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ABSTRACT: The interaction of emeraldine base polyaniline (EB) with Cu(II), Fe(III), and Zn(II) in 1-methyl-
2-pyrrolidinone (NMP) solution was monitored using electronic UV-vis-NIR, resonance Raman, and electron
paramagnetic resonance (EPR) spectroscopies. The films prepared from these solutions were also spectroscopically
characterized. It was demonstrated that the nature of the products (semiquinone and quinone segments) formed
from the interaction of EB and metal ions is strongly dependent on the nature of the cation, the metal/EB molar
ratio, and the concentration of the components. The presence of semiquinone segments (radical cation) in EB
solutions with Cu(II) and Fe(III) was undoubtedly confirmed by the observation of an electronic absorption band
at ca. 900 nm, a characteristic Raman band at ca. 1330 cm-1 (νC-N•+), and also an EPR signal atg ) 2.006. The
influences of metal/EB molar ratio and metal ion concentration on the formed species were investigated in Cu(II)
and Fe(III) solutions, and it was verified that diluted solutions favor the formation of oxidized segments
(pernigraniline) instead of doped ones (emeraldine salt). No matter the nature of metal ion solutions, all the
polymeric films show a spectroscopic behavior of ES (doped polymer) according to electronic and Raman
spectroscopic data.

Introduction

Polyaniline (PANI) electrical properties are reversibly con-
trolled through redox or protonation reactions.1,2 The oxidation
state of PANI can vary from the fully reduced (leucoemeraldine
base, LB) to half oxidized (emeraldine base, EB) and then to
the fully oxidized form (pernigraniline base, PB). The conduct-
ing form of PANI, emeraldine salt (ES), can be obtained by
protonation of emeraldine base (EB).3 This protonation reaction
causes an increase in PANI electrical conductivity of ca. 10
orders of magnitude.3 The protonation occurs preferentially at
imine nitrogen atoms and is followed by an internal redox
reaction that results in the formation of semiquinone segments
(radical cation).2,4 The interconversion process of different forms
of PANI and their structures are shown in Scheme 1.

Another way to increase the PANI conductivity is through
complexation reaction of EB with alkali metal salts,5-8 Lewis
acids,9-13 and transition metal salts.14-21 Doping process with
alkali metal salts proceeds through coordination to the lone pair
on imine nitrogen atoms in the chain backbone of EB; this
process is called pseudo-protonation.8 Lewis acids doping
consists in the treatment of EB with Lewis acids such as FeCl3,
AlCl3, SnCl4, and GaCl3 in strictly anhydrous conditions. It was
shown that this type of doping occurs on both amine and imine
nitrogen atoms.10 Transition metal salts are also employed for
polyaniline doping, and the mechanism depends on the nature
of the metal ions.16,19In the case of Zn(II), which does not have
an oxidizing character, the radical cation segments formation
was assigned to the pseudo-protonation at imine nitrogen atoms
without redox reaction between the metal ion and EB.8 On the
other hand, the obtained products from the interaction of Eu-
(III) and EB were doped ES and Eu(II) ions.18 Dimitriev19

proposed the following steps in the doping mechanism for metal
salts which could act as oxidizing agents: the metal ions oxidize

the amine nitrogen atoms giving imine nitrogen of EB and the
reduced form of metal cations; after this, the reduced metal ions
coordinate to the lone pair on imine nitrogen in the chain
backbone; then, reduced cations are oxidized by the imine
groups, resulting in radical cation segments and the oxidized
cations.

