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Abstract—For the first time, under the conditions of in situ oxidative polymerization, a hybrid dispersed mag-
netic material based on poly-3-amine-7-methylamine-2-methylphenazine (PAMMPh) is obtained in which
nanoparticles Fe;O, are dispersed in an electroactive polymer matrix. According to the results of TEM and
SEM, Fe;0,4 nanoparticles have sizes of 4 < d < 11 nm. Using IR spectroscopy it is established that the chain
propagation proceeds via the addition of C—N between 3-amino groups and the para position of phenyl rings
relative to nitrogen. The chemical structure, phase composition, and the magnetic and thermal properties of
the nanomaterials versus the synthetic conditions are investigated. It is shown that the nanocomposite mate-
rial Fe;0,/PAMMPh is superparamagnetic and thermally stable.

DOI: 10.1134/51995078018020064

INTRODUCTION

New-generation materials with enhanced func-
tional characteristics are hybrid metal—polymer nano-
composites including polymers with a conjugated sys-
tem and capable of exhibiting excellent electrical,
optical, magnetic, and electrochemical properties. In
this class of hybrid materials, a special place is occu-
pied by magnetic nanocomposites. [1—3]. Functional
properties of such nanocomposites are determined by
both the nature of magnetic nanoparticles and the
specific electronic structure of a polyconjugated sys-
tem, providing a combination of magnetic, electrical,
electrochemical, and other useful properties. Interest
in such materials is growing, which is evidenced by a
great stream of scientific literature devoted to different
aspects of the creation and investigation of hybrid
nanomaterials.

The most efficient technique of obtaining hybrid
nanocomposites is the in situ oxidative polymerization
of monomers in the reaction medium containing mag-
netic nanoparticles [4—20]. Such hybrid nanomateri-
als are superparamagnets due to the small sizes and
high degree of dispersion of magnetic nanoparticles.
Thanks to the combination of electrical and magnetic
properties, such hybrid nanomaterials are rather
attractive for modern technologies. Therefore, the
issues of designing new nanocomposite materials
based on polyconjugated systems and magnetic
nanoparticles are urgent. They can be applied in mag-
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netic data-recording systems; as antistatic coatings
and materials absorbing electromagnetic radiation in
different wavelength ranges; for obtaining anticorro-
sive coatings; in the creation of components of elec-
tronic engineering, electromagnetic screens, and con-
trast materials for magnetic resonance tomography; in
hyperthermia; and for catalytic removal of organic
water pollutants in combination with magnetic separa-
tion for water purification.

Earlier we obtained a nanostructured magnetic
material based on polydiphenylamine-2-carboxylic
acid (PDPhAC) and Fe;O,4 nanoparticles by means of
the oxidative polymerization of diphenylamine-2-car-
boxylic acid under homogeneous and interfacial con-
ditions [21—23]. Superparamagnetic materials are also
obtained on the basis of polyphenoxazine (PPhOA)
[24] and magnetite nanoparticles. Regardless of the
synthesis technique, the resulting hybrid nanomateri-
als are superparamagnets. The squareness ratio of the
hysteresis loop k, = My/Mg ~ 0 is evidence of a nearly
100% content of superparamagnetic nanoparticles.
The saturation magnetization Mg increases with an
increase in the content of Fe;O, nanoparticles and
reaches 33.5 and 49.2 emu/g for nanocomposites
including PDPhAC and PPhOA, respectively.

In the present work, for the first time, a hybrid dis-
persed magnetic material based on thermally stable
electroactive poly-3-amine-7-methylamine-2-
methylphenazine (PAMMPh) and magnetite nanopar-
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Table 1. Magnetic characteristics of the Fe;0,/PAMMPh
nanocomposite

Fe, %* | Hc, Oe | Mg, emu/g | Mg, emu/g | Mgp/Mq
21.2 0 16.26 0 0
33.5 1 31.52 0.2 0.006
44.5 3.5 34.97 0.25 0.007
50.4 0 55.65 0 0

*According to AAS data. H¢ is the coercive force, Mg is the satu-
ration magnetization, and My, is the residual magnetization.

ticles is obtained. The nanocomposite material
Fe;0,/PAMMPh is characterized by Fourier trans-
form IR spectroscopy (FTIR), X-ray phase analysis
(XRA) and X-ray structural analysis (XSA), transmis-
sion (TEM) and scanning electron microscopy
(FE-SEM), atomic absorption spectrometry (AAS),
differential scanning calorimetry (DSC), thermograv-
imetric analysis (TGA), and magnetometry. The
chemical structure and phase composition and the
magnetic and thermal properties of the obtained
nanomaterials versus the synthetic conditions are
investigated.

