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ABSTRACT: We demonstrate the tunability of both the polarity
and the magnitude of the piezoresistive response of polyaniline that
is template-synthesized on poly(2-acrylamido-2-methyl-1-propane-
sulfonic acid), PANI−PAAMPSA, by altering the template
molecular weight. Piezoresistivity is quantified by gauge factor, a
unitless parameter that relates changes in electrical resistance to
applied strain. The gauge factor of PANI−PAAMPSA decreases
linearly and becomes negative with decreasing PAAMPSA
molecular weight. The polarity of PANI−PAAMPSA’s gauge factor
is determined by macroscopic connectivity across thin films. PANI−PAAMPSA thin films comprise electrostatically stabilized
particles whose size is determined at the onset of synthesis. An increase in the interparticle spacing with applied strain results in a
positive gauge factor. The presence of PANI crystallites increases connectivity between particles; these samples instead exhibit a
negative gauge factor whereby the resistance decreases with increasing strain. The tunability of the piezoresistive response of these
conducting polymers allows their utilization in a broad range of flexible electronics applications, including thermo- and
chemoresistive sensors and strain gauges.
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■ INTRODUCTION

Conducting polymers are widely used in next-generation
electronic devices because they possess the chemical,
mechanical, and processing attributes of conventional polymers,
yet have electrical conductivities approaching those of metals.1

Further, the mechanical compliance of conducting polymers
with flexible substrates makes them excellent candidates for use
in conformal electronic devices, either as electrodes2−4 or as
sensing units.5,6 Like other conducting materials, however,
conducting polymers are inherently piezoresistive; changes in
their electrical resistances due to mechanical deformations
often limit their use as chemo- or thermoresistive devices.7 This
piezoresistive effect can either arise from changes in the
resistance of the material due to changes in the sample
geometry with strain or be an intrinsic materials property
stemming from changes in resistivity of the material due to the
structural changes with strain.8 Whereas the changes in the
sample geometry under tensile strain always cause the
resistance of conducting materials with positive Poisson’s
ratio to increase, changes in the material’s structure can cause
an increase (e.g., due to the formation of cracks) or decrease
(e.g., due to strain-induced chain alignment) in the resistance
with strain.9 Understanding the intrinsic factors that govern the
piezoresistivity of conducting polymers is therefore important,
so materials design can be tailored according to specific
application needs.
The relationships between the structure of conducting

polymers and their piezoresistive properties have mostly been

investigated under large strains that inadvertently result in
plastic deformation. Such plastic deformation can result either
in strain-induced morphological changes that can in turn
enhance the polymer’s electrical conductivity or in cracks and
fractures that are detrimental to the polymer’s electrical
conductivity.9−11 The solid-state structure of poly(3,4-ethyl-
enedioxythiophene):polystyrenesulfonate, PEDOT:PSS, (Cle-
vios pH1000) thin films, for example, is shown to drastically
impact how PEDOT:PSS thin films respond to mechanical
strain. Applying a 60% tensile strain to pristine PEDOT:PSS
thin films causes PEDOT-rich domains to coalesce and form
connected pathways for charge transport that results in an
increase in the conductivity. Since the films are permanently
deformed, the improvement in electrical conductivity is
retained even when the strain is removed. On the other
hand, the addition of 5 wt % dimethyl sulfoxide, DMSO, to
PEDOT:PSS dispersion before deposition eliminates any
conductivity improvement with subsequent strain. DMSO is
thought to uniformly disperse PEDOT chains, so stretching
does not further alter domain connectivity.9

In order to utilize conducting polymers in resistive sensing
applications, where reversible changes in the resistance are
correlated with changes in the environment, their piezoresistive
response under elastic deformation must be understood. Strain-
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induced changes in the resistance of conducting polymers, for
example, can be utilized to detect mechanical deformation of
buildings or bridges, or for monitoring human motion.12,13 In
strain-sensing applications, the mechanical deformation is
quantified through a unitless parameter called the gauge factor,
GF, which is defined as

