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Polyaniline/Fe;O4 Nanoparticle Composite: Synthesis and Reaction Mechanism
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Polyaniline/Fe;0, nanoparticle composite was prepared by polymerizing aniline in the presence of Fe;O,4
nanoparticles upon the use of H,O, as oxidant. The polymerization was monitored by ultraviolet—visible
absorption spectroscopy. The microstructure of the resultant composite was characterized by transmission
electron microscopy. The molecular structure of the resultant polyaniline in the composite was investigated
by both Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy, while the magnetic
property of the composite was characterized by vibrating sample magnetometer. Furthermore, the microwave
absorption property of the resultant composite was measured in a frequency range of 2—18 GHz. Systematic
investigations revealed that carboxylic acid in the buffer presented a determined role in the polymerization
of aniline. To discover the role of carboxylic acid in the polymerization of aniline, more control experiments
were designed and carried out by theoretical calculation in combination with electron spin resonance
measurements. It was for the first time found out that carboxylic acid such as acetic acid and succinic acid
can not only catalyze the polymerization of aniline but also facilitate the generation of hydroxyl radical via

the decomposition of H,0,.

Introduction

Organic—inorganic hybrid materials exhibiting both electric
and magnetic properties are very useful for electromagnetic
shielding and microwave absorption.'~* Because magnetic iron
oxide nanoparticles present many special properties superior to
molecular magnetic materials, to dope conducting polymer with
magnetic iron oxide nanoparticles remains a hot area. In general,
two synthetic routes have been established to achieve composite
materials composed of conducting polymers and magnetic iron
oxide particles. The first type of method relies on the in situ
formation of magnetic iron oxide particles in the presence of
conducting polymer upon chemical reactions, such as hydrolysis
of Fe(Il) and Fe(III) ions, while the second type of method is
based on the polymerization of monomers in the presence of
magnetic iron oxide nanoparticles. In comparison with the first
type of synthetic routes, the second one offers better control
over the magnetic properties of the resultant hybrid materials.

Polyaniline (PANI) as a conducting polymer has become very
attractive because of its facile synthesis,? stable chemical and
environmental properties, and inherent reversible doping/
dedoping states.” Therefore, it is a suitable matrix for achieving
electromagnetic shielding or absorption materials by doping with
magnetic iron oxide nanoparticles. PANI is commonly synthe-
sized by oxidizing aniline monomer in acid solution via either
chemical or electrochemical method.’ In comparison with
electrochemical method, the chemical synthesis of PANI is
widely used for mass production.’ Various types of oxidants
such as (NH4)28208,6’8’9 FCC13,10‘11 K2Cr207,9'12 KIO3,9 and H202,9
can be used in the chemical synthesis of PANI. Among these
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oxidants, (NH4),S,0g is the most commonly used one, but the
resultant PANI is often neither soluble nor fusible. In addition,
the posttreatments of the products for eliminating inorganic
byproduct, such as ammonium sulfate, are rather complicated.
Therefore, from the point of view of environmental friendliness,
H,0, is an ideal oxidant since its reduction product is only water.
However, when H,0, is used alone, the reaction rate for forming
PANI is extremely slow. Therefore, it is generally believed that
it is impossible to prepare PANI through the oxidation of aniline
by using H,O, alone at room temperature.'3

To improve the reactivity of H,0O,, two different kinds of
catalysts are often used in the preparation of PANI, i.e., Fenton
and Fenton-like reagents (Fe?*/Fe3")!*!* or horseradish peroxi-
dase (HRP).>"'® It has been demonstrated that the Fenton
reagent takes effect by accelerating the decomposition of
hydroxyl peroxide to generate hydroxyl radicals.!*'* In contrast,
Fe** in the active center of HRP catalyzes the oxidation of
aromatic amines and phenols via the binding of H,O, to generate
free radicals of substrate molecules. Then, the resultant substrate
radicals undergo coupling reaction to produce the dimer.
Thereafter, upon further oxidation and coupling reactions with
monomer, dimer, and even oligomer, polymer is eventually
formed." So far, there have been a large number of papers about
HRP-based syntheses of polyphenol and PANIL'S Although
enzymes are generally characterized by excellent substrate
specificity in comparison with conventional catalysts, the use
of HRP remains more costly than Fenton reagent.