For the synthesis of the nanocomposite, 3-amine-
7-dimethylamine-2-methylphenazine hydrochloride
(ADMPHhH) (Neutral Red)

H5C N
X
UL e
H,N N N
H |
CH;

was taken as a monomer. The presence of two phenyl
rings and active functional groups in the ADMPhH
chemical structure, which are capable of further trans-
formations, makes it possible to obtain a new type of
heterocyclic polyconjugated systems with practically
important properties (e.g., high thermal stability and
electroactivity in a wide pH range and the ability to
yield film coatings in the course of synthesis at the sur-
face of a substrate introduced into the reaction solu-
tion) [25].

EXPERIMENTAL

Analytical-reagent grade ammonium persulfate
was refined by recrystallization from distilled water
using a well-known technique [26]. 3-Amine-7-
dimethylamine-2-methylphenazine  hydrochloride
(CsH;CIN,) (ADMPhH) (Neutral Red), as well as
iron (II) chloride, acetonitrile, and DMFA (all pro-
duced by Acros Organics); iron (III) chloride (pure
grade); and ammonia water (reagent grade) were used
with no extra purification. Aqueous solutions of the
reagents were prepared with distilled water. Poly-3-
amine-7-methylamine-2-methylphenazine (PAMMPh)
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was obtained under the conditions of in situ chemical
oxidative polymerization in an acetonitrile aqueous
solution [25].

The Fe;0,/PAMMPh nanocomposite was obtained
as follows [27]. Firstly, Fe;O, nanoparticles with a
desired concentration were synthesized by the hydro-
lysis of a mixture of iron (II) and iron (III) salts at a
ratio of 1 : 2 (0.108—0.86 g FeSO, - 7H,0 and 0.294—
2.35g FeCl;-6H,0) in an ammonium hydroxide
solution at 60°C. The suspension was heated in a water
bath up to 80°C and stirred for 0.5 h. Cooling of the
suspension was carried out at room temperature with
constant vigorous stirring for 1 h. To attach a mono-
mer to the surface, Fe;O, nanoparticles were filtered
and washed with distilled water for the removal of the
residual reagents until a neutral reaction of a filtrate
was achieved; then they were immediately (without
prior drying) added to the ADMPhH acetonitrile
solution of the desired concentration. The process was
run at 60°C with constant vigorous stirring for 1 h.
Cooling of the suspension was carried out with stir-
ring at room temperature for 1 h. The obtained
Fe,O,/ADMPhH suspension was stirred in an ultra-
sonic bath at room temperature for 0.5 h. Then, to
carry out in situ oxidative polymerization of
ADMPhHH at the surface of Fe;0O, nanoparticles, an
aqueous ammonium persulfate solution was added
dropwise to the Fe;0,/ADMPhH suspension in ace-
tonitrile thermostatted at 15°C with constant stirring.
The proportion between the volumes of organic and
water phases was 1:1 (V,,,=60mL). The reaction
temperature was maintained at no higher than 15°C.
The polymerization reaction was conducted with con-
stant vigorous stirring for 4 h. After the end of the syn-
thesis, the reaction mixture was precipitated in a five-
fold excess of distilled water. The final product was fil-
tered, repeatedly washed with distilled water to remove
residual reagents, and dried under vacuum above
KOH until the mass became constant. The
Fe,O,/PAMMPh yield is 1.18 g at an iron content of
Fe =50.4% (according to the AAS data) (Table 1).
The oxidative polymerization of ADMPhH at the sur-
face of Fe;O, nanoparticles can also be carried out in
a DMFA aqueous solution.

The metal content in the Fe;O,/PAMMPh nano-
composite was determined quantitatively by atomic
absorption spectrometry on an AAS 30 spectropho-
tometer (Carl Zeiss JENA) (Table 1). The error of
determination of the Fe content was £1.0%.

