml of (NHy4),0gS, aqueous
solution (0.5M) was slowly added. The color of micelle
solution turned into black after adding oxidant. The poly-
merization continued for 12 hours. The synthesized poly-
pyrrole nanostructures were completely washed 3 times
with ethanol following centrifugation in order to remove
any remaining chemicals. Exactly same experimental
sequences were followed for SDS-based PPy preparation.
As described ahead, the addition sequences of oxidant
and pyrrole monomer were reversed, when preparing
R-TTAB-PPy and R-SDS-PPy samples. In all experiments
the surfactant concentration is higher than the critical
micelle concentration of each surfactant (15.6mM for
TTAB and 8.1 mM for SDS, respectively.['®!7).

2.3. Characterization

Morphologies of synthesized PPy nanostructures were
observed using transmission electron microscopy (TEM,
LIBRA 120, 100KeV). In preparing TEM samples, the
PPy nanostructure solution was diluted with ethanol, and
then positioned on the carbon-coated copper gird.
Additional stain was not applied to prevent artifacts.

Sizes of synthesized PPy nanostructures were also investi-
gated using a commercial dynamic light scattering (DLS)
system (Photal Otsuka Electronics, ELS-Z, Japan). To
observe the hydrodynamic diameter variation during the
reaction, Spul of PPy sample was taken at every an hour
and dispersed in 1.5ml water. This dilution is required to
give sufficient signal intensity of the sample otherwise any
reliable signal cannot be obtained. The hydrodynamic sizes
were measured five times per each sample, and then the aver-
age and standard deviation of sizes were calculated. The par-
ticle size distribution was simultaneously obtained from the
measurement. In order to investigate the surface charge and
surfactant coverage of PPy nanostructures, zeta potential
measurement was carried out using a commercial
laser-Doppler zeta potential meter (Nano ZS 3000, Malvern
Instruments, USA). In the zeta potential measurement, the
PPy nanostructures were suspended in 1 mM KCI solution
at different pH. The concentration of 1 mM was chosen as
a reference concentration in order to fix the Debye screening

length used in calculation of surface charge density. More
than five times of measurements were carried out for each
sample and the average and standard deviation were
obtained.

For the chemical analysis and electrical conductivity
measurement, PPy powder was prepared by drying in a
vacuum oven at 60°C over 8 hours. The chemical analysis
was performed using a FTIR spectroscopy (FT/IR-460
Plus, JASCO, USA). FTIR analysis in transmittance mode
was performed after making the PPy powder to pellet by
compressing with KBr powder. The conductivities of PPy
nanostructures were examined using 4-point probe (IM6e,
Zahner, Germany) after preparing PPy pellet in a diameter
of 13mm and 0.3 mm thickness.

3. RESULTS AND DISCUSSION

First, the morphologies of PPy nanostructures were
investigated. In Figure 1, TEM images of PPy nanostruc-
tures prepared by different types of ionic surfactant and
preparation sequences were present. When the cationic
surfactant of TTAB was used as a capping molecule,
well-dispersed spherical PPy nanoparticles were obtained
(Figure 1a) though some aggregates were also found. These
particles had smooth surfaces in average diameter of
55.8 nm. On the other hand, only the aggregated structures
of PPy nanoparticles were observed when anionic surfac-
tant of SDS was used (Figure 1b). This aggregated
structure made porous assembly of nanoparticles similar
to the previous PPy studies.”'® The average diameter of
SDS-PPy nanoparticles was 23.1nm. Considering the
electrical charges of the surfactant used, one potential
factor to aggregate the SDS-PPy is the interaction between
SDS and positively charged PPy, which could destabilize
the PPy nanoparticles.

