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Abstract: This paper describes the use of immobilized palladium catalysts on Fe3O4 magnetic
nanoparticles (MNPs) to afford magnetically separable catalysts in the methoxycarbonylation of
1-hexene. Immobilization of homogeneous complex [Pd(L1)Cl2] (Pd1), where L1 = N,N′E,N,N′E)-
N,N′-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline, on Fe3O4 MNPs at 100 ◦C and Pd
loading of 10% (based on wt% of Pd1) afforded the corresponding complex [Pd1@Fe3O4] (Pd2) in
good yields. The use of calcination temperatures of 150 ◦C and 200 ◦C produced compounds Pd3
and Pd4, respectively, while Pd metal loadings (based on wt% of Pd1) of 5% and 15% provided
complexes Pd5 and Pd6, respectively. The immobilized compounds were analyzed using FT-IR
spectroscopy, SEM-EDX, TEM, ICP-OES, and PXRD techniques. The surface areas and porosity of the
materials were determined using nitrogen physisorption measurements and confirmed the formation
of mesoporous materials, while SQUID measurements established Ms values in the range of 60.69 to
69.93 emu/g. The immobilized Pd(II) complexes catalyzed the methoxycarbonylation of 1-hexene,
yielding mainly linear esters. The immobilized compounds could be recycled up to five times via
magnetic separation without significant loss in catalytic activities.

Keywords: palladium(II); immobilization; magnetic nanoparticles; methoxycarbonylation; recycling

1. Introduction

The increasing demand for industrial and domestic feedstocks and products has led
to the search for large-scale technologies in the syntheses of these materials [1]. While
significant advances have been made in the use of various catalytic processes to produce
these commodities, these have not come without costs, specifically for environmental
pollution [2]. The implication is that there have been efforts in recent years to develop
greener and environmentally benign catalytic processes in order to reduce waste and
hazardous chemicals [3]. While homogeneous catalysts have been used due to their
superior selectivity and low concentrations, their lack of recycling have made them less
desirable [4]. On the other hand, heterogeneous catalysts are easily recycled, but generally
show poor selectivity [4]. As such, combining the merits of homogeneous (high selectivity)
and heterogeneous (recyclable) catalysts in one catalyst system is an emerging area of
catalyst design. This has seen the advent of supported catalyst systems, which are expected
to display both high selectivity (single-site nature), in addition to being recyclable (due
to the immobilization) [5,6]. A number of immobilization strategies have been used so
far, such as metal organic frameworks [7], silica supports [8,9], polymer supports [10–12],
magnetic nanoparticles [13], magnetic nanohybrid decorated porous organic polymer [14],
wood sourced polymers [15], and hypercrosslinked microporous polymer [16]. As opposed
to other support materials (silica, polymer, clay, among others), whose separation from
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the reaction mixtures is rather complex, magnetic nanoparticles as supports offer an easier
separation route by simply using an external magnetic field [17].

Methoxycarbonylation is one of the most versatile carbonylation reactions in syn-
thetic organic chemistry for the production of valuable industrial feedstocks, such as
solvents and domestic products, such as detergents, perfumes, fragrances, and food ad-
ditives [8,18]. Traditionally, methoxycarbonylation reactions are carried out using in situ
generated homogeneous catalysts from phosphine-based ligands and palladium metal
salts, such as Pd(OAc)2 [19,20]. More recently, the design and well-defined palladium cata-
lysts supported on various donor ligands have emerged. Examples include palladium(II)
catalysts of NˆN-donor (benzoimidazol-2-ylmethyl)amine [21], pyridinimine ligands [22],
iminopyridine [23], NˆP-donor 2-diphenylphosphinoaniline ligands [24], and PˆP-based
naphthyl(diphenyl)phosphine ligands [25].

