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Abstract

The quantitative investigation of the radical scavenging properties of polyaniline (PANI) upon reaction with excess of the stable DPPH radical
(a 4:1 ratio of DPPH to aniline units in the polymer) was carried out using >N and '*C solid state NMR spectroscopy. During the process the
polyaniline was oxidised so that the imine content increased from 45 to 65%. The extent of oxidation measured by NMR was confirmed by N1s
XPS analysis. However, within a 30 min reaction time, about 85% of the DPPH radicals were scavenged as monitored by the decay in its EPR
signal. This is about 20 times greater than the fraction of DPPH required to oxidize PANI from an imine content of 45-65%. An identification of
further redox processes is required to explain the high degree of radical scavenging. At the same time, there was no evidence of significant

chemical binding or trapping of DPPH in the PANI structure.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past 20 years polyaniline has been the subject of
intense research activity because of its high conductivity and
unique redox chemistry. There have been many reports on the
preparation, characterization and applications of the various
forms of polyaniline [1]. The potential role of polyaniline and
related conducting polymers in biomedical applications has
attracted considerable interest. This includes the development
of artificial muscles, [2,3] controlled drug release, [4] the
stimulation of nerve regeneration [5] and the use of conducting
polymers as scaffolds for cell attachment [6]. Tissue
compatibility and low toxicity has been indicated from
implantation studies in animals [6-8].

The free radical scavenging property of antioxidants such as
a range of vitamins and polyphenols is of considerable interest
for the protection that they can afford against disease [9]. The
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical in methanol
is commonly used to test the antioxidant activity of molecules
[10-16], and this test has been extended to assess the free
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radical scavenging of conducting polymers such as polyaniline
[13,16].

We have confirmed the usefulness of SSNMR in the
investigation of polyaniline as a radical scavenger [16] by
using '*C—"H cross-polarisation and its related spectral editing
techniques applied to polyaniline and its fully reduced form,
following on from earlier studies of conducting polymers as
DPPH radical scavengers [13]. However, relatively subtle
changes and lack of resolution in the '>C CP MAS spectra have
prevented quantitative analysis and investigation of possible
structural changes that could occur upon the reaction with
DPPH. These motivated us to reinvestigate the radical
scavenging capability of PANI by using a '°N labelled sample
[17-19], and to examine any possible chemical bonding or
trapping of DPPH molecules with PANI using significantly
higher (=3 times) concentration of DPPH than in our previous
study.

2. Experimental
2.1. Synthesis
The emeraldine base form of polyaniline—PANI was

synthesized by the method of Cataldo et al. [20]. The '°N
enriched PANI was chemically synthesised using commercially
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available '°N labelled aniline (15N, 98%, Cambridge Isotope
Laboratories, Inc.) according to the procedure for unlabelled
PANI. Hundred and twenty milligrams of this material was
suspended in 120 mL of a 4.5X 10~ mol L' DPPH solution
in methanol by stirring for 30 s and the mixture was allowed to
stand at room temperature for 30 min. The PANI samples were
filtered, washed several times with distilled water, and dried in a
vacuum oven at room temperature.

2.2. NMR spectroscopy

All solid-state NMR experiments were performed on a dry
powder samples by using a Bruker Avance 300 spectrometer
operating at 300.13 MHz proton frequency with a 7 mm double
resonance Bruker probe head. Zirconium oxide 7 mm rotors
were used with air-tight Kel-F caps for all measurements. The
magic angle was adjusted by maximizing the sideband
intensities of the "°Br NMR signal of a KBr sample. All
spectra were obtained at ambient temperature. The parameters
for standard '’N CP/MAS and variable contact time
measurements were as follows: all '>N spectra were acquired
at a spectrometer frequency of 30.41 MHz. The sweep width
was 30.03 kHz. The 90° pulse was 7.3 ps (34.25 kHz) and the
recycle delay was 1s. The sample rotation frequency was
450041 Hz. The number of the scans for basic CP/MAS
experiments [21] was 25,000 and the contact time was 2 ms.
Proton relaxation measurements in the rotating frame of
coordinates were performed at 'H spin-locking RF fields of
57.2 kHz using the pulse sequence with variable 'H spin lock
prior to CP, i.e. with 5N detection [21]. Variable contact time
[21] and proton relaxation experiments in the rotating frame of
reference (16 points from 30 ps to 10 ms) were performed with
3000 scans per each point.

