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Abstract: The modified suspension polymerization technique has been used for the preparation
of composite microparticles from the mixture of glycidyl methacrylate (GMA), styrene (S), and
divinylbenzene (DVB) in the presence of hydrophobized Fe3O4 nanoparticles. The obtained polymer
microspheres were characterized using different instrumental and physicochemical techniques,
modified with a zero-order PAMAM dendrimer, and impregnated with palladium(II) acetate solutions
to immobilize palladium(II) ions. The resulting materials were preliminarily examined as catalysts
in the Suzuki reaction between 4-bromotoluene and phenylboronic acid. It was found that the
addition of magnetite particles to the composition of monomers provided polymer microparticles
with embedded magnetic nanoparticles. The composite microparticles obtained showed a complex,
multi-hollow, or raspberry-like morphology. After their modification, they could serve as recyclable
catalysts for reactions that include both 4-bromotoluene and several other aryl bromides.

Keywords: polymer composite microparticles; magnetic nanoparticles; multi-hollow morphology;
Suzuki cross coupling reaction

1. Introduction

It is well known that epoxides that have the three-membered ring in their structure
can interact with a wide range of reagents to form new valuable products [1]. When epoxy
groups are part of insoluble materials (organic, inorganic, hybrid, or composite), their
presence allows the materials to be easily modified to obtain new materials with properties
tuned to specific applications. For example, glycidyl methacrylate polymers were applied
for the immobilization of enzymes [2,3], as drug transport systems [4,5], as sorbents in
some types of chromatography, for the recovery of metals from aqueous solutions [6,7],
and as catalyst supports [8,9].

Magnetite (Fe304) nanoparticles also have great research interest due to their poten-
tial applications in numerous areas, such as, for example, mineral separation [10], heat
transfer [11], electrophotography [12], and different biomedical applications (magnetic
resonance imaging (MRI), gene therapy, hyperthermia, chemotherapy, and controlled drug
transport) [13-19].

There are different methods for producing magnetite nanoparticles (MNPs), includ-
ing co-precipitation, sol-gel, microemulsion, and different thermal and hydrothermal
methods [20-22]. One of the most widely used Fe3;Oy4 synthesis methods, due to its sim-
plicity, is the co-precipitation of Fe(II) and Fe(IIl) ions from water solutions with a base
performed in an inert gas atmosphere [19]. Aqueous solutions of ammonia or sodium
hydroxide are most often used for this purpose. Using co-precipitation methods, particles
of a wide range of diameters and shapes can be produced depending on the salts used,
the ratio of Fe(II) and Fe(IIl) ions, the ionic strength, temperature, pH reaction mixture,
and the stirring speed [20-23]. To minimize particle sizes and prevent excessive particle
agglomeration, chelating compounds are used, such as citric, gluconic, or oleic acids [21].
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Unmodified iron oxide MNPs, due to their anisotropic and dipolar properties and their
ability to become magnetized, easily aggregate to form large clusters. Therefore, before
further use, the surfaces of MNPs are often modified in addition to the use of different
chelates [20,24].

Polymers are characterized by good coating properties, and therefore, they are will-
ingly used in the preparation of magnetic composite materials. Polymer coatings can
be used to prevent MNPs from aggregation and agglomeration, increase compatibility
between MNPs and the aqueous environment, prevent their surface from oxidizing, reduce
toxicity, prevent direct contact of the magnetic substance with the environment, increase
colloidal and chemical stability, and facilitate storage or transportation. At the same time,
the modification of the iron oxide surface with polymers can expand the scope of the use of
materials that have embedded magnetic nanoparticles with completely new applications,
such as water purification [25-27], cell separation and detection [28,29], proteins, nucleic
acids, enzymes [30-32], and catalyst immobilization [33-35], as well as in various fields of
biotechnology and biomedicine, for example, as systems for targeted drug delivery, DNA
isolation, and magnetic hyperthermia targeted drug delivery, and magnetic resonance
imaging (MRI) [18,35-38].

Polymer magnetic microspheres are macromolecular systems that exhibit the prop-
erties of both types of materials. For example, such materials can be isolated easily and
quickly using an external magnetic field without the need to use demanding processes
such as filtration and centrifugation. The presence of polymers in the composites, in ad-
dition to stabilizing MNPs, provides unique physical and chemical properties such as,
for example, biocompatibility and reactive functional groups, allowing the composite to
undergo further chemical modification to tune the properties of magnetic composites for
specific applications.

Several methods are used to obtain polymers in the form of particles. Precipitation,
emulsion, and suspension polymerization methods are the most explored [39]. One of
the main criteria for selecting the proper method is the size of the particles provided.
Depending on the method used, the diameters of the polymer particles provided range
from ~50 nm to 2 mm.

