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Conducting polymers complexed with magnetic nanoparticles have attracted considerable attention in recent years due to

DOI: 10.1039/x0xx00000x

their potential applications in magnetic materials for biomedical and clinical uses. In this study, a unique and facile method

is described for the preparation of a novel composite, which consists of poly(3-methoxythiophene) combined with Fe;04

nanoparticles. Notably, hydrazine reduction of the resulting complex formed between poly(3-methoxythiophene) and the

iron chlorides produced the desired composite under an ambient atmosphere without any additional energy input. This was

also achieved without controlling the amount and addition rate of hydrazine, or adjusting the system pH. Elemental analysis,

X-ray powder diffractometry, X-ray photoelectron spectroscopy, and Fourier-transform infrared spectroscopy indicated that

the approximate empirical formula of the composite was (CsHs0S),(CsHs0S)s3 + 0.25Cl * 5.5Fe304 * 9.4H,0. Additionally,

transmission electron microscopy and scanning electron microscopy observations demonstrated the presence of almost

spherical Fe;04 particles with diameters ranging from ~20 to 200 nm in the composite. Furthermore, superconducting

quantum interference device measurements demonstrated its superparamagnetic behavior with a saturation magnetization

of 11.9 emu/g at 300 K. Moreover, ferrimagnetic behavior was detected, with a saturation magnetization of 20.2 emu/g and

a coercivity of 500 Oe at 5 K. Overall, this work represents a novel and mild approach for the synthesis of magnetic materials

using polythiophenes, one of the most prominent and commercially successful conducting polymers, which are known to

exhibit good chemical and electrochemical stabilities under air, and in the presence of moisture, both in the doped and

undoped states.

1. Introduction

The potential of magnetic responsive particles for application in
mechanochemical, biomedical, and chemical research has led
to extensive investigations in these fields.! By combining such
magnetic particles with polymer materials, composite materials
with excellent magnetic response properties can be obtained,
including smart polymers for actuation, drug delivery, cell
therapy, separation/concentration, and sorbent adsorption,
among other functions.?"8

In the case where the polymeric materials are conducting
polymers, their composites with magnetic nanoparticles will
exhibit both electrical conduction and magnetism.
Consequently, in addition to the aforementioned applications
for composite materials consisting of insulating polymers and
magnetic nanoparticles, multifunctional materials
incorporating conducting polymers can be employed in the
fabrication of batteries, electrochemical displays, sensors,
electromagnetic shielding materials, microwave absorbing
materials, and other devices. Indeed, numerous composite
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materials of conducting polymers and magnetic nanoparticles
have been prepared. However, with the exception of a few
revised or simplified methods,>1° such composites have been
prepared primarily by solubilizing the precursor monomer of
the conducting polymer in an aqueous micelle or emulsion
medium with dispersed magnetic particles, and then chemically
polymerizing the monomer using an oxidizing agent.11718 |n the
context of magnetic particles, FesOs (magnetite) and y-Fe,03
(maghemite) have been widely employed in combination with
conducting polymers such as polyaniline (PANI), polypyrrole
(PPy), and poly(3,4-ethylenedioxythiophene)  (PEDOT).
Additionally, anionic sodium dodecyl sulfate and cationic
cetyltrimethylammonium bromide have been employed as
surfactants, while iron chlorides and ammonium persulfate
have been used as oxidizing agents for the polymerization of
conducting polymer precursors.

Previously, our group reported the polymerization of 3-
methoxythiophene with FeCl3 to form a water-soluble 3-
methoxythiophene-linked conducting polymer with a weight-
averaged polymerization degree of 11.3, and it was found that
the coating films of this polymer exhibited gold-like colors.19:20
However, unreacted FeCls and its corresponding reaction
product FeCl, inevitably remained within the polymer systems.
Repeated washings did not remove these iron chlorides,
thereby suggesting the presence of strong interactions between
the polymer skeleton and the iron chlorides, resulting in
complex formation. Such residual iron chlorides are typically
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regarded as impurities in the polymer and are perceived
negatively. However, it was hypothesized that reduction of the
polymer—impurity complex could yield a novel composite with
unique magnetic properties. This could offer a simple and facile
method for composite synthesis that has not been previously
reported.

In this study, reduction of the aforementioned polymer—iron
chloride complex is performed using hydrazine to generate a
polymer composite containing Fe30a4. The ability of this polymer
composite to exhibit ferrimagnetism and superparamagnetism
is evaluated. One key aspect of this novel approach is the
immobilization of the FesO4 precursors (i.e., FeCls and FeCly)
within the polymer skeleton, which could facilitate a uniform
dispersion of the reaction product (Fez04) within the composite.
More importantly, during the material conversion of iron
chlorides to iron oxide, it is expected that such immobilization
could eliminate the requirement for an additional energy input
(e.g., thermal and/or microwave energy), thereby enabling the
reaction to proceed under ambient temperature and pressure
conditions. Overall, the aim of this work is to present a novel
method for the preparation of a new Fe3O04/poly(3-
methoxythiophene) (P3MeOT) magnetic composite, along with
its detailed characterization.