ε
=

ΔR R
GF

/ 0
(1)

where Ro is the resistance at zero strain; ΔR is the change in the
resistance; and ε is the strain.14 Maximizing GF optimizes for
sensitivity in the strain direction. Conversely, if the conducting
polymers are used for flexible thermoresistive or chemoresistive
sensing applications, small changes in resistance in response to
mechanical deformationseven reversiblewill cause error in
sensor output.15,16 Minimizing the GF of conducting polymers
is thus important to minimize mechanical deformation-related
resistance drifts during such sensor use.
Polyaniline, PANI, is a conducting polymer that has shown

promise in flexible or conformable electronics applica-
tions.5,17−19 Template polymerization of aniline along the
polymeric acid poly(2-acrylamido-2-methyl-1-propane-sulfonic
acid), PAAMPSA, results in the formation of a water-dispersible
and electrically conducting polymer complex PANI−PAAMP-
SA with its chemical structure shown in Scheme 1.20 With its

biocompatibility and stability at ambient conditions, PANI−
PAAMPSA is especially suitable for wearable electronics and
human health monitoring applications.19,21 As-synthesized
PANI−PAAMPSA forms electrostatically stabilized colloidal
particles, and this particulate nature is retained when PANI−
PAAMPSA is cast as thin films from its water dispersions.
Previous studies in our group showed that decreasing the
molecular weight of PAAMPSA results in the formation of
smaller PANI−PAAMPSA particles, and increases PANI’s
crystallinity concurrently. These structural changes have
resulted in an increase in the conductivity of PANI−PAAMPSA
from 0.4 S/cm to 1.1 S/cm when a template of 724 kg mol−1

PAAMPSA is replaced with 45 kg mol−1 PAAMPSA.20 In this
work, we show the tunability of PANI−PAAMPSA’s piezor-
esistive response by changing the molecular weight of
PAAMPSA at the onset of synthesis. As we lower the molecular
weight of PAAMPSA, the GF of PANI−PAAMPSA decreases
progressively and even becomes negative for PANI−PAAMPSA
that is synthesized with the two lowest molecular-weight
PAAMPSAs (45 and 106 kg mol−1). Although negative and
positive GFs (GF of −4.9 and 22) have been reported for a
commercial grade of PANI (PANIPOL T), the source of this
difference in the polarity of GF was not fully understood.22,23

With PANI−PAAMPSA as our model system, we show how
the structure of PANI affects the polarity and the magnitude of
their piezoresistive properties. We conclude that the change in
the GF polarity with decreasing PAAMPSA molecular weight is
a result of increased crystallinity of PANI that is likely to
connect the individual PANI−PAAMPSA particles, which can
then undergo strain-induced alignment under tensile deforma-
tion. Control of the particle size and the extent of crystallization
by altering the molecular weight of PAAMPSA has enabled the
tuning of both the magnitude and the polarity of PANI−
PAAMPSA’s GF. Such tunability allows us to address the need
of high GF for strain sensing and near-zero GF for thermo- or
chemoresistive sensing applications with a single class of
material.

Scheme 1. Chemical Structure of Electrically Conducting
PANI−PAAMPSA

Figure 1. Relative change in the resistance (black) of as-cast (a) PANI−PAAMPSA-724, (b) PANI−PAAMPSA-255, (c) PANI−PAAMPSA-106,
and (d) PANI−PAAMPSA-45 serpentine patterns under cyclic strain (blue) along their strain-sensitive direction.
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■ RESULTS AND DISCUSSION

In order to test the piezoresistive response of PANI−
PAAMPSA-X, where X represents the molecular weight of
PAAMPSA in kg mol−1, we prepared serpentine patterns of
PANI−PAAMPSA-X on flexible polyimide substrates (Figure
S1). A serpentine pattern is used in order to maximize
sensitivity in the direction of the applied strain and minimize
transverse strain during our uniaxial tensile measurements.
Figure 1 shows the change in resistance of PANI−PAAMPSA-X
patterns with respect to their zero-strain resistance, Ro (black
line), under uniaxial cyclic strain (blue line). The films were
stretched in their strain-sensitive direction. The recovery of Ro
after the strain is released indicates that these tests were
performed in the elastic deformation region of the conducting
polymer patterns. Figure 1a and b shows that the resistances of
PANI−PAAMPSA-724 and PANI−PAAMPSA-255 patterns
are in-phase with applied strain. An opposite trend is observed
for PANI−PAAMPSA-106 and PANI−PAAMPSA-45 patterns
(Figures 1c and d); resistances of these conducting polymer
patterns are out-of-phase with applied strain. Interestingly, we
observe hysteresis in the piezoresistive response of PANI−
PAAMPSA-255 between the loading and unloading cycles.
Such hysteresis is commonly observed in the piezoresistive
response of carbon nanotube/polymer composites due to their
thermoplastic nature.24 Hysteresis was also reported in the
piezoresistive response of nanoarchitectured TixCuy films due
to structural defects in the crystals.8 We do not believe these to
be the origin of the hysteresis we observe in PANI−
PAAMPSA-255. While the exact source of the hysteresis
observed in the piezoresistive response of PANI−PAAMPSA-
255 patterns is still under investigation, we have previously
shown that such hysteresis can be eliminated through
postdeposition dichloroacetic acid, DCA, treatment.19 Similarly,
we are able to eliminate this nonlinearity in the piezoresistive
response of PANI−PAAMPSA-255 through structural mod-
ification with DCA treatment (Figure S2).
We quantified the piezoresistive response of PANI−

