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Polymer Conductivity through Particle Connectivity
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Conducting polymers, especially those template-synthesized on polymer acids, have attracted
considerable attention for applications in organic and polymer electronics because of their processability
and patternability, excellent mechanical properties, and robust electronic properties. The template synthesis
of conductive polymers with polymer acids in aqueous media results in electrostatically stabilized
submicrometer particles. With a model system of polyaniline that is template-synthesized in a presence
of poly(2-acrylamido-2-methyl-1-propanesulfonic acid), or PAAMPSA, we show that the molecular
characteristics of PAAMPSA influence the size and size distribution of the particles. We further demonstrate
that it is the packing of these particles that governs macroscopic conduction in the solid state. Accordingly,
the macroscopic conductivity of such polymers scales linearly with particle density.

Introduction

Water-dispersible, polymer-acid-templated conductive poly-
mers are widely used as hole injection layers in organic light-
emitting diodes,'? buffer layers,>* and hole transport layers>®
within organic solar cells and as source and drain electrodes
in organic thin-film transistors.””® Despite their widespread
use, the materials properties of such water-dispersible
conductive polymer systems are highly variable depending
on the details of synthesis and processing. Depending on
the functional group of the polymer acid template, for
example, the electrical conductivities of solution-processable
poly(ethylene dioxythiophene), PEDOT, and polyaniline,
PANI, derivatives can vary by several orders of magnitude.
The conductivity of PANI can also vary dramatically
depending on the molecular characteristics of the polymer
acid.!®!! Post-synthesis processing can also have profound
effects on the electronic properties of PANI. The presence
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of moisture, for instance, can alter the work function of
PEDOT by as much as 0.8 eV.!>!? Post-deposition exposure
of PEDOT to a “secondary dopant”, such as ethylene glycol'*
or dimethylsulfoxide,' can dramatically increase its electrical
conductivity; the origin of this conductivity enhancement,
however, remains poorly understood. Given the promise of
organic electronics and the wide incorporation of conductive
polymers within these devices, it is imperative that we
understand the factors that govern the electronic and electrical
properties of these materials. With a model conductive polymer
system of PANI that is template synthesized on poly(2-
acrylamido-2-methyl- 1-propanesulfonic acid), PAAMPSA, we
demonstrate that the bulk conductivity of water-dispersible
conductive polymers is dependent on a single parameter
reducible from the molecular characteristics of the polymer
acid. In particular, polymer-acid-template synthesis of con-
ductive polymers results in electrostatically stabilized col-
loidal particles whose size and size distribution depend on
the details of the synthetic parameters. When drop-cast as
films, it is the number density of these particles that governs
the macroscopic conduction of the conductive polymer.

Experimental Section

PAAMPSA was synthesized by conventional free-radical po-
lymerization according to previously published procedures.'®!” We
also synthesized the polymer acid by atom transfer radical poly-
merization (ATRP)'®!° to ensure that it had a narrower molecular
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weight distribution compared to PAAMPSA. We separately refer
to these materials as aPAAMPSA. Table S1 in the Supporting
Information lists the relevant molecular characteristics of the
polymer acids, including the poly(ethylene oxide) equivalent
number-average molecular weight and the polydispersity index of
PAAMPSA (and aPAAMPSA).

To synthesize PANI, PAAMPSA (or aPAAMPSA) is first
dissolved in water. Aniline is then added and oxidatively polym-
erized along the polymer acid template. The detailed synthetic
procedures have been outlined previously.'®!! We refer to PANI
that is template-synthesized on PAAMPSA as PANI-PAAMPSA
and those template-synthesized on aPAAMPSA as PANI—
aPAAMPSA. With increasingly more sulfonic acid groups involved
in doping PANI during the course of polymerization, PAAMPSA
becomes decreasingly hydrophilic; PANI-PAAMPSA forms sub-
micrometer, electrostatically stabilized colloidal particles as a
consequence. Given the strong ionic interactions between the
sulfonic acid groups of PAAMPSA and the PANI backbone,? these
particles are arrested during template synthesis; their characteristics
do not change with further processing.