Even though the use of heterogeneous and supported homogeneous catalysts has been
widely applied in various olefin transformation reactions [26–31], surprisingly, there exist
very few publications on the applications of supported metal complexes as catalysts in the
methoxycarbonylation reactions. Recently, we reported that silica-immobilized palladium
complexes and water-soluble palladium complexes [8,32,33] promote the methoxycarbony-
lation of olefins, with promising results. These supported catalysts are recyclable and
could be used in up to five cycles without appreciable loss in both the catalytic activity
and regioselectivity. Spurred by these previous findings, we now focus on the use of
magnetic nanoparticles, with the aim of improving the separation and recyclable efficiency
of the magnetically supported catalysts. In this contribution, we report the preparation of
immobilized palladium complexes of beta-diimine ligand and their characterization and
investigation as recyclable catalysts in the methoxycarbonylation of 1-hexene.

2. Results and Discussion
2.1. Preparation and Characterization of Magnetically Immobilized Palladium Complexes

The starting beta-diimine ligand (S1) was prepared following the literature proce-
dures [34] and functionalized on using 3-(chloropropyl)triethoxy silane to produce lig-
and N,N′E,N,N′E)-N,N′-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline (L1) in
good yields of 87% (Scheme 1). A convergent synthetic protocol was employed to prepare
the immobilized homogeneous palladium complex [Pd(L1)Cl2] (Pd1) on Fe3O4 magnetic
nanoparticles to produce the corresponding complex [Pd1@Fe3O4] (Pd2) in moderate
yields [35]. The same approach was employed to synthesize the analogous immobilized Pd
complexes Pd3 and Pd4 at calcination temperatures of 150 ◦C and 200 ◦C, respectively, and
Pd5 and Pd6 using Pd metal loadings (based on wt% of Pd1) of 5% and 15%, respectively
(Table 1).

Table 1. The physical and magnetic properties of the Fe3O4-immobilized Pd(II) compounds.

Entry Complex Description ICP-AES
(wt%) SBET [m2/g] a Vp [cm3/g] b AVPD [nm] c Ms [emu/g] d

1 Pd2 Pd1-Fe3O4@10%Pd@100 ◦C 1.91 44 0.1808 12.457 64.24

2 Pd3 Pd1-Fe3O4 @10%Pd@150 ◦C 1.87 41 0.1748 12.123 63.36

3 Pd4 Pd1-Fe3O4 @10%Pd@200 ◦C 1.92 43 0.1792 12.647 60.69

4 Pd5 Pd1-Fe3O4 @5%Pd@100 ◦C 1.66 53 0.1946 11.346 69.93

5 Pd6 Pd1-Fe3O4 @15%Pd@100 ◦C 2.10 41 0.1690 11.891 67.96
a BET surface area (SBET), total pore volume (Vp) and micro pore volume (Vmicro) measured by N2 physisorption.
b The Vmicro [cm3/g] could not be determined, confirming the mesoporous nature of the materials. c Average pore
diameter (AVPD) calculated according to BJH plot. d Determined by SQUID; value of pure Fe3O4 = 75.97 emu/g.
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Scheme 1. Synthesis of Fe3O4 MNPs-supported palladium(II) complex using a covalent
convergent protocol.

The synthesized compounds were characterized and identified using various tech-
niques. 1H NMR spectroscopy was used to help identify ligand L1 and its corresponding
homogeneous palladium complex (Pd1) (Figures S1–S5). For example, the successful im-
mobilization of S1 to produce L1 was established from the presence of the silane protons
(1.15 ppm and 3.76 ppm) and the disappearance of β-CH (proton) at 5.2 ppm in compound
S1 (Figures S1 and S2). The successful formation of complex [Pd(L1)Cl2] (Pd1) was also
confirmed by the shift in the methyl protons from 2.11 ppm in L1 to 2.32 ppm in Pd1
(Figure S3). FT-IR spectroscopy was also employed in the identification of the functional
groups, both in homogeneous and immobilized compounds. For example, all the com-
pounds displayed typical ν(C=N) frequencies around 1630 cm−1, pointing to the retention
of the ligand upon immobilization on the magnetic iron nanoparticles (Figures S6–S8).
In addition, the immobilized complex Pd2 showed frequencies at 3341 and 583 cm−1,
which can be associated with the ν(Si-OH) and ν(Fe-O), respectively (Figure S9), in good
agreement with the findings of Asadi et al. of 3457 and 607 cm−1, respectively [36].