The EB-transition metal cationic complexes can be prepared
both in suspension and in solution media. In the suspension
route, an EB suspension (e.g., in nitromethane) is treated with
a solution of a transition metal salt in the same solvent.14,17,21

In the solution route, EB dissolved in 1-methyl-2-pyrrolidinone
(NMP) is mixed with transition metal salts dissolved in the same
solvent.22 The resulting solution is used to prepare films by drop-
casting.5,7,16

The interest in the study of conducting polymer-transition
metal salts complexes is related not only to the doping process
but also to their applications in corrosion control,23-25 cataly-
sis,22,26 and sensors.27

Our group has been using resonance Raman spectroscopy for
the characterization of conducting polymers. This technique
allows selecting each chromophoric segment present in the
polymeric chain by changing the exciting radiation.28 In a
previous work using this approach,21 we demonstrated the
formation of semiquinone segments (radical cation) upon
coordination of Cu(II), Fe(III), and Zn(II) ions to EB prepared
by suspension route. It was also observed the formation of
oxidized segments (pernigraniline-like) in the early stages of
the doping reaction with Cu(II) and Fe(III). These metal ions
were focused because Fe(III) and Cu(II) are usually employed
as oxidizing agents in PANI synthesis;1,2 on the other hand,
Zn(II) was chosen because it is a nonactive redox ion.

In the present work, reactions between EB solution in NMP
and metal salts of Fe(III), Cu(II), and Zn(II) were monitored
through electronic UV-vis-NIR, resonance Raman, and EPR
(electron paramagnetic resonance) techniques for the first time.
These spectroscopic techniques permitted to identify the species* Corresponding author. E-mail: mlatempe@iq.usp.br.
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formed in NMP solution containing EB and Cu(II), Fe(IIII), or
Zn(II) ions. The influence of PANI and metal ion concentrations
in NMP and also of their molar ratio on the formed species
was investigated. Further, the polymeric films obtained from
these solutions were spectroscopically characterized.

Experimental Section

Synthesis of PANI Forms.Aniline (Merck) was distilled under
reduced pressure prior to use. The polymerization was done in
aqueous HCl solution (1 mol L-1) using (NH4)2S2O8 (Merck) as
oxidant, following the procedure already described in the literature.29

PANI was obtained in the emeraldine salt form, ES. The emeraldine
base form (EB) was obtained by treating ES with aqueous solution
of NH4OH (0.1 mol L-1), as described previously.29

Preparation of NMP Solutions.0.5 g of EB was slowly added
to 100 mL of NMP (Merck), and the mixture was stirred for 24 h
at room temperature. Undissolved polymer particles were removed
by filtering the mixture through a 0.7µm Millipore membrane.
The concentration of EB solution in NMP was spectrophotometri-
cally determined by measuring the excitonic absorption band
centered at 630 nm. The molar absorption of 5500 mol-1 L cm-1

determined by Yamamoto et al.30 was used, in which the molarity
was calculated on the basis of monomeric units. The molecular
weight of one monomeric unit was calculated considering that the
EB repetitive unit is (-NH-C6H4-NH-C6H4-NdC6H4dN-
C6H4-); i.e, it contains four units derived from aniline. Thus, the
monomeric unit weight was considered 90.6 g mol-1.

The stock solutions of metal ions in NMP at concentration of 2
× 10-1 mol L-1 were prepared from analytical grade metal ion
salts, CuCl2‚2H2O, FeCl3‚6H2O, and ZnCl2 (Merck). PANI/transi-
tion metal solutions were prepared by mixing adequate EB and
salt solutions to obtain the desired concentration.

Films were prepared using these solutions by drop-casting onto
glass slides at about 60°C.

Instrumentation. Raman spectra at 632.8 nm exciting wave-
length (He-Ne laser, Spectra Physics model 127) were recorded
in a Renishaw Raman imaging microscope (system 3000) containing
an Olympus metallurgical microscope and a CCD detector at 4 cm-1

resolution. The laser beam was focused on the sample in a ca. 1
µm spot by a 50× lens. Laser power has always been kept below
0.7 mW at the sample in order to avoid sample degradation. The
FT-Raman spectra were recorded in a FT-Raman Bruker FRS-100/S
spectrometer, using 1064 nm exciting radiation (Nd:YAG laser

Coherent Compass 1064-500N) and a Ge detector. Also, laser power
has always been kept below 20 mW to avoid sample degradation.

