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ABSTRACT: Synthesis and rheological properties of a series of polypyrrole (PPy) nanodispersions stabilized by sodium dodecyl sulfate
(SDS) are described here. Changes in particle size, morphology, spectroscopy (UV-vis), and rheological properties (steady and
dynamic) of the dispersions with variation in PPy fraction were studied. PPy nanoparticles (20-50 nm) incorporated within large mi-
cellar entanglements (>700 nm) were identified from transmission electron micrograph and dynamic light scattering studies. On
standing the dispersions, electrostatic interaction among the micelles via Fe’" comes into play and the dispersion is gradually cross-
linked to form a soft gel. Shear thinning generally observed for steady rheology measurements (1-500 s~ ') on freshly prepared disper-
sion is accounted for the breakdown of larger entanglements under high shear. The aged dispersion (before gelling), however, exhibits
a viscosity plateau, characteristic of the crosslinked systems. The dispersion [with loss (G”) moduli > storage (G') moduli] behaves
like a viscous liquid and resembles to semidilute polymeric solutions. Zimm model is roughly followed by the system as revealed
from the respective slopes of G and G” curves. The partially crosslinked system (aged by 7 days) partly follows Maxwell model, and
a crossover of G and G’ corresponding to a single relaxation time is obtained. Stability of the dispersion, nanoscopic particle size,
moderate conductivity, and shear thinning behavior encourage its prospect as conducting ink/paint. © 2012 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 000: 000-000, 2012
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INTRODUCTION (DBSA) and camphor sulfonic acid were incorporated into the
chains of polyaniline® and polypyrrole (PPy)” to improve their
solubility in nonaqueous solvents. Very recently, the familiar an-
ionic surfactants, viz., sodium dodecyl sulfate (SDS) and
DBSA,® were also used to prepare stable dispersion of PAn and

PPy in aqueous medium. In some cases, a nonionic surfactant

Study of rheology was originally proposed to describe and
explain the flow and deformation of matter."* At present, it is a
well-established tool for monitoring structural transitions and
molecular interactions in solutions, blends, dispersions, emul-
sions, gels, etc. consisting of a large variety of materials includ-
ing polymers, surfactants, and biomolecules. Understanding rhe-
ology of a liquid is highly important not only for fundamental
interest but also for its applications as paint, coating, or edible
items. Inherently conducting polymers (ICPs) having good color
and electrical conductivity should have extensive use as con-
ducting paint/printing ink. However, insoluble and infusible na-
ture of these polymers has kept them away from formation of
solution/melt and has seriously obstructed their rheological
characterization as well as their manifold application in sophis-

and even a reverse microemulsion have also been exploited as
effective medium for PAn stabilization.” Shape control of con-
ducting polymer nanostructures is also possible using soft tem-
plates like micelle or reverse micelle."®

Stable solution or dispersion always has several advantages; it
can be used for coating, film casting, and even printing in
desired forms, if the stability and viscosity are optimized. Stabi-
lization of PPy in aqueous/nonaqueous dispersion is therefore a
popular approach toward improving processability of PPy.

ticated devices.

So far, there have been a lot of efforts to overcome the intract-
ability of ICP and to bring them into a stable solution/
dispersion, using a soluble support polymer™ or inorganic
nanoparticles/colloid.” In a parallel stream of work, some long-
chain sulfonate molecules such as dodecylbenzene sulfonic acid

Printable conducting polymer formulations are supposed to
have vast applications in printed devices, e.g., flexible batteries,
light-emitting displays, microelectromechanical systems, and
smart sensors. However, to understand the applicability of the
dispersion as printing ink, rheological studies are highly impor-
tant. To be precise, viscosity of the dispersion should be high

Additional Supporting Information may be found in the online version of this article.
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enough to be held in the printer nozzle (without dripping) and
low enough to allow spreading over the substrate (during print-
ing). Under printing condition, the ink is under high shear rate
within the nozzle; therefore, its behavior during shear (shear
thinning/thickening) must be known from rheological studies.
However, despite all successful attempts to improve solution
processability of ICP, only few references regarding detailed
rheological characterization of conducting polymer-based dis-
persions are available. Recently, Garai and Nandi'' have
explored the effect of Na-MMT clay loading on rheological
properties of PAn-based gel nanocomposites in m-cresol. By
increasing the clay fraction in composite the storage modulus
was increased dramatically and gel melting temperature was also
shifted to higher. We have studied steady and dynamic mechani-
cal properties of a series of PAn-based dispersions in which a
water-soluble polymer poly vinyl pyrrolidone (PVP)'* and two
anionic surfactants (SDS and DBSA)*® were used as stabilizers to
the PAn chain. In the PVP—PAn system,'” hydrogen bonding
between the polymers was established, and depending upon the
fraction of PAn loading and extent of hydrogen bonding a sol-to-
gel transition was observed. Just the reverse of this, i.e., a gel-to-
sol transition was identified for PAn—DBSA system'”; rheological
studies have revealed this system as a flocculated one. On the
other hand, PAn-SDS is a stabilized dispersion that behaves like
an entangled polymer solution that never shows gel-like behavior.
Yang et al.'* have reported rheological properties of 2-acryla-
mido-2-methyl propanesulphonic acid (AMPS)-doped PAn dis-
persion in dichloroacetic acid; however, they have explored the
effect of steady shear on viscosity at different conditions.