Very recently, Gao et al. reported that Fe;O, nanoparticles
exhibit an intrinsic peroxidase-like activity,’ which inspired us
to use Fe;O, nanoparticles as catalyst to prepare composite
material composed of PANI and Fe;O, nanoparticles. The
microwave absorption property of the resultant composite
material was demonstrated. Furthermore, systematic experiments
in combination with theoretical calculations were carried out
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to elucidate the nature of “peroxidase-like activity” of Fe;O,
nanoparticles.

Experimental Section

Materials. Aniline of analytical grade was supplied by Sinop-
harm Chemical Co., Ltd., Shanghai, China. Poly(sodium 4-styre-
nesulfonate) (SPS, M,, = 70000) was purchased from ACROS.
Other reagents used were commercially available products with
the highest purities. Fe;O4 nanoparticles were prepared as described
in a previous publication.?! The average diameter of the particles
determined by transmission electron microscope was 11.1 4+ 1.4
nm. Because the resultant Fe;O, nanoparticles were chemically
modified by poly(ethylene glycol) (PEG, M, = 2000), they
presented excellent solubility and colloidal stability in aqueous
solution.?! Throughout the following preparations, practically no
particle aggregation was observed. 5-(Diethoxyphosphoryl)-5-
methyl-1-pyrroline-N-oxide (DEPMPO), used as a spin trap in the
electron spin resonance measurements, was synthesized according
to a literature procedure.??

Synthesis of PANI/Fe;0, Nanoparticle Composite. The
polymerization of aniline was carried out at room temperature
as follows. Typically, 3 mL of buffer solution (pH 2.5)
containing 0.018 mmol of aniline, 0.018 mmol of SPS, and 0.45
mg of Fe;O4 nanoparticles was prepared. Then, 900 uL of 80
mM H,0, was intermittently injected (50 uL/5 min). The
polymerization was normally allowed for 20 h after the
introduction of H,O,. After that, the reaction was terminated
with a 4-fold volume of isopropyl alcohol to precipitate the
composite, which was subsequently collected via centrifugation
at 2000 rpm. After being thoroughly washed with ethyl ether
for three times, the composite material was dried for further
characterizations. For microwave absorption, saturation mag-
netization, and X-ray photoelectron spectroscopy measurements,
the samples were prepared simply by scaling up the above-
mentioned reaction system by 120 times.

Microwave Absorption Measurements. A powder sample
of composite material was first mixed with an equal weight of
olefin. Then, the resultant mixture was used to form an O-ring-
shaped sample (i.d. = 3 mm, o.d. = 7 mm, and thickness = 2
mm) under the melting state of olefin. The relative complex
permittivity and the relative complex permeability were deter-
mined using an HP8722ES vector network analyzer in the range
of 2—18 GHz.

Computational Method. To elucidate the reaction mecha-
nism, the equilibrium geometries of all the compounds were
optimized at the level of closed shell by Kohn—Sham density
functional theory (DFT). The B3LYP functional and the basis
set 6-31++G* were used. All calculations were carried out by
use of the Gaussian 03 program package (Revision B.03).

Characterizations. Ultraviolet—visible (UV—vis) absorption
spectra were recorded with a Cary 50 spectrometer. Transmis-
sion electron microscopy (TEM) images were recorded with a
JEM-100CX II microscope operating at an accelerating voltage
of 100 kV. Fourier transform infrared (FTIR) spectra were
recorded on a Bruker EQUINOXSS FT-IR spectrometer using
KBr pellet. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a VG ESCALAB 220i-XL spectrom-
eter. All binding energies for different elements were calibrated
with respect to the Cls line at 284.8 eV from the contaminant
carbon. A Shirley-type background was used during curve
fitting. All fittings were carried out using Voigt-shaped peaks
with an equal full width at half-maximum (fwhm) for each data
set. The magnetic hysteresis loops of the resultant capsules were
recorded with a vibrating sample magnetometer (VSM, JDM-
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Figure 1. UV—vis absorption spectra of the reaction mixture recorded
before (dashed line) and after (solid line) the polymerization of aniline
which had taken place for 21 h in citric acid/disodium hydrogen
phosphate buffer (pH 2.5) in the presence of Fe;O,4 nanoparticles. Inset:
the difference between the solid line and dashed line spectra.

13). The iron contents in the Fe;O, particles and the resultant
composite were determined by thermogravimetric analysis
(TGA, Perkin-Elmer TGA) and inductive coupled plasma (ICP)
emission spectrometer (IRIS Intrepid IT XSP, Thermo Electron
Co.), respectively. The electron spin resonance (ESR) signals
were recorded on an ESP300 (Bruker Co.) at room temperature.