PAAMPSA-X patterns by calculating their GFs from the
slope of the normalized resistance change with strain (Figure
S3) using eq 1. Figure 2a shows the change in GF of PANI−
PAAMPSA-X (black data points) depending on the molecular
weight of the PAAMPSA template used in the synthesis. The
GF of PANI−PAAMPSA-X decreases and becomes negative
with decreasing PAAMPSA molecular weight, changing from
3.7 ± 0.28 to −0.60 ± 0.15 as the PAAMPSA molecular weight
is decreased from 724 to 45 kg mol−1. The tunability of the GF
enables us to select the appropriate grade of PANI−
PAAMPSA-X per application needs. For example, PANI−
PAAMPSA-724 should be used among the different PANI
grades for strain sensing. At a GF of 3.7, PANI−PAAMPSA-
724 strain gauges are almost twice as sensitive to strain as
commercially available metal-foil strain gauges (GF = 2).25 In
examples of chemoresistive or thermoresistive sensors in which
any electrical response to mechanical strain should be
suppressed to maximize signal-to-noise output, however,
PANI−PAAMPSA-106 should instead be used given that it
has the smallest GF among the different PANI grades tested
(GF = −0.34). The linear relationship between GF and the
molecular weight of PAAMPSA also provides an opportunity to
specify a priori new PANI−PAAMPSA with tailored piezor-
esistive responses and synthesize according to these specifica-
tions. Our empirical correlation suggests that PANI synthesized

with PAAMPSA having a molecular weight of 140 kg mol−1

should yield conducting patterns having a GF of zero. At GF =
0, we can completely suppress errors associated with resistance
change due to mechanical deformation in flexible chemo- or
thermoresistive sensors.
Unique to PANI−PAAMPSA-X is our easy access to both

negative and positive GFs of different magnitudes. Instead of
synthesizing a new grade of PANI−PAAMPSA, existing PANI−
PAAMPSA-X, having different GF polarities with similar
magnitudes (e.g., PANI−PAAMPSA-45 and PANI−PAAMP-
SA-255), can thus be combined as an alternative approach to
accessing near-zero net GFs.19 This approach for creating net-
zero GF sensors is much more straightforward compared to
prior reports of placing the active component of the sensor at
the sensor’s neutral bending plane or lithographically patterning
the active component in mesh-like structures to reduce
strain.16,26,27 These near-zero GF conducting patterns can
also be combined with high-GF PANI−PAAMPSA strain

Figure 2. (a) GF of as-cast (black) and DCA-treated (blue) PANI−
PAAMPSA-X serpentine patterns as a function of PAAMPSA
molecular weight. Dashed lines represent linear fits to the data. (b)
Azimuthally integrated XRD traces of as-cast PANI−PAAMPSA-X and
DCA-treated PANI−PAAMPSA-724 extracted from their 2D-GIXD
patterns. Labels indicate the PAAMPSA template molecular weight
used in the synthesis. (c) Fractional crystallinity of as-cast PANI−
PAAMPSA-X thin films (black data points) and hydrodynamic
diameter of the as-synthesized PANI−PAAMPSA particles (blue
data points) as a function of template molecular weight. Fractional
crystallinity is obtained from the azimuthally integrated XRD trace
given in (b), by calculating the ratios of the crystalline area to total
area. Hydrodynamic diameter values are adapted from ref 20. Dashed
lines connecting the data points are included as a guide to the eye.
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sensors in order to account for the non-strain-related drifts in
the electrical resistance of PANI−PAAMPSA. Additionally,
PANI−PAAMPSA-X grades having similar magnitudes of GF
but opposite polarities can also be incorporated in Wheatstone
bridge circuits to build strain gauges that can quantitatively
decouple thermal, shrinkage, and mechanical strains.28