The IR spectra of the samples were recorded on an
IFS 66v Fourier transform IR spectrometer in the
range of 4000—400 cm~!. The samples were prepared
in the form of tablets pressed with KBr.

X-ray structural investigations were carried out at
room temperature on a Difrei-401 X-ray diffractome-
ter with Bragg—Brentano geometry in Cr K, radiation
at A = 0.229 nm. Using the results of X-ray structural
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Fig. 1. (Color online) IR spectra of (/) the PAMMPh
and the nanocomposite Fe;O,/PAMMPh obtained at

[Fe] = 21.2 (2) and 50.4% (3).

analysis, the size distribution of the coherent scatter-
ing regions (CSRs) of crystallites [28] in Fe;O,
nanoparticles was calculated.

Electron microscopy investigations were con-
ducted on a LEO912 AB OMEGA transmission elec-
tron microscope and a Supra 25 field-emission scan-
ning electron microscope (Zeiss). The resolution in
the obtained images is 1 to 2 nm. The size of nanopar-
ticles was determined using the EsiVision program.

To measure the magnetic characteristics of the sys-
tems, a vibrating-coil magnetometer was employed
[29]. The measurements of the magnetization were
performed depending on the magnetic field value, and
the magnetic characteristics of the samples were deter-
mined at room temperature.

(311)

2400 ~

1200

Fig. 2. (Color online) XRD patterns of (/) the PAMMPh
and the nanocomposite Fe;O,/PAMMPh obtained at

[Fe] = 21.2 (2) and 50.4% (3).
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Thermal analysis was carried out on a TGA/DSCl1
instrument (Mettler Toledo) in a dynamic mode in the
temperature range of 30—1000°C in air and in an
argon flow. The weight amount of the samples was
100 mg, the heating rate was 10°C/min, and the argon
flow rate was 10 mL/min. As a reference sample, cal-
cined aluminum oxide was used. The samples were
analyzed in an Al,O; crucible.

DSC analysis was performed on a DSC823 calo-
rimeter (Mettler Toledo). The samples were heated at
arate of 10°C/min a nitrogen atmosphere at the nitro-
gen flow rate of 70 mL/min. The results were treated
using the STARe service software delivered with the
instrument.

RESULTS AND THEIR DISCUSSION

A hybrid nanomaterial Fe;O,/PAMMPh is
obtained under the conditions of in situ oxidative
polymerization of ADMPhH in the presence of Fe;0,
nanoparticles. The formation of the hybrid dispersed
Fe;O0,/PAMMPh nanomaterial includes the synthesis
of Fe;O, nanoparticles by means of hydrolysis of a
mixture of iron (II) and iron (I1I) saltsataratioof 1 : 2
in an ammonium hydroxide solution [30], the attach-
ment of the monomer to the surface of priorly
obtained magnetite nanoparticles introduced into the
reaction medium of nanocomposite synthesis, and
subsequent in situ polymerization in the presence of
ammonium persulfate as an oxidizing agent.

The formation of the nanocomposite material
Fe;0,/PAMMPh is confirmed by techniques such as
Fourier transform IR spectroscopy, X-ray structural
investigations, AAS, and transmission (TEM) and field-
emission scanning electron microscopy (FE-SEM).

Figure 1 shows the FTIR spectra of PAMMPh and
a nanocomposite based on it. The comparison of the

Proportion of crystallites, %
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10 |
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Fig. 3. (Color online) Size distribution of Fe;O, crystallites
in the nanocomposite Fe;O4/PAMMPh obtained at

[Fe] = 21.2 (1) and 50.4% (2).
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Fig. 4. TEM images of the nanocomposite Fe;0,/PAMMPh

obtained at [Fe] = 21.2 (a) and 50.4% (b).

