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Bioinspired catalytic systems based on metalloporphyrins have been extensively researched in recent years
and, in many cases, have played a key role in the development of more efficient and selective catalysts. The
immobilization of this family of catalyst species in robust supports can permit the preparation of recoverable
and reusable catalyst solids. In this work, we present the systematic and comprehensive preparation of
core@shell-like solids for catalyst immobilization based on magnetic particle, using microwave-assisted
synthesis of magnetite, coated with a shell composed of two distinct LDH formulations: MgzAl and NizAl,
evaluating different LDH/magnetite molar ratios. Four different tetra-anionic metalloporphyrins
(Na4[M(TDFSPP)], M = iron(m), manganese(ii), zinc(i), or magnesium(i) ions) (MP) were immobilized in
both prepared LDHs. The eight resulting solids were evaluated as catalysts in the model oxidation
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1 Introduction

Bioinspired catalytic systems, particularly metalloporphyrins
(MPs), have been widely studied for their efficiency and selec-
tivity.* Cytochrome P450 enzymes catalyze oxidation reactions
using an ironporphyrin as the active site.** Inspiring the
synthesis of MPs for diverse catalytic applications.>™*°

However, homogeneous catalysis employing MPs face chal-
lenges such as low solubility, depends on the porphyrin struc-
ture, difficult to recover for reuse, and oxidative deactivation.>**
Immobilizing MPs on solid supports improves recovery,
stability, and reusability, while also mitigating side reactions
and solubility issues.””™**

Additionally, the composition and structure of the support
influence catalytic performance, either through intrinsic prop-
erties or synergistic interactions with MPs, enhancing reactivity
and selectivity."*® In this way the research of new solids
supports, and the immobilization of MPs have been investi-
gated. Table 1 presents some examples of MP-solid catalysts
investigated in different catalytic reactions.

The interaction between MP and solid supports typically
occurs through covalent bonding or electrostatic interactions.
Covalent bonding requires previous surface functionalization
with groups like amines, for example, SBA-15 functionalized
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reaction of cyclooctene to cis-cyclooctene oxide, using iodosylbenzene (PhlO) as the oxidant.

with (3-aminopropyl)triethoxysilane (3-APTS) to immobilize
porphyrins.’® In contrast, electrostatic interactions are more
easily achieved by introducing residual charges on the solid
surface. Layered double hydroxides (LDHs) are often used for
MP immobilization due to their positively charged layers, which
enhance catalytic efficiency but requires additional steps,
leading to increased energy and reactant consumption.*®

Alternatively, one of the most interesting naturally occurring
candidates for solid catalyst supports is magnetite (Fe;0,) due
to its magnetic properties and surface functionalization
potential.>*?* At high pH, its surface becomes negatively
charged, allowing interaction with LDHs and other positively
charged catalysts.””*® However, magnetite's instability, suscep-
tibility to oxidation, and low surface area limit its direct use.>*>"
Furthermore, its small surface area further restricts its effi-
ciency in catalytic applications, limiting direct coating with
catalytic species.*

A core@shell approach overcoming limitations associated
with bare magnetite, such as low surface area and oxidation
susceptibility, while creating a more versatile and efficient
catalyst system. Various materials, including silica,* gold,**
ZnO,* Ti0,,*® and organic polymers®” have been used for this
purpose.

LDHs are particularly attractive due to their residual positive
charge, which enhances MP immobilization.**** However, the
typical LDH aggregation can reduce catalyst accessibility,
limiting reaction efficiency.*® To improve MP immobilization,
LDH platelets can be nanostructured on spherical surfaces,
reducing aggregation and enhancing catalyst stability, accessi-
bility, and reusability.*>** The core@shell structure enables

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Examples of heterogenized MP catalysts investigated in different reactions'
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MP Support Catalytic reaction Ref.
[Mn(TPFPP)]Ac SBA-15 mesoporous silica n-Hexane oxidation 16
[Mn(TDFSPP)]Ac Zinc hydroxide nitrate Cyclohexane oxidation 15
[Mn(T4MPyP)]*" or [Fe(TDFSPP)J>~ Zinc oxide Cyclohexane light - assisted oxidation 17
[Co(TCPP)] Cerium oxide nanotubes Photo - assisted water oxidation 18
[M(TPP)] (M = Co”>" or Co** or Mn*") NaX zeolite CO, cycloaddition to epoxide 19
[Sn(TBhBP)] Fe;0, nanoparticle Dyes photodegradation 20
[Co(TM4PyP)|* Montmorillonite Aerobic oxidation of alcohols 21
CuPp2 Titanium oxide 4-Nitrophenol reduction 22
[Co(TSPP)] Mg-Al LDH Olefin epoxidation 23