Results

Polymerization of Aniline in the Presence of Fe;O,
Nanoparticles. The first set of experiments was performed
basically according to those reported by Gao et al.? except that
the Fe;O, nanoparticles were prepared by a different synthetic
route. In addition, citric acid/disodium hydrogen phosphate
buffer was chosen instead of acetic acid/sodium acetate due to
its wide pH buffering window of 2.5—9.0, because the pH value
of the reaction system not only influences the doping state of
PANI, but also alters the redox reactivity of HO,. The whole
polymerization reaction was monitored by UV —vis spectrom-
eter. Figure 1 shows a typical absorption spectrum of the reaction
system recorded at pH 2.5 21 h after H,O, was completely
introduced. By subtracting that recorded before polymerization,
two absorption bands peaking at 370 and 760 nm appear as
shown in the inset of Figure 1. The first one can be attributed
partly to the w—z* transition of the benzenoid ring and partly
to polaron band transistion due to its broad feature, while the
second one can be assigned to polaron band transition, sug-
gesting that conducting PANI was formed.!®!823

Optimization of pH. Five additional parallel experiments were
carried out upon the use of 0.1 M citric acid and 0.2 M disodium
hydrogen phosphate buffer at pH 3.5, 4, 7, 8, and 9, respectively,
to show the pH-dependent polymerization behavior of aniline, while
the other synthetic parameters remained unchanged. Detailed results
reveal that the polymerization only occurred around pH 2.5, and
no evident polymerization was practically observed at pH > 3.5
with respect to the current citric acid/disodium hydrogen phosphate
buffer system (data not shown). Therefore, the following syntheses
were carried out at pH 2.5.

Optimization of the Molar Ratios among Different Re-
agents. SPS is a widely used PANI template.>* According to
previous study, when the molar ratio of aniline to SPS is lower
than 1:1 (the aniline to SPS ratio mentioned here and below is
referring to the molar ratio between aniline monomer and the
repeat unit of SPS), there will not be enough aniline monomers
aligning along the SPS template, consequently leading to
oligomer.'® However, no significant effects were observed when
the molar ratio of aniline to SPS was higher than 1:1 (data not
shown). Therefore, the molar ratio was fixed to 1:1 for the
following experiments.
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Figure 2. (a) Temporal evolutions of the absorbance around 760 nm
recorded from different reaction mixtures; (b) UV—vis absorption

spectra of reaction mixtures recorded after the polymerization of aniline
had taken place for 20 h.

According to the reference report,'® the concentration of
aniline was set to 6 mM. Then, the molar ratio between aniline
and H,O, was optimized in a range of 1:1—1:5. The results
shown in Figure 2a suggest that when the ratio is lower than
1:3, the reaction systems present enhanced efficiency and
maximal conversions at around 20 h, derived from the absor-
bance variation at 760 nm. Furthermore, the ratios of 1:4 and
1:5 do not give rise to a big difference as more clearly shown
in Figure 2b; therefore, the molar ratio between aniline and H,O,
was set as 1:4 for the following experiments, which means the
molar ratio of aniline:SPS:H,O, was 1:1:4.

Yield of the Reaction under Optimized Conditions. The
yield of the polymerization occurring under optimized conditions
was estimated by comparing the mass of all reactants including
aniline, SPS, and Fe;0, nanoparticles with that of the composite
material eventually obtained, while the amount of SPS was
considered to be completely transferred into the PANI-based
composite. The final results suggested that the reaction yield
under optimized conditions was quite close to 80%.

Microstructure of the PANI/Fe;0, Composite Material.
The general morphology of the preformed Fe;O4 nanoparticles
and the resultant PANI/Fe;O, nanoparticle composite was
characterized by TEM. As shown in Figure 3, the preformed
Fe;0, nanoparticles are rather uniform in size with an average
particle size of 11.1 4+ 1.4 nm, while in the composite Fe;O,
nanoparticles that survived present a slightly decreased particle
size of 10.1 & 1.2 nm due to the corrosion at pH 2.5, which
suggests that it should be possible to further alter the physical
properties of the resultant composite by varying the size and
content of the Fe;O, nanoparticles.