2. Experimental
2.1. Materials

3-Methoxythiophene (>98%) was purchased from FUJIFILM
Wako Pure Chemical Corp. Anhydrous iron(lll) chloride (>95%,
FUJIFILM Wako Pure Chemical Corp.) and iron(lll) perchlorate
hydrate (anhydride content = 70.7%, FUJIFILM Wako Pure
Chemical Corp.) were used as oxidizing agents for the
polymerization of 3-methoxythiophene. Methanol (>99.8%),
ethanol (>99.5%), and acetonitrile (>99.7%) were obtained from
Kanto Chemical Co., Inc. Chemical de-doping was performed
using hydrazine monohydrate (98%, Sigma-Aldrich).

2.2. Preparation of Cl-doped poly(3-methoxythiophene)

Chloride-doped poly(3-methoxythiophene), denoted P3MeOT-
Cl, was prepared with reference to a previously reported
method.1%2° More specifically, to a stirred 0.10 M solution of 3-
methoxythiophene in acetonitrile (20 mL) was added rapidly a
0.20 M solution of FeCls in acetonitrile (20 mL) under a nitrogen
atmosphere at 21 °C. The color of the solution changed rapidly
from colorless to dark purple. The obtained purple solution was
stirred for a further 2 h, followed by evaporation of the solvent.
The obtained residue was repeatedly washed with ethanol to
remove the oxidant and any remaining monomeric 3-
methoxythiophene. More specifically, washing was continued
until a clear wash solution was obtained. Subsequently, the
residue was dried in a vacuum dryer (ETTAS AVO-250NB, AS
ONE) at 50 °C for 90 min to yield the deep blue-purple P3MeOT-
Cl (mass yield = 43%) with a weight-averaged polymerization
degree of 11.3.20 As described in the introduction, P3MeOT-Cl
contains iron chlorides that cannot be removed by washing with
ethanol.

2| J. Name., 2012, 00, 1-3

2.3. Preparation of ClOs-doped poly(3-methoxythjophene), .

Ol: 10.1039/D5PY00933B
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(P3MeOT-ClO4) was subsequently prepared according to
previous literature methods.?-23 |n this case, to a stirred 0.10
M solution of 3-methoxythiophene in acetonitrile (20 mL) was
added rapidly a 0.20 M solution of Fe(ClO4)s3 in acetonitrile (20
mL) under a nitrogen atmosphere at 22 °C. The color of this
solution changed rapidly from transparent/colorless to dark
blue. The obtained solution was stirred for 2 h, and the dark
blue precipitate was isolated by suction filtration. After washing
the resulting product five times with methanol, it was dried at
50 °C under vacuum for 90 min to give the desired P3MeOT-ClO4
as a deep blue powder (mass yield = 96%) with a weight-
averaged polymerization degree of 20.4.1° Unlike the above-
described P3MeOT-Cl, P3MeOT-ClO4 does not contain the iron
component derived from the oxidant used during the
polymerization process.?! Additionally, the prepared P3MeOT-
ClO4 is soluble in polar organic solvents, such as nitromethane,
propylene carbonate, y-butyrolactone, and acetonitrile, and its
solution-cast films exhibit a gold-like luster.

2.4. Synthesis of the reduced form of P3MeOT-CI

The reduced form of P3MeOT-Cl (Red 1) was prepared following
a previously described literature method.?*> More specifically,
P3MeOT-Cl (0.10 g) and hydrazine monohydrate (10 mL) were
placed in an eggplant flask and stirred for 5 h. Subsequently,
suction filtration was performed using a glass filter and a
membrane filter (maximum pore size: 0.1 um), followed by
repeated washing with ethanol. The residue was subsequently
dried at 50 °C under vacuum for 90 min, yielding Red 1 as a black
solid (mass yield = 25%).

2.5. Synthesis of the reduced form of P3MeOT-ClO,4

The reduced form of P3MeOT-ClO4 (Red 2) was prepared in the
same manner as Red 1, following the same literature
procedure?3 to obtain Red 2 as a deep purple solid. As described
later (subsection 3.4), Red 2 serves as a suitable reference
material for Red 1.

2.6. General instrumentation and analytical methods

Morphological observations were performed using scanning
electron microscopy (SEM; JSM-6510A, JEOL) and transmission
electron microscopy (TEM; H-7650, Hitachi High-Technologies).
Energy dispersive X-ray (EDX) spectroscopy combined with SEM
(JED-2300 detector, JEOL) and TEM (rTEM detector, AMETEK)
were used to evaluate the elemental compositions of the
prepared materials and to record their corresponding element
mapping images, respectively. For the purpose of SEM imaging,
the samples were placed on conductive tape and fixed onto the
sample stage. To prepare the TEM samples, polymer
suspensions were prepared by adding ethanol and the desired
polymer (0.1 wt%) to a glass vial, followed by ultrasonic
dispersion for 20 min. A copper grid (STEM Cul50P, Okenshoji)
was then placed on a cleaned glass slide with the front side
facing upward, and a drop of the prepared suspension was