To encapsulate magnetic particles within polymeric materials, emulsion [40,41],
mini-emulsion [42-44], dispersion [45,46], suspension [47-49], micro-suspension [50],
precipitation [51], and in situ polymerization [52] and in situ coprecipitation [53] were
previously used. Suspension polymerization and its modifications are among the most
frequently used methods in the preparation of polymer magnetic microspheres. For exam-
ple, Wang et al. [48] used modified suspension polymerization to obtain porous magnetic
microspheres from methyl methacrylate (MMA), divinylbenzene (DVB), and iron oxide
coated with oleic acid (OA). Based on TEM and SEM analyses, most of the Fe304-OA parti-
cles were found to be within the copolymer network, and the composite particles obtained
had a spherical shape and porous structure. Liu et al. also used the modified suspension
copolymerization method to produce magnetic polymer microspheres [54]. Styrene, di-
vinylbenzene, and glycidyl methacrylate (GMA) were used in this case as comonomers
with the magnetic fluid prepared by the precipitation method. The composite microspheres
provided in this case showed a much smaller size (4-7 pm) compared to traditional sus-
pension polymerization methods and a narrower size distribution. The glycidyl groups
introduced into the composite materials with GMA molecules allowed them to be used to
bind proteins or enzymes.

Since suspension polymerization, as a method of preparing epoxy functionalized
terpolymers from mixtures of styrene, divinylbenzene, and glycidyl methacrylate, was
also previously used in our laboratory to develop easily modifiable gel-type polymer
microparticles [55-57], an idea to use magnetite nanoparticles to modify the morphology of
the gel-type polymer beads was presented. It was expected that the addition of magnetite
nanoparticles in the form of dispersion in toluene to the monomer composition diluted
with an organic solvent will make it possible to obtain new modifiable composite materials
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for catalytic or sorption purposes. Unexpectedly, microparticles with unique multi-hollow
or raspberry-like morphologies, characterized by very slight magnetic properties, were
obtained when the polymerization conditions were optimized.

2. Experimental Part
2.1. Materials

The chemicals used in this work were commercially available from Sigma-Aldrich
(Sigma Aldrich Chemie GmbH, Miinchen, Germany), Merck (Darmstadt, Germany), Fluka
(Buchs, Switzerland), or POCH (Gliwice, Poland), and were used as received unless oth-
erwise stated. Monomers, styrene (S, >99%), divinylbenzene (DVB, 80%), and glycidyl
methacrylate (GMA, 97%) were purified from inhibitors by extraction with aqueous solu-
tion of 5% NaOH and 20% NaCl, washed 3—4 times with deionized water, and dried under
anhydrous magnesium sulfate prior to use.

2.2. Characterization

The resin morphology was estimated using stereomicroscopes (Leica M205A, Leica
Microsystems, GmbH, Wetzlar, Germany, equipped with a digital camera and focus stacking
software and Motic SMZ-143, Motic, Germany, equipped with a digital camera) and a
VEGA3 TESCAN scanning electron microscope (TESCAN Brno, Brno, Czech Republic)
equipped with an X-ray energy dispersive (EDS) system. FTIR spectra were recorded using
a Thermo Scientific Nicolet 8700 spectrometer (as KBr pallets) or a FTIR Nicolet iN10MX
microscope equipped with a micro compression diamond cell (Thermo Scientific, Waltham,
MA, USA). Samples for the FTIR microscopy analyses were prepared by flattening polymer
beads between a pair of diamond windows of the micro compression cell.

The particle size distribution and average particle diameters were analyzed using
dynamic light scattering (DLS) techniques. Zetasizer Nano ZS and Mastersizer 2000E in-
struments from Malvern Instruments Ltd. (Malvern, UK) were applied. The microparticle
analyzer was equipped with a Hydro MU wet sample dispersion unit. The DLS measure-
ments of particles were performed using isopropyl alcohol as a dispersive medium. The
samples of the examined particles were sonicated for 15 min before each measurement.

TGA analysis was performed using a METTLER TOLEDO TGA/DSC 1 analyzer
(METTLER TOLEDO AG, Analytical, Schwerzenbach, Switzerland). Samples were heated
from 25 to 600 °C (10 °C/min) in a nitrogen atmosphere (50 mL Ny /min). The epoxy group
content in the beads was determined using the modified Jay method [55]. The nitrogen
content in the products was determined using the Kjeldahl method.

To determine the swelling capacity of the obtained composite particles, approximately
0.2 g of samples of synthesized microparticles was placed in 2 mL syringes and swelled
in a series of solvents or solvent mixed systems. Samples were washed with methanol
between subsequent measurements. After complete swelling of the particles, excess solvent
was removed using the syringe plunger, and then the mass occupied by the swollen
polymers was read, and the weight gain per 1 g of dry polymers was calculated using the
following formula:

S — my — mp
p-mp

where

mp—mass of dry polymer [g];

my—mass of swollen polymer [g];

p—solvent density [g/mL].