Structural Characteristics of PANI in the Resultant
Composite. Figure 4 shows the FTIR spectrum of the PANI/
Fe;0, composite obtained under optimized conditions. The
absorption bands peaking at 1602 and 1500 cm™' can be
assigned to the quinonoid ring and the benzenoid ring,
respectively.!®?* Because the relative absorbance intensity of
the quinonoid ring is greater than that of the benzenoid ring, it
can be deduced that PANI in both pernigraniline form and
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Figure 3. TEM images of the preformed Fe;O, nanoparticles (a) and
those remaining in the resultant composite (b).
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Figure 4. FTIR spectrum of the as-prepared PANI/Fe;O,4 nanoparticle
composite.
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Figure 5. XPS Nls core-level spectrum of the PANI/Fe;O, nanopar-
ticle composite together with the best fits in different line styles.

emeraldine form are coexisting in the resultant composite. The
appearance of the C—H out-of-plane bending vibrational band
of the 1,4-ring at 834 cm™! suggests that a head-to-tail
configuration is taken by PANI prepared in the current reaction
system,'®?* which is further supported by the absence of
vibrational bands for 1, 2 and 1, 2, 4 substitutions of the
benzenoid ring at around 740 and 910 cm™!, respectively. The
appearances of the asymmetric and symmetric stretching
vibrational bands of S=O at 1039 and 1008 cm™' demonstrates
that SPS is presented the resultant composite.'® These assign-
ments, very well in agreement with previous investigations,
imply that both pernigraniline and emeraldine were formed.?2

The intrinsic redox states of resultant PANI were further
analyzed by fitting the N1s signal of the XPS spectrum. Detailed
results are given in Figure 5, and the Nls signal is fitted by
four peaks at 399.1 eV (30.34%), 399.9 eV (45.72%), 401.0
eV (21.54%), and 402.5 eV (2.40%), respectively. According
to literature results, the first two peaks at 399.1 and 399.9 eV
can be assigned to undoped quinonoid imine (-N=) and
benzenoid amine (-NH-), respectively,?” while the other two
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Figure 6. Hysteresis loop of the as-prepared PANI/Fe;O4 nanoparticle
composite recorded at room temperature.

signals, 401.0 and 402.5 eV, can be attributed to iminium and
radical cation amine groups.?® The fitting results not only provide
consistent support for the coexistence of pernigraniline and
emeraldine as concluded on the basis of the FTIR results but
also allow further evaluation of the doping level of PANI in
the PANI/Fe;0, composite.?*?® According to the ratio of N*/
N, it can be concluded that 23.9% of PANI was protonated.

Magnetic Properties of Fe;0, Nanoparticles Embedded
in PANI. A magnetic hysteresis loop of the composite material,
as shown in Figure 6, was recorded at room temperature. In
comparison with the preformed Fe;O4 nanoparticles, the satura-
tion magnetization (M;) of the PANI/Fe;O4 composite drops
from 40.4 to 6.2 emu/g. Taking the Fe;O, contents in both
preformed particle sample (47.2%) and PANI/Fe;O, composite
(8.8%) into consideration, nearly 80% of the initial saturation
magnetization was preserved after Fe;O, nanoparticles were
embedded in PANI.

Microwave Absorption of PANI/Fe;04, Composite. The real
part of permittivity ¢ and the imaginary part €"” of the relative
complex permittivity € (¢ = &' — je"), as well as the real part
of permeability 4" and the imaginary part u" of the relative
complex permeability 4 (u = u' — ju") of PANI/Fe;04
composite were measured with the aid of a vector network
analyzer within a frequency range of 2—18 GHz. Detailed results
are provided in Figure S1 in the Supporting Information. The
electromagnetic reflection loss of the composite material was
simulated according to transmission line theory. The electro-
magnetic reflection loss R is defined as

_ Zy, — %,
R =20 log m (1)
in 0

where Z;, is the normalized input impedance at the interface of
the free space and the composite material and Z, is the
characteristic impedance of free space. Z;, and Z; are expressed
by eqs 2 and 3, respectively.