This journal is © The Royal Society of Chemistry 20xx
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applied onto the grid. The sample was subsequently dried in a
vacuum dryer at 25 °C for 24 h to obtain the TEM specimen. X-
ray powder diffractometry (XRD) was performed using a Bruker
D8 Advance instrument (Bruker AXS) equipped with a Cu-Ka
radiation source (A = 1.54056 A, 40 kV, 40 mA). X-ray
photoelectron spectroscopy (XPS) was carried out using a
photoelectron spectrometer (JPS-9030, JEOL) with Mg-Ka
radiation (1253.6 eV), wherein the absolute binding energy
scale was determined by setting the C 1s signal to 284.6 eV. The
Fourier-transform infrared (FT-IR) transmission spectra of the
polymers were recorded using a Jasco FT/IR-410 spectrometer.
The FT-IR samples were prepared by placing the polymer
powders between two mini KBr plates (Jasco) and applying
pressure using a Jasco mini hand press (MP-1). Elemental
analysis was performed for carbon and hydrogen on an Exter
Analytical CE-440 instrument, and for sulfur and chlorine on a
System Instruments NS-11 device coupled with an ion
chromatograph (IC-2010, TOSOH). Magnetization
measurements were carried out using a superconducting
quantum interference device (SQUID) magnetometer
(Quantum Design MPMS) at 5 and 300 K.

3. Results and discussion
3.1. Magnetism demonstrations for P3MeOT-Cl and Red 1

Fig. 1 shows the behaviors of P3MeOT-Cl and Red 1 when
brought close to a ferrite magnet. While P3MeOT-CI did not
adhere to the magnet (Fig. 1a), Red 1 exhibited complete
attachment (Fig. 1b), thereby demonstrating that Red 1
possesses magnetic properties.

(b)

Fig. 1 Photographic images showing the behaviors of (a) P3MeOT-Cl and (b) Red 1
when brought close to a magnet through a glass vial. The black circular magnet is
located at the center of the blue plastic support. The diameter of the glass vial is

20 mm.

3.2. SEM-EDX measurements

SEM observations of P3MeOT-Cl and Red 1 were conducted,
and the corresponding images are shown in Fig. 2. Notably, Red
1 was found to consist of an aggregate of bulk particles,
whereas P3MeOT-Cl showed partially separated and dispersed
aggregates, with ribbon-like particle morphologies also being
observed. Such separation of the particle aggregates due to

This journal is © The Royal Society of Chemistry 20xx
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doping has also been reported for other polythiopheneas2*and
is likely caused by doping-induced structu?all tFaASESHRIEY SIS &F
an increase in the polymer crystallinity.?> The comprehensive
microstructural characteristics and corresponding EDX spectra
are provided in the Supplementary Information (Fig. S5).

Fig. 2 SEM images recorded for (a) P3MeOT-Cl and (b) Red 1.

Table 1 presents the EDX results for P3MeOT-Cl and Red 1,
showing the atomic ratios of S, Cl, Fe, and O in each sample. For
clarity, the atomic ratios of Cl, Fe, and O were normalized to an
atomic concentration of 1 for S. According to previous
literature,?® the Fe detected in P3MeOT-Cl originates from a
mixture of FeCl; and FeCl,, wherein the latter is a byproduct that
is produced during the synthesis of P3MeOT-Cl. Previous
rigorous analysis demonstrated that FeClsz and FeCl; exist in a
molar ratio of 2:3.20 Additionally, Table 1 indicates that the Fe/S
ratio is higher in Red 1 (Fe/S = 1.47) than in P3MeOT-Cl (Fe/S =
0.27). This difference is likely due to the fact that during the
filtration and washing processes performed following the
reduction of P3MeOT-Cl to produce Red 1 (see subsection 2.4),
almost 70% of the polymer components in the product
dissolved in the filtrate and were lost. In contrast, the iron-
containing polymer components did not dissolve, and were
almost entirely recovered, thereby resulting in an increased
Fe/S ratio.

Table 1 Atomic ratios of Cl, Fe, and O relative to S in the P3MeOT-Cl and Red 1

molecules®
Molecule S cl Fe (o]
P3MeOT-Cl 1.00 0.83 0.27 1.00
Red 1 1.00 0.022 1.47 5.79

2 Atomic ratios were obtained by EDX measurements and normalized to S.

With regards to the Cl content, the Cl present in P3MeOT-ClI
represents the sum of the Cl derived from the aforementioned
iron chlorides (FeCls and FeCl;) and the CI- doped into the
P3MeOT structure. The ratio of doped ClI- per 3-
methoxythiophene unit is defined as the doping level. As
detailed in the table, a larger ClI/S ratio was obtained for
P3MeOT-Cl than for Red 1 because of the inclusion of iron
chlorides (FeCls and FeCly). Whereas, the CI/S ratio obtained for
Red 1 was extremely small, indicating that CI~ de-doping occurs
during the reduction reaction performed in the presence of
hydrazine.