By changing the addition sequence of the reactant, dras-
tic morphology changes were induced. When the oxidant of
ammonium peroxydisulfate was dissolved in the micelle
solution before adding PPy monomer, the PPy monomer
reacts in the suspending medium and its diffusion into
the micelle was limited. Thus, irregular gel-like structures
were generated due to the polymerization in the medium.
In the R-TTAB-PPy sample, any spherical structure of
PPy was not found. Only irregularly shaped PPy nanos-
tructures were found (Figure 1c). Formation of irregular
structure of PPy is because TTAB micelle formation was
interrupted. Chelation takes place between tetradecyl tri-
methyl ammonium cation in TTAB and anionic sulfonate
groups in ammonium persulfate preventing micelle
formation."” The chelated TTAB molecules aggregated
to settle down forming a white precipitation instead of
making a stable emulsion. On the other hand, mixed
structures of nanospheres and random gel-like structures
were made in the R-SDS-PPy (Figure 1d). This mixed
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FIG. 1. TEM images of PPy nanostructures. (a) TTAB-PPy, (b) SDS-PPy, (c) R-TTAB-PPy, (d) R-SDS-PPy.

morphology suggests that polymerization of pyrrole
monomer are taking place both in the micelle and bulk
solution. The average diameter of sphere in R-SDS sample
was 55.8 nm which is similar to the diameter of TTAB-PPy.
Because both oxidant and SDS would have same negative
charge, the micelle formation was not disturbed in R-
SDS-PPy sample. The amorphous gel-like structure was
likely to be made in the continuous phase by the reaction
of monomers initiated by the ammonium peroxydisulfate
dissolved in the continuous phase. These observations indi-
cate that the morphology of PPy nanostructure can be
controlled by changing the addition sequence of reactants.

To support PPy nanostructure changes by the reaction
sequence, the hydrodynamic diameter and size distribution
were monitored using dynamic light scattering (DLS)
system. The hydrodynamic diameter changes provide
information on the development of PPy nanostructures
during the reaction. In Figure 2a, the average hydrody-
namic diameter changes of each SDS-based sample are
present. The hydrodynamic diameters of the product PPy

nanostructures were about 1.5 times larger than the sizes
observed in the TEM images. This discrepancy of the size
is due to the aggregates of PPy.

There was a difference in hydrodynamic diameter
growth with the reaction sequence. The size of SDS-PPy
would grow slowly until around 4 hours while the size
of R-SDS-PPy would hardly change after 1 hour. The
continuous size increase of SDS-PPy suggests that the
PPy nanostructures continuously aggregate with each
other. This size growth mechanism is also supported by
the size distribution changes. The particle size distribution
is present in Figure 2b. For the SDS-PPy sample, the size
distribution is getting broad with time due to the aggre-
gation of PPy nanostructures. However, the size distri-
bution of R-SDS-PPy was changed little after 1 hour of
reaction. This little change indicates that the PPy nanos-
tructures are made at the early stage of reaction. These
hydrodynamic diameter and size distribution changes sug-
gests that the nanostructures of SDS-PPy continuously
aggregate and the nanostructures of the R-SDS-PPy were
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FIG. 2.
(left) and R-SDS-PPy (right).

formed at the early stage of reaction and remained
constant.

Because the PPy nanostructures were influenced by the
surfactant type and addition sequences, the surfactant
coverage should also be investigated. To inspect the surfac-
tant coverage, the surface charge density of PPy nanostruc-
tures was calculated and then the relative surface coverage
was estimated. To determine the surface charge density, the
zeta potential of PPy nanostructures was measured. In zeta
potential measurement, all PPy samples were assumed as
spherical particles though aggregates are not exactly
spherical. In Figure 3, changes of zeta potential values were
plotted against the solution pH. The TTAB-PPy sample
had isoelectric point (pI) of 11.0, higher than the pl of
surfactant-free PPy, 10.0,”” while the SDS-PPy showed
pl of 8.5~9.0. The high pl value of TTAB-PPy samples
is likely due to the coverage of positively charged trimethyl

(a)

distribution (%)

(b)

(a) Hydrodynamic diameter changes of SDS-PPy (white circle) and R-SDS-PPy (black square); (b) size distribution changes of SDS-PPy

ammonium cation on the TTAB-PPy surface as well as the
surface-exposed PPy itself. In addition, the PPy nanoparti-
cle had overall positive zeta potential values under 25 mV
even when anionic surfactant of SDS was used. This value
of zeta potential suggests incomplete coverage of SDS on
the PPy nanostructure considering that PPy has positive
surface charge with a zeta potential of 40 mV.**2!" Interest-
ingly, the positive zeta potential values of R-SDS-PPy were
slightly higher than those of SDS-PPy sample. This higher
value of zeta potential is likely due to the contribution from
the amorphous gel-like region which is positively charged
by the adsorption of proton.*”