Zo= | 2E anh(2fnfugiese) @
o€
_ Jm
o= A 3)

where u is relative complex permeability, € is relative complex
permittivity, fis the frequency of microwave, ¢ is the thickness
of the composite material, and o (47t x 1077 N/A?) and ¢, (8.85
x 107'2 F/m) are constants. According to eq 1, the electromag-
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Figure 7. Simulation of reflection loss spectra of the PANI/Fe;0,

nanoparticle composite dispersed in olefin of different thickness by 50
wt %.

netic reflection losses of the composite material with different
thickness are shown in Figure 7. In general, the electromagnetic
reflection loss R presents a thickness-dependent behavior and
moves to a low-frequency direction against the sample thickness.
The maximum reflection loss R reaches —2 dB at 14.6 GHz
when t = 3 mm. Although R remains lower than that reported
in literature,? it remains improvable that the content of Fe;0,
nanoparticles in the composite material is only of 8.8%.

Discussion

In fact, the greatest motivation for us as well as other groups
to follow the investigations of Gao et al. was because they
observed that Fe;O, nanoparticles possessed an intrinsic per-
oxidase-like activity. If this is true, the magnetic iron oxide
nanoparticles will be greatly desirable for developing new
materials due to their magnetic properties and “biological
functions”. Therefore, it is necessary to carefully investigate
the mechanism of the reaction “catalyzed” by Fe;O, particles.

Catalytic Behavior of Carboxylic Acids. It was previously
reported that the properties of PANI are strongly associated with
the nature of the acid used for preparation.®*~3 Therefore, under
optimized pH 2.5, additional buffering systems were also
adopted apart from citric acid/disodium hydrogen phosphate.
They were 0.45 M acetic acid/sodium acetate, 0.225 M succinic
acid/sodium succinate, 0.15 M citric acid/sodium citrate, and
0.1 M phosphate acid/sodium dihydrogen phosphate. The
buffering systems except for the last one were prepared in a
way in which the concentrations of carboxylic group were set
to be identical.

The results shown in Figure 8 demonstrate that in the presence
of Fe;0,4 nanoparticles the polymerizations of aniline occurred
except for the phosphate buffer in which only oligomeric PANI
was formed. Even though the acetate buffer and the succinate
buffer present higher efficiency than the citrate buffer, it is still
reasonable to conclude that carboxylic acid plays a very
important role in the polymerization reaction of aniline since
PANI was hardly formed in the phosphate buffer.

The control experiments performed in the absence of Fe;O,
nanoparticles however suggest that the polymerization of aniline
can effectively occur in the former two buffering systems with
a comparable (succinate buffer) or a little lower efficiency
(acetate buffer). Therefore, it can be concluded that the
carboxylic acid also plays a catalyzing role in the polymerization
reaction of aniline. With respect to the citrate buffer, that nearly
no PANI was formed could probably be attributed to the steric
effect of triacid (citric acid) in comparison with monoacid (acetic
acid) and diacid (succinic acid).

Mechanism for the Catalytic Behavior of the Carboxylic
Acids. Based on the aforementioned results as well as those
reported in literatures,?®33 the experimental observations can be
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Figure 8. Absorption spectra of reaction mixtures formed by different

types of buffers. The reactions were allowed to take place at pH 2.5
for 20 h after the introduction of H,O,.

summarized as follows. The “peroxidase-like” behaviors of
Fe;0, particles were mainly observed in buffers containing
various types of organic acid such as acetic acid’*** and citric
acid.?® However, the Fe;0, nanoparticles lost their peroxidase-
like activity in the phosphate buffer, as shown in Figure 8d.
Moreover, the polymerization of aniline which is also a typical
HRP-catalyzable reaction can effectively take place in the
presence of organic acid such as acetic acid and succinic acid
with no Fe;O, particles being presented. All these experimental
observations imply that the role of carboxylic acid is one of
the most important issues for discovering the mechanism of
peroxidase-like activity of Fe;O4 nanoparticles.

In principle, the chemical nature of the chromometry used
in HRP-based reaction is to form a dimer or oligomer of
substrates such as 3,3,5,5-tetramethylbenzidine (TMB), o-
phenylenediamine (OPD), and 3,3'-diaminobenzidine (DAB),
which as typical chromogens for HRP are just derivatives of
aniline. Therefore, the catalytic mechanism of carboxylic acids
with respect to aniline will identically be applicable to HRP
chromogens. With respect to the polymerization of aniline, it
is commonly accepted that the oxidation of aniline monomer
to form dimeric species is the rate-limiting step.* Therefore,
the interactions between the following species, i.e., aniline/acetic
acid (phNH,/CH;COOH), aniline radical cation/acetic acid
(phNH,"*/CH3;COOH), aniline/acetic anion (phNH,/CH;COO"),
and aniline radical cation/acetic anion (phNH,*/CH;COO™)
were calculated by frontier molecular orbital theory. Detailed
results reveal that CH;COO™ can form stable complexes with
phNH; and phNH,', respectively, resulting in the increases of
the HOMO energy from —6.87 to —1.88 eV for phNH, and
from —7.02 to —3.45 eV for phNH,"*. The optimized structures
of phNH,/CH;COO™~ and phNH,*/CH;COO~ complexes are
shown in Figure 9. The great increases of the HOMO energies
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Figure 9. HOMO orbitals of aniline (phNH,), aniline radical cation
(phNH,"), pHNH,/CH3COO™, and phNH,"*/CH;COO, together with
their HOMO levels.