J. Name., 2013, 00, 1-3 | 3
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Focusing next on the O content, a significantly higher O
abundance was detected in Red 1 than in P3MeOT-Cl. Notably,
the O component of P3MeOT-Cl corresponds to the oxygen
present in the P3MeOT framework, as indicated by the equal
ratio of S to O. On the other hand, the content of O in Red 1 is
considerably higher than the S content, suggesting that a
portion of its O fraction originates from sources other than the
framework.

3.3. TEM-EDX measurements

Subsequently, TEM observations were conducted for P3MeOT-
Cl and Red 1, as shown in Fig. 3. More specifically, Figs. 3a and
3b show the images recorded for two different batches of
P3MeOT-Cl, while Fig. 3c presents a magnified view of the
sample shown in Fig. 3b. As observed in Fig. 2a, P3MeOT-CI
exhibits a ribbon-like morphology, with almost no contrast
being observed within the images. Similarly, Figs. 3d and 3e
show the images obtained for two different batches of Red 1,
and Fig. 3f is a magnified view of Fig. 3e, where clear contrast
can be observed. The dark regions were assumed to correspond
to areas containing high concentrations of Fe (a heavy element),
namely the iron compound formed upon hydrazine reduction of
the iron chlorides. On the other hand, although P3MeOT-Cl
contains iron chlorides, which also include the heavy element

(@)

100

Fig. 3 TEM images of (a—c) P3MeOT-Cl and (d—f) Red 1. The mesh-like structures visible
in the backgrounds of the images correspond to the supporting membranes on the

copper grids used during the TEM observations.

4| J. Name., 2012, 00, 1-3

Fe, the lack of contrast observed in its TEM,images owas
attributed to a uniform distribution of thBs4 $géeiEsRARHIPOEAR
sample. In addition, the proportion of dark regions in Red 1 is
relatively high, which is consistent with the high Fe/S ratio
detailed in Table 1. Furthermore, these dark regions consist of
rounded particles with sizes ranging from several nanometers
up to ~200 nm, which are distributed throughout the sample
with little spatial bias. To further investigate these rounded
particle structures, elemental mapping was performed.

The results of the elemental mapping analysis are presented
in Fig. 4. From these results, it was confirmed that Fe originates
from the iron product generated during the hydrazine reduction
protocol, O is derived from P3MeOT and the reduction product,
while S and C originate from P3MeOT. These elements were
found to be clearly distributed throughout the sample. More
specifically, Fe and O were strongly mapped in the contrast
regions observed in Fig. 3d, whereas S was predominantly
mapped in areas outside the contrast regions. These findings
confirm that Red 1 is a composite of P3MeOT and the reduction
product, thereby supporting the results described in subsection
3.2. The elemental maps for P3MeOT-Cl are presented in Fig. S1
in Supplementary Information.

(a) (b)

1 um

Fig. 4 EDX elemental mapping images recorded for the (a) C, (b) Fe, (c) O, and (d) S
components of Red 1. Mapping was performed based on the TEM image shown in Fig.

3d.

3.4. XRD measurements

To identify the hydrazine reduction products present in Red 1,
XRD measurements were performed for both Red 1 and Red 2,
as shown in Fig. 5. Notably, the EDX results (Table S1,
Supplementary Information) indicated that neither Red 2 nor its
precursor P3MeOT-ClO4 contained Fe components derived from
the oxidizing agent. Therefore, Red 2 can be considered to
consist solely of P3MeOT, thereby rendering it an appropriate
reference sample for comparison with Red 1. Given that these

This journal is © The Royal Society of Chemistry 20xx
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compounds are largely devoid of iron compounds, the presence
of magnetism attributable to the reduced products is not
anticipated. Furthermore, neither the P3MeOT framework (Red
2) nor its perchlorate ion-doped counterpart (P3MeOT-ClO4)
exhibited significant magnetic properties (Figs. S6 and S7,
Supplementary Information), suggesting that any intrinsic
magnetism within the framework is negligible. Consequently, it
is inferred that these compounds did not adhere to the magnet
because of the absence of components exhibiting notable
magnetic characteristics (Fig. S2, Supplementary Information).
In terms of the XRD results, Red 1 exhibited peaks at 20 values
of 18.2,30.7, 35.6, 43.2, 57.0, and 62.5°, which correspond with
the 111, 220, 311, 400, 511, and 440 reflections of the Fe30a
nanoparticles, respectively (JCPDS database, file No. 19-
0629).1416-18 The average crystallite size of the hydrazine
reduction product, d, can be estimated from the Scherrer
equation:
d =kA/B cost®

where A is the X-ray wavelength, k is the shape factor, ¥ is the Bragg
angle in radians, and 8 is the full width at half maximum in radians. If
the shape of the crystal is unknown, k is often taken as 0.89.1728 Thus,
for the most distinct reflecting peak at a 29 value of 35.6°, the d value
was calculated to be 7.6 nm. Notably, this value was obtained under
the assumption that the diffraction peak width is solely attributed to
the crystallite size, without accounting for the influences imparted
by other factors. The obtained value therefore represents the lower
limit of the crystallite size. Additionally, in the XRD spectrum of Red
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Fig. 5 XRD patterns recorded for (a) Red 1 and (b) Red 2.
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2, the main peaks were observed at 26 values of 13.2 apd 25.Q°dFig.
5b), both of which originate from P3MeOT, Al thE3& sty 0Rer
also observed in the spectrum of Red 1 (Fig. 5a). These results
suggest that Red 1 is likely composed of FesOs and P3MeOT.
However, since y-Fe,03 has also been reported to show signals at 26
values close to those of Fe304,%316 distinguishing between these two
substances by XRD measurements is challenging.?6 Thus, XPS was
subsequently employed to differentiate between Fe304 and y-Fe;0s,
as detailed below.?’