This article deals with steady and dynamic viscoelastic charac-
terization of stable aqueous dispersion of PPy in the presence of
a surfactant (SDS). There have been exhaustive studies on rheo-
logical properties of micellar solutions (mainly cationic) in the
presence of salts.'>'® PPy—SDS dispersion, on the other hand,
presents a different system where an insoluble polymer is dis-
persed/stabilized by a surfactant and in this respect this system
is also different from polymeric solutions or blends. We have
concentrated our interest on studying the morphological and
rheological characteristics of the system and have tried to
explore its physical properties.

EXPERIMENTAL

Synthesis

Measured volume (0.6-1.0 mL) of pyrrole (Wako, Hokkaido, Ja-
pan) was added to the SDS solution (in water) of predeter-
mined concentration (0.2-0.3M) on constant stirring at 20°C.
After 1 h, FeCl; solution (maintaining pyrrole : FeCl; mole ratio
1 : 1.25) was added slowly to the pyrrole-SDS solution on con-
stant sonication. Pyrrole starts to polymerize and highly viscous
black-

colored solution/dispersion is obtained. The PPy-SDS disper-
sion is strongly adhered to glass or metal surfaces, but the films
prepared from this are too brittle to handle freely.

Transmission Electron Micrograph

A total of 0.1 mL of PPy-SDS solution was diluted 20 times
using SDS solution of same concentration (to prevent the pre-
cipitation on dilution) and sonicated well. One drop of the
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diluted solution was taken on a carbon-coated copper grid, and
the image was taken at 200 kV using JEOL-JEM, 2010 Electron
Microscope.

Dynamic Light Scattering

PPy-SDS dispersion, diluted 20-fold with 0.2M SDS solution,
was subjected to dynamic light scattering (DLS) studies using
Brookhaven Instruments (Model no. BI 200SM—Goniometer).

UV-Visible Absorption Spectroscopy

PPy-SDS dispersions were diluted with 0.2M SDS solution and
were subjected to UV-vis spectroscopic measurements using
Shimadzu UV 2550 Spectrophotometer.

Rheology

Steady and dynamic rheology measurements were performed on
Rheometric Scientific Advanced Rheometric Expansion System
(902-30004) (interfaced with a computer), using couette geome-
try. The cup diameter, bob diameter, and length are 34, 32, and
33 mm, respectively. Approximately 12 mL solution was
required for each measurement, and after loading the solution
into the cup the bob was lowered down to a fixed level so that
the solution touches the upper edge of cup, makes a meniscus
between two walls, and does not flow out. The solution-loaded
couette was allowed to stand for 10 min to ensure the full relax-
ation of the sample and to get the temperature of the bath.
Steady measurements were done under varying shear rate rang-
ing from 0.1 to 500 s~ ', and dynamic measurements were done
under angular frequency range from 0.1 to 100 rads '. Storage
modulus (G'), loss modulus (G”), and few other relevant factors
were studied. The effect of variation of strain amplitude from 1
to 500% was also monitored, and in some cases the solution
was subjected to a steady preshearing for few minutes (up to 15
min) before starting the dynamic measurements. However, after
each measurement, the solution was allowed to relax fully for at
least 10 min before the next measurement to start. A circulating
bath around the cup was used to fix the temperature at 25°C
during measurements; temperature dependence of G, G’, etc.
was also studied by varying the temperature from 10 to 50°C
using the same solvent bath surrounding the cup fitted with a
temperature controller.

RESULTS

General Aspects of the System

In this work, PPy has been synthesized in the presence of a sur-
factant that prevents the macroscopic precipitation of the poly-
mer and keeps the insoluble polymer in dispersion. For its high
molecular weight and sufficient solution viscosity, SDS was
selected as the stabilizer for present purpose. The synthesis tech-
nique is similar to the standard chemical polymerization of pyr-
role with two exceptions to be mentioned here. Lower synthesis
temperature is always favorable to conducting polymers, but
considering the Krafft temperature of SDS (16°C) the synthesis
in the present case was performed at 20°C. Optimum pyrrole :
FeCl; mole ratio for pyrrole polymerization is 1 : 2.25, but in
the present case high-concentration multivalent Fe’™ ions cause
the negatively charged SDS micelles to be agglomerated. At the
same time, the rate of polymerization of pyrrole also becomes
very high that is harmful to stability of the system. Considering
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Figure 1. PPy-SDS colloidal dispersion transformed to gel after 30 days
(freshly prepared dispersion shown in inset).

all these factors, an optimum mole ratio was fixed at 1 : 1.25.
The PPy-SDS sample synthesized in the form of black viscous
solution is stable up to 10 days (Figure 1 inset), after which the
solution is gradually transformed to a very soft gel-like state.
Primarily, this gel state is reversible and on gentle heating and
stirring the sol state could be brought back. After substantial
aging (~1 month continuous), this gel state becomes irreversi-
ble and could not be converted to sol (Figure 1).

This transformation can be accounted for the Fe’* or Fe*" ion-
induced aggregation of negatively charged SDS micelles. Similar
behavior was shown earlier by PVA-PPy dispersion. Changing
the oxidant from FeCl; to ammonium peroxodisulfate (APS,
which does not contain any multivalent cation), gel formation
could be essentially prevented. That is the reason behind no gel-
ling observed in PAn-SDS system studied earlier.> However,
rate of polymerization of pyrrole by APS is too rapid to retain
the stability of the dispersion for long.