will substantially enhance the reactivity of both phNH, and
phNH, " in the oxidation and the dimeric reactions, respectively,
which well-interprets the catalytic behavior of the carboxylic
acids.

Although the presence of Fe;O, nanoparticles did not enhance
the polymerization efficiency of aniline in the succinate buffer,
the particles contribute to the polymerization efficiency in the
acetate buffer that was used to demonstrate the peroxidase-like
activity of Fe;O, particles, which suggest that Fe;O, nanopar-
ticles also have an effect in catalyzing the polymerization of
aniline in the acetate buffer.

It should be pointed out that, under the optimized pH 2.5,
Fe;0,4 nanoparticles will be partly dissolved due to the acidic
corrosion. Fe?™ and Fe’" are consequently available for cata-
lyzing the reaction of aniline following the principle of Fenton
or Fenton-like reagent by accelerating the decomposition of
H,0, to generate hydroxyl radical.'*3> To further elucidate this
contribution, ESR measurements were performed to detect
radicals formed in the following systems upon the use of
DEPMPO as a spin trap, i.e., the acetate buffer solution
containing no Fe;O, nanoparticle, leaching solutions from
phosphate buffer, and acetate buffer containing Fe;O, nanopar-
ticles. In all these mimic systems, equal amounts of H,O, were
present. The results shown in Figure 10 reveal that the signals
recorded from all three systems present similar eight-line spectra
with a signal intensity ratio of 1:2:2:1:1:2:2:1. On the basis of
the literature data,’>- this spectrum (a* = 47.5 G, o™ = 14.1
G, d" = 13.7 G) was assigned to the DEPMPO—hydroxyl
adduct. Although the results shown in Figure 10 also suggest
that the acetate buffer and the leaching solution from the
phosphate buffer containing Fe;O, nanoparticles present quite
comparable effects in generating the hydroxyl radical, the results
shown in Figure 8 have demonstrated that nearly no polymer-
ization of aniline occurred at pH 2.5 in the phosphate buffer in
contrast to the acetate buffer. Therefore, it can be confirmed
that acetate buffer plays a catalyzing role in the polymerization
of aniline as demonstrated by the theoretical prediction shown
in Figure 9. The results shown in Figure 10 further demonstrate
that the leaching solution from the acetate buffer containing
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Figure 10. ESR signals recorded from acetate buffer (a), leaching
solution from the phosphate buffer containing Fe;O4 nanoparticles (b),
and leaching solution from the acetate buffer containing Fe;0,4
nanoparticles (c). In all these three solutions equal amounts of H,O,
were presented.

Fe;0,4 nanoparticles presents an enhanced signal much stronger
than the sum of those from the former two solutions, suggesting
that the carboxylic group and Fe ions take a synergistic effect
in catalyzing the decomposition of H,O, to generate hydroxyl
radical.

Nature of the Peroxidase-like Activity of Fe;O4 Nanopar-
ticles. The aforementioned results have clearly demonstrated
that carboxylic acid such as acetic acid and succinic acid in the
buffers can effectively catalyze the polymerization of aniline
by forming stable complexes with both aniline and aniline
radical cation. Moreover, it also offers help to Fe ions to
accelerate the decomposition of H,O, to generate hydroxyl
radical.

The next important question that remains to be answered is
whether the Fe;O, particles take the catalyzing effect via Fe
ions present in the reaction system due to the corrosion of Fe;O,4
nanoparticles. In fact, the Fe ions are not sufficient to enable
the polymerization reaction following the Fenton mechanism.
For example, the concentration of Fe ions in phosphate was
determined to be 12.9 ug/mL, while that in the acetate buffer
was only of 3.7 ug/mL at pH 2.5. Nevertheless, with the help
of carboxylic acid, Fe ions with the reduced concentration work
more effectively than those in the phosphate buffer in generating
hydroxyl radical as demonstrated by the ESR experiments.