From the zeta potential data, the surface charge density
of PPy nanostructure was calculated. The PPy nanostruc-
tures were assumed as monodisperse spherical particles
whose radius was estimated from TEM images. The surface
charge density was obtained using an analytical solution
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0 TABLE 1
] 1 The surface charge density and relative surface coverage of
30 i 8t each polypyrrole sample
. : %i . . polypy P
t * . i TTAB-PPy SDS-PPy R-SDS-PPy
— 10
8 A 1 Surface charge 3.314 1.947 2.254
g0 \\ density (mC/m?)
E. -10 ' Relative surfactant (100%) 41.4% 31.8%
d 0
S 20 e trAnery \ coverage (%)
—A— SDS-Ppy i -
=30 4---- —m—R-SDS-Ppy i ;\
40 [ probably due to the contribution from surfactant-free
) PPy that forms an amorphous gel in TEM images.
-50 5 . s . 70 - Assuming that TTAB covers entire surface of PPy nanos-

pH

FIG. 3. Zeta potential of PPy nanostructures (lines are provided as a
guide).

developed by Ohshima et al. where surface potential and
Debye screening length were used as parameters in calcu-
lation.”? Equation (1) is used in calculation of the surface
charge density.

g= oér kT - 2sinh (Jﬁ)

e 2
12
2 8 In[cosh(y,/4)]
1+ 5 2 1]
Acosh®(y;/4)  A%sinh”(y,/2)
2
where k = (;;ZT)A = ka,and y; = %

In Equation (1), e is the elementary electric charge, n is the
electrolyte concentration, ¢, is vacuum permittivity, & is
dielectric constant of suspending medium, and { is zeta
potential of the PPy samples. In calculation, the measured
zeta potential values were used instead of surface potential,
so that the calculation results would indicate the surface
charge density at the shear plane. The Debey screening
length (k') is set as 9.64 nm at 25°C for | mM monovalent
ionic solution.

To minimize the proton and hydroxide adsorption on
the surface, the surface charge densities at pH 6.0 were
compared. The calculated surface charged density is
summarized in Table 1. The surface charge density of
TTAB-PPy agreed with that of surfactant-free PPy.*” This
surface charge density agreement and spherical mor-
phology indicate that the TTAB-PPy nanostructure is
capped with TTAB. However, the surface charge reduced
notably when the SDS was used. This reduction of surface
charge density is originated from the existence of negative
charge of the anionic head group in SDS molecule.
R-SDS-PPy had higher surface charge density than
SDS-PPy. This charge density increment of R-SDS-PPy is

tructure, the coverage of SDS molecules in the SDS-based
PPy nanostructures could be estimated. It was turned out
that SDS covers only 42% and 32% of surfaces for
SDS-PPy and R-SDS-PPy, respectively.

The chemical composition of PPy nanostructures were
inspected through the FTIR spectroscopy. FTIR spectra
of each PPy sample are present in Figure 4. For the
TTAB-PPy, the characteristic peak of ammonium persul-
fate coupled with Py is clearly indicated at 1187 cm™! corre-
sponding to S=O stretching of sulfonate.l'* Another peak
at 1109 cm ™! represents weakened sulfate bond after associ-
ation of Py with ammonium persulfate.'® The methyl chain
of TTAB is observed at 2848 and 2917 cm™".**) With this
methyl peak of TTAB, it is notable that the peak position
at 924cm™! agrees with that of surfactant-free PPy. This
agreement suggests that the TTAB would not chemically
associate with PPy nanostructure. All the other peaks of
TTAB-based sample were matched well with PPy prepared
without any surfactant (surfactant-free PPy).

