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ABSTRACT

The integration of hard magnetic barium hexaferrite (BHF) nanoplatelets into a dense poly(ethylene succinate) (PES) polyester
matrix produces an exciting biodegradable thermoplastic magnetic polymer nanocomposite. In this work, scandium-substituted
BHF nanoplatelets are grown and stabilized in hexadecyltrimethylammonium bromide (CTAB) surfactant and subsequently
dispersed in ethylene glycol, producing a stable ferrofluid. The ferrofluid is used for an in situ step-growth condensation po-
lymerization reaction between the ethylene glycol-based ferrofluid and succinic acid. The polymerized ferrofluid forms a hard
magnetic nanocomposite with filler content of up to 4.5wt% of BHF nanoplatelets, which are homogeneously dispersed within a
solid polymer matrix. With a filler content 16 times higher than in previous studies, the nanocomposite was chemically analyzed
using Fourier Transform Infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and gel-permeation
chromatography (GPC) and optimized for chain length and molecular weight, reaction time and temperature, magnetic moment,
and surface hardness. The polymer molecular weight was found to be 1359 g/mol with a monomer-to-polymer conversion of 89%.
Highly dense polymer composites were characterized using thermogravimetric analysis (TGA), while magnetic properties were
determined by vibrating sample magnetometry (vsm). The synthesized magnetic thermoplastic polymer composite shows excel-
lent magnetic properties, opening the way to advanced 3D magnetic printing and biomedical applications.

1 | Introduction range, are of particular interest due to the high level of disper-

sion leading to a homogeneous, or isotropic, composite mate-

Magnetic composite materials have magnetic particles embed-
ded in a continuous polymer matrix and combine properties
that are not possible in a single phase, such as a hard magnetic
moment in a malleable and lightweight polymer structure [1].
Recent advances in magnetic particle and polymer synthesis
enable a wider range of applications: three-dimensional (3D)
printing [2], self-healing materials [3], environmental and pro-
cess engineering [4], and biology [5-9]. Magnetic nanocompos-
ites, where at least one geometry dimension is in the nanometer

rial. While the dispersed particles exhibit application-specific
properties, the polymer matrix also contributes to the material
processability and performance [10]. Here, different types of
polymer matrix composites (PMCs) are available, such as ther-
mosets, thermoplastics, or rubbers, with thermosetting poly-
mers being the most common. Thermosetting polymers readily
form cross-links, or strong covalent bonds between polymer
chains, which restrict movement and consequently increase
the glass transition temperature to above room temperature
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and prevent the remolding of PMCs, which can burn or de-
grade upon reheating. Thermoplastics differ from thermosets
by forming linear polymer chains that do not cross-link and
readily flow under stress at high temperatures. This property al-
lows for the remolding of the PMC and retains the given shape
upon cooling to room temperature [11]. Most thermoplastic
PCMs are iron oxides or iron- based materials due to their easy
preparation and good stability. For iron oxide PCMs, the disper-
sion and polymer fabrication have been intensively researched
for the purpose of improved stability and magnetorheologi-
cal properties. Guo et al. reported improved Fe,0,—PMMA
stability through core shells in advanced magnetorheological
materials [12, 13]. This produced high magnetic susceptibility
and low-density iron oxide PCMs demonstrating a low level of
toxicity. Further improvements on biocompatible PCMs were
reported for polymer shell-type hybrid particles, which pre-
vent a direct contact between the magnetic nanoparticles and
biomolecules, and can also be coated with bioactive targeting
molecules [14] for applications in enzyme immobilization [15],
magnetic resonance imaging [16], and drug delivery cell sepa-
ration [17]. In an effort to improve dispersion, magnetic fiber
composites were homogeneously dispersed with Fe,O, mag-
netic nanoparticles in polyvinyl alcohol (PVA) with the help
of polyacrylic acid (PAA) acting as a polymer surfactant [18].
Traditionally, these magnetic fibers are produced by coating
magnetic nanoparticles onto the surface of the fibers; however,
this results in a low magnetic susceptibility due to insufficient
amounts of magnetic nanoparticles as well as particle loss after
treatment [19]. Similar approaches were reported by incorpo-
rating the magnetic nanoparticles directly into a polymeric
fiber matrix by mixing; however, the challenge of obtaining
well-dispersed nanoparticles without aggregation still remains
[20] due to the short-range van der Waals forces and long-
range magnetic dipole-dipole interactions between the parti-
cles, causing aggregation and effective separation of the two
phases [21]. In contrast, isotropic composites can be produced
directly from colloidal suspensions through in situ polymer-
ization. Fe,O, magnetic nanoparticles were homogeneously
dispersed with a PAA polymer surfactant into Fe,O,/PVA
composite materials. However, due to the superparamagnetic
properties of Fe,0,, these composites have limited applicabil-
ity. In contrast, ferrimagnetic barium hexaferrites (BaFe, ,0,,
or BHF) exhibit a high uniaxial magnetocrystalline anisotropy
(K,=3.3x10*Jm™%) with the magnetic easy axis parallel to the
crystallographic c-axis, producing a high coercivity [22] used
for permanent magnets, magnetic-recording media, and mi-
crowave applications [23]. While ferrimagnetic BHF exhibits
high levels of coercivity, the excellent chemical stability, along
with the high Curie temperature (450°C) and saturation mag-
netization (72 Am?kg~') make BHF nanoparticles an excellent
filler for polymer composites. Previous studies utilizing in situ
polymerization with BHF reported a maximum filler content
of 0.27wt% in PMMA [24]. The filler content of BHF depends
mainly on the stability of the colloidal suspension determined
by the Brownian motion of the suspended nanoparticles and
their geometrical and magnetic-anisotropy [25]. BHF nanopar-
ticles exhibit a hexagonal shape, shown by Went et al., and
their diameter depends on the synthesis method used. When in
suspension or ferrofluid, BHF nanoparticles also exhibit inter-
esting nematic transitions and domain formations in isotropic
liquids [26] and novel magneto-optical properties for magnetic