To provide direct information on the role of Fe;O4 nanopar-
ticles in the polymerization of aniline, a control reaction was
carried out upon the use of the leaching solution from the acetate
buffer containing Fe;O4 nanoparticles. The leaching solution
was prepared by incubating 0.45 mg of Fe;O, nanoparticles in
3 mL of acetate buffer (pH 2.5) for 10 min followed by
ultrafiltration for 10 min to remove Fe;O, nanoparticles. Detailed
results shown in Figure 11 demonstrate that the leaching solution
can not only catalyze the polymerization of aniline but also show
quite comparable effects with that achieved in the presence of
Fe;0, nanoparticles, which strongly demonstrates that Fe;O,4
nanoparticles catalyze the polymerization via Fe ions. Neverthe-
less, this phenomenon seems to be contradictory to the observa-
tion that peroxidase substrate TMB is not readily oxidized by
H,0, in the leaching solution as reported by ref 20. The main
reason of this discrepancy can be attributed to the difference in
the concentration of the leached Fe ions. Under the current
experimental conditions, the concentration of the leached iron
ions achieved at pH 2.5 was of 332 ug/L, much higher than
that reported in ref 20. In the latter experiments, Fe;O, particles
were incubated in acetate buffer at pH 3.5, and the resultant
concentration of Fe ions was of 21.2 & 0.7 ug/L. As a matter
of fact, the amount of leached iron ions from Fe;O, particles is
strongly pH-dependent.>* Lower pH is obviously in favor of
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Figure 11. Temporal evolutions of the absorbance around 760 nm
recorded from the polymerization of aniline taking place either in acetate

buffer containing Fe;O4 nanoparticles (solid curve) or in their leaching
solution (dashed curve).

higher concentration of leached Fe ions, while, as shown in
Figure S2 of the Supporting Information, a higher concentration
of Fe ion dramatically accelerates the polymerization of aniline,
which further verifies that Fe ions take the catalytic effect rather
than the mother Fe;O, nanoparticles. In addition, the current
experiments adopted much smaller Fe;Oy particles (11 nm) in
contrast to 300 nm nanoparticles used in leaching ion experi-
ments in ref 20, which should partly be responsible for the higher
concentration of the leached Fe ions achieved in the current
experiments. Because TMB and OPD, the typical chromogens
for HRP, are simple derivatives of aniline, the above elucidated
mechanism suggest that the peroxidase-like activity of Fe;O4
nanoparticles may not be true.

Conclusions

In summary, Fe;O, nanoparticles were used to catalyze the
polymerization of aniline, following previous reports on their
“peroxidase-like” activity, to achieve PANI/Fe;O4 nanoparticle
composite materials. The use of H,O, as oxidant enabled the
synthetic route to be facile and ecofriendly. Systematic experi-
ments were performed to optimize the synthetic parameters.
Preliminary results reveal that the resultant PANI/Fe;O4 nano-
particle composite possesses a thickness-dependent microwave
absorption property. More detailed experiments by theoretical
calculation in combination with ESR measurements reveal that
carboxylic acid such as acetic acid and succinic acid can not
only catalyze the polymerization of aniline by forming stable
complexes with aniline and aniline radical cation but also
catalyze the generation of hydroxyl radical via the decomposi-
tion of H,O,. Furthermore, carboxylic acid also presents
synergistic effect with Fe ions in accelerating the generation of
hydroxyl radical. As a matter of fact, the catalyzing effects of
carboxylic acid in the polymerization of aniline or generation
of hydroxyl radical were never reported before, even though
different impacts of various types of organic acids on the
polymerization of aniline were previously observed. However,
the current investigations clearly elucidate the role of carboxylic
acid in different stages of the polymerization of aniline, which
should be very valuable for the chemical synthesis of polya-
niline. Furthermore, the nature of the peroxidase-like activity
was demonstrated to be synergistic catalyzing effects of both
carboxylic acid and Fe ions. Nevertheless, PANI/Fe;O4 nano-
particle composite can still be prepared by taking the Fe;O,
nanoparticles as an “enzyme-mimic catalyst” even though the
previously proposed mechanism seems not relevant.
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