El1046
11871109 | @924

904

{7

P s

1167
1136

Transmittance (%)

Lo24

1167+ |

L1417

Ve

: t T g T t ’
3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Wavenumber (cm™)

FIG. 4. Infrared spectra of surfactant-free PPy (a), TTAB-PPy (b),
SDS-PPy (c), and R-SDS-PPy (d).
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The infrared (IR) spectra of SDS-based PPy nanostruc-
tures showed strong characteristic peaks at 1167 cm™'
corresponding to the S=0O symmetric stretching vibration
of sulfonate and at 1136cm ™! of sulfate.?” The highly
increased peak of these SO; and SO?~ indicates the associ-
ation of SDS with Py. From these strong peak signals, it is
inferred that many SDS molecules were in the SDS-PPy
nanostructure. On the other hand, sulfate peak at
1136cm ™" was shifted to 1117cm ™" in R-SDS-PPy. This
peak is locating between sulfate peak positions of surfactant
free-PPy and SDS-PPy because of the overlapping of them.
This overlapping also supports coexistence of both SDS-
covered and surfactant-free PPy nanostructures. In
addition, the existence of surfactant-free PPy in R-SDS-
PPy was proved by the matching of C-H deformation peaks
at 924cm~'. This peak was commonly observed in
surfactant-free PPy, TTAB-PPy, and R-SDS-PPy. Con-
sidering the C-H deformation peak is locating at 904 cm ™"
in SDS-PPy, the peak at 924cm ™! indicates the existence
of surfactant-free PPy.

Finally, the effects of nanostructures on the macroscopic
electrical conductivities were examined. The measured
conductivities of each PPy nanostructures were present in
Figure 5. The conductivity of PPy prepared without
addition of surfactant was tested as a reference experiment.
The conductivity of surfactant-free PPy was very low
(3.78 x 107 S/cm, left bar) when only ammonium persul-
fate was used. This value is similar to those of previous
reports.'®?*! Conductivity of TTAB-PPy nanostructures
was in the same order with surfactant-free PPy. However,
conductivity of SDS-PPy was highly increased because of
the association of SDS to PPy working as a dopant mol-
ecule. In contrast, the R-SDS-PPy showed low conductivity
similar to that of surfactant-free PPy. This low conductivity

0.1 4

0.01 4

1.77E3

7

Conductivity (S/cm)

1E-4

R-SDS PPy

FIG. 5. Comparison of the electrical conductivities of each polypyrrole
nanostructure.

TABLE 2
Peak intensity ratio of each polypyrrole nanostructure
Surfactant-
free PPy SDS-PPy R-SDS-PPy
Intensity ratio 0.891 0.978 0.912

(C=C/C-C)

is due to the inhibition of electrical conduction by the
amorphous surfactant-free PPy. The amorphous gel-like
PPy would have low conductivity like the surfactant-
free PPy. Thus, it behaves as an electrical resistor. When
the R-SDS-PPy nanostructures were made into a pellet,
these amorphous regions would behave as electrical resis-
tors resulting in low conductivity. These measurements
clearly indicate that the structural changes of PPy in nano-
scale would influence on the bulk property of electrical
conductivity. The conductivity of PPy nanostructures
agrees with the FTIR peak intensity ratio of 1560cm ™!
against 1475cm™' present in Table 2. These two peaks
represent C=C and C-C stretching of PPy, respectively,
and higher ratio represents longer effective m-conjugation
along the PPy chains.*® These results support that the
molecular structures of PPy products were influenced by
the change of reaction sequence.

4. SUMMARY

The morphology and electrical conductivity of PPy
nanostructures were influenced by both the type of ionic
surfactant and the addition sequence of the reactants.
The morphologies of PPy nanostructures were changed
by the surfactant type that associates with Py monomer.
The addition sequence of reactant drastically changed the
nanostructure morphology, size distribution, surface cover-
age of surfactant, and electrical conductivity. In addition,
the electrical conductivity was reduced by the existence of
amorphous PPy in the nanostructure which plays as a
resistor. These outcomes could be applied in conducting
polymer fabrication as well as microemulsion-based nano-
particle synthesis study.
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