The palladium content in the obtained composite microparticles was determined using
an ICP-OES spectrometer. ICP OES analyses were performed at A = 217.809 and 240.488 nm
(Fe) and at 248.892 and 340.458 nm (Pd) using a Horiba Jobin Yvon Optima 2 ICP-OES
spectrometer (Horiba, Jobin Yvon, France). Particle samples (~5-10 mg) were mineralized
in nitric acid (69 wt.%, 5.0 mL) using a Plazmatronika Uni Claver II microwave mineralizer
(Wroctaw, Poland).
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GC analyzes were performed using an Agilent 7890 GC chromatograph (Agilent, Palo
Alto, CA, USA) with a split-splitless injector, a flame ionization detector, an auto-sampler,
and a HP-5 capillary column. Analytical solutions were prepared by dissolving 20 mg
samples taken from the reaction mixtures in 0.5 mL of tetrahydrofuran (THF). Nonane was
used as a standard.

2.3. General Procedure of Preparation of Glycidyl-Functionalized Polymer
Composite Microparticles

A three-neck flask with a capacity of 250 mL equipped with a mechanical stirrer, a
thermometer, dropping funnel, an argon supply system (an argon balloon), and a heating
mantle were used to react 2.35 g (0.008 mol) FeSO4-7H,0 and 2.45 g (0.015 mol) FeCls
dissolved in 100 mL of deionized water with 25 mL of 28 wt.% ammonia solution. The
ammonia solution was added dropwise under an argon atmosphere at room temperature.
The reaction mixture was stirred intensively during this operation. Then, the mixture was
heated to 80 °C, and 1 mL of oleic acid was added very slowly dropwise. The mixing
was continued at 80 °C for 1 h upon allowing the reaction mixture to cool to ambient
temperature. Then, black precipitate was extracted twice with toluene (2 x 50 mL) to
transfer the hydrophobic Fe;O, particles provided from water to toluene. The resulting
toluene dispersion was dried by azeotropic distillation using a Dean-Stark apparatus and
then diluted with dry toluene to obtain the final concentration of 10 mg of Fe304 in 1 mL
of toluene. The final black dispersion was applied for the synthesis of polymer particles.
To perform the polymerization, a cylindrical-shaped 100 mL reactor equipped with a
heating coat, a reflux condenser, and a mechanical stirrer was used. Monomers (20 mol%
GMA, 77 mol% S and 3 mol% DVB), an initiator (benzoyl peroxide), and the dispersion
of Fe304@O0A in toluene were mixed, diluted with toluene, and then sonicated using an
ultrasonic bath for 15 min. The organic phase prepared in this manner was then dispersed
slowly in a poly(vinyl alcohol) water solution (1% PVA, 18-88, Fluka). A 100 mL cylindrical
glass reactor equipped with a heating coat, a mechanical stirrer, and a reflux condenser
was used to perform the polymerization. The stirring rate was adjusted to 350 rpm. The
mixture reacted under an argon atmosphere at 70 °C for 2 h and at 80 °C for 6 h. After the
reaction, the mixture was cooled to ambient temperature, and it was poured into a glass
beaker with water. The polymer particles were then washed several times with water until
a clear filtrate was obtained, and then filtered on a Biichner funnel. The particles were then
transferred to a Soxhlet apparatus, where extraction with acetone was carried out for 6 h.
Subsequently, the microbeads were resuspended in methanol, filtered, and dried at 40 °C
under reduced pressure.

Detailed synthesis conditions and characteristics of polymer products are presented
in Table 1.

Table 1. Polymerization conditions and polymer particle characteristics.

A Si Di . Fe Content
Entry Abbr. F;if;:’ veraugnel 12& Rargn;’e:; Fraction, % Calculated, Determined, Modification
wt.% wt.% Degree, %

1 1a - 211 100-448 100 - - -
2 1b 0.05 272 142-632 100 0.036 0.013 36.0
3 1c 0.10 328 159-710 100 - - -
4 1d 0.25 386 159-1002 95.1 0.181 0.048 26.5
5 le 0.50 256 112-633 95.7 0.361 0.068 18.8
6 1f 0.75 298 142-633 100 0.542 0.095 17.5

7* 1g 0.50 247 100-564 100 - - -

8 ** 1h 0.50 173 50—448 88.8 - - -

Other parameters: GMA (20 mol%); DVB (3 mol%); S (77 mol%); an initiator (BPO) (1 wt.%); water phase (1 wt.%
PVA solution); monomers/toluene ratio (1:1) (v:v); stirring rate (350 rpm); * 500 rpm; ** 600 rpm.
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2.4. Post-Modification of Composite Microparticles with PAMAM Type of Polyamidoamine

Composite microparticles (1d or 1e, 0.5 g) were placed in a 50 mL glass reactor
equipped with a heating coat and swollen in 10 mL of the mixed solvent of DMF:MeOH
(3:1; v:v)). Polyamidoamine (PAMAM) (3 eq) dissolved in 5 mL of the same mixed solvent
was added to the swelled microparticles. The reactor was blown with argon, sealed, and
placed on a rotary shaker and heated to 70 °C. The reaction mixture was shaken at this
temperature for 48 h. After the post-reaction mixture was cooled, the modified particles
were filtered and washed first with the mixture of DMF:MeOH, and then washed several
times with a mixture of CHpCl,:MeOH to remove excessive polyamidoamine. The final
products were dried to constant weight in a vacuum dryer.