The electronic UV-vis-NIR spectra were recorded on a
Shimadzu UV3101PC UV-vis-NIR scanning spectrophotometer.
The UV-vis-NIR spectra of the solutions were measured using
quartz cell (0.1 mm thickness).

EPR spectra of powdered samples were recorded in a Bruker
EMX instrument, operating at X-band frequency, at 77 K, using
DPPH (R,R′-diphenyl-â-picrylhydrazyl) as frequency calibrant (g
) 2.0036).

Results and Discussion

The electronic UV-vis-NIR spectra of EB solution in NMP
(10.3 mmol L-1) and solutions of EB with Fe(III), Cu(II), and
Zn(II) (10.3 mmol L-1 of EB and 11.1 mmol L-1 of transition
metal salts) are shown in Figure 1. The UV-vis-NIR spectrum
of EB in NMP presents the bands at 325 and 630 nm; the former
band is assigned to theπ-π* transition while the last is due to
the charge transfer from the benzenoid to quinoid rings.31 It
was reported in the literature that upon protonic acid doping

Scheme 1. Schematic Representation of Different Forms of PANI and Its Doping Process

Figure 1. Electronic UV-vis-NIR spectra of EB and metal ion
solutions in NMP. [EB]) 10.3 mmol L-1 and [Mn+] ) 11.1 mmol
L-1.
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Figure 2. Resonance Raman spectra of EB solutions in NMP. [EB]) 10.3 mmol L-1 and [metal cation]) 11.1 mmol L-1. * indicates NMP
bands.

Figure 3. Electronic UV-vis-NIR spectra of Fe-PANI solutions in NMP with different Fe/EB molar ratios.
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the band at 630 nm disappears, whereas new bands at 440 and
850 nm, characteristic of polaronic segments, are observed.31,32

Albuquerque et al.33 reported that an addition of oxidizing agent
(persulfate) to an EB solution causes a gradual shift of the band
at 630 nm to lower wavenumbers that depends on the oxidation
level of PANI. This band is observed at 530 nm in the PB
spectrum. The UV-vis-NIR spectrum of EB solution with Zn-
(II) (Zn-PANI) presents only the characteristic bands of EB,
at 325 and 630 nm, suggesting that interaction of this metal
cation and EB is not occurring. On the contrary, for Fe-PANI
solution new absorption bands at 440 and 915 nm are observed.
These bands are characteristic of polaronic segments, indicating
that doped polymer are formed upon interaction of EB and Fe-
(III) in NMP. The spectrum of Cu-PANI solution shows bands
at 600 and 820 nm. The presence of the band at 820 nm could
be explained by the presence of doped polymer while the band
at 600 nm could be attributed to the formation of oxidized
polymer (pernigraniline, see Scheme 1). These results show that
the products formed from the interaction of EB and transition
metal cations in NMP solution are strongly dependent on the
nature of the metal ion.

Figure 2 shows the resonance Raman spectra of the same
solutions presented in Figure 1 for two exciting radiations. The
resonance Raman spectrum of EB in NMP solution at 632.8
nm shows the characteristic bands of quinone segments at 1163
(âC-H), 1218 (νC-N), 1466 (νCdN), and 1591 cm-1 (νCdC).34,35

The spectrum of Zn-PANI at 632.8 nm shows the same bands
observed in EB spectrum and also a very weak and broad band
at 1379 cm-1 observed in the ES spectrum, assigned toνC-N•+

of radical cation segments. These segments can be easily

detected using the 1064 nm exciting radiation (Figure 2) since
doped segments are in resonance in this condition, showing that
a small amount of doped segments are formed in EB solution
with Zn(II). For Fe-PANI and Cu-PANI, the resonance Raman
spectra at 1064 nm present bands at 1173, 1230, 1327, 1378,
1506, 1591, and 1615 cm-1 (Figure 2). These bands are
characteristic of radical cations,36,37 showing the formation of
semiquinone segments upon Cu(II) and Fe(III) complexation.
For 632.8 nm exciting radiation (Figure 2), the EB band at 1466
cm-1 assigned toνCdN is shifted to higher wavenumber in Cu-
PANI spectrum when compared with the other metal-PANI
spectra. In the PB spectrum this band occurs at 1485 cm-1

(spectrum not shown); so, the shift could indicate a partial
oxidation of EB to PB by the Cu(II) ions. This hypothesis is
confirmed by the electronic band at 600 nm in the Cu-PANI
UV-vis-NIR spectrum (Figure 1).