All °N spectra were externally referenced to 15 NH}x5 NO;
(6"°NHf =0 ppm). All '3C CP/MAS experiments were
performed at a spectrometer frequency of 75.47 MHz with a
sample rotation speed of 5000+ 1 Hz. The relaxation delay
was 1 s and the 90° pulse was 4.2 ps (59.52 kHz). The number
of scans for PANI and PANI after reaction with DPPH (PANI-
DPPH) in CP/MAS experiments was 10,000 and 12,000,
respectively. In the case of variable contact time the number of
scans for PANI and PANI-DPPH was 3500 and 4000,
respectively. All '*C spectra were externally referenced to
TMS.

2.3. XP spectroscopy

The X-ray photoelectron spectroscopy (XPS) was performed
in an ultra-high vacuum (UHV) chamber (1X 10~ 10 Torr)
equipped with a PHI Perkin—Elmer surface analysis system
described in greater detail elsewhere [22]. The sample was
dispersed onto carbon tape mounted onto a stainless steel stub
before introduction into the UHV system. XPS was performed
using an Al Ka (1486.6 eV) radiation source at 260 W/14 kV
with 0.1 eV/step, 50 eV pass energy and a total of 20 coadded
scans for all regions. Initial survey scans of samples were
performed to ensure the purity of polyaniline and to determine

correct alignment of the spectra to the C 1s photoemission line at
284.5 eV obtained from carbon 1s electrons. Deconvolution of
N1s peaks obtained from nitrogen 1s electrons was performed
using XPSPEAK software with peaks fitted using a Gaussian—
Laurentzian ratio of 80:20 at varying FWHM ~ 1.8 eV.

3. Results and discussion

C CP/MAS spectra of polyaniline consist of broad
resonances which are partially overlapped, mostly due to
compositional defects, a distribution of torsion angles between
adjacent rings, variations in the sequencing of benzenoid and
quinoid units, thermally induced molecular motions and the
possibility of rotations or flips of benzenoid rings about their 1,
4 axes [23]. Thus the possible changes that can occur upon
reaction with DPPH could be obscured due to low spectro-
scopic resolution in the '*C spectra.

However, '’N NMR spectroscopy of polyaniline offers
much better insight into the mechanism of this reaction, which
involved a redox process. This is because the spectrum consists
of only two very well resolved peaks which originate from
amine and imine nitrogens [17-19], so their relative intensities
can be determined directly.

3.1. >N CP/MAS spectra

SN CP/MAS spectra obtained from '°N-labeled PANI and
PANI-DPPH are shown in Fig. 1. In the '>N spectrum of PANI
(Fig. 1(A)) two main peaks are observed. They are attributed to
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Fig. 1. '”’N CP/MAS NMR spectra of the '>N labelled PANI before (A), and
after (B) reaction with DPPH. The asterisks denote spinning sidebands.
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Scheme 1. Structure of polyaniline.

imine (323.9 ppm) and amine (65.0 ppm) nitrogens. The
sidebands marked by asterisks originate from the imine peak
at 323.9 ppm. The peak from the end groups which should be at
~31 ppm [19,24] is obscured by an imine sideband.

The assignment of these peaks is in accordance with the data
published elsewhere [17-19,24]. The presence of shoulders on
the imine peak (303.2 ppm) and the amine peak (68.2 ppm)
(Fig. 1(A)), obtained from deconvolution (not shown), suggest
the presence of different chemical environments for the imine
and amine groups. This could imply that, in our sample, the
sequence is not entirely composed of the alternating benzenoid
diamine and quinoid diimine units shown in Scheme 1.
Therefore, there could be some small parts in the structure
which are more or less oxidized than in the PANI structure
shown in Scheme 1.