field visualization [27], or optical coherence tomography [28].
In addition, these ferrofluids potentially have a wide range of
commercial applications covering industrial coolants, sealants,
light switches, hyperthermia, defect sensors, and drug target-
ing [29]. For this reason, we utilize ferrimagnetic scandium-
substituted barium hexaferrite—BaFe,,0,, nanoparticles in
order to produce a novel polymer matrix nanocomposite mate-
rial with hard magnetic properties. In our work, we coat BHF
magnetic nanoparticles with hexadecyltrimethylammonium
bromide (CTAB) surfactant, which allows for a stable colloidal
dispersion of BHF in ethylene glycol [30]. To take advantage of
the high boiling point and functional groups of ethylene glycol
solvent, we present a catalyst-free, direct in situ condensation
polymerization reaction of the ethylene glycol ferrofluid to pro-
duce poly(ethylene) succinate (PES) with embedded barium
hexaferrite magnetic nanoplatelets. The PES synthesis for the
barium hexaferrite PMC is developed and optimised in this re-
port, followed by the chemical and magnetic characterization
of the product. Based on the reported synthesis method, novel
direct in situ thermoplastic hard magnetic PMCs are developed
with potential applications in three-dimensional (3D) magnetic
structures or advanced bioengineering applications.

2 | Methodology
2.1 | Synthesis of Magnetic Nanoparticles

Sc-substituted BHF nanoparticles were synthesized using a
surfactant-assisted CTAB hydrothermal method at 190°C fol-
lowing a previously reported procedure [31]. The moist CTAB
surfactant-coated nanoparticles were dispersed in ethylene gly-
col (99.8%, Thermo Fisher Scientific) and sonicated for 2h at
35W, producing a concentrated BHF ferrofluid.

2.2 | Polymerization of CTAB—Stabilized
Ferrofluid

CTAB-stabilized BHF ferrofluid was heated to 170°C in an
oil bath with continuous stirring, while succinic acid (99.9%,
Thermo Fisher Scientific) was gradually added in a 1:2M ratio
(succinic acid to ferrofluid). The ferrofluid mixture was main-
tained at 170°C with stirring for 10h, producing PES/BHF and
H,0 as follows:

[-0-(CH,),—00C - (CH,), — CO—| n (polyethylene succinate) + nHO

@
After the product was cooled at room temperature, it produced a
solid polyethylene succinate polymer with hard magnetic prop-
erties, as illustrated in the graphical abstract. The condensation
polymerization reaction between succinic acid monomers and
ethylene glycol produces polyethylene succinate and requires
the elimination of water to form covalent bonds between the
monomers. This catalyst-free and direct in situ condensation po-
lymerization reaction creates a stable thermoplastic PMC while
maintaining subsequent dispersion, molecular weight, and mag-
netic properties over several heating and cooling cycles. The ther-
moplastic PES is first optimized for the synthesis method with a
pure PES matrix, followed by varying the nanoparticles concen-
tration of the PMC. The synthesis of the polyethylene succinate

20f 8

Journal of Applied Polymer Science, 2025

85UB017 SUOWILIOD BAIeR.D 8 |deat|dde 8y Ag pausenoh a1e sajoiie O 88N JO s3I 10} Ar1q1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SLURY/LLIY"AB | IMAfelq 1juluO//SANY) SUORIPUOD pUe SWB L 84} 835 *[5202/c0/92] Uo AriqiT aulluo Ao Im ‘Aisieaiun yiped Aq 18695 dde/z00T 0T/I0p/W00 A8 | M AReiq Ul |uoj/sdny WwoJy papeojumod ‘0 ‘829Y.L60T



matrix was optimized for synthesis time and synthesis tempera-
ture. For the optimization of the synthesis temperature, ethylene
glycol was polymerized with succinic acid at 110°C, 130°C, 150°C,
and 170°C. As previous studies [32] have found, the melting point
of succinic acid is 184°C, while the boiling point of ethylene gly-
col and succinic acid is 205°C and 255°C, respectively. For this
reason, it is important to stay below the boiling temperature of
ethylene glycol and succinic acid, as well as above the boiling tem-
perature of water. The molar ratio of succinic acid and ethylene
glycol is also paramount for the polymerization reaction. To deter-
mine a suitable molar ratio of the monomers to use, we resorted
to previous studies that report the solubility of succinic acid with
respect to temperature and conclude that the solubility of suc-
cinic acid in all the studied solvents increases with an increase in
temperature. Our preliminary studies following a similar protocol
confirmed up to 50% succinic acid solubility in ethylene glycol
when heated to 80°C (just below the boiling point of water) [33].
The pure PES matrix was characterized using Fourier Transform
Infrared (FTIR) spectroscopy, Gel-Permeation Chromatography
(GPC), and Nuclear Magnetic Resonance (NMR) spectroscopy to
analyze the molecular weight as well as the monomer to polymer
conversion as the polycondensation time and temperature were
increased. The polymer molecular weight (M,) was determined
using the following equation:

NiMi
M, = ZZ—N )

where N; is the number of molecules of species i, and M; is the
molecular weight of species i [34]. In addition, surface hardness
of the polymers, a key mechanical application property, was also
measured with reaction time. After we optimized the pure poly-
mer matrix synthesis, the same method was followed for the po-
lymerization of barium hexaferrite based ferrofluids. Different
concentrations of bulk ferrofluid samples were polymerized and
characterized using Thermogravimetric Analysis (TGA) and
Vibrating Sample Magnetometry (VSM) analysis while micro-
tome sliced samples were prepared for Transmission Electron
Microscopy (TEM).

3 | Results and Discussion

According to Figure 1, FTIR analysis confirms for pure PES a
successful polymerization reaction between the succinic acid
and the ethylene glycol monomers. The main characteristic
peaks of succinic acid are 3200-2500cm,~! which correspond
to the broad stretching vibration of the O—H group [35]; 2630
and 2530cm™ are due to the C—H stretching, while the peak at
1689cm™! corresponds to the C=0 group stretching vibration,
and the peak at 895cm™! results from the out-of-place bending
of the bonded —OH group of the carboxylic acid [32]. The peaks
at 1411 and 1296cm™! were due to C—O—H in-plane bending
(8c—o—g) and C—O stretching vibration, respectively [36]. The
FTIR results for ethylene glycol show the main characteristic
peaks, which include 3294cm™" due to the OH group stretch-
ing vibration and the peaks at 2939 and 2870cm™' which are
assigned to the asymmetric and symmetric stretching of C—H
bonds. The peak at 1388cm™ results from the CH, bending,
while nearby peaks correspond to C—O—H bending. The peaks
at 1080 and 1033cm™! are due to the C—O stretching, and the
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FIGURE1 | FTIRanalysis of ethylene glycol, succinic acid, and pure
polyethylene succinate (PES). [Color figure can be viewed at wileyon-
linelibrary.com]