The surface morphology and elemental composition of the F3O4-supported complexes
were analyzed using SEM-EDX and TEM. The SEM images of the Fe3O4-immobilized com-
plex Pd2 showed particles on non-uniform shapes with aggregation. (Figure 1). However,
the darker shades of the Fe3O4 MNP are visible, showing that the Pd atom and the organic
ligand are well fused into the iron nanoparticle core (Figure 1). SEM-EDX was also applied
for quantitative elemental analysis and mapping. From the EDX spectral data, the expected
elements, Fe, Si, C, N, O, Pd, and Cl, were observed, an indication of immobilization of the
complex onto the Fe3O4 MNP (Figure S12). ICP-OES was employed to further determine
the quantitative elemental compositions of the compounds (Table 1). From the data, the
palladium loadings in all the materials were in the range from 1.91 to 2.10%. The current
results compare well with the literature reports of Veisi et al. of 2.19% [37]. Indeed, higher
Pd loadings were accompanied by higher Pd metal content. For example, compounds Pd5
(5% Pd), Pd2 (10% Pd), and Pd6 (15% Pd) exhibited Pd metal contents (wt%) of 1.68, 1.91,
and 2.10, respectively (Table 1; entries 1, 4, and 5). TEM was further used in evaluating
the morphology and particle size of the compounds. From Figure 2, both the pure Fe3O4
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and compound Pd2 showed spherical particles of different sizes. Analysis of the particle
size for compound Pd2 using imageJ plot (Figure S13) revealed that the average particle
size was 10.33 nm, which is an indication of the mesoporous nature of the immobilized
palladium materials.

Figure 1. SEM images of pure Fe3O4 MNPs and the immobilized complexes Pd2, Pd3, and Pd4
showing quasi-spherical particles and varied degrees of agglomeration.

Figure 2. TEM images of pure Fe3O4 MNPs and the corresponding immobilized materials Pd2, Pd3,
and Pd4 showing quasi-spherical particles.
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The magnetic properties of the Fe3O4 MNP-immobilized Pd(II) materials were also
studied using a superconducting quantum interference device (SQUID), as depicted in
Figure 3 and Table 1. The saturation magnetization of the pure Fe3O4 MNP of 75.97 emu/g
was expectedly higher than those of the immobilized materials in the range of 60.69 emu/g
to 69.93 emu/g (Table 1, entries 1–4). The drop in superparamagnetic properties is un-
derstandable from the incorporation of the diamagnetic Pd(II) atoms into the Fe3O4 MNP
core [38]. Indeed, compound Pd5, with the lowest palladium loadings of 5%, displayed
the highest Ms value of 69.93 (Table 1, entry 5). The higher calcination temperature of
200 ◦C resulted in a significantly lower Ms value of 60.69 emu in compound Pd4, compared
to the Ms value of 64.24 emu at 100 ◦C in compound Pd2. This trend may be associated
with the greater damage of the magnetic field and alignments of the compounds at higher
temperatures [39]. It is important to note that all the saturation magnetization values are
sufficient to facilitate efficient catalysis recovery [40].

Figure 3. Room-temperature magnetization curves of pure Fe3O4 magnetic nanoparticles and the
supported palladium complexes.

The thermal properties of the materials were studied using TGA and decomposition
profiles acquired in the temperature range between 0 to 900 ◦C (Figures S14–S18). The
compounds generally showed three specific phases of decomposition. The initial phase
of decomposition was observed between 0 and 200 ◦C. This first decomposition phase
can be associated with the loss of the moisture content of the materials. The next phase
of the decomposition was observed between 200 and 400 ◦C, which can be connected to
the elimination of the compound’s organic core. The last phase then proceeded through to
900 ◦C.