Nevertheless, any redox process, i.e. change in the oxidation
state of PANI, can be observed clearly from the change in the
relative intensities of the peaks at 323.9 ppm and at 65.0 ppm.

After reaction with DPPH (Fig. 1(B)) the imine peak
(325.2 ppm) shows a considerable increase in intensity
relative to the amine peak (66.1 ppm), suggesting that
significant oxidation of PANI has occurred. At the same
time the shoulder at 302.3 ppm is not as apparent as that in
the original PANI spectrum, while the line shape of amine
peak seems preserved.

3.2. Relative intensities

Usually, quantification from CP/MAS NMR spectra is not
straightforward. The signal of the rare nucleus is enhanced by
transfer of polarization from the abundant nucleus (usually 1H).
Thus, the intensity of the signal depends on the kinetics of
transfer of the magnetization. During the contact time the
transfer of magnetization occurs via a static dipolar interaction
and the rate of magnetization transfer has a 1/r° dependence
upon the distance r between nuclei. This means that nuclei that
are not protonated, i.e. not directly bonded to a proton, will
cross-polarise more slowly than protonated ones. Also, as the
transfer of magnetization depends on the static dipolar
interaction, the more rigid groups will have faster signal
buildup during the transfer [21].

The rise in rare nucleus magnetization determind by the
time constant Tjg is counteracted by another process: reduction
of the proton magnetization due to the relaxation of protons in
the rotating coordinate system with the time constant Tﬂ,. The
signal will, therefore, pass through a maximum that is different
for each group with a different degree of protonation or
mobility, see Eq. (1) [21].

I C (exp(—tep/T1)) —exp(—tep/Tis)) W

1 - (TIS/TE))

In this equation, / is the experimentally measured integrated
intensity (area) and C is proportional to the number of S nuclei
giving rise to the signal and is, therefore, the important
parameter for quantitation and ., is variable contact time.

Thus, in order to get quantitative data, the cross-polarization
behaviour must be taken into account and, if necessary,
corrected for. To get the corrected imine/amine ratio before and
after reaction with DPPH, contact time experiments were
performed. All spectra for each contact time are carefully
deconvoluted, and the signal areas obtained for imine and
amine peaks are plotted versus contact time (Figs. 2 and 3.).
The data are summarized in Table 1.
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Fig. 2. The peak areas of the amine (A) and the imine peak (B) versus cross
polarization contact time for the original sample of PANI.
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Fig. 3. The peak areas of the amine (A) and the imine peak (B) versus cross
polarization contact time for the sample of PANI-DPPH.
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Table 1

Tl}},, T;s and corrected areas for the samples of PANI and PANI-DPPH,
obtained from '°N cross-polarization NMR experiments with variable contact
times

Ts (us) Tﬂ] Corrected Moles X 1073
(ms) peak area (%)
PANI-amine 80 2.9 55.6 0.74
PANI-imine 1500 7.7 44.4 0.59
DPPH-amine 90 2.7 39.8 0.53
DPPH-imine 1600 8.7 60.2 0.80

The observation of significantly longer T;s values for the
imine group compared to those of the amine is attributed to non-
protonation of the former. The corrected areas C, see Eq. (1),
listed in Table 1 and obtained from the spectra recorded at 2 ms
contact time are corrected for the effects of 715 and TH, [17].

The integrated intensity for the imine peak includes the peak
at 323.9 ppm and its related sidebands. The imine/amine ratio
for PANI is 0.8, relatively close to the expected value of 1.0 for
the emeraldine base form [17]. The integrated intensities
obtained from deconvolution have an error of =10%. In the
case of PANI-DPPH the imine/amine ratio increases signifi-
cantly to =1.5.

The imine to amine ratio of 1.5 is obtained by oxidizing
30% of the benzoid diamine units to a fully oxidized quinoid
diimine units beginning with an imine/amine ratio of 0.8. This
confirms our suggestion based on the relative intensities of the
peaks shown in Fig. 1, implying significant oxidation after
reaction with stable DPPH free radical.