Use of very large amount of pyrrole or SDS was avoided
because the former might hamper the stability of the system,
whereas the latter could mask the properties of PPy. Eventually,

ARTICLE

investigation was limited within only few PPy-SDS combina-
tions, and rheological properties were explored by changing
other conditions. Changing Py : SDS mole ratio (R), a set of
dispersions were prepared, out of which three with R = 0.87
(0.2/0.23), 1.14 (0.26/0.23), and 1.43 (0.33/0.23) were selected
for detailed analysis. Henceforth, these samples will be indicated
as PPS-I, PPS-1I, and PPS-III, respectively.

Particle Size Analysis: Transmission Electron Micrograph

and DLS

Transmission electron micrograph (TEM) images [Figure 2(A-C)]
taken after drying on grid cannot provide the true dynamic
structure present in the solution. However, an idea on the size
and morphology of PPy particles as well as micellar shape and
mutual orientation of polymer and surfactant can be grown
from the images left on the grid. At lower SDS concentration
(0.15M), PPy particles of two different sizes are seen [Support-
ing Information Figure 1(A)], larger particles with diameter of
20-30 nm and smaller particles with 2-10 nm. Larger particles
are essentially surrounded by the SDS shell, which is the key to
the stability of the solution; smaller particles might be free poly-
mers but owing to their smaller size they are not macroscopi-
cally precipitated out from the medium. At experimental SDS
concentration (0.23M), formation of free PPy is almost
prevented, and spherical PPy-SDS particles (black) visually
embedded in the SDS matrix [Figure 2(A)] are observed that
supports the suggested core—shell-type orientation.

It should be reminded that dilution of the dispersion for TEM
and DLS was done using SDS solution of identical concentration
(instead of water); therefore, we can expect no significant change
in micelle structure on dilution. At higher SDS concentration
[0.3M, Figure 2(B)], elongated PPy particles (~10-20 nm) are
found to be surrounded by irregularly shaped SDS micelles. In
some places, the composite micelles are seen to be agglomerated
to form large structures. Therefore, on changing the concentra-
tion, SDS morphology of PPy particle changes from spherical to
elongated, but exact size cannot be confirmed. However, consid-
ering nanoscopic dimension of the dispersed phase (PPy), the
present system can be termed as nanodispersion or nanocolloid.

On standing the dispersions, Fe’*-assisted physical crosslinking
among the composite micelles takes place that leads to the

Limitan

Figure 2. TEM image of PPy-SDS dispersion: (A) 0.23M SDS (R = 1.14), (B) 0.30M SDS (R = 0.67), and (C) 0.23M SDS (R = 1.14, after 7 days).
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Figure 3. Representative result of DLS study showing particle size distri-
bution in PPy-SDS dispersion (R = 0.87).

formation of a soft gel. At the initial stage (<10 days), the phys-
ical appearance of the dispersion is not visibly changed; how-
ever, partial crosslinking of micelles can be visualized from
TEM images of diluted dispersions [Figure 2(C) and Supporting
Information Figure 1(B)]. After prolonged standing, exhaustive
crosslinking takes place and the gel becomes rigid. At this stage,
TEM image could not be obtained. From the SEM image of
PPy-SDS gel [Supporting Information Figure 1(C)], presence of
large, interconnected spherical and elongated structures can be
observed.

Particle size analysis of PPy-SDS nanodispersion (R = 0.87)
using DLS technique (Figure 3) exhibits a narrow size distribu-
tion closely spaced at ~743 nm. Critical micelle concentration
(CMC) of SDS is reported to be 8.0 mM, and the micellar diam-
eter and aggregation number at CMC are 6 nm and 62, respec-
tively.'® At 0.2M transition, micelle structure of SDS changes
from spherical to tubular form. In SDS—Fe’* solution (0.23M),
two types of particles with dimensions 9 and 34 nm are identi-
fied (not shown), which indicates either some degree of associa-
tion of SDS micelles or its transition to tubular form. During
polymerization of pyrrole, smaller structures are joined to form
much larger ones with the PPy particles encapsulated in the SDS
shell. Therefore, DLS studies in this case correlate to the dimen-
sion of PPy-SDS composite micelles, rather than free PPy par-
ticles. However, during dilution and sonication, these large aggre-
gates are broken and, therefore, are not observed in TEM images.

UV-Vis Spectroscopy

PPy-SDS nanocolloid was diluted 20-50 times and subjected to
UV-vis spectroscopic measurements, as shown in Figure 4. Sim-
ilar curve was obtained from two colloids (R = 0.87 and 1.43),
showing sharp maxima at 483 nm (2.6 eV) and broad maxima
at around 890 nm (1.4 eV). These bands correspond to the
transitions from valence band to bipolaron and antibipolaron
bands. No peak at around 400 nm, corresponding to transition
from valence band to polaron band, is observed; this indicates
heavily doped nature (only bipolaron) of PPy in the
dispersion.'”'®
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Figure 4. UV—vis spectroscopic studies on PPy—SDS dispersions.

