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Conducting polymers continue to be the focus of active
research in diverse fields including electronics,1 energy
storage,2 catalysis,3 chemical sensing,4 and biochemis-
try.5 Polyaniline is one of the most well studied and
industrially important conducting polymers.6 Herein
we describe a nucleophilic substitution reaction involv-
ing thin films of polyaniline (ca. 0.1 µm)7 and 4-substi-
tuted benzenediazonium ions, resulting in poly(N-(4-
substituted phenyl)aniline). Cyclic voltammetry demon-
strates that the chemical modification destroys electro-
activity of the film and proceeds via a diffusion-
controlled rate-limiting step. As a result, the extent of
modification can be varied by controlling the reaction
time. The unmodified portion of the film remains
completely electroactive with no evidence of increased
resistance to charge transport into or out of the film.
X-ray photoelectron spectroscopy (XPS) indicates that
within the modified regions each nitrogen in the poly-
aniline backbone reacts in a nucleophilic substitution
reaction.
Recent research in the area of conducting polymers

has placed considerable emphasis on controlling both
chemical and electronic properties in the bulk polymer9-12

and at its interface.13 It has been previously shown that
the rate of nucleophilic reactions involving polyaniline
can be controlled by varying the electrochemical poten-
tial of the polymer.13 These results demonstrate that
bulk chemical modification of polyaniline can be achieved
in a controlled and, in some cases, reversible fashion.
However, the ability to introduce a wide variety of
functional groups and to control their spatial distribu-
tion within conducting polymers has yet to be demon-
strated. This degree of control over the interfacial
chemistry of conducting polymers will greatly impact
our ability to tailor conducting polymeric materials for
specific tasks ranging from sensing to electrocatalysis.
Reactions involving arenediazonium ions play an

important role in synthetic organic chemistry.14 Be-
cause of the reactivity of arenediazonium ions with
nucleophiles14 and the high concentration of diaryl-
amines in the polyaniline backbone, it should be possible
to introduce a broad range of functional groups into
polyaniline using substituted arenediazonium ions.
Further, because of the high concentration of diaryl-
amines and the resistance to mass transport within
polyaniline, the reaction is likely to be diffusion-
controlled. A diffusion-controlled reaction should pro-
vide a means for controlling the modification of the film
(i.e., the modification will occur gradually from the
interface into the bulk) resulting in modified and
unmodified regions, where the dimensions of these
regions can be controlled by the exposure time and the
diffusion coefficient of the arenediazonium ions within
the film.
Chemical modification of polyaniline was achieved by

immersing freshly prepared thin films15 into a 1.0 M
H2SO4 solution containing 50 mM of the 4-substituted
benzenediazonium tetrafluoroborate salt for 5 min to 4
h without stirring (caution: although the tetrafluoro-
borate salts of substituted benzenediazonium salts are
stable, other salts can be explosive). Reduction of
polyaniline films15 is required for modification since no
evidence of modification was observed when the films
were exposed to solutions of substituted benzenediazo-
nium salts in their oxidized state (i.e., +0.60 V vs Ag/
AgCl). The thicknesses of the thin films were varied
by controlling the charge passed during the electro-
chemical deposition of polyaniline and were estimated
in the range 0.07-0.10 µm.7,15 The modified films were
then rinsed with copious amounts of 1.0 M H2SO4 and
characterized by XPS16 and cyclic voltammetry.
Progress of the reaction between polyaniline and

substituted benzenediazonium ions was followed by
monitoring the anodic peak current from cyclic volta-
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mmetry, ip,a, for the oxidation of the polyaniline film as
a function of time (Figure 1). Since the completely
modified polyaniline films were found to be electroin-
active within the potential window shown in Figure 1,
and since the ip,a of polyaniline did not decrease as a
function of time in the absence of the substituted
benzenediazonium ion, the anodic peak current was
assumed to be proportional to the amount of unmodified
polyaniline. The cyclic voltammograms in Figure 1
indicate that modification of a thin polyaniline film with
4-nitrobenzenediazonium ion does not alter the move-
ment of charge into or out of the polymer film. For
example, modification does not result in significant
increases in the peak potential separation (∆Ep) typi-
cally associated with increasing iR drops.17 In addition,
log-log plots of anodic peak current versus scan rate
for both unmodified and modified films (reacted for 10
min) have slopes of 1.18
Linear plots of anodic peak current as a function of