peak at 864cm™" corresponds to the CH, rocking [37]. Most im-
portantly, the peak at 1720cm™! signifies the formation of the
ester bond, which is absent in both monomers, specifically, the
C =0 group stretching vibration. This is coupled with the disap-
pearance of the C=0 group stretching vibration of succinic acid
and the OH group stretching vibration of ethylene glycol, which
also confirms a successful condensation polymerization reac-
tion. Additionally, for pure PES, peaks at 1141 and 1211cm™!
were attributed to the stretching vibration of the (—C—0O—C—)
group in the ester bond of PES polymer. The peaks at 1033 and
918cm™! are due to the (—O—C—C—) stretching vibrations and
(—C—OH) bending in the carboxylic acid groups of PES, respec-
tively. Furthermore, the peaks at 2962cm™! correspond to the
asymmetric stretching vibration, while 1381cm™~! corresponds
to the symmetric deformational vibrations of the —CH,—groups
present in the main carbon chain of PES polymer [38].

In order to determine an optimized synthesis temperature and
time, pure PES products were characterized by "H NMR spec-
troscopy at room temperature in DMSO-d,. Chemical shifts are
reported in ppm (8 scale) relative to tetramethylsilane (TMS).
Approximately 1%-5% w/v of pure PES polymer solutions were
used for the 'H NMR measurements. The degree of polymer-
ization, or number of units, can be determined by comparing
the relative proton signal intensity of a known moiety (typi-
cally an end group (s) with a known number of protons) to the
proton signal intensity of the repeating unit in the polymer
chain [34, 39]. The molecular weight of pure PES was probed
as a function of increasing polycondensation time. The optimal
polymerization reaction time was estimated by setting up the
polymerization reaction at 170°C under magnetic stirring with
samples extracted every 5h for 60h. The extracted samples were
analyzed using NMR and GPC. Figure 2 shows the partial 'H
NMR spectrum for pure PES produced under these conditions
for 10h. The 'H NMR spectra show signals assigned to the end
group as well as the repeating units in the polymer chain. The
singlet at 4.21 (8H®) ppm was assigned to the methylene protons
on the ethylene glycol monomers in the repeating unit. The sin-
glet at 2.57 (HY) ppm was assigned to the methylene protons
on the succinic acid monomers in the repeating unit [40]. The
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FIGURE 2 | 'H NMR spectra of pure PES polymer synthesized at
170°C for 10h.

triplet signals observed at 4.02 (8H®) and 3.55 (§H') ppm can be
assigned to the CH, protons on the end group of succinate end
group monomers [41]. Some overlapping signals between 2.46
and 2.53 ppm (5H?* and 8H) may be assigned to the methylene
protons in the repeating unit of the PES polymer; however, these
are ignored as they majorly overlap with the solvent peaks. 'H
NMR of pure succinic acid and ethylene glycol monomers differ
greatly from the 'H NMR of pure PES, indicating the formation
of polymer bonds and repeating units. The "H NMR spectra of
pure succinic acid monomer in DMSO-d, show singlets at 12.2
and 2.4ppm representing the carboxylic acid group and CH,
protons, respectively. Additionally, the '"H NMR for pure eth-
ylene glycol shows two singlet peaks at 3.3 ppm corresponding
to the CH, protons and 4.5ppm assigned to the OH groups.

To further analyze the polymerization progression with reac-
tion time, the monomer to polymer conversion was calculated
at each hour. This was determined by comparing specific mono-
mer proton integrals with the corresponding proton integrals in
the repeating unit. According to Figure 3, up to 91% of ethylene
glycol and succinic acid monomers are converted to polyeth-
ylene succinate as the synthesis time is increased. In addition,
the NMR and GPC analyses demonstrate that the molecular
weight gradually increases with synthesis time due to the step-
growth mechanism. The data indicate that the polycondensa-
tion method produced relatively low molecular weight polyester
chains from initially M, =275 to M, =1359gmol™" after 60h;
low molecular weights are routinely observed for step-growth
polycondensation polymerization unless very high conversions
are attained because the condensation leads to the formation
of dimers, then trimers, oligomers, and eventually long-chain
polymers [42]. In our case, 1-8 repeat units are incorporated
into the polymer chains. There is a general increase in molec-
ular weight and monomer conversion as the polycondensation
reaction time increases, with a significant increase in monomer
conversion and molecular weight after 10 h. However, the mono-
mer conversion after 60h is only 15% higher than conversion
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FIGURE 3 | Monomer conversion data obtained from NMR analysis
changing with reaction time and molecular weight data obtained from
NMR and GPC of pure PES polymer chains as a function of reaction
time. [Color figure can be viewed at wileyonlinelibrary.com]