IR spectra of the polymer and the nanocomposite
revealed that, in the IR spectra of Fe;O,/PAMMPh all
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main bands characteristic of the PAMMPh chemical
structure persist. It is established that, as with
PAMMPh [25], in the nanocomposite, the chain
propagation proceeds via the addition of C—N
between 3-amino groups and the para position of phe-
nyl rings relative to nitrogen with the simultaneous
splitting out of a Cl~ anion and a methyl group from
the 7-dimethylamino group. The absorption band at
820 cm~!, as well as the bands at 1287 and 1114 cm~,
are due to the out-of-plane deformation vibrations of
the 8-_p bonds of the 1,2,4,5-substituted benzene ring
[31-33]. The absorption bands at 806, 731, and
714 cm™! relate to the out-of-plane deformation vibra-
tions of the d._p bonds of a trisubstituted benzene ring
of the terminal groups. The intense bands at 1609 and
1500 cm™~! correspond to the stretching vibrations of
the v_c bonds in aromatic rings [25]. The absorption
bands at 1342, 1311, and 1226 cm™! relate to the
stretching vibrations of the v-_y bonds [25]. A triplet
in the vicinity of 2900 cm™! is that of the stretching
vibrations of the v_y bonds in —CHj; [34, 35]. This is
corroborated by the presence of a band at 1437 cm™!
from the deformation vibrations of the d._p bonds
in —CHj; [25].

In the IR spectra of the nanocomposite (Fig. 1), an
absorption band in the vicinity of 572 cm™! is present
along with a band at 433 cm~!, which both character-
ize the stretching vibrations of the vg._g bond of mag-
netite. It is worthy to note that the absorption bands of
the stretching vibrations of the Fe—O bond in magne-
tite lie in the vicinity of 480 and 440 cm~' [36].
A strong shift to a shorter wavelength range is evidence
of the interaction between magnetite and the polymer
functional groups. An increase in the Fe;O, content of
the nanocomposite leads to a considerable growth in
the intensity of the band at 572 cm™.

Therefore, according to the results of Fourier
transform IR spectroscopy, a polymer matrix (poly-3-
amine-7-methylamine-2-methylphenazine) has the
following chemical structure:

HC N
j@lw
:[ I CH
N N/ 3

H5C N N
H
CH
T e
N N N
H H
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Fig. 5. FE-SEM images of the PAMMPh (a) and the nanocomposite Fe;04/PAMMPh obtained at [Fe] = 21.2% (b).

M, emu/g
80

60 -
40
20

~ N W RN

—-8000 —-6000 —4000 —2000—0) 2000 4000 6000 8000

_—__’;/'/—2’0— H, Oe
_/_/40_

—60
—80L

Fig. 6. (Color online) Magnetization of the nanocomposite
Fe;O04/PAMMPh versus the applied magnetic field at
room temperature, where the Fe;O0,/PAMMPh is obtained

at [Fe] = 21.2 (1), 33.5 (2), 44.5 (3), and 50.4% (4).

NANOTECHNOLOGIES IN RUSSIA  Vol. 13

PAMMPh is a semiladder heterocyclic polymer con-
taining nitrogen atoms involved in the common poly-
conjugated system.

The formation of Fe;O, nanoparticles is confirmed
by XRA. The only metal-containing phase in the
nanocomposite composition is the phase Fe;O,. In
the diffraction patterns of the nanocomposite, the
reflection peaks of Fe;O, in the vicinity of the scatter-
ing angles 20 = 46.1°, 54.2°, 66.9°, 84.8°, 91.2°, and
102.2° (Cr K, radiation) are clearly identifiable
(Fig. 2) [22, 23]. All these diffraction peaks belong to
the Fe;0, cubic structure (JCPDS 19-0629); the cor-
responding Miller indices are (220), (311), (400),
(422), (511), and (440) [37]. The size distribution of
CSRs in Fe;0, nanoparticles was calculated from the
XSA results (Fig. 3). About 90 to 95% of Fe;0, crys-
tallites are up to 8 nm in size. According to the TEM

Nos. 3—4 2018
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Fig. 7. (Color online) Decrease in the mass of (/, 2) the
PAMMPh and the nanocomposite Fe;O04/PAMMPh
obtained at [Fe] = 21.2% (3, 4) upon heating to 1000°C at
arate of 10°C/min (/, 3) in an argon flow and (2, 4) in air.

and FE-SEM results, Fe;O, nanoparticles have sizes
of 4<d< 11 nm (Figs. 4, 5). According to the AAS
data, the iron content is [Fe] = 21.2—50.4% depend-
ing on the synthetic conditions (Table 1).