We previously observed an anticorrelation between the
electrical conductivity of PANI−PAAMPSA-X films and the
molecular weight of the PAAMPSA template.29 The improve-
ments in the electrical conductivity of PANI−PAAMPSA-X
films with decreasing PAAMPSA molecular weight are
correlated with the improved PANI crystallinity and the
particle connectivity of the resulting films.20,29 The dependence
of PANI−PAAMPSA-X films’ GF on the molecular weight of
PAAMPSA is reminiscent of how the electrical conductivity of
PANI−PAAMPSA-X is correlated with PAAMPSA molecular
weight. We thus surmised this trend in the piezoresistive
response of PANI−PAAMPSA-X films to also have structural
origins.
A positive GF is known to be a result of increasing separation

between conducting domains under tensile deformation.30,31 In
fact, we previously observed a positive GF in PANI−
PAAMPSA-724 films and attributed this positive GF to
increased separation between PANI−PAAMPSA-724 particles
upon stretching.19 As synthesized, PANI−PAAMPSA-X forms
electrostatically stabilized colloidal particles, and this particulate
nature is retained in thin films of PANI−PAAMPSA-X that are
cast from its water dispersions.20,29 Figure 2c (blue data points)
shows that the hydrodynamic diameters of the as-synthesized
PANI−PAAMPSA-X particles decrease with decreasing
PAAMPSA molecular weight. Figure 3a quantifies the
correlation between GF and the hydrodynamic diameter of
particles of as-synthesized PANI−PAAMPSA-X. The GF is
positive for the PANI−PAAMPSA-X grades comprising the
largest particles. As the hydrodynamic diameter of as-

synthesized PANI−PAAMPSA-X decreases, the GF becomes
progressively negative. The observation that the GF decreases
with particle size for PANI−PAAMPSA-724 and PANI−
PAAMPSA-255 is consistent with previous reports that the
GF of films composed of gold nanoparticles decreases from 250
to 50 with decreasing nanoparticle diameter.31 This trend is
attributed to smaller particles being more interconnected
compared to larger particles, and therefore films comprising
smaller particles are less sensitive to strain-induced interparticle
separation.31,32 The discontinuity in the data correlating the GF
to the hydrodynamic diameter of PANI−PAAMPSA-X and the
switch in the GF polarity suggest another mechanism to also
contribute to PANI−PAAMPSA-X films’ piezoresistive re-
sponse.
We also tested PANI that is doped with polystyrenesulfonate,

PSS. Dynamic light scattering experiments revealed that
PANI:PSS forms particles with Dh = 205 ± 14 nm (Figure
S5). When cast from its aqueous dispersions, PANI:PSS forms
films that are topographically similar to PANI−PAAMPSA-45
films.20,33 If particle size is the only determining factor in the
piezoresistive response of PANI films, we would expect
PANI:PSS, like PANI−PAAMPSA-45, to exhibit a negative
GF per Figure 3a data. Figure 4 shows the relative change in the

resistance of a PANI:PSS serpentine pattern under cyclic strain
in its strain-sensitive direction. PANI:PSS patterns instead have
a resistance that is in-phase with applied strain, yielding a
positive GF of 3.0 ± 0.1 (Figure S6). The observation that
PANI:PSS exhibits a positive GF despite its small particle size is
further evidence that factors other than the particle size are at
play in determining the piezoresistive response of PANI films.
Interestingly, powder X-ray diffraction, XRD, studies show that
PANI:PSS, unlike PANI−PAAMPSA-45 but similar to PANI−
PAAMPSA-724, is mostly amorphous (Figure S7). We
therefore hypothesize that PANI crystallinity could also play
a role in determining the piezoresistive response of PANI films.
In order to examine the differences in the crystallinity of

different PANI−PAAMPSA-X grades, we performed grazing-
incidence X-ray diffraction, GIXD, on PANI−PAAMPSA-X
thin films. Figure 2b shows the azimuthally integrated XRD
traces of as-cast PANI−PAAMPSA-X films. All traces show a
broad halo centered around q = 1.5 Å−1 that stems from
amorphous PAAMPSA and a reflection at q = 1.84 Å−1 that
stems from PANI subchain alignment.29 Additional reflections
associated with PANI appear in PANI−PAAMPSA-X that were
synthesized with lower molecular weight PAAMPSA. We
quantified the fractional crystallinity of PANI−PAAMPSA-X
films through the ratio of the area under the reflections
associated with crystalline PANI to the total area under the

Figure 3. Change in the GF of PANI−PAAMPSA-X serpentine
patterns with (a) hydrodynamic diameter of the as-synthesized PANI−
PAAMPSA particles and (b) fractional crystallinity of PANI−
PAAMPSA-X films (red data point represents DCA-treated PANI−
PAAMPSA-724). Linear fits to the data (dashed lines) are included
showing the different slopes in the negative and the positive gauge
factor regions.