“ Where TPFPP = 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin, Ac = acetate; TDFSPP = 5,10,15,20-tetrakis(2,6-difluoro-sulfonatophenyl)
porphyrin; TAMPYP = 5,10,15,20-tetrakis(4-methylpyridyl)porphyrin; TCPP = 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin; TPP = 5,10,15,20-
tetrakis(pheny)porphyrin; TBhBP = 5, 10, 15, 20-tetrakis (4-benzhydryl benzoate) porphyrin; Pp2 = 5,10,15,20-tetrakis[3-((carboxyl)propoxy)

phenyl] porphyrin.

strong electrostatic interactions, improving catalyst perfor-
mance and recovery.**™*

Studies on magnetite-LDH heterostructures have demon-
strated high catalytic activity and easy recovery.””**5°
However, their preparation remains challenges due to the
difficulty in reproducing the reported synthesis methods and
controlling particle growth and size homogeneity.

In this study, we report a reproducible and systematic
approach for Fe;0,@LDH support preparation via a microwave-
assisted method, followed by Mg;AI-CO5>~ or Ni;Al-CO;>~ LDH
coprecipitation coating method for four distinct iron(IIl),
manganese(IIl), zinc(u), or magnesium(n) MP immobilization
(Fig. 1) aiming catalytic exploration in cyclooctene oxidation.

2 Experimental section

All the reagents and solvents used in this work were purchased
from Aldrich, Merck, Fluka, or Synth with analytical purity
grade. Iodosylbenzene (PhIO) was prepared by hydrolysis of
iodosylbenzene diacetate, according to the method described by

Fig. 1 Schematic representation of the structure of the generic
anionic metalloporphyrin [5,10,15,20-tetrakis-(2,6-difluor-3-sulfona-
tephenylporphyrinate) M(ll or Il1)] with an axial ligand (L) (L considering
MnP and FeP), Nas[M(TDFSPP)IL = MP.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sharefkin and Saltzmann.** The PhIO purity of 93% was
confirmed by iodometric titration.

2.1 Preparation of porphyrins and metalloporphyrins (MPs)

The porphyrin ligand [H,(TDFPP)] [5,10,15,20-
tetrakis(2,6-difluorophenyl)porphyrin] was synthesized and
purified following Lindsey's method.>* The anionic porphyrin
Na,[H,(TDFSPP)] [5,10,15,20-tetrakis(2,6-difluoro-
sulfonatophenyl)porphyrin] tetrasodium (H,P) was prepared
through the sulfonation of [H,(TDFPP)] using Turk's method*
and subsequently metalated with various metal ions to form
[M(TDFSPP)]L (Fig. 1).

The anionic manganese(i) porphyrin Na,[-
Mn(TDFSPP)(OAc)] (referred to as MnP hereafter) was synthe-
sized by metalating H,P with manganese(u) acetate tetrahydrate
(Mn(CH3COO),-4H,0, Mn(OAc),).** The iron(m), zinc(u), and
magnesium(u) porphyrins (designated as FeP, ZnP, and MgP,
respectively) were prepared by metalating H,P with FeCl,-4H,0,
anhydrous ZnCl,, or MgCl,-6H,0 following Adler's method.>
Typically, FeCl,-4H,O (182 mg, 0.86 mmol) was dissolved in
a solution of H,P (0.100 g, 0.086 mmol) prepared in di-
methylformamide (DMF) and magnetically stirred at 300 rpm at
100 °C for 6 hours. The progress of the metalation reaction was
monitored by UV-VIS spectroscopy. After completion, the solu-
tion was dried using a rotary evaporator, and the FeP solid was
purified via column chromatography on Sephadex G10, using
water as the eluent. The purified solid was dried in a rotary
evaporator and stored at room temperature (FeP: 50.4 mg, yield
47%; ZnP: 498.6 mg, yield 90%; MgP: 43 mg, with 83% yield
reported for ZnP and MgP when 50 mg of H,P was used). UVVIS
spectrum bands Anyax (nm, ethanol, concentration solution ca. 1
x 107° mol L™"): FeP: 388 (Soret band, ¢ = 1.3 x 10" L
mol ™" em™") ZnP: 417 (Soret band, ¢ = 7.7 x 10* Lmol ' ecm 1),
MgP: 423 (Soret band, ¢ = 2.2 x 10* L mol™ " cm™') and MnP:
460 (Soret band, ¢ = 4.6 x 10* L mol " ecm ™). The IR spectra of
the MPs exhibited similar bands to those of H,P, with the
notable absence of the shoulder bands around 3300 and
1600 cm ™, corresponding to the N-H stretching and defor-
mation modes. Additionally, for MnP, characteristic bands at