Rheology: A. Steady

In this study, we have prepared PPy—SDS samples by changing
the SDS : pyrrole molar ratio. Steady and dynamic rheological
responses under different experimental conditions were moni-
tored. Viscosity and torque of SDS solution itself having
concentration identical to that used for PPy stabilization (0.2—
0.3M) are not enough to reach the lower torque limits of
instrument, and therefore a solution with much higher concen-
tration (1.5M) was used for control study. The behavior of SDS
solution and PPy-SDS colloids under steady shear rate sweeping
is shown in Figure 5. All these systems exhibit Non-Newtonian
behavior, and shear thinning is generally observed for these
samples; however, for SDS solution, the thinning is almost
leveled off above the shear rate 1-5 s~ ', whereas for PPy-SDS
continuous and regular thinning is taking place throughout the
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Figure 5. Results of steady shear rate sweeping on PPy—SDS nanodisper-
sions. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 6. Frequency dependence of G' and G” of (A) PPS-I (1%), (B) PPS-I after preshear, (C) PPS-II (1%), and (D) PPS-III (1%). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

range (up to 500 s~ 1). Therefore, the SDS solution itself shows
Non-Newtonian behavior followed by Newtonian behavior,
whereas for the PPy—SDS dispersions, Non-Newtonian behavior
is observed all over the range.

After aging the dispersions for 7 days, steady viscosity profile
changes and a plateau is appeared, followed by slow shear thin-
ning at higher shear rate (>50 s™'). On raising temperature,
increased thermal energy hampers the interaction among the
micelles, and viscosity of PPy-SDS system is gradually lowered
with retention of shear thinning behavior up to 35°C (Support-
ing Information Figure 2). At more elevated temperature
(50°C), the micelle structure is broken to large extent and some
irregularity is observed. Therefore, it can be stated that the large
structures formed in the PPy-SDS system are broken at higher
temperature and high shear rate.

Rheology: B. Dynamic

Variation of PPy Fraction. Strain sweep experiment was car-
ried out over a range of strain amplitudes (0.1-500%) from
which linear viscoelastic (LVE) region of the PPy-SDS system
was found to be within 10% (Supporting Information Figure
3). In this study, we have followed frequency-dependent varia-
tion of storage and loss moduli of PPy—SDS dispersions at dif-
ferent compositions, strain amplitude, and temperature. Me-
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chanical spectrum of the system as shown in Figure 6(A-D)
describes the variation of G and G’ of PPy-SDS dispersions
with three different PPy : SDS ratios (R = 0.87, 1.14, and 1.43).

Looking at the individual frequency sweep curves, different
behavior of PPy-SDS dispersion was observed. For PPS-I, both
G and G’ rise sharply at lower frequency and become almost
converging at higher frequency [Figure 6(A)]. On applying a
preshear of 10 min at 50 rads™' with same amplitude, the pro-
file of PPS-I changes. At terminal regime (<10 rads™!) @ rises
more sharply than G’ (G/G" ~ 1.8), whereas at viscous regime
(>10 rads™") G’ and G” become almost parallel to each other
[Figure 6(B)]. On increasing pyrrole concentration (R = 1.14,
PPS-1I), the general nature of the G and G” curves is affected
[Figure 6(C)], and a more obvious point of convergence is
approached at very high frequency. Here, the slope of G' curve is
more than double to that of G”, but a real crossover does not
appear within the experimental frequency range. PPS-II does not
exhibit any effect of preshearing (Supporting Information Figure
4). In PPS-IIIL, the curves converge at very low frequency and
diverge thereafter [Figure 6(D)]. None of these systems, however,
observe a crossover point beyond which G > G". Therefore, in
the freshly prepared colloids, G is normally lower than G’,
which implies that the system behaves like a viscous liquid at this
frequency range, rather than a structured liquid or gel.'”™'
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Figure 7. Frequency dependence of G and G’ of PPy-SDS dispersions
aged by 7 days with increasing SDS (numbers in bracket indicate concen-
tration of SDS).

However, behavior of G in this case indicates some kind of
structuring present in the system, not as rigid as in a gel.

It is very interesting to note that on leaving the dispersion for
7-10 days the shear response of the dispersion at higher fre-
quency is remarkably changed. Dynamic mechanical spectra of
the aged samples varying in Py : SDS ratio are shown in Figure
7. Both G and G’ are regularly increasing at lower frequency
(terminal region); above 10 rads™', G increases steeply and
then shows a flattening trend, whereas G’ shows a clear max-
ima. There is a crossover point beyond which either G > G’ or
both curves are overlapping. Therefore, a weak gel-like behavior
is observed for aged samples. By reducing Py-SDS ratio (i.e.,
increasing proportion of SDS), the gel-like behavior becomes
more obvious, the crossover point becomes sharp and is shifted
toward lower frequency. In the sample with R = 0.66, soon after
the crossover (at ~20 rads '), the torque of the system becomes
too high to continue the experiment (Supporting Information
Figure 5). If the solution is left unperturbed for 15 days, it is
visibly transformed to a soft gel (Figure 1)

Temperature Dependence. The effect of increasing temperature
on the rheological properties of PPy—SDS dispersion has been
studied, and a set of representative results (taken from the solu-
tion aged by 7 days) are shown in Figure 8(A, B). Absolute val-
ues of G and G’ are found to be regularly lowered with
increasing temperature (as observed earlier for steady viscosity);
at the same time, maxima of G and G’ are also regularly
shifted to higher frequency (i.e., smaller relaxation time). By
analogy with the steady viscosity, it can be interpreted as an
outcome of thermally assisted breakdown of interactions among
the micelles that ultimately lead to the formation of smaller
structures.