The specific surface areas of the Fe3O4-immobilized palladium compounds were
determined by nitrogen physisorption measurements, according to Brunauer, Emmett,
Teller (BET), while the porosity were determined using the Barrett, Joyner, Halenda (BJH)
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method (Table 1 and Figures S19–S23). The adsorption–desorption isotherms show type II
adsorption, with an H3-type hysteresis loop and indication of the presence of mesoporous
materials (Figure S19). The pore size distribution (according to BJH) for compounds
Pd2-Pd6 depicts large distributions, with the majority of the particles showing particle
sizes within the 10 nm range (Figure S20). The specific surface areas were found to be
dependent on the palladium loadings and content, with higher loadings having a negative
impact. For example, while compound Pd5 with 5% Pd loading exhibited a surface area of
53 m2/g, compound Pd6 with 15% Pd palladium loading exhibited a lower specific area of
41 m2/g (Table 1, entries 4 and 5). Lower surface areas at higher metal contents have been
observed and associated with occupation of the metal of the support cavities by the metal
atoms [41]. This trend is concomitant with the higher total pore volumes of 0.1946 cm3/g
for compound Pd5 (5%Pd) compared to the pore volume of 0.1690 cm3/g recorded for Pd6
(15%Pd) (Table 1, entries 4 and 5).

The crystallinity and phase composition of the compounds were explored using
powder X-ray diffraction (PXRD), as shown in Figure S21. From the diffraction patterns,
six characteristic signals of Fe3O4 nanomaterial are observed at 2θ of 35.3◦, 41.7◦, 50.8◦,
63.3◦, 67.7◦, and 74.7◦, assigned to the hkl values of (220), (311), (400), (422), (511), and
(440), respectively, consistent with the cubic spinel structure [42,43]. Upon immobilization,
the diffraction peaks were retained, establishing the retention of the crystalline phase of the
Fe3O4 nanomaterial. The additional diffraction peaks at 18.5◦, 22.8◦, and 30.2◦ affirm the
presence of the Pd(0) nanoparticles on the Fe3O4 nanomaterial surface [44].

2.2. Methoxycarbonylation Reactions
2.2.1. Optimization Experiments of the Methoxycarbonylation Reactions

The immobilized palladium complexes (Pd2-Pd6) were investigated for their ability to
catalyze the methoxycarbonylation reactions using 1-hexene in the presence of para-toluene
sulfonic acid (PTSA), PPh3, CO, and methanol (Table 2). First, the reaction conditions were
optimized using homogeneous complex (Pd1), as contained in Tables S1 and S2. The use of
homogeneous complex Pd1 also allowed us to compare the behaviors of non-immobilized
and immobilized systems. The optimized conditions of the Pd:hexene ratio of 1:400, time of
24 h, temp of 100 ◦C, and pressure of 60 bar were established, producing percentage yields
of 93% and TON of 372 (Table S1, entry 6). Further optimization reactions established the
optimum Pd:PPh3:PTSA ratios of 1:2:20 to produce percentage yields of 98% and TON of
392 (Table 2, entry 4). Analysis of the products showed the formation of both branched and
linear esters, as depicted in Table 2 (Figures S22 and S23). These optimized conditions were,
thus, used to investigate the Fe3O4 complexes (Pd2-Pd6) in the methoxycarbonylation
reaction of 1-hexene.

Table 2. Effect of palladium loading on material property and catalytic performance a.

Entry Complex [Pd] b

(wt%)
SBET c

[m2/g]
TPV c

[cm3/g] Yield d (%) B/L d (%) TON e

1 Pd2 1.91 44 0.1808 81 33/67 324

2 Pd5 1.66 53 0.1946 75 33/67 334

3 Pd6 2.10 41 0.1690 77 32/68 280
a Reaction conditions: Solvent, methanol/toluene (40 mL); Hexene (0.5 mL); Pd (0.06 g); Pd:PPh3:PTSA ratio,
1:2:30; time, 24 h; temp, 100 ◦C; Pressure, 60 bar. b Determined by ICP-OES; c surface area and total pore volume
(Vp) measured by N2 physisorption; d Determined by GC; e TON = (mol. prod/mol.Pd), calculated based on
moles of Pd and moles of product formed.
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2.2.2. Investigation of the Role of Palladium Loading on the Catalytic Behavior