The 120 mg polyaniline sample represents 1.33X 10> mol
of aniline units. On the other hand, 120 mL of 4.5X 10~
2 mol L™ ' DPPH solution represents 5.4 X 10~ mol of DPPH
radicals, i.e. there is a 4:1 ratio of aniline units to DPPH. Repeat
experiments (n=>5) using 120 mg of non-labelled polyaniline
showed that 85 (45) % (i.e. 4.1 X 10> mol) of DPPH radicals
reacted during the 30 min experiment, as monitored by the
decay in EPR signal due to the DPPH radical [15]. However,
the change in the intensity of the '’N NMR signals following
reaction with DPPH shows that only about 2X 10~ * mol of
aniline units were oxidised (Table 1). This accounts for only
4% of the DPPH, which reacted, and this is about 20 times
smaller than percentage of scavenged DPPH. The mechanism
that leads to this striking difference between the amount of
oxidized PANI and scavenged DPPH radicals is still under the
investigation in our laboratory.

The extent of polymer swelling or porosity, and the potential
influence of this on the extent of reaction with DPPH radicals,
was not determined in the present study. There is a possibility
that PANI particles of different size may react with different
amounts of DPPH as the available surface area changes, but to
investigate this we would need some way of separating the
PANI into samples of different particle sizes.

3.3. °C CP/MAS spectra

The deconvoluted CP MAS spectra of PANI and PANI-
DPPH are shown in Fig. 4(A) and (B). As shown in Fig. 4(A),

PANI has six broad and relatively well-defined resonances
which are observed at 114 (shoulder), 123, 137, 141, 147 and
158 ppm [23]. The peak at 123 ppm and shoulder at 114 ppm
are assigned to carbons C-2,3 and C-6, respectively (Scheme
1). The peak at 137 ppm that originates from the protonated
C-8 carbon that belongs to the quinoid part of PANI structure
as does the non-protonated C-7 peak at 158 ppm. The peaks at
141 and 147 ppm are associated with the C-4 and C-1 non-
protonated carbons, respectively. The deconvoluted CP/MAS
spectrum of PANI-DPPH (Fig. 4(B)) also consists of the
resonances at approximately the same chemical shifts, but with
different intensities with respect to the resonances obtained in
the PANI spectrum. The benzenoid peaks at 114 ppm (C-6) and
at 141 ppm (C-4,5) are diminished after treatment with DPPH.
At the same time, the resonances at 137 ppm (C-8), 147 ppm
(C-1) and 158 (C-7), assigned to the quinoid part are relatively
increased because of oxidation.

Carbon contact time experiments were also performed and,
as in the case of the "N data, all spectra were carefully
deconvoluted. The areas are corrected for contact times and the
relative ratio, for instance, for the peaks at 147 ppm (C-1) for
PANI-DPPH and PANI is 1.4-1.5 which is in accordance with
the result obtained from '’N experiments.

3.4. XP spectroscopy

To compare results obtained from SSNMR, we applied XP
spectroscopy on PANI-DPPH sample. The XP spectrum of

A 2,3
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Fig. 4. Deconvoluted 3¢ cPMAS spectra of PANI (A) and PANI-DPPH (B).
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Fig. 5. Nls XPS of PANI-DPPH showing the imine (A) and amine (B)
contributions.

PANI-DPPH is shown in Fig. 5. The N1s photoemission peak
occurs at 398.6 eV and upon deconvolution of this peak it is
best fitted with two peaks at 399.3 and 398.0 eV within the
restraints of the N1s at FWHM of 1.8 eV (Table 2). These
peaks are identified as originating from two N environments
involving the -NH- (benzoid-B) and =N- (quinoid-A) groups
from the amine and imine parts of the polyaniline structure,
respectively [25]. From peak area analysis the ratio of quinoid
to benzoid species is found approximately equal to 1.5, which
is in good agreement with the NMR results.