3.5. XPS measurements

From the results of the previous subsection, it was determined
that the hydrazine reduction product contained in Red 1
originates from an iron oxide (either Fe3O4 or Fe;03), which is
derived from the iron chlorides present in P3MeOT-Cl. Thus, to
identify the iron oxide species, XPS measurements were
performed on both P3MeOT-Cl and Red 1, as presented in Fig.
6.

More specifically, Fig. 6 shows the XPS spectra recorded for the
Fe 2ps/2, O 1s, and Cl 2p components of P3MeOT-Cl and Red 1. In the
Fe 2ps/; spectrum of P3MeOT-Cl, a peak was observed at a binding
energy of 709.8 eV. However, according to previous literature,?®
FeCl; and FeCl, are expected to exhibit peaks at 711.5 and 710.8 eV,
respectively. More specifically, Hatfield et al.?® previously measured
the XPS spectra of FeCl;, FeCl,, and (TTF)FeCls (TTF =
tetrathiafulvalene), and reported incomplete charge transfer from
the TTF donor to iron in the (TTF),FeCl; system due to the fact that
the binding energy of the core Fe 2ps/, electrons in (TTF).FeCls is
smaller than those in FeCl; and FeCl,.22 Hence, the above result
indicates the presence of a greater electron density on the Fe
components of FeCl; and FeCl; attached to P3MeOT-Cl (c.f., those in
the free FeCls and FeCl, species). This suggests that partial electron
transfer occurs from P3MeOT to FeCl; and FeCl,. Importantly, this
implies the presence of interactions between the iron chlorides and
the P3MeOT skeleton, consistent with the observation that iron
chlorides were not removed by rigorous washing procedures during
the synthetic process (see subsection 2.2).

Additionally, the Fe 2ps/, spectrum of Red 1 exhibited a peak at
709.5 eV, consistent with the presence of Fe304 (Fe304: 707.9-710.2
eV,2%32 Fe,03: 710.3-710.8 eV2930.33.34) Additionally, the magnitude
of the Fe3* shake-up satellite signal®® originating from Fe,0s (i.e., at
~718 eV) was found to be negligibly small compared to that of the Fe
2ps/2 peak, further supporting the conclusion that the iron compound
in this system is Fe304. Although metallic iron exhibits a peak in the
range of 706.50-707.50 eV,2%:3036 the absence of such a signal in the
spectrum of Red 1 indicates that metallic iron is not present.

In the O 1s spectrum, recorded for P3MeOT-Cl, a peak was
observed at 531.6 eV. Considering that a similar peak was also
observed for P3MeOT-ClO; (i.e., at 531.7 eV, Fig. S3, Supplementary
Information), this was attributed to the methoxy oxygen atom of the
P3MeOT framework. Notably, in addition to a signal at 531.7 eV, the
O 1s spectrum recorded for Red 1 exhibited an additional peak at
529.1 eV. Considering that the oxygen components of Fe304 and
Fe,03 exhibit peaks in the ranges of 528.9-529.8 eV2%:3037 and 529.6—
531.8 eV?930.33.343839  regpectively, the peak at 529.1 eV was
considered to originate from Fe304. Therefore, based on the above

J. Name., 2013, 00, 1-3 | 5
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Fig. 6 XPS spectra recorded for Fe 2ps/; (top), O 1s (middle), and Cl 2p (bottom) for (a)
P3MeOT-Cl and (b) Red 1.

series of results, the iron oxide contained in Red 1 was determined
to be Fe30..

Moreover, the Cl 2p spectrum recorded for P3MeOT-Cl exhibited
signals at 198.6 and 197.0 eV, which correspond to the 2p1/; and 2ps;2
states of Cl, respectively.®® Consequently, these signals were
attributed to the doped CI- species in P3MeOT-Cl and the CI-
components of the impurity iron chlorides. Considering previous
literature,*° the absence of binding energy shifts for the Cl signals of
the iron chlorides indicates that interactions between the iron
chlorides and the P3MeOT framework occurred at the Fe sites, rather
than at the Cl sites. On the other hand, in spectrum recorded for Red

6 | J. Name., 2012, 00, 1-3

1, the Cl 2p signal almost disappeared, indicating that,veryolow
quantities of Cl exist in Red 1. This suggésty: tR40IHE HYARZIAR
reduction of P3MeOT-Cl resulted in the almost complete de-doping
of ClI-, along with the near-complete conversion of the iron chloride
impurities into Fe30a4.