To characterize the size and size distribution of PANI-PAAMPSA
(and PANI—aPAAMPSA) particles, we conducted dynamic light
scattering (DLS) on dilute dispersions. Specifically, DLS experi-
ments were conducted on 0.0001 wt % PANI—PAAMPSA (or
PANI—aPAAMPSA) in 0.1 M NaCl aqueous solution at 25 °C.
NaCl was added to screen interparticle electrostatic interactions.
This salt concentration was selected after a series of control
experiments carried out at varying salt and polymer concentrations
(see Supporting Information for more details). As such, the mean
hydrodynamic diameters extracted from these measurements reflect
those of individual, isolated spherical particles.”' A total of 7 runs
of 10 scans each (at 10 s per scan) at 25 °C were conducted for all
PANI-PAAMPSA (and PANI—aPAAMPSA) dispersions. The
variations in the runs were used to determine the standard deviation
on the mean hydrodynamic diameter and its distribution. We
quantified the particle size distribution by characterizing the full
width of the number-weighted intensity distribution at half the
maximum intensity (FWHM). Measurements were carried out with
a Brookhaven Instruments Inc. BI-200SM, equipped with a neody-
mium-doped yttrium aluminum garnet (Nd:YAG) laser that operates
at 532 nm and an ALV 5000 autocorrelator at normal incidence.
The correlation functions were analyzed using the CONTIN
algorithm with inverse Laplace transformation. The size distribu-
tions reported herein are number-weighted intensity distributions
from DLS. The mean hydrodynamic diameters as well as the
FWHM of PANI-PAAMPSA (and PANI—aPAAMPSA) particles
are tabulated in Table S1.

We also conducted transmission electron microscopy (TEM) to
estimate the size of PANI—PAAMPSA (and PANI—aPAAMPSA)
particles. For TEM experiments, dilute PANI-PAAMPSA (and
PANI—aPAAMPSA) dispersions that were originally prepared for
DLS experiments were drop-cast on copper grids. Excess water
was wicked away with a piece of filter paper. A Zeiss 910 operating
at 100 keV was used to acquire images.

The solid-state structures of PANI-PAAMPSA (and PANI—
aPAAMPSA) were obtained on an atomic force microscope (AFM,
Digital Instrument Nanoscope Illa). Spin-coated PANI-PAAMPSA
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(and PANI—aPAAMPSA) films were prepared by spin-coating 5
wt % PANI-PAAMPSA (or PANI—aPAAMPSA) aqueous disper-
sions at 1000 rpm for 1 min on silicon wafers. The root-mean-
square (rms) roughness of PANI-PAAMPSA (and PANI—
aPAAMPSA) was quantified using NanoScope software ver.7.00b20.

The electrical conductivities were measured using the transmis-
sion-line method?>?* and the four-probe method’ at room temper-
ature with an Agilent 4145B Semiconductor Parameter Analyzer.
5 wt % PANI-PAAMPSA dispersions were prepared in water and
stirred for 10 days. The polymer dispersions were then drop-cast
onto glass substrates with predefined gold electrodes. The films
were left out to dry for 2 h before the electrical measurements. To
extract electrical conductivities using the transmission-line method,
the resistances between pairs of gold electrodes were measured and
plotted against the distances between electrodes (100—300 um);
the conductivity of the specimen was extracted from the inverse
slope of the data. During four-probe experiments, four gold
electrodes that were equally spaced 4.0 mm apart were employed.
The potential drop across the inner electrodes was normalized by
the current measured across the two outer electrodes to yield a
resistance that is free of parasitics. The inverse of this quantity
gave us the conductivity of the sample. We have made multiple
drop-cast films from different batches of dispersions and different
batches of polymerizations for each sample; the conductivities of
all of these films, whether extracted from the transmission-line
experiments or the four-probe measurements, were averaged to yield
the conductivity reported in Table S1. In each of these methods,
we used the same stencil masks to define electrical contacts so the
relative errors due to geometrical factors and dimension measure-
ments are zero across all samples. The standard deviations reported
in Table S1 thus reflect experimental errors in thickness measure-
ments. The thickness of the films was measured using a Dektek II.