after 10h, leading to diminishing gains in conversion efficiency.
The molecular weight of the polyesters was also measured using
GPC with respect to polycondensation reaction time. Similar to
NMR, the GPC data showed a gradual increase in molecular
weight as the reaction time increases. The polymer M, data ob-
tained from GPC are comparable to the molecular weight data
derived from NMR, with M ranging from 134 to 1399 gmol™
corresponding to 1-8 repeat units. After 50h of reaction time,
both GPC and NMR show negligible differences in the molec-
ular weight despite further heating. However, the molecular
weight data obtained from GPC has a strong dependence on the
calibrant (typically polystyrene) which can be a hindrance as it
is assumed that the measured polymer and the standard have
the same hydrodynamic radii at equivalent molecular weight.
Hence, the underlying principle of the technique is separation
on the basis of polymer hydrodynamic volume instead of mo-
lecular weight [43, 44]. In comparison, 'H NMR spectroscopy is
our primary quantitative method for analysis without the need
for calibration [45].

The pure PES synthesis produced a yellow/brown, waxy polymer
from the transparent reactants, which indicates the polyconden-
sation of the initial monomers and the formation of the polyester
molecules. S1 confirms a gradual yellow/brown change from the
transparent reactants over 60h. The final pure PES product is a
thermoplastic, which can be heated to become highly viscous and
subsequently cooled to reshape. The mechanical properties of the
pure PES polymer were measured using a shore A hardness probe
on 25mm thick PES samples that were cooled to room tempera-
ture. Ethylene glycol and succinic acid monomers were polymer-
ized at 170°C, and samples were extracted from the batch every
hour for 24h. The surface hardness of each extracted sample
is shown in Figure 4. We observed a significant peak in surface
hardness of the pure PES polymers at Hour 10, which showed a
value of 90 on the Shore A hardness scale. Below 10h of heating,
the co—polymers are not fully reacted, and the polymer is a soft,
waxy material. After 10h of reaction time, the surface hardness
of the PES material stays constant despite prolonged polymeriza-
tion time. We identified 10h to be an optimal polymerization time
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FIGURE 4 | Surface hardness of PES in response to the reaction
time of polymerization.

for the synthesis of a polyethylene succinate matrix as it presents
good monomer conversion and mechanically hard polyesters with
sufficient molecular weights. In addition, extended heating peri-
ods at high temperatures have the potential to destabilize the BHF
suspension. Having said this, the polymers produced below 150°C
for a period of 10h have a brittle structure and can easily fracture.

Based on the identified 10h and 170°C synthesis conditions for
the PES polymer matrix, the polycondensation reaction was
repeated with a barium hexaferrite-based ferrofluid where the
magnetic nanoparticles are stabilized using CTAB surfactant
and suspended in ethylene glycol. This ethylene glycol ferro-
fluid reacted with succinic acid to produce a PES/BHF polymer
composite exhibiting magnetic properties from the suspended
nanoplatelets. Here, the ethylene glycol-suspended barium
hexaferrite magnetic nanoparticles react with the succinic acid
to produce a polyethylene succinate polymer matrix. The BHF
nanoparticles are evenly dispersed within this polymer matrix
once the polymer composite is allowed to cool. The thermal sta-
bility of the synthesized PES/BHF polymer composite was mea-
sured using TGA (Mettler Toledo). This was done by heating the
PES/BHF samples from 25°C to 600°C at 10°C min~! in air with a
gas flow of 100mL/min. The TGA analysis in Figure 5 shows the
thermal degradation of synthesized PES/BHF polymer compos-
ites for varying barium hexaferrite nanoparticle concentrations
of 10, 30, and 60mg/mL. The TGA curves for the three concen-
trations of the PES/BHF polymer composites start decompos-
ing between 200°C and 330°C with approximately 20% weight
loss. Subsequently, a second decomposing step was between
320°C and 420°C with a weight loss of around 75% for 60mg/
mL and approximately 85% for 30 and 10 mg/mL. A third decom-
position step can be identified between 400°C and 480°C with a
total weight loss of 95.50% for 60 mg/mL, 98.62% for 30 mg/mL,
and 99.08% for 10 mg/mL. Therefore, a 60 mg/mL concentrated
PES/BHF polymer composite contains approximately 4.50 wt%
BHF nanoparticles, a 30mg/mL PES/BHF composite contains
1.38wt% BHF nanoparticles, and a 10mg/mL PES/BHF com-
posite contains 0.92wt% BHF nanoparticles by weight. These
results also confirm that a polymerization temperature higher
than 200°C is unsuitable for this reaction as it may lead to the