Figure 4. Relative change in the resistance (black) of as-cast
PANI:PSS serpentine pattern under cyclic strain (blue) along its
strain-sensitive direction.
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XRD trace. Figure 2c (black data points) shows that PANI
becomes more crystalline as the template PAAMPSA molecular
weight decreases.
Figure 3b shows the dependence of GF on the fractional

crystallinity of PANI−PAAMPSA-X thin films. A negative GF is
observed in the more crystalline PANI−PAAMPSA-X grades
(PANI−PAAMPSA-45 and PANI−PAAMPSA-106). Not un-
like the data shown in Figure 3a, we observe a discontinuity in
the data that correlates the GF of PANI−PAAMPSA-X films to
the fractional crystallinity; the GF switches to positive as PANI
crystallinity decreases. We believe the negative GF in these
higher crystallinity samples is a result of further alignment of
crystalline PANI upon stretching that in turn promotes
conduction in the direction of applied strain. Such strain-
induced chain alignment has previously been observed in PANI
that is doped with volatile acids under large strains (>400%
strain), and plastic deformation of the polymer was shown to
result in a decrease in the resistance of PANI.34 Here, we
observe a similar decrease in resistance with stretching, even in
the elastic deformation regime of the polymer.
Taken together, our data suggest that PANI−PAAMPSA’s

piezoresistive response is dominated by PANI’s crystallinity
when the samples are sufficiently crystalline. In less crystalline
samples, PANI−PAAMPSA’s piezoresistive response is domi-
nated by the interparticle separation, which is in turn related to
the particle size. However, having crystalline PANI and the
ability for PANI crystals to align under strain alone cannot be
sufficient to obtain negative GFs. Supporting this circum-
spection is the fact that the GF of gold nanoparticles, which are
crystalline, can be entirely predicted based on its particle
diameter alone.31 This observation indicates that the macro-
scopic piezoresistive response of gold nanoparticles is
independent of the crystallinity within individual particles.
We are thus left to surmise that the PANI crystals in the more
crystalline PANI−PAAMPSA-X films must bridge neighboring
particles in order for preferential alignment of PANI under
strain to influence its piezoresistive response. This hypothesis is
consistent with our previous report that the conducting PANI is
preferentially localized on the exterior of the PANI−PAAMPSA
particles.20 It should thus not be surprising that crystalline
PANI enhances the particle connectivity in PANI−PAAMPSA
thin films.
Consistent with the notion that negative GF is accessed

when PANI is sufficiently crystalline and when the conducting
domains are connected, solvent annealing of PANI−PAAMP-
SA-X in dichloroacetic acid, DCA, results in patterns having
uniformly negative GF (blue data points in Figures 2a) that is
independent of the molecular weight of PAAMPSA used in the
synthesis. DCA treatment eliminates the particulate nature and
induces further crystallization in PANI−PAAMPSA films.19,33

This structural change is confirmed by the data in Figures 2b
(black line) and Figure 3b (red data point). The simultaneous
elimination of the particulate nature of PANI−PAAMPSA and
increase in PANI crystallinity with DCA treatment enable
preferential alignment of PANI during strain to dominate their
piezoresistive response. Postdeposition DCA annealing has thus
provided access to negative GFs, even in PANI−PAAMPSA-
724 and PANI−PAAMPSA-255, that previously exhibited
positive GFs in their as-cast states.

■ CONCLUSIONS
We demonstrated systematic tunability of both the polarity and
the magnitude of the piezoresistive response of PANI−

PAAMPSA-X by controlling its thin-film morphology. By
altering a single parameter, the molecular weight of PAAMPSA,
at the onset of synthesis, we change the particle size of the
resulting polymer complex and the crystallinity of PANI. The
interplay between these parameters coupled with the PANI
crystals’ ability to bridge the individual PANI−PAAMPSA-X
particles determine the piezoresistive response of PANI−
PAAMPSA-X films. The tunability of the piezoresistive
response of these water-dispersible, electrically conducting
polymers, especially accessing negative GFs, allows us to utilize
them in a broad range of flexible and conformable electronics
applications. Optimizing for the GF enables utility of PANI−
PAAMPSA as sensitive strain sensors, and minimizingeven
eliminatingGF enables the use of PANI−PAAMPSA as
flexible resistive-temperature or chemical sensors that work
accurately under mechanical deformations.

