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Redox interaction of sulfonated polyaniline with vanadium(IV) in water
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The redox interaction between poly(2-methoxyaniline-5-sulfonic acid) (PMAS, emeraldine form) and
V(IV) readily occurred to produce the PMAS(red) and V(V) species in an aqueous solution. Notably, molec-
ular oxygen was able to reoxidize PMAS(red) to form the catalytic redox cycle. This redox interaction was
effectively observed in basic conditions rather than in acidic ones.

� 2008 Elsevier Ltd. All rights reserved.
Figure 1. PMAS, emeraldine 1.
Catalytic oxidation reactions in biological systems depend on
efficient multi-redox cycles using molecular oxygen as a terminal
oxidant.1 The construction of such artificial cycles is envisioned
to be not only useful in organic reactions, but also important in
view of ecological chemistry.2–4 We have investigated the con-
struction of multi-redox systems based on d,p-conjugation of poly-
anilines with various metal ions (i.e., Pd(II), Cu(II), and V(III))5,6 or
metal nanoparticles.7 Their catalytic application has also been
demonstrated in some oxidation reactions like the Wacker
reaction.8 The development of such catalytic systems in water is
considered to afford ecological redox catalysts. Water-soluble,
redox-active, and self-doped fully sulfonated polyaniline, poly(2-
methoxyaniline-5-sulfonic acid) (PMAS, emeraldine 1, Fig. 1),9

was selected in this study to serve as a redox mediator. Vanadium
compounds are known to show various redox behaviors in some
aqueous solutions with various ranges of pH.10 We herein report
the redox behavior between V(IV) species and PMAS in an aqueous
solution.

PMAS emeraldine 1 was presented by Mitsubishi Rayon Co.
Compound 1 was deionized through cation-exchange resins before
use. The redox interaction was mainly studied by UV–vis spec-
trometry in various pHs. In the case of pH 8.8, the addition of
VOSO4 (10 equiv) to an aqueous solution of PMAS (0.1 mM based
on the aniline unit, 1 equiv) immediately decreased the polaron
band at 472 nm11 assignable to a PMAS emeraldine form
(Fig. 2b). Concurrently, the new peak appeared at 408 nm. After
1 h, the polaron band was gradually restored over a day with de-
crease in the peak at 408 nm (Fig. 2b). The isosbestic point was ob-
served at 345 nm in 0–1 h, suggesting the oxidation reaction of
ll rights reserved.
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V(VI) to V(V) (Fig. 2a). On the other hand, after 2 h, another isos-
bestic point appeared at 422 nm. It is likely to show the reoxida-
tion reaction process of PMAS(red) 2 to 1 (Fig. 2a). To confirm
these redox processes, several experiments were conducted as fol-
lows. When the same reaction was carried out under argon, the
restoration of the polaron band was not observed even after 16 h.
However, once molecular oxygen was bubbled into the reaction
mixture, the polaron band was restored with decrease in the peak
at 408 nm. These results indicate that the reduction of 1 occurs to-
gether with the oxidation of the V(IV) species to the V(V) ones in
the beginning of the reaction. The thus-obtained reduced PMAS
was then oxidized under molecular oxygen. These redox processes
were spectroscopically confirmed by the comparison of the UV–vis
spectra using PMAS(red) 2, which was separately prepared by
hydrogenation of 1 (Scheme 1). This reaction was also conducted
in a D2O solution to support the oxidation state of the vanadium
species using 51V NMR. The new peak was observed at
�576.3 ppm in 51V NMR after stirring for 1 h,12 which showed
the presence of V(V). These findings indicate the formation of a re-
dox cycle in an aqueous solution (Scheme 2). The observed redox
interaction might be induced differently, probably due to the pres-
ence of the sulfonate moiety in PMAS, from our previous cases in
organic media, where the coordination of the quinonediimine moi-
ety of polyaniline contributes to the redox interaction.5,6



Scheme 1. Hydrogenation of 1.

Scheme 2. Redox cycle of PMAS.

Figure 3. (a) Reaction scheme for the oxidation of V(IV). (b) Graph showing the
relationship between the yield of V(V) and time.

Figure 2. Redox interaction of 1 and VOSO4 at pH 8.8: (a) reaction scheme, (b) time-
dependent UV–vis spectra (1: 0.1 mM based on the aniline unit).
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Quantitative determination for V(V) was carried out using 51V
NMR to investigate the effect of PMAS as a redox mediator.
10 mol % of PMAS was mixed with VOSO4 at pH 8.8 (concentra-
tion of VOSO4: 1.0 � 10�2 mM in a phosphate buffer D2O solu-
tion). The progress of the reaction is shown in Figure 3. After
stirring at room temperature for 2 h under air, V(IV) was con-
verted to V(V) in 96% yield, where the turn over number of
PMAS was almost 10. On the other hand, the absence of PMAS
afforded V(V) species in a low yield (13%). These results clearly
indicate that PMAS works as a redox mediator to accelerate
the oxidation reaction of V(IV).
The redox interaction of PMAS and V(IV) was further investi-
gated in basic, neutral, and acidic conditions. VO(acac)2 was exam-
ined as another vanadium(IV) species. One equivalent of VO(acac)2

was added to an aqueous solution of PMAS (0.1 mM based on the
aniline unit, 1 equiv). Figures 4a and b show the UV–vis spectra.
In the case of the basic conditions (pH 8.8), a similar trend in the
spectral changes was observed as described with VOSO4 in the pre-
vious paragraph, while the changes were smaller due to the use of
less amount of V(IV) (Fig. 4a). In the neutral conditions, the redox
reaction was also observed while the efficiency of the reaction was
lower in comparison with that in the basic ones (Fig. 4b). However,
the acidic conditions were undesirable for the redox interaction
since no significant changes were exhibited around the polaron
bands in the UV–vis spectra.

In conclusion, the present study revealed that the redox interac-
tion between 1 and V(IV) readily occurs to produce 2 and V(V) spe-
cies in an aqueous solution. Notably, molecular oxygen was able to
reoxidize 2 to form the redox cycle, which provides the V(V) spe-
cies. These redox cycles effectively work in the basic conditions
rather than in the acidic ones. In many biological systems, redox-
active mediators often play an important role to facilitate reoxida-
tion of a reduced form of the transition metal catalyst. Thus-con-
structed water-soluble redox systems are considered to be
addressed as a new class of bio-inspired redox systems. Since high
valent vanadium complexes are known to catalyze various oxida-
tion reactions,13 the catalytic application in water is now in
progress.



Figure 4. Time-dependent UV–vis spectra of the reactions between 1 and
VO(acac)2 at (a) pH 8.8 and (b) pH 6.9.
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