—— 0.92 wt% PES/BHF
100 4 — 1.38 wt% PES/BHF
—— 4.50 wt% PES/BHF
80 -
g
< 60
£
2
(]
< 40
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04

T T T T T T
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Temperature (°C)
FIGURE 5 | TGA analysis of PES/BHF polymer composite matrix at

0.92wt %, 1.38, and 4.50wt% PES/BHF. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 | Mass magnetization—M against applied field—H of
BHF nanoparticles embedded in a PES polymer matrix at concentra-
tions of 0.92wt%, 1.38 wt%, and 4.50wt% PES/BHF. [Color figure can be
viewed at wileyonlinelibrary.com]

decomposition of the polyester chains, decreasing the molecu-
lar weight by the thermal degradation process. Thermal anal-
ysis of the polymer composites confirms the incorporation of
BHF nanoparticles in the PES polymer matrix as constant mass
is obtained after prolonged heating at a temperature of 600°C,
indicating the presence of BHF nanoparticles after complete
polymer degradation. Subsequently, magnetic properties of the
PES/BHF products were measured using VSM (LakeShore 7400)
for the isotopically dispersed nanoparticles. The VSM samples
were prepared by casting 0.92 wt%, 1.38 wt%, and 4.5 wt% con-
centrations of PES/BHF polymers at 170°C into a brass cylinder
mold and allowing them to cool down to room temperature.
The magnetic properties of the solid polymer composites were
measured at excitation fields between —1000 and 1000kAm™1.
Figure 6 shows the magnetic hysteresis loops of the PES/BHF
polymer composites concentrations. The hysteresis loops of all
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three concentrations are typical of a hard BHF ferrimagnetic
material with a constant coercivity H,=120kAm™". Magnetic
saturation—M, and remanence—M, values of the three PES/
BHF polymer composites vary with particle load in the polymer
matrix. The saturation and remanence values of the composites
increase with increasing BHF particle concentrations, with 4.5
wt% showing magnetic saturation M,=0.93 Am?*kg~! and mag-
netic remanence M,=0.45 Am?kg~'. On the other hand, the 1.28
wt% concentrated PES/BHF polymer showed M =0.48 Am*kg™*
and M,=0.24 Am?kg~!, while the 0.92 wt% PES/BHF polymer
showed M =0.32Am?kg™" and M,=0.16 Am*kg~". The weight-
specific remanence and magnetic saturation values are lower
than pure BHF nanoparticle powders which have reported val-
ues of up to 10.4mAm?g~! for remanence and 32.8mAm?g-!
for saturation. This is mainly reflective of the relatively low
nanoparticle-to-polymer ratio in the PES/BHF composite as
shown by the TGA results. However, the M, /M, ratios and H,
are the same for all three samples, indicating the absence of a
magnetic interaction between the BHF nanoparticles in the PES/
BHF composites [24].