2.5. Palladium(II) Acetate Immobilization

Samples of polyamine-modified microparticles (0.180 g of 2d and 0.186 g of 2e) were
placed in 10 mL screw cap glass vials and pre-swollen in 0.5 mL of THF. Separately, solutions
of palladium(II) acetate were prepared in 1.5 mL of THF (44.7 mg for 2d and 54.32 mg for
2e), which were then added to the swollen resins. The vials with the reaction mixtures were
sealed, placed on a vibratory rotating shaker, and shaken for 24 h at room temperature.
After this time, the modified microparticles were transferred to PP syringes equipped with
Luer valves and cotton wool filters and washed with water and THF. The products (3) were
dried in a vacuum oven at 40 °C for at least 48 h.

3. Results and Discussion
3.1. Preparation of Epoxy Functionalized Composite Microparticles

Suspension polymerization of the monomer composition containing 20 mol% glycidyl
methacrylate (GMA), 77 mol% styrene (S), 3 mol% divinylbenzene (DVB), and benzoyl
peroxide (BPO, as a polymerization initiator) diluted with a proper organic solvent pro-
vided strongly swellable and easily modifiable gel-type polymer microparticles [55]. In
this work, magnetite nanoparticles were applied to modify the previously developed
procedure and obtain epoxy-functionalized swellable polymer-inorganic composite mi-
croparticles (Scheme 1).

> @ OA > °‘-\ f/o toluene
80°C o o
g \ o
__J!‘ \L . \ O
Fe? .\Fe3+/— 20,
J;MA N/

NH; (g 25°C, .
W
\mg\
s
0]

/”\O/\ﬁ

Scheme 1. Synthesis of GMA-S-DVB terpolymers with embedded Fe;O, nanoparticles.

Hydrophobized magnetite particles were prepared by precipitating Fe3O4 from the
water solution of FeSO4-7H,0 (1 eq.) and FeClj3 (2 eq.) with ammonia and modifying the
surfaces of the initially precipitated particles with oleic acid (OA). Hydrophobic molecules
of OA cover the surface of the formed nanoparticles, limit their agglomeration, and allow
Fe;04@0A particles to be transferred to organic solvents. In this work, toluene was used
to obtain Fe;O4@OA particle fluid. The provided particles were quantitatively transferred
to toluene, and the resulting black fluid contained nanosized magnetic particles. Figure 1
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presents the size distribution of the nanoparticles in a fluid sample dispersed in isopropyl
alcohol determined using a dynamic light scattering (DSL) technique.

24.36 nm 28.21 nm

32.67 nm

15

Volume, %

10

W

Particles size, nm

Figure 1. Size distribution of Fe304@OA particles in toluene magnetic fluid.

The obtained toluene magnetite dispersion was used in an amount of 0.05-0.75 wt.%
Fe30,@0A by weight with respect to the monomers. To achieve a good swelling capacity of
the final composite microparticles and to provide compatibility with FesO4@OA particles,
toluene was applied as a diluent for the monomer composition instead of the previously
used cyclohexanol/octanol mixture [55,58].

Initially, polyvinylpyrrolidone K-90 solutions (PVP, 1-3 wt.%) were used as a disper-
sive medium; however, they did not provide the appropriate conditions to stabilize the
suspension of monomer compositions with toluene and Fe30,@0A nanoparticles. As
a result, it was rather impossible to separate polymer particles from irregularly shaped
impurities that also formed abundantly during polymerization. A clear improvement in
the form of the polymer particles was observed when the PVP solutions were replaced by
poly(vinyl alcohol) (PVA, 1 wt.%) solution.

The polymerization conditions were then optimized by changing the ratios of water to
organic phases and toluene to monomers. The best results were obtained for the ratios of
8:1 and 2:1, respectively. For these conditions, a series of polymerization experiments were
performed in which the concentration of Fe30,@0OA and the stirring rate were changed.
The brownish particles provided as a result were characterized by the broad size dispersity
compared to products of classical suspension polymerization (Table 1). Furthermore, the
average diameter of the particles increased by approximately 60 pm when only 0.05 wt.%
Fe304@0A was added to the monomer composition (Figure 2, Table 1, entry 2). An increase
in the amount of Fe304@0A to 0.25 wt.% entailed a further increase in the average diameter
of the polymer particles (Table 1, entry 4). It also resulted in an increase in the dispersity of
the particle size. Further doubling the concentration of Fe304@OA (Table 1, entry 5) caused
a decrease in the average diameter of the final polymer particles. However, this factor did
not have a substantial influence on the particle size distribution. A slight increase in the
particle diameter and a decrease in dispersity was observed when 0.75 wt.% Fe;O4@0A
was used (Table 1, entry 6). A similar effect was obtained by increasing the stirring rate
from 350 to 500 rpm (Figure 3, Table 1, entry 7). However, a further increase in the stirring
rate to 600 rpm caused an increase in the dispersity of particle size (Table 1, Entry 8).
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Figure 2. Size distributions of polymer particles prepared using 20 mol% GMA, 77 mol% S, and
3 mol% DVB and Fe3O4@OA particles as an additive.
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Figure 3. Size distributions of polymer particles prepared in the presence of Fe304@0A depending
on the stirring rate.