X-ray photoelectron spectroscopy was conducted using a Physical
Electronics ESCA 5700 spectrophotometer equipped with a mono-
chromatic Al Ko X-ray source and a hemispherical analyzer. All
spectra were collected at a base pressure of 8 x 107!° Torr and a
sample current of 1.5 uA. Sputtering of PANI-PAAMPSA was
performed with an Ar" gun at an ionization energy of 250 eV. The
sputtering rate was estimated to be approximately 15 nm/min. High-
resolution scans in the nitrogen and sulfur regions were acquired
at 0.1 eV increments with a sweep time of 1000 ms/eV and 10
energy sweeps for each region. During data analysis, the XPS
spectra were all shifted so the binding energy of C 1s occurred at
284.5 eV to compensate for any possible charging effects due to
sputtering.”*>> After baseline subtraction using a Shirley back-
ground,” the nitrogen and sulfur high-resolution spectra were
deconvoluted with Gaussian functions using nonlinear least-squares
analysis. During peak fitting in the nitrogen and sulfur regions, the
full widths at half the maximum intensity (FWHM) of the peaks
and the peak positions were kept constant, with peak intensities
being the only floating parameters. Specifically, the nitrogen region
was deconvoluted into three individual peaks at 399.2, 400.4, and
401.3 eV accordingly to published peak assignments.”’-?® The
FWHM of the individual peaks were kept constant at 1.4 eV "2
The XPS data in the sulfur region were deconvoluted into three
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Figure 1. Atomic force microscopy topographical images of (a) PANI-PAAMPSA—724 (rms roughness of ~60.3 nm), (b) PANI-PAAMPSA—45 (rms
roughness of ~41.5 nm), and (c) PANI—aPAAMPSA—30 (rms roughness of ~36.4 nm).

doublets with individual peaks at the following: 163.5 and 164.7
eV; 167.5 and 168.7 eV; and 168.3 and 169.5 eV.192%30 The
individual peaks maintained a FWHM of 1.0 eV during peak
fitting.'>?*% Given that the integrated peak intensity is proportional
to the concentration of the individual species, the relative concentra-
tion of protonated nitrogens was determined by normalizing the
integrated peak intensities associated with N, by the total nitrogen
content. Similarly, the relative concentration of ionizied sulfonic
acid was determined by normalizing its integrated peak intensity
with that of total sulfur content. Changes in the relative concentra-
tions with film depth were obtained by normalizing the relative
concentrations against that obtained in the surface scan.

During simulations, we accounted for the packing of the particles
in the film by considering the particles to have the experimentally
determined size distribution, scaled in each system to yield
approximately 2000 particles, and assuming hard sphere interparticle
interactions. We simulated the “concentration” of this hard-sphere
system using the Lubachevsky-Stillinger algorithm.?! In this method,
event-driven molecular dynamics for the particles was carried out
in a periodically replicated simulation cell.*> Specifically, the
simulation cell volume was kept constant, and the radius of each
particle was allowed to “grow” linearly in time until the system
reached a jammed state.™ 3 As shown in the Supporting Informa-
tion, our simulations provided evidence that one can accurately
estimate the final particle surface area per film volume for each
experiment, A/V (or alternatively, the number density of particles,
0i), given the experimental particle-size distribution and by assuming
that all systems have the same packing fraction, ¢;.