As previously reported, Fes04 nanoparticles can be prepared via
the hydrazine reduction of Fe3* ions using microwave heating at
elevated temperatures.?64142 |n such systems, Fe3* ions are reduced
to Fe?* ions by hydrazine in the presence of oxygen. The Fe?* ions are
then combined with dissolved oxygen and hydroxyl ions to form y-
FeOOH, which then reacts with Fe?* ions to form Fes0O4. In this
approach, the phase and morphology of the resulting iron oxide
particles are affected by the quantity and addition rate of hydrazine,
as well as the pH of the precursor solution.*® The current method is
similar to this approach in that it uses hydrazine; however, it does
not require heating, control of the hydrazine addition conditions, and
adjustment of the solution pH. Although this is merely speculative,
the XPS results suggest that the iron chlorides appear to be
immobilized, while the Fe3* ions present in these iron chlorides may
be partially reduced through their interactions with the P3MeOT
framework. Such partial reduction would likely promote the
formation of Fe?* ions through the action of hydrazine, thereby
promoting the formation of Fe304, and eliminating any requirement
to adjust the reaction conditions. The activation of iron chlorides by
P3MeOT is of particular interest as it is analogous to the activation of
dinitrogen by metal oxide photocatalysts, wherein dinitrogen is
partially reduced at the oxygen vacancy sites of the photocatalysts,
thereby allowing the thermodynamically challenging dinitrogen
fixation reaction to occur.**

3.6. FT-IR spectroscopy

In a previous study, Deng et al.}” fabricated a core—shell
structure composed of Fe3Os and polypyrrole (PPy). In the
resulting FT-IR spectrum, the disappearance of a characteristic
signal corresponding to PPy suggested an interaction between
the lone pair of N electrons in the PPy chain and the 3d orbital
of the Fe atom in Fes04. Additionally, Singh et al.l> suggested
the formation Fe—S linkages based on the FT-IR spectrum
recorded for a composite that had been prepared from y-Fe,03
and PEDOT. More specifically, this was implied by the
disappearance of a characteristic signal corresponding to an Fe—
O bond of y-Fe,03. Therefore, FT-IR measurements were also
conducted herein to investigate the possible interactions
between Fe3s04 and P3MeOT in Red 1, and to reconfirm the
presence of Fe304 (Fig. 7).

Based on the spectra, the peaks observed at 1508 and 1518 cm™
for P3MeOT-Cl and Red 1, respectively, were assigned to the
stretching mode of the aromatic C=C bond for the inner thiophene
rings.*>46 Additionally, signals corresponding to —CH; bending were
observed at 1432 and 1356 cm™ in both spectra,*” while the peaks
detected at 1263 and 1252 cm™ were assigned to the C-0-C
stretching vibrations of the P3MeOT-Cl and Red 1 methoxy groups,
respectively.*® Furthermore, the signals observed at ~1210 cm™ in
both spectra correspond to stretching of the C—C inter-ring bonds,*8
while the peaks detected at 1061 and 1065 cm~ for P3MeOT-Cl and
Red 1, respectively, were attributable to Cg—H in-plane bending.*6:48

This journal is © The Royal Society of Chemistry 20xx
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Moreover, both spectra exhibited a band at 821 cm™ which was
assigned to the C—H deformation vibration of the 2,3,5-trisubstituted
thiophene ring.#”*° The bands observed at ~440 and 600 cm™ in the
spectrum of Red 1 were assigned to the vibrations of the octahedral
and tetrahedral Fe—O bonds of Fes30s, respectively,0°0-53 thereby
reconfirming that the iron oxide species in Red 1 is Fe304. It should
also be noted that the peak observed at 1628 cm™ for Red 1 is due
to the O-H stretching vibrations of water (see subsection 3.7).53
Overall, the obtained characterization results reveal that Red 1 is a
composite of de-doped P3MeOT and Fes3Os. However, upon
comparing the spectra recorded for P3MeOT-Cl and Red 1, no signal
loss arising from the incorporation of Fe304 into P3MeOT was
observed, and no evidence of interactions between the P3MeOT
framework and Fe304 was obtained from the FT-IR data.

3.7. Elemental analysis

Subsequently, the chemical compositions of P3MeOT-Cl and
Red 1 were estimated through elemental analysis. In the case of
P3MeOQOT-Cl, previous SEM-EDX measurements performed on a
solution-cast film region containing iron chloride impurities
(i.e., FeCls and FeCl,) revealed that a S/Cl/Fe composition ratio
of 1:1.57:0.53.2° Thus, considering that the CI/S ratio in P3MeOT
is 0.29 (i.e., doping level = 29%),1%:20 the ratio of Cl derived from
the iron chloride impurities was calculated to be 1.57 — 0.29 =
1.28. Therefore, the Fe/Cl ratio of the iron chlorides was
determined to be 0.53:1.28 (i.e., 1:2.4), ultimately giving an
FeCls/FeCl, molar ratio of 2:3. Based on this result, along with
the average degree of polymerization of P3MeOT (i.e., 11.3),%°
the doping level of CI~ (i.e., 29%), and the potential presence of
water,?! the empirical formula of P3MeOT-Cl was assumed to
be (C5H50$)2(C5H4OS)9,3 +3.2Cl - xFeCls - 1.5xFeCl; - yH,0. In this
formula, (CsHs0S), represents the two thiophene units at the
molecular termini, (CsH40S)s., refers to the linked thiophene
units (excluding the terminal units), and x and y are coefficients.
Table 2 provides a summary of the elemental analysis results
obtained for P3MeOT-Cl and Red 1.
Thus, based on the elemental analysis data obtained for