The UV-vis-NIR spectra of EB and Fe(III) solutions with
different EB/metal molar ratio are shown in Figure 3. As can
be seen from Figure 3A, as the Fe(III) concentration is gradually
increased, there is a decrease of the band at 630 nm together
with an increase of the band at ca. 900 nm. This is an evidence
that semiquinone segments are formed as the Fe(III)/EB molar
ratio is increased. The same behavior is observed for a set of
spectra (Figure 3B) of other solutions with different concentra-
tions but with the same variation in the metal/polymer ratio.
On the other hand, in Figure 3C, for the same metal/polymer
ratio but with much more diluted solution, as Fe(III) concentra-
tions is decreased, there is a shift of the band at 630 to 575 nm,
and the relative intensity of the band at 900 nm does not
overcome the intensity of other bands. This spectral behavior

Figure 4. UV-vis-NIR spectra of Cu-PANI solutions in NMP with different Cu/PANI molar ratios.
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is indicative that not only semiquinone segments are formed
but also an oxidation of polymer is occurring, as indicated by
the band at 575 nm. Figure 3D presents the spectra of lowest
concentrations employed, but with the same metal/polymer ratio.
Again, the relative intensity of the band at 900 nm is very low,
and there is only a continuous shift of the band at 630 to 600
nm that can be assigned to the presence of penigraniline-like
segments. So, it can be observed that the UV-vis-NIR spectra
of Fe-PANI solutions are dependent on the polymer/metal ratio
and also on the concentration used.

According to Figure 4, the spectral behavior of solutions
containing EB and Cu(II) is dependent on the Cu(II)/EB ratio.
In Figure 4A, as the concentration of Cu(II) is increased, there
is a decrease of the band at 630 nm and an increase of the bands
at 820 and 430 nm, indicating the formation of semiquinone
segments upon interaction with Cu(II). From Figure 4B where
the solutions are diluted keeping the same metal/polymer ratio,
there is a decrease in the relative intensity of the band at 900
nm (due to semiquinone) and a shift of the band at 630 to 550

nm, indicating that oxidation of EB is occurring. The shift of
the band at 630 nm to lower wavelengths is also observed in
spectra of Figure 4C,D, and it is more pronounced as the
concentration of solutions is decreased.

Comparing the UV-vis-NIR spectra from Figures 3A and
4A (the same concentration of EB and transition metal salts), it
can be noticed that the ratio of the bands∼900 nm (doped)/
630 nm (undoped) in Fe(III) spectra is greater than in Cu(II).
This result suggests that doping process by Fe(III) is more
effective than by Cu(II). On the other hand, the blue shift of
the band at 630 nm, assigned to EB oxidation, is observed in
Figure 4B (Cu-PANI) but is not observed in Figure 3B (Fe-
PANI). Additionally, for diluted solutions (Figures 3D and 4D),
the shift of the band at 630 nm is greater for solutions containing
Cu(II) (550 nm) than for Fe(III) (600 nm). These results show
that pernigraniline formation in Cu(II) solution is favored
compared to Fe(III) solution.