neutral
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1539 and 1382 cm ™! were observed, associated with the C-O
stretching modes of the acetate group.

2.2 Preparation of microwave-assisted solvothermal
magnetite (M)

The magnetite (M) was synthesized via a solvothermal route,*
adapted for a microwave reactor instead of a conventional oven.
A solution of 25 mL of ethylene glycol containing FeCl;-6H,0
(0.1292 mol L"), sodium acetate (1.096 mol L"), and poly-
ethylene glycol (PEG 1000 or 10000-2.5 x 10° mol) was
prepared at 50 °C and stirred magnetically for approximately
15 min. The solution was transferred to a microwave quartz
reactor equipped with magnetic stirring. The reaction was
carried out under determined time and temperature conditions,
as detailed in Table 2. Later, the solid was recovered using
a neodymium magnet, washed three times with 20 mL of water
and three times with 20 mL of ethanol, and left to dry for ca. 16
hours at room temperature. Typical yield of 100% to the optimal
condition was achieved (ca. 250 mg).

2.3 Preparation of core@shell structures (M7/LDH)
containing magnetite (M7) and layered double hydroxide
(LDH)

The magnetite (M7) (200 °C, 2 h) was coated with LDH using
a coprecipitation method,””*® following optimized LDH/M
ratios, systematically calculated in this work based on the
difference between a sphere of 220 nm volume and another of
200 nm. For a 0.6 ratio, 120 mg of magnetite M7 was dispersed
in 100 mL of distilled water in a 500 mL round-bottom reactor
with ultrasound bath assistance for 10 minutes. Then, a mixed
metal nitrate solution (9.36 x 10> mol L' Mg**or Ni**/3.12 x
102 mol L' AI’*") and base solution (6.03 x 10> mol L ™!
N2a,C05/0.01 mol L' NaOH) were added simultaneously to
maintain a constant pH of 10.0, using peristaltic pumps.

The addition took ~6 hours at room temperature. The solid
was recovered using a neodymium magnet, washed with water
and ethanol (3 times each), and dried for 16 hours at room
temperature. The Mg/Al and Ni/Al LDH-coated solids were
labeled as M7@MA-n (for MgAl LDH at magnetite (M7) solid)
and M7@NA-n (for Ni/Al LDH at magnetite (M7) solid), with n
value denoting the LDH/M7 molar ratio used in the preparation
of the LDH (e.g., M7@NA-6 for molar ratio of LDH/M7 = 0.6).

Table 2 Solids prepared through microwave-assisted solvothermal
route

Obtained solid Temperature (°C) Time (h)
M1 and M2 100 0.5and 1
M3 and M4 150 0.5 and 1
M5 to M14° 200 0.5,1,2,3,4,5and 6

% Microwave-assisted solvothermal reactions were performed in
a Discover SP-D CEM 300 watt magnetron reactor at 200 °C for
different reaction times involving 0.5 to 6 h. Some experiments were
done in duplicate.

48308 | RSC Adv, 2025, 15, 48306-48324
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Pure Mg/Al and Ni/Al LDHs were prepared similarly, without the
presence of magnetite M7 (Table SI 1, SI).

2.4 Immobilization of MPs on core@shell solids

The MPs were immobilized on M7@MA-6 and M7@NA-4 solids
via electrostatic self-assembling, as previously reported.™**>%
Typically, in a 100 mL round-bottom flask, FeP (50 mL of ca. 2.0
x 107° mol L™" ethanol solution) and 0.100 g of M7@MA-6 or
M7@NA-4 were stirred mechanically at 300 rpm and 25 °C for 5
hours, forming a brown mixture. The FeP-loaded solid was
recovered using a neodymium magnet and exhaustively washed
with ethanol until the Soret band of FeP was no longer detected
in the UV-Vis spectrum of the supernatant, confirming the
absence of leaching.