P3MeOT-Cl, the coefficients x and y were calculated to be 1.19 and

This journal is © The Royal Society of Chemistry 20xx

Polymer Chemistry

Table 2 Atomic ratios of the constituent elements of P3MeOT gl angiRedHlyias

determined by elemental analysis DOI: 10.1039/D5PY009338

Molecule ¢ H S cl
(atom%) (atom%) (atom%) (atom%)
P3MeOT-Cl 37.39 2.66 20.31 21.04
Red 1 24.86 2.43 14.50 0.30
0.43, respectively, giving an  empirical formula  of

(CsHs0S)2(CsH40S)9.3:3.3C-1.2FeCl3-1.8FeCl,-0.35H,0. Consequently,
the molecular weight was calculated as 1.8 x 103, and the content of
iron chlorides was determined to be 23 wt%. From this formula, the
Fe/S ratio was determined to be 0.27, which agrees with that
obtained from the EDX measurements, 0.27 (see Table 1).

In the case of Red 1, assuming that this species contains Fe30a,
water, and Cl (as indicated by the analyses presented in subsections
3.4 to 3.6), the empirical formula of Red 1 can be expressed as
(CsHs0S)2(CsH40S)a.3-pCl-gFe304:rH,0, where p, g, and r are
coefficients. Similar to the case of P3MeOT-Cl, determining the
coefficients p, g, and r from the data presented in Table 2 yielded
values of 0.25, 5.5, and 9.4, respectively. Therefore, the empirical
formula was defined as (CsHs0S)>(CsH40S)9.3:0.25CI-5.5Fe304-9.4H,0,
thereby giving a molecular weight of 2.7 x 103. Furthermore, the
FesO4 content was determined to be 47 wt%, indicating that
approximately one Fe304 unit is incorporated into the molecule for
every two thiophene units. The Fe/S ratio was calculated as 1.46,
consistent with the value of 1.47 obtained from the EDX
measurements (Table 1). Furthermore, the remarkably low atomic
concentration of Cl suggests that both the de-doping of CI- via
hydrazine reduction and the material conversion from iron chlorides
to Fe304 proceeded efficiently. As evidenced by Figs. S4 and S5 in
Supplementary Information, neither P3MeOT-Cl nor Red contain
nitrogen.

In general, when conducting polymers are synthesized via
chemical oxidation methods, structural defects and impurities are
detected,* and the molecular weight distribution is not
monodisperse. In fact, the polydispersity index of P3MeOT-Cl has
previously been defined as 1.3.20 As discussed in subsection 3.5, Cl is
present only in trace amounts in Red 1, and so the Cl content of Red
1 shown in Table 1 falls within the margin of error for elemental
analysis. Given these considerations, the empirical formulae
determined for P3MeOT-Cl and Red 1 should be regarded as
approximate representations rather than definitive compositions.

3.8. Magnetic property measurements

Based on the results described in previous subsections 3.2 to
3.7, it was revealed that Red 1 is a composite of P3MeOT and
Fe304. Fe304 is known to exhibit ferrimagnetism, whereas the
P3MeOT backbone (equivalent to Red 2) does not (Fig. S6 in
Supplementary Information). Consequently, the magnetism
exhibited by Red 1 in Fig. 1b can be ascribed to the presence of
Fes0s. With these considerations in mind, the magnetic
properties of Red 1 were subsequently measured using a
SQUID. Figs. 8a and 8b show the magnetic hysteresis loops of
Red 1 measured at 5 K and its magnification close the origin,
respectively. More specifically, the hysteresis loop shown in Fig.

J. Name., 2013, 00, 1-3 | 7
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8a exhibits a saturation magnetization, M, of 20.2 emu/g under
a magnetic field of 50 kOe, while a remanence of 3.1 emu/g and
a coercivity of 500 Oe were obtained from that shown in Fig. 8b.
This behavior indicates that Red 1 is ferrimagnetic at 5 K.
Additionally, the hysteresis loop obtained at 300 K exhibits an
M; value of 11.9 emu/g under a magnetic field of 50 kOe (Fig.
8c), and the absence of coercivity and remanence (Fig. 8d)
indicates that Red 1 is superparamagnetic, i.e., it is attracted by
an external magnetic field, but does not retain any magnetism
once the external field is removed. The development of this
superparamagnetic nature can be attributed to the small nano-
sized Fe304 particles present in Red 1. In such nanoparticles, a
single magnetic domain may be formed where the energy
barrier for spin reversal is easily overcome by thermal
vibrations, thereby resulting in superparamagnetism.>!
Moreover, the Ms value of Red 1 (11.9 emu/g at 300 K) was
found to be smaller than that of the Fe304 nanoparticles (46.7
emu/g at room temperature),>® partly due to the lower weight
ratio of Fe3O4 nanoparticles in Red 1 compared with the Fez04
nanoparticles alone.’*'® However, even when taking into
account the weight ratio of Fe304 in Red 1 (see subsection 3.7)
, the Ms value for Red 1 remains unequal to that for the FesO4
nanoparticles alone. By analogy with previous reports, this
could be attributed to the P3MeOT coating influencing the
surface spins of the Fe304 nanoparticles. More specifically, Wei
et al.>2 demonstrated that the M; value of Fes04 nanoparticles
decreases upon modification with sodium citrate and oleic acid.
They attributed this result to the surface spin effect on the
Fe304 nanoparticles caused by the modification. Similarly, Si et
al.>® reported that a smaller M; value was obtained for a
composite of Fes04 nanoparticles and surfactants compared to
that of a commercial Fe3Oas-based magnetic fluid. They
suggested that this effect was caused by the influence of the
surfactants on the surface spins of the Fe3O4 nanoparticles.