the square root of the reaction time (Figure 2) indicate
that the modification of polyaniline with both 4-ni-
trobenzenediazonium and 4-methoxybenzenediazonium
ions is diffusion-limited for films of different thicknesses.
The similar slopes for both 4-substituted benzenedia-
zonium ions suggest that their diffusivities are similar.
An average apparent diffusion coefficient for the 4-sub-
stitued benzenediazonium ions within the polyaniline
films can be estimated from the inset plot in Figure 2
by assuming that a film thickness of 0.1 µm7 corre-
sponds to an initial ip,a of 6.1 mA (grown by passing 30
mC cm-2)15 and that the diffusion coefficient for the
4-substituted benzenediazonium molecule is the same
in the modified and umodified polymer. Using the
reaction time required to modify the film completely
from Figure 2 and the equation for the root-mean-square
displacement of a diffusing species,19 ∆h ) x2Dt (D is

the diffusion coefficient (cm2 s-1) and t is the time
(seconds)), an average apparent diffusion coefficient of
2.1 × 10-15 cm2 s-1 is obtained. Such a small apparent
diffusion coefficient indicates that these species will
diffuse over very small distances as a function of time,
thereby allowing a great deal of control over the
modification process at the interface.
XPS spectra of the N1s region obtained from poly-

aniline films reacted with 4-nitrobenzenediazonium ion
for different times are shown in Figure 3. The N1s peak
area ratios of oxidized nitrogen (405 eV for the nitro
group)20 to reduced nitrogen (around 400 eV for neutral
amines, protonated amines, imines, and/or azo groups
that could be formed during modification)20 were cal-
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127-130.

Figure 1. Cyclic voltammograms of a polyaniline thin film
(grown by passing 30 mC cm-2 and corresponding to a film
thickness of approximately 0.1 µm)12 modified by exposure to
50 mM 4-nitrobenzenediazonium tetrafluoroborate in 1.0 M
sulfuric acid for (s) 0 min, (- - -) 5 min, and (‚‚‚) 15 min; scan
rate ) 10 mV s-1.

Figure 2. Plot of anodic peak current, ip,a, versus reaction
time for polyaniline thin-films (9, b)∼0.1 µm, (0, O)∼0.7 nm)7
reacted with (0, 9) 50 mM 4-nitrobenzenediazonium tetrafluo-
roborate; and (O, b) 50 mM 4-methoxybenzenediazonium
tetrafluoroborate; in 1.0 M sulfuric acid. Inset plot of initial
anodic peak current (t ) 0) versus square root of the total
reaction time (determined from the X intercept of ip,a versus
t1/2).

Figure 3. N1s XPS core-level spectra of the polyaniline films
modified in 50 mM 4-nitrobenzenediazonium tetrafluoroborate
in 1.0 M sulfuric acid for (a) 0 min, (b) 10 min, and (c) 4 h. N1s

peak for nitro groups occurs at approximately 405 eV and N1s

peaks for amines in the polymer backbone occur at around 400
eV.
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culated to be 0.0, 1.0, and 0.99 for the unmodified film
and films modified for 10 min and 4 h, respectively. The
C1s to N1s ratios in the same films were calculated to be
6.0, 5.9, and 6.1 respectively. The 1:1 ratio of oxidized
to reduced nitrogen and the 6:1 ratio for carbon to
nitrogen indicates that the mechanism of chemical
modification is nucleophilic displacement10 (Scheme 1).
For example, if absorption of the 4-nitrobenzenediazo-
nium ion or azo linkage formation20 were responsible
for the incorporation of nitro groups into the film, the
ratio of oxidized to reduced nitrogen would be less than
1 and the ratio of carbon to nitrogen would be less than
6.
The fact that the reaction of 4-methoxybenzenedia-

zonium ion with polyaniline is diffusion limited (Figure
2) and yet is reported to have the slowest kinetics for
homogeneous nucleophilic displacement reactions in
acidic solutions for a series of 4-substituted benzene-
diazonium ions (R ) -H, -CH3, -C2H5, -C(CH3)3,

-C6H5, -OH, -OCH3, -Cl, -Br, -NO2)21 suggests that
the reactions of polyaniline with any of the 4-substituted
benzenediazonium ions in the series will be diffusion-
controlled. These results demonstrate that nucleophilic
reactions of polyaniline with substituted benzenediazo-
nium ions can be used to introduce a wide range of
functional groups into polyaniline films. Furthermore,
this approach eliminates the need for synthesizing
substituted diarylamine monomers that can be used for
generating N-substituted polyaniline derivatives.22 Since
the nucleophilic substitution reaction is diffusion-
controlled, a great deal of control over the spatial
distribution of chemical modification (on a nanometer
scale) can be achieved. This control allows optimization
of the chemistry of the polymer interface while main-
taining the conductivity of the bulk polymer. We are
currently investigating the details of the chemical,
electronic, and morphological properties of the interface
between the modified and unmodified polymer.
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