The resulting materials were designated as M7@MA@FeP
and M7@NA@FeP and dried at 25 °C for two days. The
immobilization efficiency (loading), expressed as mol of FeP per
gram of support, was determined indirectly through UV-VIS
analysis of the supernatant.

The ZnP-loaded solids were designated as M7@MA®@ZnP
and M7@NA@ZnP, the MgP-loaded solids as M7@MA@MgP
and M7@NA@MgP, and the MnP-loaded solids as
M7@MA@MNP and M7@NA@MnP. All materials were charac-
terized by powder XRD, FTIR, and UV-VIS.

2.5 Catalytic reactions

The prepared solids based on M7@MA-6 and M7@NA-4, each
containing one of the four MPs (FeP, MnP, ZnP, or MgP), were
preliminarily evaluated as catalysts in the oxidation of cyclo-
octene using PhIO as the oxidant, yielding cis-cyclooctene as the
sole product.

2.6 Cyclooctene oxidation

All cyclooctene oxidation reactions followed the same
protocol,™*>*® using a 1:20:2000 ratio of MP/PhIO/
cyclooctene. In a 2.0 mL amber glass vial with a polypropylene
screw cap and PTFE/silicone septa, ca. 5 mg of M7@MA®@MP or
M7@NA@MP, ca. 0.4 mg of PhIO (2 x 10~° mol) as the oxidant,
500 pL of acetonitrile (ACN) as solvent, and ca. 26 uL of cyclo-
octene (2 x 10~* mol) were added. The mixture was stirred at
300 rpm using a glass-covered magnetic stir bar at 25 °C for 1
hour, under an argon atmosphere and protected from light.

After the reaction, 100 pL of saturated sodium sulfite in ACN
and 200 pL of methanol were added to dissolve and quench
excess PhIO. The solid -catalyst was recovered using
a neodymium magnet and washed three times with 100 pL of
ACN. The supernatants from the reaction and washes were
combined in a 2.0 mL volumetric flask. For product quantifi-
cation, 30-50 pL of n-octanol (internal standard, 1 X
10> mol L") was added to 500 uL of the reaction solution, and
the cis-cyclooctene product was quantified by gas chromatog-
raphy, performed in duplicate, with yields based on the initial
PhIO amount. All reactions were carried out at least in
duplicate.

Control reactions for heterogeneous catalysis were con-
ducted in the same experimental conditions, using as catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the solids M7, Mg3;Al-LDH, Niz;Al-LDH, M7@MA-6 or M7 @NA-4
with PhIO. For reactions using non-magnetic solids, recovery
was performed by centrifugation at 4000 rpm for 10 minutes.
Homogeneous catalysis was also tested using free MPs instead
of immobilized ones. The control reaction for homogeneous
catalysis was performed with PhIO and substrate under the
same experimental conditions.

2.7 Characterization and apparatus

Powder X-ray Diffraction (XRD) patterns were recorded using
Shimadzu XRD-7000 and PANalytical X'Pert PRO diffractome-
ters, operating at 30 kV and 40 mA (Cu Ko radiation, A = 1.5418
A). Measurements were taken from 3-80° (26) with a 2° min™"
scan rate. In situ temperature controlled XRD patterns were
recorded from 25 to 1000 °C. Fourier transform infrared spec-
troscopy (FTIR) spectra (400-4000 cm™') were collected on
a VERTEX spectrophotometer using KBr pellets with 1% (m
m ™) solid. Ultraviolet-visible spectroscopy (UVVIS) absorbance
spectra were obtained in the range 200-800 nm with HP 8452A
and Varian Cary 100 spectrophotometers. Transmission elec-
tron microscopy (TEM) analysis was performed with JEOL-JEM
1200 and JEOL-JEM-2100plus microscopes at 120 kV. Scan-
ning electron microscopy (SEM) images were recorded with
Tescan VEGA3 LMU and ZEISS SUPRA 55VP microscopes.
Nitrogen adsorption-desorption isotherms were obtained with
a Micromeritics ASAP 2020 and BET surface areas were calcu-
lated. Samples (80 mg) were degassed under vacuum at 80 °C for
10 h. TGA/DSC analysis was conducted using a Mettler Toledo
DSC 1 STARe and SETSYS Evolution TG-ATD DSC, from 20—
1000 °C at 10 °C min_ "' under N, atmosphere. Reaction prod-
ucts were quantified using an Agilent 6850 GC with a DB-WAX
capillary column and flame ionization detector.