Using the optimized conditions, we first explored the catalytic behavior of the immobi-
lized palladium materials synthesized at different palladium loadings using complexes Pd2
(10%), Pd5 (5%), and Pd6 (15%). From Table 2, it can be observed that the palladium load-
ing had a significant impact on the catalytic performance of the synthesized compounds.
To illustrate, palladium loading of 5% (Pd5) and 10% (Pd2) produced percentage yields
of 75% and 81%, respectively (Table 2, entries 1 and 2). However, a further increase in
the palladium loading to 15% (Pd6) saw a decrease in percentage yield to 77% (Table 2,
entry 3). The enhanced catalytic performance with an increase in catalyst loading from
5% to 10% may be associated to the higher number of active Pd sites in Pd2 as compared
to Pd5, in good agreement with the % wt/g of Pd of 1.91 and 1.61 in catalysts Pd2 and
Pd5, respectively (Table 2, entries 1 and 2). Separately, the diminished percentage yield
reported for Pd6 could arise from possible catalyst aggregation [45,46]. This observation is
augmented by the lower specific surface area of complex Pd6 of 41 m2/g compared to the
surface area of 53 m2/g exhibited by complex Pd5 (Table 2, entries 2 and 3). As expected,
the TONs followed an opposite trend, where complex Pd5, with the lowest Pd loading,
recorded the highest TON (Figure S24). In terms of ester distributions, it is worth noting
that no observable impact on the formation of linear esters (67–68%) was observed with
the changes in palladium content. This is plausible from the viewpoint of regioselectivity
being sterically controlled [47].

2.2.3. Role of Calcination Temperature on Material Property and Catalytic Activity

The comparative catalytic performance of the materials prepared at different calcina-
tion temperatures, Pd2 (100 ◦C), Pd3 (150 ◦C), and Pd4 (200 ◦C), was also studied (Table 2).
It was also observable that an increase in calcination temperatures resulted in lower cat-
alytic activities of the materials. For instance, complexes Pd2 (calcined at 100 ◦C) and Pd4
(200 ◦C) produced percentage yields of 81% and 72%, respectively (Table 3, entries 1 vs. 3).
A more detailed analysis of the data shows that catalyst Pd4 (calcined at 200 ◦C) had the
lowest total pore volume and specific surface area of 0.1748 cm3/g and 41 m2/g, respec-
tively (Table 3, entry 3). These have the overall effects of minimizing substrate/catalyst
interactions, consistent with the lower catalytic activities observed for Pd4 [48].

Table 3. Effect of calcination temperature of the materials on their catalytic performance a.

Entry Complex Temp b SBET
[m2/g] c

TPV
[cm3/g] c Yield (%) d B/L (%) d TON e

1 Pd2 100 44 0.1808 81 33/67 324
2 Pd3 150 43 0.1792 77 30/70 308
3 Pd4 200 41 0.1748 72 32/68 288

a Reaction conditions: Solvent, methanol/toluene (40 mL); Pd, hexene ratio, 1:400; time, 24 h; temp, 100 ◦C;
Pressure, 60 bar. b calcination temperature of the catalyst; c surface area and total pore volume (Vp) measured by
N2 physisorption; d Determined by GC; e TON = (mol. product/mol.Pd).