From these results it can be seen that by changing the Fe-
(III) or Cu(II) concentration (Figures 3 and 4), there is not only

Figure 5. UV-vis-NIR and resonance Raman spectra (λ0 ) 632.8 nm) of Fe-PANI and Cu-PANI solutions in NMP. Concentrations are
indicated in the figure.
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a change in the relative amount of the species (doped/undoped)
but also oxidized polymer (PB) formation in diluted solutions.
Aiming to confirm the role of metal cations and of EB
concentrations on the nature of the species formed, the resonance
Raman technique was also used (Figure 5). For both Cu-PANI
and Fe-PANI solutions it, can be seen changes in the spectral
profiles upon dilution. The UV-vis-NIR spectrum of the
solution with EB 10.3 mmol L-1 and Cu(II) 2.8 mmol L-1

presents bands at 610 and 900 nm that can be attributed to
partially oxidation and doping of EB, respectively (Figure 5).
The presence of oxidized segments is also confirmed by the
shift of the Raman band (νCdN) from 1466 to 1488 cm-1 (Figure
5). The band at 1488 cm-1 (νCdN) in the resonance Raman
spectrum, the lack of the band at ca. 900 nm, and the shift of
the absorption band at 630 to 550 nm in the UV-vis-NIR
spectrum upon dilution suggest that oxidized polymer is the
primary species present in the diluted solutions. For instance,
the UV-vis-NIR spectrum of solution EB 2.1 mmol L-1/Cu-
(II) 0.6 mmol L-1 (Figure 5) presents the band at 280 nm and
a shift of the band at 630 to 550 nm that are characteristic of
PB formation.33 In the same way, the resonance Raman spectrum
presents a band centered at 1490 cm-1 and a sharp band at 1581
cm-1 that are characteristic of PB.21,35On the basis of the results
of both UV-vis-NIR and resonance Raman, we undoubtedly
demonstrate that the blue shift of the band at 630 nm in EB
solutions with Cu(II) or Fe(III) is due to the oxidation of EB.
The absorption bands at 625 and 900 nm in the UV-vis-NIR
spectrum of the solution containing EB 10.3 mmol L-1 and Fe-
(III) 2.8 mmol L-1 together with the Raman band (νCdN) at
1469 cm-1 indicate that this solution also presents doped and
oxidized polymer. After dilution, the band at 900 nm is no more
observed. Additionally, the absorption band related to quinone
segments is shifted to 600 nm in the UV-vis-NIR spectrum,
while the Raman band assigned toνCdN shifts to 1485 cm-1,
showing that Fe(III)/EB diluted solution also results in the
oxidation of EB. Although EB oxidation is observed both in
Cu(II) and Fe(III) solutions, the presence of Cu(II) ions results
in a larger extent of oxidation than Fe(III). The correlation
between the position of absorption band associated with the
presence of quinoid segments (630 nm) and the Raman band
of νCdN (1466 cm-1) undoubtedly demonstrate that oxidized
polymer (pernigraniline) is formed in EB solution with Cu(II)
and Fe(III). Furthermore, it was observed that diluted solutions
of EB with these ions in NMP favor the oxidation of EB instead
of its doping. It is important to mention that no oxidation was
observed for the PANI solutions containing the non-redox-active
Zn(II) ion.

A blue shift of the EB absorption band at 630 nm was
observed when PANI thin films are formed.38,39This blue shift
was assigned to conformational changes associated with ring
torsion angle in the polymer backbone primarily due to
polymer-substrate interaction rather than oxidation of polymer
chain (PB formation). This assignment was done because IR
spectra of PANI thin films did not show the characteristic PB
spectral features. However, the blue shift observed in this study
(Figures 3-5) could not be associated with conformational
changes because resonance Raman spectra of EB/metal salts
solutions present PB characteristic features.

Using the EPR technique, it is possible to monitor the
semiquinone segments as well as the transition metal salts. The
EPR spectra of Fe-PANI and Cu-PANI solutions are shown
in Figure 6. The EPR spectra of CuCl2‚2H2O and FeCl3‚6H2O
in NMP were also recorded for comparison purposes since Cu-
(II) and Fe(III) are paramagnetic ions. The EPR spectrum of