3 Results and discussion

3.1 Systematic synthesis and characterization of core@shell
materials

Magnetite (M) was synthesized using a microwave-assisted
solvothermal route in a digestion microwave reactor, as an
alternative to the traditional polyol-based solvothermal
method.*® The conventional polyol route presented challenges
in achieving uniform particle size distribution, size control, and
synthesis time optimization, which hindered the formation of
the desired magnetite-based core@shell structure in this work.

To address these limitations, in this work microwave-
assisted synthesis was explored, as it has been reported to
enable magnetite production.>* However, prior studies typi-
cally employed mild temperatures and short reaction times,
resulting in small particle sizes,*~** or large particles under
high-pressure conditions.®

This study systematically investigated reaction temperatures
of 100 °C, 150 °C, and 200 °C, with reaction times of 0.5 and 1
hour. At 200 °C, reaction durations were extended from 2 to 6
hours to determine optimal conditions. Further optimization
included varying the molecular weight of polyethylene glycol
(PEG 1K and 10K) or on its absence. Iron salt concentrations of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.13 and 0.26 mol L' were also evaluated, under autogenous
pressure.

For temperatures below 200 °C and reaction times not higher
than 1 h (M1 to M6) (Table 2), magnetite is not formed as
confirmed by the powder XRD patterns (Fig. SI-1). Instead,
amorphous unidentified phases are observed for M1 to M4,
while M5 and M6 show a mixture of a-FeOOH and (Fe,O(CHj;-
COO)(OH);-H,0) consistent with data reported in the
literature.*

Based on these preliminary results, effect of reaction time
from 2 h to 6 h was explored at 200 °C, yielding solids M7 to
M11, respectively (Table 2). All samples (M7-M11) exhibited
similar PXRD patterns (Fig. 2A) with peak positions at 20 =
18.4°, 30.3°, 35.5°, 37.0°, 43.4°, 53.6°, 57.0°, and 62.0°, corre-
sponding to the (111), (220), (311), (222), (400), (422), (511), and
(440) crystal planes of magnetite.*>*® The size of the crystalized
domains calculated using Scherrer's equation (Fig. SI-2),
remained constant, in the range of 13-19 nm.

Since the structural data of M7 to M11 samples showed no
significant differences, the conditions used for M7 were chosen
for further tests. These included examining the effect of PEG
molecular weight, typically PEG-1K and PEG-10K (M12 and M13
respectively) and higher iron salt concentration, (M14). The
results confirm that all tested conditions are effective for
synthesizing magnetite using the proposed microwave-assisted
method.

Increasing the Fe®* initial concentration has the most
effective effect on the particle size (35 nm). The addition of PEG
inhibited crystal growth, reducing the size of Fe;O, nano-
spheres to an average diameter of 11 nm and promoting poly-
dispersity. Notably, varying the PEG molecular mass between 1K
and 10K had a negligible effect.** This behavior aligns with the
traditional LaMer mechanism.®

When crystal growth is governed by surface reactions rather
than diffusion, surface reactivity decreases as the crystal size
increases, thereby slowing further growth. Consequently,
nucleation competes with crystal growth, leading to the
formation of new nuclei, which contributes to both poly-
dispersity and a reduction in overall crystal size. This
phenomenon is confirmed by TEM analysis (Fig. 2B-H).*

The spectrum for magnetite M7 shown in Fig. 2B shows
bands at 3500 and 1630 cm™" correspond to stretching and
bending modes of adsorbed water or hydroxyl species,
including those coordinated to surface iron sites in magnetite.
The band at 2922 cm ™" arises from asymmetric -C-H stretch-
ing, likely due to residual organic precursors. The feature at
1410 cm ™" is assigned to the C-O v; mode, indicating adsorbed
C0,/CO;>~ from atmospheric exposure, polyol (EG/PEG), or
acetate used during synthesis. Bands at 628, 580, and 437 cm ™"
are characteristic of Fe in tetrahedral and octahedral coordi-
nation within the magnetite lattice.