The magnetic properties of the Fe;O0,/PAMMPh
nanomaterial are investigated and the values of its
main magnetic characteristics are determined. The
dependence of the magnetization on the value of the
applied magnetic field at room temperature is shown
in Fig. 6. The effect of the iron concentration on the
magnetic characteristics of the Fe;O,/PAMMPHh
nanomaterial was investigated. The saturation magne-
tization Mg depends on the iron concentration and
reaches 55.7 emu/g at [Fe] =50.4% (Table 1). The
squareness ratio of the hysteresis loop is
k,= Mgy/Mg ~ 0, which indicates that the behavior of
the hybrid nanomaterial is superparamagnetic [29,
38], caused by small sizes and high degree of disper-
sion of magnetic nanoparticles. The values My/Mg are
typical of single-axis single-domain particles. For
Fe,0,, the critical size of the transition to a single-
domain state is 128 nm [29, 38].

Table 2. Thermal properties of materials

Characteristics PAMMPh Fe;O0,/PAMMPh
*Tso, °C 87/96 114/116
#1505, °C 342/434 365/565
% T 509> °C 474/865 460/841
*EEOcTaToK, % 0/39 28/43

*Tsop, “Ths04, and “**Tsge, correspond to the 5, 25, and 50%
mass loss (air/Ar).
##xkResidue at 1000°C (air/Ar). [Fe;04] = 27.6%.
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Fig. 8. (Color online) DSC thermograms of (1, 2) the
nanocomposite Fe;0,/PAMMPh and (3) PAMMPh

upon heating to 350°C in an argon flow at a rate of
10°C/min (7 and 3 indicate the first heating and 2 indi-

cates the second heating).

The thermal stability of the Fe;O,/PAMMPhHh
nanocomposite was investigated by TGA and DSC
techniques. Figure 7 illustrates the temperature
dependence of the decrease in the mass of the
Fe;0,/PAMMPh nanocomposite in comparison with
that of PAMMPh upon heating to 1000°C in an argon
flow and in air. According to the AAS data, the con-
tent [ Fe;O,] = 27.6%. Table 2 presents the main ther-
mal characteristics of the materials. As is seen from
Fig. 7, the character of the curves showing the mass
loss of the samples remains unchanged up to 320°C. In
the process, the mass loss at low temperatures is due to
the removal of moisture, which is confirmed by the
DSC data (Fig. 8). In the DSC thermograms of the
nanocomposite and the polymer, there is an endother-
mic peak at ~100°C. With the second heating, this
peak is absent. The exothermic peak observed in the
polymer DSC thermogram at 245°C cannot be due to
the processes of melting or cross-linking, because,
according to the XRA data, PAMMPh is an amor-
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phous polymer (Fig. 2) and, in the indicated tempera-
ture range, in the TGA cumulative curves, small mass
loss is observed.

In the Fe;O,/PAMMPhH hybrid nanomaterial, the
absence of mass loss in air at a temperature higher than
570°C is due to the complete thermal-oxidative
destruction of the polymer matrix. After the destruc-
tion of the polymer matrix, magnetite is left. At
1000°C, the residue comprises 28%, which corre-
sponds to the Fe;O, content of the nanocomposite of
[Fe;0,4] = 27.6%, as the AAS data show.

In an inert medium, at higher than 320°C, the loss
of the mass of the samples takes place gradually. In the
Fe,O,/PAMMPHh nanocomposite, at 1000°C, the res-
idue is 43% and, in the PAMMPh, the residue is 39%.

CONCLUSIONS

Under the conditions of in situ oxidative polymer-
ization, in an acetonitrile aqueous solution in the pres-
ence of magnetite nanoparticles introduced into the
reaction medium beforehand, a hybrid dispersed mag-
netic nanomaterial Fe;O,/PAMMPh is obtained for
the first time. Fe;O, nanoparticles have sizes of
4<d< 11 nm. The saturation magnetization My
depends on the iron concentration and is 16.3—
55.7emu/g at [Fe] =21.2—50.4%. The squareness
ratio of the hysteresis loop is k, = My/Mg ~ 0, which
indicates that the behavior of the hybrid nanomaterial
is superparamagnetic. The nanocomposite loses half
of its initial mass at 460°C in air and at 841°C in an
inert medium. At 1000°C, the residue is 43%. These
hybrid nanomaterials are rather attractive for modern
technologies and can be applied in the creation of
electromagnetic screens and contrast materials for
magnetic resonance tomography and as materials
absorbing electromagnetic radiation in different wave-
length ranges.
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