As mentioned above, the polymer particles synthesized in the presence of Fe30,@0A
were characterized by a brownish color. This finding indicated that part of the magnetite
particles underwent encapsulation inside the final polymer beads. However, the observed
color of the polymer composite particles seemed to suggest that some of the magnetite par-
ticles could oxidize to maghemite ones during the polymerization and post-polymerization
washing operations. The ICP OES analysis preceded by a previous mineralization of particle
samples revealed that about 14% to 36% of the magnetite particles added to the monomer
mixture were embedded in the final polymer beads. The percentage of Fe;0,@0A em-
bedded in the polymer microparticles increased with increasing amounts of magnetite
nanoparticles being added to the monomer composition. However, at the same time, the
percentage of Fe304@0A particles encapsulated decreased in the same order.

Microphotographs taken using an optical stereomicroscope equipped with a digital
camera showed that polymer particles that did not contain the Fe;O,@0A additive differed
in their transparency compared to those obtained in the presence of magnetite particles
(Figure 4). They are also different from the polymer particles that were obtained based on
the GMA-5-DVB composition diluted with the cyclohexanol/1-octanol mixture [55]. The
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rather milky appearance of the polymer microparticles obtained using toluene indicated
that this solvent acts not only as a diluent for the monomer composition, but also as a
porogen for the polymer network of particles formed under the applied polymerization
conditions [59]. This phenomenon probably resulted from the incompatibility of hydropho-
bic toluene molecules and polar glycidyl methacrylate molecules that were present in the
monomer composition in the amount of 20 mol%. Furthermore, the microphotographs
revealed that the polymer particles obtained in the presence of 0.05 and 0.1 wt.% Fe;0,@0A
contained microbubbles inside and appeared to resemble the multihollow morphology
particles described by Du Prez et al. [39]. The number of microbubbles (‘gigapores’) in
individual particles increased as the amount of Fe;O4@OA in the monomer composition
increased. Furthermore, the particles provided using 0.25 wt.% Fe304@0A and more were
characterized by a raspberry-like morphology like the particles described in refs. [60,61].

Figure 4. Microphotographs of GMA-based polymer microparticles prepared (A) without Fe30,@0A
(1a) and with (B) 0.05 (1b), (C) 0.10 (1c), (D) 0.25 (1d), (E) 0.5 (1e), and (F) 0.75 wt.% Fe304@0A
(1f) additive.

More details on the morphology of the obtained particles were revealed after their
examination using a SEM technique (Figure 5). The SEM images revealed the complex
morphology of composite microparticles, which was initially concluded based on the
optical microphotographs. Furthermore, the SEM images revealed that the surfaces of
the composite microparticles are covered with numerous microcraters. The number of
microcraters increased with an increasing concentration of Fe;O,@OA particles in the
monomer composition. Furthermore, the SEM analysis proved that the particles had an in-
homogeneous morphology without the use of FesO4@OA particles (Figure 5). The presence
of numerous bubbles on the surface of the polymer particles appears to indicate this.
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Figure 5. SEM images of GMA-based polymer microparticles prepared without Fe;04,@O0A (1a) and
with 0.05 (1b), 0.25 (1d), 0.5 (1e), and 0.75 wt.% Fe;O4,@0A (1f) additive.

A SEM EDS analysis was performed for randomly selected craters on the surfaces of
the composite beads (Figure 6). The presence of Fe atoms was detected at points 1 and 4,
respectively, located inside and in the immediate vicinity of the examined crater. These
findings demonstrate that Fe30,@OA particles play an active role in the formation of
the raspberry-like or multi-hollow-like morphology of the composite microparticles pro-
duced. Hydrophobic nanoparticles and microparticles are capable of stabilizing water/oil
emulsions during polymerization [62-65]. It is probable that, thanks to this feature, the
hydrophobic nanoparticles of FesO4@OA can easily disperse in the monomer phase and
participate in the formation of ‘giga’ pores in the polymer composite microbeads provided
as a consequence of polymerization.

Distribution of Fe
10 8.4
8
2
E 6
o
E 4 229
=
-_— —_—
SEM HV: 30.0 kV WD: 1483 mm 0
S e e ' - 3 =
Points in the picture

Figure 6. Distribution of iron atoms within composite microparticles obtained using 0.25 wt.%-
Fe3O4@OA (ld)
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An increase in the number of Fe304@OA nanoparticles embedded in the resulting
polymer composite particles should affect the magnetic properties of the latter. A very
slight magnetic effect was only observed for the final microparticles that were obtained
using 0.25 wt.% and more Fe304@OA in relation to the monomers (Figure 7).

Figure 7. The performance of 1d microparticles under the influence of a neodymium magnet.

The composite microparticles were also analyzed to assess the loading of epoxy groups
introduced with GMA. The modified Jay method was applied [55]. The results obtained
are presented in Table 2. When comparing these results with those previously obtained for
GMA resins using the cyclohexanol/1-octanol mixture [55], it was concluded that, despite
a certain ‘incompatibility” in polarity between GMA and toluene molecules, the polymer
composite particles obtained using toluene were characterized by epoxy group loadings
comparable to those obtained previously [55].