The TEM images for solids M7, M11, and MAGW14 are
shown in Fig. 2B-H. For M7, synthesized in 2 hours (Fig. 2B and
C), more homogeneous spherical particles with a mean diam-
eter of ca. 200 nm are observed than the M11 particles (Fig. 2D
and E), prepared after 6 hours of reaction, exhibit less size
homogeneity, and smaller average particle size compared to

RSC Adv, 2025, 15, 48306-48324 | 48309
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(A) Diffractograms of solids M7 to M14 prepared by microwave-assisted solvothermal route, TEM images of the solid M7 (B and C), M11 (D

and E), M14 (F and G), (H) magnification of a sphere of the solid M7 and (I) FTIR spectrum of the solid M7.

M7, likely due to secondary nucleation events, consistent with
the LaMer mechanism.® These events lead to a smaller average
particle size compared to M7.

In the case of M14, the average particle size is approximately
50 nm, suggesting insufficient time for complete particle
growth, indicating the need for extended reaction times. Upon
closer examination of the M7 particles (Fig. 2H), the spherical
particles display a raspberry-like structure, composed of
aggregated smaller nanoparticles ranging from 5 to 10 nm in
size. This aggregation justifies the Scherrer-derived crystallite
size (ca. 15 nm), as these smaller spheres likely correspond to
individual crystallites. The SEM images of M7 (Fig. SI 3) confirm
the particle size homogeneity and the raspberry-like structure
observed in the TEM analysis. These findings suggest that
particle growth in the microwave-assisted solvothermal route

48310 | RSC Adv, 2025, 15, 48306-48324

proceeds predominantly through the aggregation of primary
nanoparticles rather than Ostwald ripening,*® with higher
surface energy stabilized by the formation of particle
conglomerates.?>**¢

The magnetite reported here was prepared at least four faster
when compared to traditional routes.***® Due to its higher
particle size homogeneity, the M7 solid was selected for further
characterization and core@shell preparation studies.

HTK-XRD analysis of the M7 solid (Fig. SI 4) revealed struc-
tural changes with increasing temperature. At 500 °C, the
conversion of magnetite (Fe;0,, JCPDS 19-629) and/or maghe-
mite (y-Fe,O3, JCPDS 39-1346) to hematite (a-Fe,O3, JCPDS 86-
055) becomes evident by the appearance of peaks at 26 = 33.1°
(104) and 53.98° (116), which intensify up to 1000 °C, consistent
with the loss of magnetism.*** Differentiating magnetite and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Idealized core@shell solid representation with 200 nm core and 20 nm shell sizes (A) and representation of LDH/magnetite assemblies for

M7@MA-6 (B) and M7@NA-4 (C), (D) diffractograms for core@shell prepared by the proposed route using the solid M7 as core and Mg3Al-LDH
(MA) as shell and the diffractograms for core@shell solids prepared varying the LDH/magnetite molar ratio from 0.1to 0.6, for the MA-LDH (E) and
NA-LDH (F) series.
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maghemite by XRD is difficult due to their similar cubic struc-
tures,” though magnetite has more Fe*", which oxidizes to Fe**
in maghemite.®®”® In air, magnetite often forms core@shell
particles with a magnetite core and maghemite shell.**7*7*

TGA and TGA/MS analyses (Fig. SI 5A and B) show an initial
mass loss from adsorbed water, followed by the release of
structural water from hydroxyl groups in magnetite. A third,
unexpected mass loss occurs between 600-700 °C—where
a mass gain is typically expected due to full oxidation of Fe** to
Fe®* and the conversion to a-Fe,05.°7! TGA/MS (Fig. SI 5B)
reveals CO, release in this range, likely from trapped organic
precursors released during particle coalescence and phase
transition to hematite.

M7 was characterized by FTIR spectroscopy, with the spec-
trum shown in Fig. 21. The characteristic Fe-O bands were
observed at 628 cm ™ for iron in a tetrahedral environment, and
at 580 and 437 cm™ ' for iron in an octahedral environment,
consistent with the inverse spinel structure of magnetite.”>”*
Bands at 3500 and 1630 cm ™" indicate the presence of adsorbed
water molecules and surface hydroxyl groups. Additionally,
bands at 2922 and 1410 em ' correspond to C-H and C-O
vibration modes, likely originating from organic precursor
residues, in agreement with the third mass loss event observed
in the TGA analysis (Fig. SI 5). Vibration bands at 1040 and
1094 cm ' are typical of vC-O symmetric and asymmetric
stretching vibration of ethylene glycol, as that at 1410 cm ™.