3.5. Proton relaxation

Proton rotating-frame relaxation data can provide infor-
mation about the homogeneity of the sample at the molecular
level [26]. In homogeneous samples, rapid spin diffusion
results in a single Tﬁ, value throughout the sample. Good fits of
the experimental data to Eq. (1) were obtained for both PANI
and PANI-DPPH samples (Figs. 2 and 3 and Table 1). The
experimental data for both samples are fitted to a single TE,
value indicating homogeneity of the PANI-DPPH samples
even after the exposure of the PANI to the high concentration
of DPPH.

However, it is sometimes difficult to obtain correct value for
TF,, from contact curves (Table 1), unless 7T;3 << TFP, which is
obviously not the case for the imine group. Also, it is
sometimes problematical to fit a contact curve when Tjg is

Table 2
Summary of the N1s peak positions, peak widths (FWHM) and uncorrected
peak areas in the X-ray photoelectron spectra of PANI-DPPH

Peak BE (£0.1eV) FWHM (eV) Uncorrected
peak area (%)
Nls 398.6 3.0 11,719 (100)
-NH- 399.3 1.8 4658 (40)
=NH- 398.0 1.8 7061 (60)

peak area

0 0.002 0.004 0.006 0.008 0.01
time (s)

Fig. 6. "H NMR relaxation measurements in the rotating frame of coordinates
for PANI (B-amine, D-imine) and PANI-DPPH (A-amine, C-imine).

very short (as in the case of the amine group). Moreover, the
relaxation time in the rotating frame for PANI is sensitive to
the extent of molecular motion near that of the RF field
frequency amplitude (34.25 kHz in our case). However, it has
been shown [26] that PANI has chain motions occurring at a
frequency =50kHz. Thus, to get independent information
without interference from the cross-polarization process, and to
perform experiments under conditions where the RF field is
near to the frequency of molecular motion [26-29], indepen-
dent Tﬁ, relaxation experiments at 57.2 kHz proton RF field
with "N detection were performed (Fig. 6) [27,30].

The Tl}}) values for both amine and imine nitrogens in PANI
were found to be 3.8 and 3.9 ms, respectively and are thus
practically equal within experimental error. No bi- or multi-
exponential components were observed, indicating that that
proton spin diffusion is efficient in transferring spin polariz-
ation through the sample, i.e. the sample is homogeneous.
Upon reaction with DPPH, relaxation times, for both amine and
imine nitrogens, are to some extent prolonged to 4.6 and
5.4 ms, respectively, implying reduction of molecular motion,
most probably because of the introduction of double bonds
after oxidation. The sample is still relatively homogeneous
considering a non-significant difference in T{'}o between amine
and imine nitrogens (0.8 ms), even after exposure to a high
concentration of DPPH. There is thus no indication that
significant cross-linking or other bond forming processes have
occurred which might account for the additional DPPH
scavenging beyond that accounted for by direct oxidation of
the polyaniline chains.

4. Conclusions

By applying '°N and "’C solid-state NMR experiments we
have shown that polyaniline in the emeraldine state can be
further oxidized by DPPH radicals from an imine content of
45-65%, and that the level of oxidation can be quantitatively
determined by solid-state NMR, and is in line with N1s XPS
data. This level of oxidation requires the reduction of only 4%
of the available DPPH radicals. However, the EPR results
showed that within a 30 min reaction time, about 85% of the
DPPH radicals were scavenged. The reaction between DPPH
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and PANI is mainly redox in nature considering that there is no
evidence of significant chemical binding between DPPH and
PANI. The significant discrepancy between the fraction of
DPPH radicals required for oxidation of PANI (4%) and high
percentage of scavenged DPPH (85%) requires an identifi-
cation of further redox processes. Proton relaxation times in the
rotating frames of coordinates are slightly prolonged after
reaction with DPPH, most probably because of the introduction
of quinoid structures that have a lower degree of freedom and
flexibility than the benzenoid portions. Experiments which
could give more information about the PANI structure after
reaction with DPPH and consequently about the mechanism of
the redox reaction between PANI and DPPH (relaxation, 2D
spin exchange, EPR) are in progress in our laboratory.
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