Results and Discussion

We chose PAAMPSA as our polymer acid template
because its amide groups can hydrogen bond with water
so PAAMPSA is more “hydrophilic” compared to the
more conventional polymer acid template of poly(styrene
sulfonic acid).” More importantly, its sulfonic acid groups
can proton-dope PANI to render electrical conductivity
while excess sulfonic acid groups promote water dispers-
ibility, thereby solution processability. To examine how
the molecular parameters of PAAMPSA influence the
macroscopic electrical properties of PANI—PAAMPSA,
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we synthesized two series of polymer acid templates as a
function of molecular weight, one by conventional free-
radical polymerization so the molecular weight distribution
of PAAMPSA is broad (characterized by polydispersity
index (PDI) = 1.4) and the other series by ATRP so the
molecular weight distribution of the polymer acid is
narrow in comparison (PDI < 1.3).'%!! Figure 1 shows
AFM micrographs of several films of PANI-PAAMPSA
of varying polymer acid molecular weight and molecular
weight distribution drop cast from 5 wt % aqueous
dispersions. The micrograph of PANI-PAAMPSA—724,
which was template polymerized on PAAMPSA having
a molecular weight of 724 kg/mol and a PDI of 1.64, is
highly irregular and reveals large particles of approxi-
mately a micrometer in size (Figure la). The rms
roughness of this film is 60.3 nm. Given the polydispersity
in the size of the particles, it is not surprising that the
roughness is only a fraction of the mean particle size.*
Similarly drop-cast PANI-PAAMPSA—724 films exhibit
a conductivity of 0.43 £ 0.02 S/cm. In contrast, the
micrograph of PANI-PAAMPSA—45, which was tem-
plate synthesized on PAAMPSA having a molecular
weight of 45 kg/mol and a PDI of 1.43, appears smoother
(Figure 1b); smaller particles make up this film having a
rms roughness of 41.5 nm. The conductivity of PANI—
PAAMPSA—45 films is 1.09 = 0.03 S/cm. The micro-
graph of PANI-—aPAAMPSA—30 is shown in Figure lc.
This PANI was derived from the template polymerization
of aniline on aPAAMPSA having a molecular weight of
30 kg/mol, but a significantly reduced PDI of 1.16. The
particles in PANI—aPAAMPSA—30 appear to be com-
parable in size with those in PANI-PAAMPSA—45 and
the film is characterized by a rms roughness of 36.4 nm.
PANI—aPAAMPSA—30 films exhibit a conductivity of
2.39 £ 0.03 S/cm. Figure 2 plots the electrical conductiv-
ity of PANI-PAAMPSA (and PANI—aPAAMPSA) as a
function of the molecular weight of the polymer acid for
all the samples examined. With decreasing polymer acid
molecular weight, the electrical conductivity of PANI—
PAAMPSA (and PANI—aPAAMPSA) increases. The
electrical conductivity further increases by a factor of 2
to 3 when a polymer acid of comparable molecular weight
but narrower molecular weight distribution is used to
template synthesize PANI. Strong correlations thus exist
between the molecular characteristics of the polymer acid
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Figure 2. Bulk conductivities of PANI—PAAMPSA (M) and PANI—aPAAMPS A
(®) with varying PAAMPSA (and aPAAMPSA) molecular weights. The
PDIs of PAAMPSA (and aPAAMPSA) are labeled in brackets accordingly.

and the electrical conductivity of the resulting PANI—
PAAMPSA (and PANI—aPAAMPSA).!%!1