Above the Krafft temperature of SDS, this effect is much more
pronounced and at elevated temperature (35°C) the maximum
is almost disappeared to a linear plot. Above 35°C, general
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behavior is lost and very irregular plot is obtained (not shown).
Looking at the individual plots [Supporting Information Figure
6(A—C)], obvious overlapping/crossover of G and G’ curves at
higher frequency is observed (within 20°C). It should be men-
tioned that once the solution is heated up to 50°C the micro-
structural properties are permanently disrupted and on cooling
the initial condition could not be brought back. The same
experiment on freshly prepared solution also produced regular
lowering of the absolute value of viscosity and moduli (figure
not shown) with retention of general behavior up to 35°C.

DISCUSSION

The PPy-SDS nanodispersion studied here is a composite sys-
tem, where an insoluble polymer is dispersed in a surfactant
medium, a large fraction of the polymer being incorporated
into the micelle as nanoparticles (not as matrix). At this point
it is fundamentally different from the commonly observed poly-
meric solutions or the surfactant-salt systems.”>™° Relative ori-
entation of PPy particles with respect to the SDS micelles,
which minimizes polymer—polymer interaction and leads to the

a 100 T T
o o10)] |
o gu5f) | ;
5 & RER o e oo
L x 638
©
[ 17 i, ML, PR 1 ._
o
0.001 i
01 1 10 100
Frequency (rad/s)
b o T T
o G0
=]
.l
x
10
7
< i —
© P
o
o
o -
°
L3
o
x
x
x
x
0.01 i i
01 1 10 100

Frequency (radis)

Figure 8. Classified results of frequency dependence of (A) G’ and (B) G’
of PPS-II at different temperatures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Scheme 1. Formation of PPy nanoparticles in SDS micelle. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

formation of nanoscopic PPy particles, is a matter of funda-
mental interest here. Considering the hydrophobic/hydrophilic
regions of the SDS micelle, PPy (hydrophobic) is supposed to
be incorporated within the core. In other words, the PPy par-
ticles are surrounded by SDS micelles so that their macroscopic
precipitation is prevented; that is in fact the underlying reason
of the surfactant-induced stabilization of PPy. Earlier studies
made by Rao et al.” and Kim et al.'® on the interaction of PPy
and PAn with surfactants have revealed that anionic surfactants,
especially SDS, are essentially included as counteranion to the
growing PPy chains during polymerization. Therefore, in this
system, PPy is partially dispersed and also partially solvated by
SDS micelles. Controlled particle size of PPy as well as competi-
tive doping between Cl™ and SDS are the key to the stabiliza-
tion of PPy in aqueous SDS medium. We have measured dc
electrical conductivity of these dispersions using standard four-
probe method from dried films on glass plates. Values of the
order of ~107°-107> S cm ™' were obtained that is considerably
lower than pure PPy powder of similar doping level. This result,
however, can be accepted for the present system taking into
account the incorporation of PPy within SDS shells.

It is well established that SDS shows two critical micellar con-
centration (CMC-I and CMC-II) values at 8 and 200 mM.
Globular micelles in CMC-I regime and -elongated/tubular/
worm-like micelles in CMC-II regime are frequently observed
although such dynamic structures are largely dependent on
composition of the medium (surfactant : salt ratio, etc.).
Beyond CMC-II bridging of micelles takes place resulting in for-
mation of three-dimensional (3D) network-like structure.'”> Few
earlier workers including Clausen et al.*” and Watanabe et al.*®
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have established that larger micelle length results in increased
entanglement density and thereby higher viscosity and relaxa-
tion time of the system. These information could be correlated
to the present system for explaining the rise of viscosity of PPy—
SDS compared with pure SDS solution of identical concentra-
tion (0.2M). On addition of FeCl; to the mixture of pyrrole
and SDS, pyrrole starts to polymerize, PPy particles grow bigger
in size, and at the same time SDS micelles are also associated to
accommodate the PPy particles (that prevent the precipitation).
If the concentration of SDS is low and/or rate of polymerization
is too rapid, then free PPy particles are generated at large frac-
tion and stability of the solution is disturbed. Otherwise, all sta-
ble dispersions of this series preserve core—shell morphology of
polymer micelle [TEM pictures, Figure 2(A, B)].

Therefore, it is possible that with change in concentration
(0.15-0.3M) of SDS or Py : SDS ratio shape of SDS micelle
changes from spherical to elongated/worm-like one, resulting in
elongated PPy particles (Scheme I). Further association of PPy—
SDS composite micelles (postpolymerization) mediated by Fe’*
ions gives rise to the formation of larger aggregates, arrested in
DLS studies and higher viscosity of medium. Similar assemble
of micelles accompanied by rise in viscosity of medium was
observed earlier'>'® where joining of micelles was mediated by
aniline/pyrrole molecules.

On increasing the concentration of pyrrole with respect to SDS
(i.e., by increasing the value of R), shear viscosity (Figure 5) of
PPy-SDS is primarily increasing and then decreasing. R = 0.87,
1.14, and 1.43 correspond to the pyrrole-SDS ratios as 0.2 :
0.23, 0.26 : 0.23, and 0.33 : 0.23, respectively. Therefore, for
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effective stabilization of PPy particles, there is a critical value of
R, above which more and more free PPy are formed. It is sup-
posed that larger fraction of free PPy (R changes from 1.14 to
1.43) obstructs the overlapping of micelles and thereby reduces
the degree of entanglement of micelles. In a recent work, Park
et al.*’ have published rheological data on Ag nanoparticle sus-
pension in polyacrylic acid (PA). They have also observed simi-
lar behavior of shear viscosity with respect to PA : Ag ratios
that indicated the existence of a critical value of R.