Table 2. Characteristics of composite microparticles modified with PAMAM.

Polymerization
Product

Epoxy Group Modification Nitrogen Content, Epoxy Group
Loading, mmol/ Product wt.% mmol/g Conversion, %

1la
1d
le

1.33 - - - -
1.25 2d 499 3.56 36
1.29 2e 5.74 410 41

The chemical structure of the composite particles was also studied by FTIR spec-
troscopy. The FTIR spectra of the provided particles were dominated by the absorption
bands corresponding to the group characteristics of the monomers used for the polymeriza-
tion (Figure 8). The adsorption bands at 1724 cm~! (vC=0), between 1330 and 1050 (skeletal
vibration of C-O-C) and at 908 and 825 cm ™! (epoxy ring stretching), can be attributed
to GMA units. The bands observed in the ranges of 3080 to 2850 and 1600 to 1450 cm !
confirm the presence of aliphatic and aromatic hydrocarbyl groups in the polymer structure.
Due to the very low amount of Fe3Oy particles (below 0.1 wt.%) embedded in the final
composite microparticles, the absorption band corresponding to the Fe-O-Fe skeletal vibra-
tions in Fe3O4 (at approximately 570 cm~ 1) was slightly visible in the spectra of composite
particles as it was obscured by the much more intensive band of six-membered aromatic
rings (Figure 8).
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Figure 8. FTIR spectra of 1d.

The swelling capacity of the obtained composite microparticles was also examined.
The knowledge of this feature can be interesting from the point of view of further potential
chemical modifications of the microparticles. Water, methanol, toluene, THF, DMF, and
methylene chloride, as well as three mixed solvent systems, namely THF-water (1:1, (v:0)),
toluene/methanol (1:1, (v:v)), and methylene chloride/methanol (3:1, 1:1, and 1:3 (v:v)),
were used to perform the swelling experiments (Figure 9).
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Figure 9. Increase in volume occupied by 1d composite microspheres in different solvents.
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The composite microparticles were clearly found to swell better in THE, toluene,
methylene chloride, and the 1:3 v:v methanol /methylene chloride mixture than in water,
methanol, and the 3:1 v:v methanol/methylene chloride mixture. The presence or an excess
of a polar solvent did not favor the swelling of the microparticles. Generally, the swelling
capacity of the composite microparticles was found to be quite like that observed for the
GMA resins developed previously [55].

A thermogravimetric analysis was also performed for the selected polymerization
product. Figure 10 presents the TGA and DTA curves recorded for the microparticles 1e.
No risk of thermal particle degradation was found under typical liquid phase reaction
conditions. The slight weight loss observed below 300 °C could be related to the desorption
of water and/or other solvents (toluene and acetone) absorbed on the surfaces of the
microparticles. The particle decomposition clearly increased above 300 °C, reaching a
maximum at about 390 °C.
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Figure 10. Thermogravimetric curves obtained for 1e.

3.2. Attempts of Chemical Modification and Application of Composite Microparticles

As was mentioned in the Introduction Section, introducing epoxy groups into insoluble
materials can be useful from the point of view of their subsequent chemical modifications.
Therefore, the selected polymerization products (1d and 1e), provided using 0.25 and
0.50 wt.% Fe304@0A, respectively, were modified according to Scheme 2 in the reaction
with the zero-order PAMAM dendrimer. The modification was carried out similarly to that
performed in the case of gel-type GMA-S-DVB terpolymers [66]. To prove the efficiency
of the transformation of epoxy groups under the influence of primary amine groups in
PAMAM, the FTIR spectra of the modified products were recorded and compared with the
spectrum of epoxy-functionalized microparticles (Figure 11). A decrease in absorption in
the range characteristic for the stretching vibration of the epoxide rings (908 and 825 cm 1)
and an increase in absorption in the range extending from 3600 to 3100 cm ! corresponding
to the stretching vibrations of the hydroxy and amine groups indicated the conversion of
epoxy groups under the influence of PAMAN amine groups. Furthermore, the introduction
of polyamineamide PAMAM units into the structure of the starting materials was demon-
strated by the appearance of the new absorption bands at 1654 and 1546 cm~ !, which
correspond to the vibrations of the amide units.
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To assess the amino group loadings, the nitrogen contents in the modified particles
were determined using the Kjeldahl method. Nitrogen percentages of 4.99-5.74 wt.%
were found (Table 2). The values obtained pointed to approximately a 40% conversion of

epoxy groups.
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Scheme 2. Chemical modification of 1.

The composite microparticles with immobilized PAMAM units (2d and 2e) were
then impregnated with the solutions of palladium(Il) acetate in THF. Impregnation was
performed at room temperature and lasted 24 h. An equivalent of Pd(II) ions in relation
to the amine groups was applied to immobilize palladium(Il) ions within the composite
microparticles (Scheme 3).