Given the differences in the solid-state structures of
PANI-PAAMPSA (and PANI—aPAAMPSA), we surmise
that how these electrostatically stabilized colloidal particles
pack when drop cast as films must influence macroscopic
conduction in these materials. To assess how PANI—
PAAMPSA (and PANI—aPAAMPSA) particles pack, we
need to first obtain quantitative information about the size
and size distribution of the particles that are involved. We
thus turned to DLS experiments on dilute aqueous dispersions
of 0.0001 wt % PANI—PAAMPSA (and PANI—aPAAMPSA)
in 0.1 M NaCl to quantify the mean particle size and size
distribution. Figure 3 contains the number-weighted size
distribution of PANI—PAAMPSA—724, PANI-PAAMPSA—
45, and PANI—aPAAMPSA—30 from such DLS experi-
ments. The mean hydrodynamic diameters extracted from
these distributions are 1230 + 25, 543 £+ 9, and 560 + 11
nm, respectively, for the three PANI-PAAMPSA (and
PANI—aPAAMPSA) complexes. To confirm that the mean
hydrodynamic diameters truly represent the size of isolated
individual particles and not aggregates due to interparticle
electrostatic interactions,?! we carried out transmission
electron microscopy (TEM) on PANI-PAAMPSA and
PANI—aPAAMPSA. TEM specimens were prepared by
drop-casting the same dilute aqueous dispersions used in DLS
experiments on copper grids. Representative TEM micro-
graphs of PANI-PAAMPSA—724, PANI-PAAMPSA—45,
and PANI—aPAAMPSA—30 are shown in Figures 3d—f.
These particles appear to be spherical and their sizes
consistent with those extracted from DLS. We did not see
any evidence of aggregation during TEM experiments.
Collectively, our experiments indicate that PANI-PAAMPSA
(and PANI—aPAAMPSA) particle size increases with in-
creasing molecular weight of PAAMPSA. We also charac-
terized the size distribution of the particles by quantifying
the FWHM of the DLS intensity distribution. The FWHM
of the intensity distributions of PANI-PAAMPSA—724,
PANI-PAAMPSA—45, and PANI—aPAAMPSA—30 are
926 £ 69, 636 £+ 12, and 374 & 4 nm, respectively. The
size distribution of the particles thus scales with the molecular
weight distribution of the polymer acid. Accordingly,
the relationship between the molecular characteristics of
PAAMPSA (or aPAAMPSA) and the size and size distribu-
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tion of PANI-PAAMPSA (or PANI—aPAAMPSA) particles
implicates a correlation between the characteristics of the
particles and the macroscopic electrical properties of
PANI—PAAMPSA (and PANI—aPAAMPSA), with smaller
particles and those of narrower size distribution leading to
higher conductivities when PANI-PAAMPSA (or PANI—
aPAAMPSA) is cast as films.

To address how the particles pack when cast as films, we
quantified the connectivity of the particles given our DLS
results based on eq 1 below:

@= %”pi () dr (D
In eq 1, fi(r) is the normalized particle size distribution
that is experimentally obtained by DLS of specimen i and
pi is the number density of particles. Given that PANI—
PAAMPSA (and PANI—aPAAMPSA) particles are spherical
and individually isolated, we assumed that our materials
system can be adequately modeled with hard-sphere inter-
particle interactions. Assuming hard spheres with radius r,
the macroscopic packing fraction, ¢;, can be estimated.
Alternatively, if ¢; is known, one can estimate the number
density of particles within a solid film, given the intensity
distributions from DLS. We have performed extensive
molecular dynamics simulations of film formation of
PANI-PAAMPSA (see details in the Supporting Informa-
tion). Provided that crystallization is avoided, these simula-
tions demonstrate that the macroscopic packing fraction, ¢,
is largely independent of particle size and size distribution
and is insensitive to the rate at which the particles are
concentrated during film formation. Of simulations carried
out with the intensity distributions from DLS using the fastest
concentration rate, ¢; = 0.649 + 0.007. Given the DLS
intensity distributions and assuming a constant ¢; across all
samples (see Supporting Information for numerical justifica-
tion), we are thus able to estimate p; for individual
PANI-PAAMPSA and PANI—aPAAMPSA specimens.
Figure 4a plots the conductivity of PANI-PAAMPSA
(and PANI—aPAAMPSA) as a function of p;. A total of 12
PANI-PAAMPSA (and PANI—aPAAMPSA) specimens
synthesized on polymer acid templates having varying
molecular characteristics were examined. We observe that
the conductivity of PANI—PAAMPSA (and PANI—aPAAMPSA)
scales linearly with a single parameter, i.e., p;, reducible from
the molecular characteristics of PAAMPSA (and aPAAMP-
SA). To further explore how the conductivity is influenced
by the connectivity of these particles in the solid state, we
estimated the particle surface area per unit volume of the
cast film, A/V, based on eq 2 below:

Ay/V=4mp, [ PH(r) dr )

The variation of electrical conductivity of PANI—
PAAMPSA (and PANI—aPAAMPSA) with A/V is plotted
in Figure 4b. We observe that the conductivity increases
superlinearly with A;/V, suggesting that charge transport does
not occur through the bulk of the particles. If macroscopic
conduction were to occur through the bulk of the particles
(i.e., if the particles were chemically homogeneous), one
would expect the conductivity to be—at best—constant with
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Figure 3. Particle size distributions of (a) PANI-PAAMPSA—724, (b) PANI-PAAMPSA—45, and (c) PANI—aPAAMPSA—30 measured by dynamic
light scattering at 25 °C in 0.1 M NaCl (0.0001 wt % polymer); transmission electron microscopy images of (d) PANI-PAAMPSA—724, (e)
PANI-PAAMPSA—45, and (f) PANI—aPAAMPSA—30 revealing individual spherical particles whose sizes are consistent with those measured by DLS.
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per unit cast film, A/V, respectively. p; and A/V are calculated based on the assumption of ¢; = 0.64 for all polymers examined. A fit (dashed line) to the

data is included in each graphic.

increasing A;/V since the macroscopic volume fractions for
all the samples are comparable. In fact, and perhaps more
realistically, particle—particle contacts along the conduction
paths provide points of resistance, and since their numbers
generally increase with A;/V, one would expect the conduc-
tivity to decrease with A;/V for films comprising chemically
homogeneous particles. Because conductivity increases with
A/V in PANI—PAAMPSA (and PANI—aPAAMPSA), we
are left to hypothesize that the conductive portions are
preferentially segregated to the surface of the particles.
The notion of surface-mediated conduction is surprising
in polymer-acid-templated conductive polymer systems and
necessitates that the PANI—PAAMPSA (and PANI—
aPAAMPSA) particles are compositionally heterogeneous.
Specifically, the surface of the particles must be more
conductive than the interior for conduction to preferentially
occur along the surface. This observation is in contrast with
what is known for commercially available PEDOT—PSS,
where a thin overlayer of the insulating polymer acid is
frequently observed.?”*® This PSS overlayer not only hinders
macroscopic conduction but also can change the work

function of PEDOT—PSS depending on the exposed humid-
ity.!> We carried out depth profile measurements in conjunc-
tion with X-ray photoelectron spectroscopy (XPS) to examine
the concentration profile of PANI-PAAMPSA—724. An
argon ion beam was used to sputter-etch PANI-PAAMPSA—
724 for 5—10 min intervals and XPS measurements were
conducted after each interval to probe the changes in the
chemical environment with film depth.

Parts (a) and (b) of Figure 5 contain high-resolution XPS
spectra in the nitrogen and sulfur regions, respectively, with
increasing film depth. The nitrogen spectrum was deconvo-
luted into three components: a peak located at 399.2 eV
attributed to the amide groups in PAAMPSA; one centered
at 400.4 eV attributed to the protonated nitrogens associated
with polarons and bipolarons in PANI-PAAMPSA (de-
noted N;7); and a third located at 401.3 eV attributed to
protonated nitrogens that are ionically associated with the

(37) Hwang, J.; Amy, F.; Kahn, A. Org. Electron. 2006, 7, 387.
(38) Xing, K. Z.; Fahlman, M.; Chen, X. W.; Inganas, O.; Salaneck, W. R.
Synth. Met. 1997, 89, 161.
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Figure 5. XPS spectra of the (a) nitrogen and (b) sulfur regions for (i) as-cast PANI-PAAMPSA—724 (with peak deconvolution) and the same film upon
sputtering for (ii) 75 nm, (iii) 150 nm, (iv) 300 nm, (v) 450 nm, (vi) 600 nm, and (vii) 750 nm. The overall fit is shown with a solid line in each spectrum.
The relative concentrations of protonated nitrogen (N,", W) and ionized sulfur (—SO;~, @), normalized by the surface concentrations of the respective

elements before sputtering, are shown in (c).