Shear thinning is a very common phenomenon in polymer sys-
tems, arising from shear-induced breakdown of internal struc-
tures and alignment of microstructures with the flow direction,
reducing local drag.’® With increase of steady shear rate, align-
ment with flow becomes more complete and shear viscosity is
further lowered. In most of the polymer solutions, a 3D net-
work-like structure is formed by weak physical bonds (e.g.,
hydrogen bonding), which is gradually disrupted on high shear
resulting in shear thinning. Moreover, presence of hydrophobic
associations gives rise to some degree of shear-induced structur-
ing that prevents the thinning effect and results in a plateau. At
this point, a micelle-based system such as PPy—-SDS encounters
a fundamental difference. In PPy-SDS, large micellar entangle-
ments can build 3D structures, but the system does not have
enough rigidity like a polymer solution to undergo any shear-
induced structuring. Therefore, under shear, the 3D structure
suffers continuous disentanglement and breakdown resulting in
regular lowering of viscosity. From the observed change of vis-
cosity with shear rate, it seems that PPy—SDS dispersion does
not have yield stress properties. This behavior of PPS-I, II, and
II is very close to that of a 0.5-2.0% cellulose solution.”" Shear
thinning under high shear (500 s~') makes PPy—SDS suitable
for application as paint or ink.

After aging the dispersions by 7-10 days, PPy—-SDS composite
micelles are gradually agglomerated by slowly developing elec-
trostatic interaction via Fe’ ultimately leading to a gel. There-
fore, the solution aged by 7 days is partially agglomerated and
acquire enough rigidity compared with polymeric systems to
undergo some shear-induced structuring. As a result, a broad
viscosity plateau very similar to the polymeric solutions fol-
lowed by a shear thinning region appears [R = 1.14(a)] in the
rheological profile of aged sample. However, the reason of vis-
cosity lowering of aged samples compared to the freshly pre-
pared one (R = 1.14) is not very clear. After prolonged aging
(>20 days), the sample is irreversibly transformed to gel.

In the filled polymer systems, internal structures are formed
from the fillerfiller interaction; in that case, the filler agglomer-
ates are essentially broken under a small critical shear independ-
ent of the frequency of test.’”® In PPy—SDS system, the surfactant
micelles and the polymer chains are oriented in a very compli-
cated fashion where connections among the dispersed particles
occur through the links of the matrix. That is why the disrup-
tion of the internal structure depends on both the strain (%)
and frequency of the experiment. At lower frequencies, the
entanglements get enough time to be broken and rebuild so
that critical strain required for structural disruption is very
large. At higher frequency, the network has less time to rebuild
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the broken links and the structural breakdown becomes obvious
at lower strain amplitude. However, the critical amplitude (at
onset of nonlinearity) is shifted to lower with increase of fre-
quency that implies the existence of a weak/semirigid network
structure, readily ruptured as soon as the product of amplitude
and frequency exceeds a critical value. Beyond the LVE regime
(i.e., above 10% strain), the effect of strain amplitude is almost
minimized, especially at higher frequency, and the respective
plots are superimposed (not shown).

The simplest mechanical model generally applied to mechanical
properties of the surfactant systems is the Maxwell model.
According to this model, a viscoelastic surfactant solution is
described as a combination of a spring and a dashpot corre-
sponding to the shear rigidity (GY) and a viscosity (1) in series
or in parallel.”* The behavior of a Maxwell material under har-
monic oscillation can be obtained from the following equations:

G(w) = GYo?t? /(1 + w*t?)
G'() = /(1 +02),

where o is the angular frequency in rad s™' and t is the “relaxa-
tion time” defined as time required for stress relaxation (s). G
(storage modulus) and G’ (loss modulus) correspond to the
viscous component and elastic component of the solution,
respectively. The respective Cole—Cole plot (plot of G’ as a
function of G') of a Maxwell system fits perfectly to a semi-
circle.*»*” However, to explain the behavior of systems with a
range of relaxation times, Maxwell model is quite insufficient
and different modifications were made later on.

Deviations from Maxwell model have been noticed earlier by
different groups of investigators, and few corrections were intro-
duced. Two other models proposed in this context by Rouse
and Zimm®>** could explain rheological behavior of the dilute
solution of a flexible, randomly coiled polymer macromolecule.
Both these models consider the system as a combination of N
numbers of identical beads joined together by (N — 1) identical
Hookean springs. Despite few differences in the underlying
principles, both the theories predict the low frequency slopes of
2 and 1, respectively, for G and G’ plots for linear viscoelastic
materials. In high-frequency region, the Rouse theory®® predicts
overlapping of two modulus curves with a slope of 0.5; the rele-
vant equation is as follows:

(G = [G"]g = n(tr)?/2V2, (1)

where 1y is the longest relaxation time in the Rouse spectrum.