Solids 2024, 5

164

N,
\\k 1\'[-]_2
Pd o o Pd
0. .NH
0
1 N
N I\
Pd(OAc) °.°*./U\o N7~ Fd ; =
2 ——— e H | /\/1\' I\\//\I\'H,
THFH,0, e © i W
20:1, v, 1t Pd H e
H
/‘\,/N\H/\/N
HN
0 \\\,fo
HN Pd
\Lm
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Only slight changes in color were observed for the resulting microparticles after im-
pregnation (Figure 12). However, the occurrence of Pd(Il) ion immobilization was proven
by comparing the FTIR spectra of the microparticles recorded before and after impregnation
(Figure 13). The comparison revealed an appearance of the new absorption bands in the
spectra of the products at ~1560 and 1320 cm~!. These findings could be attributed to vibra-
tions within the C=0 and C-O bonds, respectively, in the acetate ions [67]. The observation
indicated that the Pd(Il) ions underwent immobilization within the PAMAM-functionalized
microparticles in the presence of acetate ions. However, the observed spectral changes did
not point to which donor atoms are responsible for the immobilization of palladium(II)
acetate. It is well known that Pd(Il) ions generally form tetracoordinate complexes and
can interact with various donor atoms. In the case of the polymer composite particles
obtained based on glycidyl methacrylate modified with PAMAM and used as a support
for Pd(CH3COO),, theoretically, two groups of donor atoms (with oxygen and nitrogen
atoms) can participate in coordination. However, the better donor properties in relation
to Pd(Il) ions seem to present nitrogen-type donors, particularly those located on amine
groups. To underline the probable interactions, palladium species were located near these
atoms/groups in the simplified scheme that presented a palladium-supported catalyst based
on the obtained PAMAM-functionalized polymer composite particles.
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Figure 13. FTIR spectra of 2d and 3d.

ICP analyses of 3d and 3e were also performed. Impregnation products were found to
contain 8.7 and 11.4 wt.% immobilized Pd(II) ions (0.81 and 1.07 mmol of Pd per gram),
respectively.

As is well known, palladium plays a crucial role in catalyzing different coupling
reactions that deliver important products, for example, for the pharmaceutical [68-71]
and materials industries [69,72,73]. Numerous soluble and insoluble precursors were
previously applied as a source of Pd(0) species that are responsible for activating substrates
in these reactions. Among them, different modified polymeric, inorganic, and composite
materials, including materials composed of magnetic nanoparticles, can be found [34,74-78].
Therefore, the use of developed composite microparticles as a source of catalytically active
palladium species appeared to be interesting. The Suzuki coupling observed between
4-bromoanisole and phenylboronic acid was chosen as a model reaction to carry out the
catalytic experiments in the presence of selected materials (Scheme 4). Catalytic experiments
were carried out at 70 °C using a 1.2-fold molar excess of phenylboronic acid PhB(OH),
and 3d or 3e in the amount corresponding to 0.5 mol% Pd. The mixture of i-PrOH/H,0O
(1:1; v:v) was applied as the reaction medium. Gas chromatography was used to determine
the conversion of 4-bromoanisole after the assumed time periods.

Br B(OH),

N 0.5 mol% 3 / \ — s
1.2 eq KOH, 70°C <_> <\ />7 ©

i-PrOH-H,0 1:1 (v:v)

OMe

Scheme 4. Suzuki reaction used for catalytic examination.

The catalysts used in the experiments were found to allow 4-bromoanisole to be
quantitatively converted in approximately 60 min under the applied reaction conditions, al-
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though the coupling reactions kicked off with some delay (Figure 14). The experiments also
showed that 3e with higher palladium (1.07 mmol/g) and magnetite loadings (0.068 wt.%
Fe determined by ICP) turned out to be slightly more active than 3d (0.81 mmol Pd(Il)/g;
0.048 wt.% Fe from ICP analysis). Furthermore, it was concluded that the catalytic activities
of 3d and 3e were considerably higher compared to the activity of the palladium catalyst
based on gel-type polymer particles that were prepared without the addition of magnetite
nanoparticles [65]. The presence of magnetite nanoparticles embedded within a gel-type
polymer matrix can improve the dispersion of Pd(0) species on the surface and inside
of a polymeric support, making them more active in the Suzuki reaction. The observed
induction periods can result from the need for a preliminary transformation of inactive
catalytically immobilized Pd(II) ions into active Pd(0) species, which occurs not only on
the inert surface but also inside gel-type microbeads. Furthermore, the solvent used as
the reaction medium does not favor the swelling of the polymer composite microparticles
used as the palladium support, and more time is required for substrates to penetrate inside
the polymer beads and interact with catalytic centers; however, the solvent that was used
facilitates Suzuki coupling.

Fe;0,, wt.%: —a—0 ——0.25 (3d) ——0.5 (3¢)
100

80

60

40

20

Conversion of 4-bromoanisole, %

0 20 40 60 80 100
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Figure 14. Changes in the conversion of 4-bromoanisole as a function of time; 0.5 mol% 3, 70 °C.