sulfonic acid groups in PAAMPSA (denoted N,).2’2® The
concentration of protonated nitrogens is high in the surface
scan (Figure 5a—i); its concentration decreases relative to
that of the amide as we sputter into the PANI-PAAMPSA
film. This trend is quantified in Figure 5c where the relative
concentration of N,", normalized to that on the surface, is
plotted as a function of film depth. The concentration of N,*
decreases rapidly with film depth; it then levels off at
approximately 300 nm below the surface. A similar analysis
was carried out with the sulfur region of the XPS scans. The
sulfur XPS scans can be deconvoluted into two sets of
doublets: a pair with peaks located at 167.5 and 168.7 eV
and another with peaks located at 168.3 and 169.5 eV.!3%
The doublet at lower binding energy corresponds to sulfurs
in the ionized sulfonic acid groups of PAAMPSA (—SO5")
while that at higher binding energy corresponds to sulfurs
in the sulfonic acid groups of PAAMPSA (—SO;H) that do
not participate in the protonation of PANL!'>3*® With increas-
ing film depth, the concentration of ionized sulfonic acid
decreases relative to that of the neutral sulfonic acid. This
trend is also quantified in Figure 5c where the relative
concentration of ionized sulfonic acid, normalized by the
surface concentration, is plotted with film depth. Similar to
the concentration of protonated nitrogens, that of ionized
sulfonic acid decreases rapidly with film depth; this decay
slows down as we probe deeper into the film. We note,
however, one subtlety between the decay in the relative
concentration of N, and that of ionized sulfur. The relative
concentration of N, plateaus at 300 nm below the film
surface whereas the relative concentration of ionized sulfonic
acid continues to decrease. We believe this difference is due
to slight deterioration of the film by ion sputtering. Indeed,
a careful inspection of the sulfur XPS spectra in Figure 5b
reveals the emergence of an additional doublet whose peaks
are at 163.5 and 164.7 eV; this doublet is attributed to

elemental sulfur or thiol moieties (—SH).>* The constant
bombardment of argon ions can lead to oxygen loss within
the sulfonic acid groups of PAAMPSA, which in turn leaves
behind elemental sulfur or thiols. Such ion beam damage
was previously reported during sputtering and depth profile
experiments conducted on PEDOT—PSS.* Despite the slight
film damage observed, however, our XPS depth profiling
experiments convincingly indicate that the concentrations of
the ionized species of PANI (protonated nitrogens) and
PAAMPSA (ionized sulfonic acid groups) are preferentially
enhanced on the exterior of the particles. We thus ascribe
surface-mediated conduction in PANI-PAAMPSA (and
PANI—aPAAMPSA) to the preferential enhancement of
protonated nitrogen and ionized sulfonic acid groups at the
surface of the particles.

Conclusions

The electrical properties of PANI-PAAMPSA (and
PANI—aPAAMPSA)—like those of other polymer-acid-
templated conductive polymers—depend strongly on the
details of the synthesis parameters. But variations in the
molecular characteristics of the polymer acid template can
be reduced to a single parameter, to which the electrical
conductivity in the solid state can be related. This finding is
general and should be applicable to any conductive polymers
that are derived from such a polymer acid template synthesis
procedure. Such syntheses result in the formation of elec-
trostatically stabilized colloidal particles, whose packing
in the solid state dictates macroscopic conduction. The ability
to relate variables that are tunable at the onset of synthesis
to influence the characteristics of the particles presents new

(39) Crispin, X.; Marciniak, S.; Osikowicz, W.; Zotti, G.; Gon, A. W.D. V.
D.; Louwet, F.; Fahlman, M.; Groenendaal, L.; Schryver, F. D
Salaneck, W. R. J. Polym. Sci., Part B: Polym. Phys. 2003, 41, 2561.
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opportunities to predict the electrical properties of conductive
polymers a priori and, accordingly, to controllably manipulate
design parameters for target properties.
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