The synthesized PES/BHF composite was microscopically ana-
lyzed using TEM. The composite was heated to 170°C and cast
into a cylinder mold upon cooling to room temperature. The
cast polymer cylinders were sectioned by ultramicrotomy to
70-200nm thickness wedged slices and cooled on water drop-
lets, which enabled overcoming compression during sectioning
as well as improved adhesion to a carbon copper TEM grid sup-
port. Figure 7 shows the TEM results for the 60 mg/mL polym-
erized ferrofluid. The TEM shows BHF nanoparticles embedded
throughout the transparent PES polymer matrix, with most of
the BHF nanoparticles lying flat as opposed to perpendicular to
the TEM grid. However, the BHF nanoparticles are prone to ag-
gregation due to the strong magnetic dipole-dipole interactions
between the BHF nanoparticles [21]. On the other hand, the

0
# — 50 100 150 200 250
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FIGURE 7 | TEM image of isotropically dispersed BHF magnetic
nanoparticles embedded in a PES polymer matrix with MNP size dis-
tribution (inset). [Color figure can be viewed at wileyonlinelibrary.com]

TEM scan also shows signs of aggregated BHF nanoparticles,
which could have occurred during the sliced sample prepara-
tion, for which reason a size distribution was determined for the
pure ethylene glycol ferrofluid batch in the Figure 7 inset. In
order to determine particle concentration and identify if the BHF
nanoparticles are dispersed homogeneously within the matrix,
the density of sliced cylindrically cast PES/BHF samples was
measured across the cylinder length. The density of pure PES
polymer was measured as 1.26g/cm?, and increased to a den-
sity of 1.38 g/cm? with a standard deviation of 0.03 for PES/BHF
[46]. The density of the pure polymer increases by 0.12g/cm? as
the embedded BHF nanoparticles are introduced. Supporting
Information further demonstrates a homogeneous dispersion of
the sliced cylindrically cast samples based on a dense Energy-
Dispersive X-ray (EDX) signal. Based on the characterized and
optimized PES/BHF, future work will identify biodegradable
properties which, coupled with the controlled magnetic proper-
ties, may prove beneficial in many fields such as drug delivery,
tissue engineering, and functional shielding materials. On the
other hand, further improvements with respect to composite
filler content are expected up to 50 wt%.

4 | Conclusion

We developed a new polyethylene succinate (PES) hard magnetic
polymer matrix composite (PMC) with a high filler content of up
to 4.5wt% embedded with barium hexaferrite (BHF) magnetic
nanoparticles, representing a significant increase compared to
previous reports on barium hexaferrite-based polymer compos-
ites. This report thoroughly discusses a catalyst-free polycon-
densation reaction between ethylene glycol and succinic acid,
along with the optimization of synthesis time and temperature.
These optimizations ensure a complete and successful polycon-
densation reaction between the monomers, producing a PES
polymer matrix with robust mechanical and thermal proper-
ties. Fourier Transform Infrared (FTIR) spectroscopy, Nuclear
Magnetic Resonance (NMR) spectroscopy, Gel Permeation
Chromatography (GPC), and surface hardness measurements
were used to chemically and mechanically characterize the pure
PES polymer matrix. This was followed by the polymerization
of a CTAB-stabilized, ethylene glycol-based ferrofluid with dis-
persed barium hexaferrite magnetic nanoparticles. The ferrofluid
was polymerized using the same catalyst-free polycondensation
reaction, producing a magnetic polymer composite with homo-
geneously embedded isotropic barium hexaferrite nanoparticles
throughout the PES matrix. We magnetically characterized this
PMC using a Vibrating-Sample Magnetometer (VSM) to observe
a hysteresis loop indicative of the hard magnetic properties of
BHF nanoparticles, confirming the fully dispersed synthesis of a
PMC with hard magnetic properties and potential biodegradabil-
ity due to the PES matrix. The PMC's high filler content and ther-
mal stability were confirmed via Thermogravimetric Analysis
(TGA), while density measurements indicated the distribution
of magnetic nanoparticles. Transmission Electron Microscopy
(TEM) was used to observe the BHF magnetic nanoparticles em-
bedded within the PES polymer matrix and to assess any aggrega-
tion that may have resulted from magnetic particle interactions.
Although our density measurements indicate reasonably ho-
mogeneous dispersion of BHF nanoparticles in the PES matrix,
advanced methods to determine stability with greater accuracy
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are needed. Future work will examine the dispersion stability
of higher ferrofluid concentrations and the rheological proper-
ties at high temperatures of PES/BHF samples with higher filler
content. Additionally, three-dimensional (3D) manufacturing of
magnetic structures will be pursued.
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