■ EXPERIMENTAL SECTION
Polymer Synthesis. In order to synthesize PANI−PAAMPSA-X

(where X represents the poly(ethylene oxide) equivalent number-
average molecular weight of PAAMPSA used in the synthesis), we
used aniline (Sigma-Aldrich, 99.5%), ammonium peroxydisulfate
(98.9%, Fisher Scientific), and PAAMPSA (Scientific Polymer
Products, 10.36 wt % in water, reported MW 800 kg mol−1) as
purchased. We determined the poly(ethylene oxide), PEO, equivalent
molecular weight of the as-purchased PAAMPSA to be 724 kg/mol.
Lower molecular weight PAAMPSA (PAAMPSA-45, PAAMPSA-106,
and PAAMPSA-255) was synthesized by conventional free-radical
polymerization of 2-acrylamido-2-methyl-1-propanesulfonic acid,
AAMPSA (Aldrich. 99%), according to previously published
procedures.29 PANI−PAAMPSA-X was synthesized by template
polymerization of aniline along PAAMPSA-X at 1:1 monomer-to-
acid molar ratio in deionized water as described by Yoo et al.29

PANI:PSS was synthesized by template polymerization of aniline along
PSS according to published procedures.33 5 wt % aqueous dispersions
of PANI−PAAMPSA-X and PANI:PSS were prepared and stirred for 2
weeks prior to deposition.

Tensile Tests. Serpentine patterns of PANI−PAAMPSA-X or
PANI:PSS on polyimide substrate were prepared as described in our
previous work.19 Dichloroacetic acid, DCA (Sigma-Aldrich, 99%),
treatment was performed by vigorously shaking the samples at 100 °C
DCA for 3 min. Samples were annealed at 170 °C for 30 min and kept
under vacuum for at least 3 h to remove any residual DCA.33 Cyclic
tensile tests were performed by stretching the samples uniaxially in the
strain-sensitive direction of the serpentine pattern using an Instron
electromechanical universal testing machine (model 5969) following
previously published procedures.19 We performed cyclic tensile tests in
the elastic deformation region of the conducting polymers. The
resistances of the samples were recorded during the tensile tests using
a four-probe geometry with Agilent 4145B Semiconductor Parameter
Analyzer. At least three different films were tested for each sample, and
each film was exposed to at least 10 strain cycles. Gauge factors were
determined from linear fits to the normalized change in the resistance
of the serpentine patterns with applied strain.

Structural Characterization. GIXD experiments were conducted
at the G1 station (9.82 ± 0.05 keV) of the Cornell High Energy
Synchrotron Source. The beam was chosen to be 0.05 mm tall and 1
mm wide. PANI−PAAMPSA-X aqueous dispersions were spin-coated
on precleaned glass substrate at 1000 rpm for 60 s, and DCA
treatment was performed as described above. The width of each
sample was 5 mm. The X-ray beam was aligned above the conducting
polymer film’s critical angle but below that of the substrate, at a 0.17°
incident angle with the substrate. X-ray scattering was collected with a
2D CCD detector, positioned 113.9 mm from the sample. All GIXD
images have been background subtracted. The fractional crystallinity of
PANI−PAAMPSA-X films was calculated from their 2D-GIXD
patterns by dividing the crystalline area by the total area under the
azimuthally integrated traces. In order to calculate the total crystalline
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area, the area under the broad amorphous halo was subtracted from
the total area. Powder XRD data were collected using a Rigaku
Miniflex X-ray diffractometer (with Cu Kα radiation at 30 kV and 15
mA) at a scan rate of 0.6° min−1 by loading 100 mg of PANI−
PAAMPSA-45, PANI−PAAMPSA-724, and PANI:PSS. Dynamic light
scattering, DLS, experiments were performed using a ZetaSizer
Malvern DLS instrument (Malvern Instruments, Malvern, UK) with
a 633 nm laser and backscatter detection angle of 173° on 0.001 wt %
of PANI:PSS in 0.1 M NaCl aqueous solutions at 25 °C as described
by Yoo et al.20 0.1 M NaCl was added in order to screen interparticle
interactions. Hydrodynamic diameters of as-synthesized PANI−
PAAMPSA-X are obtained from previous publications.20
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