A
&
=
=

B ¥ 5 o]
E w0 ( g /’
P c
] i s
w0 1 ® 0 1
N | N
B 1 B
5-10 & 10
b g
= _ =
200 1 -20
30! -30
80000 -30000 0 30000 60000  -20000 10000 [ 10000 20000
Magnetic field {Oe) Magnetic field (Oe)
() (@

30 30

20+

' L

]

-10

Magnetization {emu/g)

Magnetization {emu/g)
|
|
\

|
I
|
10‘[ —
|
[
[
|
[

-20
|

_ap

60000

i ' A 3 ' 2 -30 i L 3 z ‘
=30000 o 30000 =20000 =10000 [} 10000

Magnetic field (Oe)

50000 20000

Magnetic field (Oe)
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Thus, as evidenced both by the findings of the gugrentstugy
and by prior reports, the magneti28tié®h108¥ DA ISR
nanoparticles is generally reduced due to organic coatings.
However, such coatings play a crucial role in the fields of
medicine and biology. For instance, in drug delivery
applications, polymer coatings enhance the biocompatibility
and stability of magnetic nanoparticles in the bloodstream.>” In
the case of magnetic resonance imaging (MRI) contrast agents,
coatings contribute to improved dispersibility and prolonged
circulation time of the particles in vivo.>® Furthermore, in
biosensing and bioseparation, coated magnetic particles can be
engineered to specifically bind to particular biomarkers or cell
surface molecules.>®

4. Conclusions

In this study, a novel method for the synthesis of a
superparamagnetic nanocomposite of poly(3-
methoxythiophene) (P3MeOT) and FesO4 was described. The
composite was prepared via a simple reaction between
P3MeOT-Cl and hydrazine in the presence of oxygen at an
ambient temperature and pressure. This straightforward
approach was characterized by the fact that no additional
energy input was required, and control of the amount or
addition rate of hydrazine was not necessary, nor was
adjustment of the solution pH. Notably, such controls are
generally required in the hydrazine-driven reduction method
for the conversion of Fe3* ions to Fe3Oa4. Based on experimental
findings, the characteristics of the described reaction were
discussed in the context of the electronic interactions between
P3MeOT and the iron chlorides, and the presumed activation of
iron chlorides resulting from these interactions
considered.

Polythiophenes can be readily prepared via oxidative
coupling methods using FeCls or FeCl3-:6H,0, and such methods
are frequently employed.®® However, the resulting
polythiophenes, typically poly(3-hexylthiophene),?%-62 contain
residual iron(lll) salts, which are difficult to remove soley by
washing with solvents and can only be removed through
multiple washes with various solvents, followed by prolonged
Soxhlet extractions with additional solvents. In the case of
polypyrrole as well, it has been reported that ferric ions still
remain after being washed with different solvents.®3
Furthermore, it has been reported that FeCls can be doped into
polyaniline.?46> Though the synthetic method developed herein
is applicable only to conducting polymers that contain Fe3* ions
within their molecular structures, it may potentially be
applicable to all major classes of conducting polymers since Fe3*
ions have been found to either remain within their structures
during preparation, or could be externally introduced as stated
above. Consequently, the current method has the potential to
serve as a novel fabrication approach for diverse magnetic
composite materials that show promise for application in both
the biological and chemical fields.

Despite its potential, the current methodology is
constrained by its applicability only to P3MeOT at present.
Consequently, future research endeavors will aim to extend this

were

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00933b

Page 9 of 12

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 2:08:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

technique to encompass not only other polythiophenes but also
prominent conducting polymers, such as polypyrrole and
polyaniline, with the objective of developing novel magnetic
composite materials. Notably, when a conducting polymer is
compatible with a solvent, it is feasible to form composites that
can be dispersed within the solvent. These composites are well-
suited for biomedical applications, including biosensors, drug
delivery systems, and MRI contrast agents, owing to their
superior biocompatibility and dispersion stability. Furthermore,
given the potential to fabricate film coatings for
electromagnetic shielding through the application of these
dispersions, the formation of composites utilizing soluble
conducting polymers will be prioritized in future research.
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