Next, 3e was used in the recycling experiments, and the results are presented in
Figure 15. It was found that the catalyst induction time increased with each catalyst reuse.
However, the activity remained at a high level even when 3e was reused in the seventh
cycle. The approximately 86% conversion of 4-bromoanisole in the reaction with boronic
acids could then be obtained after 180 min.

The decrease in the catalytic activity observed in the recycling experiments was proba-
bly due to the partial release of palladium nanoparticles from the support to the reaction
mixture, as well as due to the deposition of larger, less active palladium black particles
on the surfaces of the composite particles while the coupling occurs. The last factor was
probably responsible for prolonging the induction times when 3e was recovered and reused.
Palladium leaching and changes in the form of palladium(0) species were not investigated
in this work in detail, although it is well known that the problems mentioned above are
often encountered in palladium-catalyzed coupling reactions [79]. The problems of de-
creasing the catalytic activity during catalyst recovery and recycling were discussed in our
previous works describing the possibility of using gel-type amine-functionalized polymer
particles with immobilized palladium(II) acetate as catalysts for S-M reactions [56,80].



Solids 2024, 5

167

- It - 3¢ -8 5t - 7h

100

co
=]

60

40

Conversion of 4-bromoanisole, %

0 40 80 120 160 200
Time, min

Figure 15. Conversion of 4-bromoanisole as a function of time at catalyst recycling attempts; 0.5 mol%
3e, 60 °C.

Finally, the catalyst concentration and reaction temperature were found to have effects
on the conversion of 4-bromoanisole in the reaction with phenylboronic acid (Table 3,
entries 1-5). It was found that the coupling occurred efficiently even in the case where 3e
was used in the amount of 0.1 mol% Pd (98% conversion after 150 min, Table 3, entry 1) and
when the reaction temperature was lowered to 25 °C (88% conversion after 360 min, Table 3,
entry 4). Furthermore, 3e was also examined as a catalyst in the S-M reactions between
phenylboronic acid and several other aryl bromides (Table 3, entries 6-9). High conversions
of the appropriate aryl bromides were obtained in 20-90 min in these cases. The lowest
reactivity in the reaction with phenylboronic acid was found for 4-bromofluorobenzene.

Table 3. Results of the Suzuki-Miyaura cross-coupling reactions.

Br B(OH),
0.1-0.5 mol% 3e
+ T R
KOH. i-PrOH:H,0 1:1 (vv)
R
Entry R T°C Catalyst 3e, mol% Time, min Conversion of ArBr, %

1 OCHj; 70 0.1 150 98
2 OCH3; 70 0.25 60 100
3 OCH3 70 0.5 45 100
4 OCH3; 25 0.5 360 88
5 OCHj3; 50 0.5 120 96
6 H 70 0.5 20 100
7 CHO 70 0.5 10 100
8 Naphtyl 70 0.5 30 97
9 F 70 0.5 90 96
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4. Conclusions

The addition of Fe30O4@0A to the composition of monomers consisting of glycidyl
methacrylate (GMA), styrene (S), divinylbenzene (DVB), benzoyl peroxide (an initiator),
and toluene (a diluent) resulted in obtaining polymer microparticles that had the unique
multi-hollow or raspberry-like morphology and composite character in suspension poly-
merization. Hydrophobized MNPs added to the monomer composition turned out to be
responsible for the stabilization of water droplets in the organic phase and the shaping of
the multi-hollow morphology of the provided composite particles during the polymeriza-
tion. The number of microbubbles formed by stabilized water droplets within the produced
polymer microparticles particles increased with increasing amounts of Fe;O0,@0OA nanopar-
ticles added, resulting in their surfaces being covered with numerous microcraters that
shaped their final raspberry-like morphology. The magnetite nanoparticles used for the
polymerization underwent partial embedding within the formed polymer network, provid-
ing the composite nature for the polymer microparticles. However, the amount of magnetic
nanoparticles encapsulated within the polymer composite microparticles did not exceed
0.1 wt.%; thus, the resulting particles showed only very slight magnetic properties that were
insufficient for magnetic separation. The use of divinylbenzene (a crosslinking monomer)
in an amount of 3 mol% and styrene in an amount of 77 mol%, as well as the dilution of
the monomer mixture with toluene, resulted in the formation of gel-type microparticles
with good swelling capacity in THF, toluene, methylene chloride, and the mixture of 1:3 v:v
methanol/methylene chloride. Introducing epoxy groups into the polymer network with
glycidyl methacrylate molecules allowed the further modification of the composite particles
in the reaction with PAMAM-type polymidoamine followed by the immobilization of palla-
dium(Il) ions within the microparticles. The materials obtained were thus successfully used
as sources of Pd(0) particles that are active in coupling reactions between phenylboronic
acid and various aryl bromides. It was concluded that the activity of the catalysts based on
the polymer composite microparticles was clearly higher than that of the catalyst based on
the polymeric support with the pure gel-type nature. The presence of inorganic nanoparti-
cles embedded within a gel-type polymer matrix appeared to improve the dispersion of
Pd(0) species on the surface and inside of the polymer composite supports, making them
more active in the Suzuki reaction.
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