On the other hand, Zimm theory’® obeys the following
relations:

[G']g = 1.05(r.00)*? (2)
and
[G"]y = 1.82(.0)", (3)

where 7, is the first Zimm relaxation time.
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Therefore, according to Zimm theory,”* two modulus curves are
parallel (at higher frequency) and approach a slope of 0.67 and
are separated by a factor of 1.73. Tam and Tiu® and Zirnsak
et al.’® have applied these models to explain the dynamic rheo-
logical behavior of four polymeric solutions namely, polyacryl-
amide, xanthan gum, carboxymethyl cellulose, and poly ethylene
oxide (PEO).

Dynamic mechanical spectra of three PPy-SDS dispersions have
revealed that freshly prepared PPy-SDS dispersion is a viscous
fluid (G">G) over the whole range of frequency and ampli-
tude. At lower frequency, sharp rise of G and G’ corresponds
to regular disentanglement and reorientation of micelles, resem-
bling to polymer chains’”*® and development of solution ani-
sotropy according to the direction of the shear.”> For PPS-I
slopes, G and G" curves (Table I) are closer (co ®'?® and
®'?") and at higher frequency they are gradually leveled off to
almost convergence [Figure 6(A)]. This behavior of PPS-I
resembles to reversible polymer network (weak gel) character-
ized by closer power law dependence of G' and G’, similar to
hydrophobic alkali soluble emulsion (HASE) polymers.”” For
PPS-1II, on the other hand, steep rise of both G’ and G’ curves
followed by a point of convergence is observed [Figure 6(C)] at
the highest frequency range examined (>10 rad s~ '). PPS-II,
therefore, behaves more or less like semidilute polymer solu-
tions following any of Rouse or Zimm model (with G/G": 1.7,
close to theoretical value 2).

Earlier, we have seen that viscoelasticity of PVP solution satis-
factorily fits Zimm model with N = 1.>> Lowering in the values
of slope and intercept might be accounted for the interchain
interaction present in the system that was not considered in the
original model (suggested for 0.1% w/v solution). Similar devia-
tions were encountered earlier in case of PAn—PVP and PAn-—
SDS dispersions.'>"? In PPS-III [Figure 6(D)], an overlapping
point is found at a frequency (0.45 rad s—') close to the lowest
end of the accessible frequency range. However, up to the point
of convergence PPS-III (having very high PPy fraction) also
maintains larger slope for G (~1.5 times to that of G’),
although frequency dependence in general is very weak (oo
7% and ©*47%).

Therefore, depending on the PPy : SDS ratio nature of dynamic
spectrum changes and position of overlapping point also
changes. However, the system never works like a full network
(G > @"). Absence of plateau/maxima and crossover/overlap
between G' and G’ curves indicates that the relaxation process
is not clearly recognized within the experimental frequency
range. Rather, a spectrum of relaxation processes is suggested
similar to entangled polymer solutions where different configu-
rational motions of flexible chains are possible. Considering the
complicated nature of the system, compared with a polymeric
or DNA* solution, discussed earlier, we could not include con-
centration and molecular weight factors (to compare with
hybrid model). Interestingly, after application of preshear for 10
min to PPS-1I, mechanical spectrum is somewhat changed [Fig-
ure 6(B), Table I]. Applied preshear affects the nature of spec-
trum and the system approaches toward terminal behavior of a
semidilute polymeric solution (G ~ @” and G” ~ ), closer to
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Table 1. Slopes of G and G” of Different PPy-SDS Dispersions at
Terminal and Viscous Zones

Frequency sweep slope

Sample Terminal Viscous
(temp. 25°C) G G” G G”
PPS-I (1%) 1.38 1.21 0.77 0.624
PPS-I (1%, preshear) 1.61 0.91 0.74 0.65
PPS-| (10%) 1.24 0.81 0.69 0.59
PPS-II 1.35 0.79

PPS-III 0.72 0.475 - -

Zimm model. This is evidence in support of loosely crosslinked/
weak gel-like nature of the system. On application of shear, the
crosslinks are broken and the system tends toward sol-like
behavior. For PPS-II, preshear leaves no effect on G and G’
curves, which supports its semidilute solution-like nature.

Summarily, in the samples with lower PPy fraction, weak gel-
like behavior becomes obvious. With an increase of PPy frac-
tion, entanglement density is reduced and the system behaves
like polymeric solution. Earlier, Tkeda and Nishinari'
shown that aqueous solution of x-Carrageenan exhibits shifting
of crossover point to lower frequency and a transition from
dilute polymeric solution to weak gel by increasing concentra-
tion. Solution of pulp cellulose in an ionic liquid studied by
Kuang et al.”> has also exhibited similarity with PPy-SDS. The
present system is fundamentally different from a single poly-
meric solution, and we cannot fit all the results to any of the

have

existing models. However, it behaves more or less like a
solution/dispersion and never shows a purely gel-like behavior
(G > @) at freshly prepared stage.