2.2.4. Recycling of the F3O4-Immobilized Palladium Catalysts

The ultimate goal of this work was to establish if these Fe3O4 MNP-immobilized
palladium complexes could be recycled by the use of an external magnet in these methoxy-
carbonylation reactions. Thus, complex Pd2 was recycled four times as shown in, producing
Figure 4. From the recycling data, even though catalyst Pd2 remained active in the sub-
sequent runs, an appreciable drop in percentage yields from 81% to 62% in the fifth run
was recorded (Figure 4). This represents a drop of about 19% between the initial and
fifth cycles. On a positive note, the regioselectivity of complex Pd2 remained invariant
throughout the recycling experiments, giving linear esters of 67% and 68% in the original
and fifth runs (Figure 4). Our attention then shifted to the understanding of the reasons
leading to the loss in catalytic activities. We then analyzed the fresh and recovered catalyst
materials, using TEM (Figure 5) and ICP-OES to establish any structural changes to the
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catalyst and/or leaching of the Pd active species during the recycling experiments. From
the TEM analyses, the fresh catalyst was observed to have monodispersed particles on the
surface, while substantial agglomeration of particles was observed on the spent catalyst
(fifth run), evident from the reduced dispersion of the Pd2 particles (Figure 5B). Thus,
the change in material structure may explain the observed loss of catalytic viability in
subsequent experiments [49]. This is also plausible considering the possible reduction of
the Pd2+ species in the fresh material to a Pd(0), believed to be the active species in these
immobilized catalysts [8], and is consistent with the PXRD data. In addition, ICP-OES
data revealed a significant decline in the Pd content from 1.91% to 1.31% in the fresh and
used materials, respectively. However, hot filtration experiments did not result in any
catalytic activity. The lack of catalytic activity of the filtrate could be due to very low
concentrations of the Pd active species (threshold not met), but may not necessarily rule
out the possibility of Pd metal leaching. Thus, it is plausible to argue that the diminished
catalytic performance of complex Pd2 in the recycling studies may arise from changes in
the material structure and loss of the active Pd species [50].

Figure 4. Recycling experiments data of complex Pd2 in the methoxycarbonylation of 1-hexene.

Figure 5. TEM images showing fresh catalyst Pd2 (A) and used catalysts (B), showing monodispersed-
to-agglomerated particles, respectively.

2.2.5. Comparison of Catalytic Activities of Complex Pd2 to the Reported Supported Systems

Finally, we compared the catalytic activities of the Fe3O4-immobilized palladium
complex Pd2 with its homogeneous (Pd1) counterpart and other reported immobilized
systems (Table 4). From Table 4, the immobilization of complex Pd1 on Fe3O4 to produce
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complex Pd2 results in lower yields from 98% to 81%, respectively (Table 4, entries 4 and
5). Superior catalytic activities of homogeneous catalysts when compared to supported
systems are known and associated with low solubility of the supported catalysts [51]. More
significantly, the regioselectivity of catalyst Pd2 was comparable to that of the homogeneous
analogue Pd1, producing linear esters of 67% and 63% respectively (Table 2, entry 1 and
Table S2, entry 4) When compared to other supported catalysts reported in the literature,
complex Pd2 falls within the generally observed catalytic activities and number of cycles
(Table 4; entries 1–3 and 5). For example, the percentage yields of 81% reported for Pd2
compare favorably with the values of 78% and 82% reported for the silica-immobilized
NˆO– and PˆP–donor Pd complexes in the methoxycarbonylation of 1-hexene [8] and
1-decene [52], respectively (Table 4, entries 1–2).

Table 4. Comparison of current palladium with reports systems.

Entry Catalyst Support Substrate % Yield (t) Cycles Reference

1 Silica 1-hexene 78 (24 h) 4 [8]

2 Silica 1-decene 82 (22 h) 4 [52]

3 Pd/PPh3@POP
POP = porous organic polymer Polymer Styrene 97 (5 h) 5 [53]

4 - 1-hexene 98 (24 h) - This work

5 Fe3O4 1-hexene 81 (24 h) 5 This work

3. Conclusions

In summary, we have prepared five different NˆN-donor palladium complexes im-
mobilized on Fe3O4 magnetic nanoparticles. The physical properties of the materials
were manipulated by variation of the Pd content and calcination temperatures. A range
of spectroscopic and physical measurements, such as FT-IR, SEM-EDX, TEM, ICP-OES,
PXRD, N2 physisorption, and SQUID, were used to characterize the materials. In all cases,



Processes 2023, 11, 2516 10 of 13

mesoporous materials with sufficient magnetic susceptibilities were formed. All of the
Fe3O4-immobilized materials were active in the methoxycarbonylation of 1-hexene to pro-
duce mainly linear esters. The catalytic performance of the materials was influenced largely
by their Pd contents and specific surface areas. The immobilized catalysts were reused up
to five times, with an appreciable drop in catalytic activities in the fifth run. Post-catalyst
analyses point to changes in the material morphology and loss of the active Pd species
during the recycling experiments.