Zn-PANI (not shown) does not present any signal, indicating
that there are not paramagnetic species in this solution. It can
be observed that the EPR spectrum of Fe(III) in NMP presents
broad signals atg ) 4.434 and 2.005, characteristics of high-
spin Fe(III). The Fe-PANI EPR spectrum presents signals of
Fe(III) ions atg ) 4.402 and ca. 2.0 superimposed to the organic
radical signal atg ) 1.999, which is broadened (width of 15
G) by the presence of metal ions. Therefore, these results
indicate that semiquinone segments and high-spin Fe(III) ions
are present in this sample. The EPR spectrum of Cu(II) in NMP
shows a characteristic signal with hyperfine splitting andg⊥ )
2.090,g|| ) 2.376, andA|| ) 118.2 G. Similarly, the spectrum
of Cu-PANI presents a broadened signal with line width of
10G atg ) 2.005, in addition to those of the metal ion. These
features confirm the formation of radical cations upon interaction
of EB with Cu(II). All these results are in agreement with those
obtained using resonance Raman and electronic UV-vis-NIR
spectroscopies.

Polymeric films were prepared from metal/EB solutions by
drop-casting. The UV-vis-NIR spectra of the films and the
metal/EB solutions used to prepare them are shown in Figure
7. For all samples, the UV-vis-NIR spectra of the films are
different from the solutions. For Cu(II) the intensity ratio of
850/600 nm bands increases in the spectrum of the film. The
solvent evaporation gives rise to semiquinone segments because
after the solvent elimination more copper ions are available for
coordination to the lone pair on nitrogen in the EB. Furthermore,
for all the films the absorption at NIR is higher than in solution,
suggesting that metal complexation is occurring for all cation
samples. It is interesting to notice that even the film with Zn-
(II) shows absorption bands at 440 and 850 nm, which are
characteristic features of doped polymer (ES). This result
suggests that there is a competition between ion-solvent and
ion-polymer interactions, and in the case of Zn(II), the
coordination of the ion to the polymeric chains, resulting in
doped polymer, is only reached through the solvent release.

Figure 6. EPR spectra of Cu(II) and Fe(III) solutions in NMP ([metal]
) 7.2 mmol L-1) and metal/PANI solutions in NMP ([metal]) 22.2
mmol L-1 and [EB] ) 26.5 mmol L-1).
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The resonance Raman spectra of metal/EB films are shown
in Figure 8. It can be observed drastic differences between the
solutions resonance Raman spectra (Figure 2) and those of films
(Figure 8), both excited at 632.8 nm. The main differences upon
solvent evaporation are the decreasing of the bands at 1220
(νC-N) and at 1466 cm-1 (νCdN) assigned to quinone segments
and the appearance of new bands, characteristic of semiquinone
segments, at 1258 and 1330 cm-1. Even in the film containing
Zn(II), the semiquinone features were observed. This result
points to the conversion of insulator EB to the conductive form
of polyaniline (ES) upon film formation, corroborating the UV-
vis-NIR spectroscopic results.

The EPR spectra of metals/EB films are shown in Figure 9.
Zn-PANI film presents EPR spectrum with a narrow signal
with g ) 2.003 (line width of 11 G). This result indicates the
presence of an organic radical due to doped polymer formation,
confirming resonance Raman and UV-vis-NIR data. On the
other hand, the Fe-PANI spectrum presents only a broad signal
with g ) 2.044 (line width of 494 G). The absence of a sharp
signal indicative of an organic radical could be explained by
the magnetic interaction between the metal spin and organic
radical cations of the polymer. Similarly, Cu-PANI film shows
the EPR spectrum with isotropic signal atg ) 2.152 (line width
of 225 G) with no hyperfine structure, indicating also a magnetic
coupling of Cu(II) ions and organic radicals. Similar results have
been described for PANI doped with Cu(II) and Fe(III) using
the suspension synthetic route.21