Earlier, we have observed that hydrogen bonding can result in
weak crosslinking of PVP chains, affecting rheological features
of PAn-PVP system'” on standing. Crosslinking of the present
system on aging and its ultimate transformation into gel has al-
ready been discussed. Partially crosslinked samples aged by 7
days (after extensive crosslinking, rheological profile cannot be
studied) were therefore selected for rheological studies. After
few days of synthesis, micelles are gradually aggregated by elec-
trostatic interaction via Fe’* (not by any chemical bonding/
crosslinking) and form a 3D network. Therefore, absolute values
of moduli of this system are not comparable to the polymeric
gels. The network, although weak, cannot relax properly at
higher frequency, which causes G’ to increase sharply at higher
frequency and overlap with G’ immediately after the maxima.
On increasing the relative concentration of SDS, moduli values
increase and respective maxima of G and G’ are regularly
shifted (Figure 7) to lower frequencies, implying longer relaxa-
tion time (7). According to Clausen et al,”” increase in 7 and
GY is an indication of growth of the tubular- or worm-like
micelles in length. By analogy, it can be suggested that for the
present system increase in SDS concentration results in growth
of the micelles and corresponds to delayed relaxation phenom-
ena. Increase in PPy concentration, on the other hand, disturbs
the self-interaction among SDS micelles and results in relatively
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Table II. Slopes and Relaxation Time Values Obtained from PPS-II at
Different Temperatures

Terminal .
Relaxation
) slope )

Temperature (°C)  Overlapping time (s)
(sample: PPS-II) frequency (@) G G” (t=1/w)
10 31 166 0.89 0.03225
15 50 1.56 096 0.02
20 63 1.47 098 0.016

smaller structures. G and G’ values are also lowering accord-
ingly (Supporting Information Figure 7).

Temperature-dependent mechanical spectrum of PPy-SDS
over 10-35°C [Figure 8(A, B)] matches qualitatively to that
of reversible network systems, viz., PVA/borate system®’ or
hydrophobically modified ethylene oxide urethane (HEUR)
systems.” Both G’ and G’ increase steeply at lower frequen-
cies and overlap at terminal frequency regions, roughly fol-
lowing Maxwell model (single unit) with single relaxation
time. However, there is some deviation from Maxwell behav-
ior because the crossover point does not overlap with the
maxima of G’ (Supporting Information Figure 6). Therefore,
PPy-SDS system at lower temperature follows Maxwell model
only up to the point of crossover.

Slopes of G and G’ curves, overlapping frequency, and relaxa-
tion time values at different temperatures are given in Table II.
With lowering temperature below 20°C, the crossover point is
shifted to lower frequencies while slopes of G > G’ (>1.5
times at 10°C). Therefore, with lowering temperature below the
Krafft temperature of SDS (16°C) relaxation time increases, that
is, the system relaxes slowly. At the same time, it is shifted from
semidilute polymer-like behavior (Zimm model) to entangled
polymer-like behavior (Maxwell model).

CONCLUSION

PPy-SDS nanodispersion, as stable as a solution, presents a sys-
tem fundamentally different from conventional polymeric solu-
tion/dispersion/filled polymer systems. In this system, interplay
of rheological properties of a surfactant and a polymer solution
is observed, but polymer-like behavior is predominating. The
dispersion behaves like a perfectly viscoelastic fluid (over a wide
range of frequency and amplitude), and the elastic component
of which comes from the weak network-like structure originat-
ing from the entanglement of micelles. Formation of large com-
posite structures incorporating the PPy nanoparticles within
SDS micelles has also been detected by the TEM and DLS meas-
urements. However, the network is susceptible to rupture under
large deformation (as revealed by the obvious strain/frequency
dependence) or thermal agitation and, therefore, is not as rigid
as a chemical gel. There are some special viscoelastic properties
of this dispersion resembling to polymeric solutions (especially
the hydrophobically modified polymers). Nature of mechanical
spectra, absence of a single relaxation time, and slopes of G
and G’ curves indicate semidilute polymer solution like proper-
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ties, roughly following Zimm model. PPy fraction in the disper-
sion ultimately controls the rheology of the system, but no
regular linear relation between the initial monomer loading and
viscoelastic response could be drawn. Shear viscosity of the nano-
dispersions is much higher than the prescribed values (0.5-40
mPa s)**; however, this dispersion can be diluted to any extent
using SDS solution, and the viscosity can therefore be adjusted
accordingly. Therefore, spherical/elongated particles, having
dimension <100 nm, moderate conductivity (10°-10">
S cm™ '), and shear thinning behavior encourage the application
of freshly prepared PPy-SDS as conducting ink for sophisticate
printed devices. It was further confirmed from the temperature-
dependent studies that the system does not have any other special
features to show (e.g., shear thickening) below Kraft temperature
(16°C) of SDS (Supporting Information Figure 2). Rather, the
ink/paint works well at a temperature range from 10 to 35°C.

In a parallel work,** we have stabilized PPy in the presence of
polyvinyl alcohol and have obtained similar dependence on fre-
quency and amplitude (Supporting Information Figure 8).

The nanodispersion remains effective as ink/paint within several
days of synthesis beyond which electrostatic interaction comes
into play and physical crosslinking takes part. Partially cross-
linked dispersion (7-10 days after synthesis) shows a clear cross-
over between G' and G’ at lower temperatures (10-20°C), cor-
responding to at least one defined relaxation time. On standing
the dispersion, electrostatic interaction becomes exhaustive and
the structure becomes more rigid as reflected by the changes in
appearance (transformation to soft gel) and acquired insolubil-
ity. Therefore, the coating/printed matter cannot be wiped out
after drying, which favors the ink/paint application of the dis-
persion in some way. We have synthesized the same dispersion
using APS as oxidant that does not gel on standing and might
work as better ink. Rheological studies of that system will be
reported elsewhere.
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