4. Experimental Section
4.1. Instrumentation and General Materials

The chemicals aniline (99.5%), sodium hydride (95%), sodium carbonate, and palla-
dium dichloride (95.5%), 3-chloropropyl triethoxy silane (98.5%), SBA-15, and MCM-41
were obtained from Sigma-Aldrich. Fe3O4 MNPs were prepared according to reported
protocols [54]. Transition Electron Microscopy, TEM (JEOL JEM, 1400 model) set at 200 kV
accelerating voltage was employed to record the TEM images. The compounds were soni-
cated in ethanol prior to mounting on carbon-coated copper grids. The particle morphology
and particles sizes were analyzed using a scanning electron microscope (SEM) model,
ZEISS EVO LS15, working at an accelerating voltage of 20 kV. The qualitative elemental
contents of the immobilized palladium(II) materials were acquired on an Oxford EDX
detector. The powder X-ray diffraction spectral data were obtained on an XPERT-PRO XRD
instrument with CuKα radiation set at 4.01 to 89.9◦ as the 2θ range. Elemental composition
and mapping were recorded on a Varian 720-ES inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) suited with an ICP Expert II software. Nitrogen physisorption
measurements were performed on the BELSORP MAX from Microtrac Retzsch. Data
evaluation according to Brunauer, Emmett, Teller (BET) and Barrett, Joyner, Halenda (BJH)
was carried out with the software BELmaster version 7.3.2.0. The samples were activated
in a vacuum for 20 h at 130 ◦C prior to the measurements. Thermogravimetric analyses
were acquired on a Perkin-Elmer TGA 4000 instrument equipped with Pyris software at
50–900 ◦C with a 10 ◦C/min heating rate. Magnetic susceptibility measurements were
carried out with a Quantum Design MPMS3 Evercool SQUID magnetometer equipped
with a 7 Tesla magnet at 300 K, with variable applied dc magnetic fields between −4 T
(−40,000 Oe) and 4 T (40,000 Oe) in DC mode.

4.2. Preparation of the Fe3O4 Magnetic Nanoparticle-Immobilized Palladium Compounds
4.2.1. Synthesis of Complex [Pd1-Fe3O4@10%Pd@100 ◦C] (Pd2)

To a mixture of complex [Pd(L1)Cl2], Pd1 (0.10 g. 0.16 mmol), where L1 = N,N′E,N,N′E)-
N,N′-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline, in toluene (10 mL) was
added Fe3O4 (1.00 g). The resultant mixture was then sonicated for 20 min and further
refluxed for 12 h. The material was cooled to room temperature and filtered to obtain
a yellow solid. The solid was washed three times with ethanol (3 mL) and dried in the
oven overnight to produce Pd2 as a brown solid yield = 0.80 g (72%). IR νmax/cm−1:
ν(C=N) = 1597, ν(Si-O) = 1053, ν(Si-OH) = 3341, ν(Fe-O) = 583. The compound was cal-
cined at 150 ◦C and 200 ◦C to yield Pd3 and Pd4, respectively.

4.2.2. Synthesis of [Pd1-Fe3O4@5%Pd@100 ◦C] (Pd5)

Complex Pd5 was prepared according to the method described for Pd2 by using Pd1
(0.05 g, 0.08 mmol) and Fe3O4 (1.00 g). Yield = 0.82 g (78%). IR νmax/cm−1: ν(C=N) = 1593,
ν(Si-O) = 1024, ν(Si-OH) = 3346, ν(Fe-O) = 596.

4.2.3. Synthesis of [Pd1-Fe3O4@15%Pd@100 ◦C] (Pd6)

Complex Pd6 was prepared in a similar way to complex Pd2 by using Pd1 (0.15 g,
0.24 mmol) and Fe3O4 (1.00 g). Yield = 0.84 g (73%). IR νmax/cm−1: ν(C=N) = 1596,
ν(Si-O) = 1024, ν(Si-OH) = 3375, ν(Fe-O) = 607.
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