This set of results shows that the species formed through the
interaction of EB and transition metal cations are strongly
dependent on the nature of the ion and on their concentration.
For Cu(II) and Fe(III) in diluted solutions the oxidation of EB
to PB was observed. The proposed mechanism involves the
oxidation of amine groups by Fe(III) or Cu(II). The Cu(I) and
Fe(II) ions formed could be reoxidized by action of O2, and
subsequently, they could act as oxidizing agent again. For these
ions in concentrated solution, doped polymer is formed (ES).
The results with concentrated solutions are in agreement with
those obtained using the suspension route.21 The doping process
occurs both by pseudo-protonation and by a redox process.
In the latter process, Cu(II) and Fe(III) ions could oxidize the
amine segments resulting in pernigraniline moieties, Cu(I),
and Fe(II) ions. After the oxidation of EB to PB, there is a
second step where Cu(I) or Fe(II) ions interact with imine
nitrogen atoms and reduce them, resulting in semiquinone
segments and Cu(II) or Fe(III) ions. For all Zn(II) solutions
no interaction with polymer was observed; semiquinone forma-

Figure 7. Electronic UV-vis-NIR spectra of Metal/PANI solutions
(solid line) ([EB] ) 10.3 mmol L-1 and [Mn+] ) 11.1 mmol L-1) and
films prepared from these solutions (dashed line).

Figure 8. Resonance Raman spectra of metal/PANI films prepared
from solutions of ([EB]) 10.3 mmol L-1 and [Mn+] ) 11.1 mmol
L-1), exciting radiation) 632.8 nm.
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tion was only observed when films were prepared, i.e., when
the solvent was eliminated.

Figure 10 shows the resonance Raman spectra (λ0 ) 632.8
nm) of EB solutions with Cu(II), Fe(III), and Zn(II) recently

Figure 9. EPR spectra of metal/PANI films prepared from solutions of ([EB]) 10.3 mmol L-1 and [Mn+] ) 11.1 mmol L-1).

Figure 10. Resonance Raman spectra of metal/PANI solutions as-prepared and after 5 days; exciting radiation) 632.8 nm.
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prepared and after 5 days. The resonance Raman spectrum of
Zn(II) solution recently prepared is similar to the spectrum of
EB, and it remains the same after 5 days, indicating that
interaction of Zn(II) and EB in these solutions is not occurring
in this period of time. The solutions of EB with Cu(II) and Fe-
(III), [EB] ) 10.3 mmol L-1/[metal] ) 2.8 mmol L-1, present
the band assigned toνCdN slightly shifted to higher wavenum-
bers (6 and 4 cm-1 for Cu(II) and Fe(III), respectively),
indicating that oxidation of amine moieties is occurring. After
5 days, the band ascribed toνCdN assumes its original value,
and a new band at 1332 cm-1 assigned toνC-N•+ is observed.
This result is consistent with the proposition that PB is converted
to doped polymer in Cu(II) or Fe(III)/EB solutions as a function
of time. On the other hand, it is not observed any signal of
doped segments after 5 days in the resonance Raman spectra
of diluted solutions of EB with Cu(II) and Fe(III), [EB]) 2.1
mmol L-1/[metal]) 0.6 mmol L-1. The observation of oxidized
segments instead of doped segments in diluted solutions could
be attributed to the very low concentration of metal cation, which
is not be sufficient to coordinate to the polymer, and so the
doping process is not observed.

Conclusions

Resonance Raman, UV-vis-NIR, and EPR results obtained
in this work showed that the products formed from the
interaction of EB and transition metal cations are strongly
dependent on the nature of the metal ion, their concentration,
and the metal/polymer ratio. The formation of semiquinone and
the oxidation of EB were undoubtedly demonstrated in the EB
solutions with Cu(II) and Fe(III).

Furthermore, it was observed that the species present in NMP
solutions depend not only on the metal/EB molar ratio but also
on the concentration of each component. For Cu(II) and Fe-
(III), diluted solutions favor the formation of oxidized segments
instead of doped ones.

Resonance Raman and UV-vis-NIR spectra of the films
showed the spectral features of doped polymer (ES), indicating
that for all these studied cations the solvent elimination leads
to the formation of radical cations, even for Zn(II) solution in
which no interaction of the metal cation and EB was observed.
For solutions, there is a competition among the interactions ion-
solvent, polymer-solvent, and ion-polymer; when the solvent
is released, the ion can interact with the polymer and then doping
it.
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