3.2 Synthesis and characterization of Fe;0,@LDH core-
shell assembly

As reported in the,>”***%° attempts to synthesize pure and
homogeneous particles of Fe;O,@LDH core-shell structures
were often limited by side coprecipitation of LDHs. To address
this, we proposed using standard particle dimensions, specifi-
cally a 20 nm LDH shell surrounding a 200 nm Fe;O, core
(Fig. 3A). This approach resulted in a theoretical LDH-shell to
magnetite-core volume ratio and molar ratio of respectively 0.1
and 0.3.

The influence of the aging step (AS)*® was evaluated by
comparing aged (M7@MA-1AS, 16 h) and non-aged (M7@MA-
1WA) samples, with MA-LDH as a reference. These solids were
characterized by powder XRD (Fig. 3D).

Both M7 and MA diffraction patterns appeared in M7@MA-
1AS and M7@MA-1WA, even after washing and magnetic
recovery, confirming strong interaction between magnetic and
layered solids. The M7@MA-1AS diffractogram showed a weaker
001 peak than M7@MA-1WA, suggesting lower LDH content or
reduced crystallinity in the aged sample. The lower content then
led to a weaker intensity for structural LDH peaks towards the
magnetite diffraction peaks.

SEM and TEM analyses (Fig. 4) further clarified these
differences. Small hexagonal, delaminated LDH platelets (<100
nm) were observed (Fig. 4A and B), consistent with expected
morphology. Without aging (Fig. 4E and F), LDH formed a more
extensive coating on magnetite, whereas aging (Fig. 4C and D)
led to partial detachment. This results from Ostwald ripening,*®
where smaller LDH particles dissolve and grow into larger ones.
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Fig. 4 TEM images for the solids MA (A and B), M7@MA-1AS (C),
M@MA-1WA (E), besides SEM images for core@shell solids M7@MA-
1AS (D) and M@ MA-1WA (F).

These findings align with the XRD results, confirming fewer
LDH particles in M7@MA-1AS. Therefore, the synthesis without
aging was selected for further studies.

The range of 0.1 to 0.6 LDH/magnetite ratios was explored
for both Mg;Al-CO,>~ LDH (MA) NiAl-CO;>~ LDH. Diluted salt
and base solutions (~10~® mol L") and slow salt addition rate
(0.33 mL min~") were used to prevent large particle formation.
The pH was kept at 10 to optimize LDH formation®”*® and
promote hydroxyl deprotonation on the magnetite surface,*
enabling electrostatic interactions with positively charged LDH
layers." Room temperature ensured mild synthesis conditions.

Therefore, the solids were prepared with constant salt and
base concentration, just increasing the volume of salt solution
(volume mL/molar ratio): 16.6/0.1, 33.3/0.2, 50/0.3, 66.6/0.4,
83.3/0.5 and 100/0.6 (resulting solids named by M7@MA-1 to
M7@MA-6 and M7@NA-1 to M7@NA-6 - Table SI 1).

The MA and NA LDHs were chosen based on different ways
of interaction to magnetite surface, since NA particles can grow
perpendicular to the surface,*® while MA hexagons commonly
interact parallel to the spherical surface.

The XRD diffractograms for the MA and NA LDHs, M7, and
the M@MA and M@NA series are shown in Fig. 3E and F,
respectively. The MA and NA LDHs exhibit characteristic peaks
at 26: 11.5° (003), 23.2° (006), 34.9° (012), 38.9° (015), 46.5°
(018), 61.0° (110), 62.06° (113), and 65.8° (116). The peaks for
MA LDH solids (Fig. 3E) are more intense and defined than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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those for NA LDH solids (Fig. 3F), indicating higher crystallinity
for the MA LDH solids.”®””

The calculated d-spacing using Bragg's equation for both
LDHs yielded values of 7.63 and 7.62 A, consistent with inter-
calated CO;>~ anions, as expected due to the lack of atmosphere
control.” For both LDHs, the a, cell parameters, determined
from the (110) peaks at 60.79° and 61.39° (26) for MA and NA,
respectively, are 3.045 A for MA and 3.018 A for NA. These values
align with the 3:1 M>*/M>" ratio used in the synthesis.”

For the core@shell solids, characteristic LDH peaks (003 and
006) are observed at 11.63° and 23.26° for MA LDH solids, and

View Article Online

RSC Advances

at 11.70° and 23.22° for NA LDH solids. Additionally, the (110)
peak, near 60° (26), appears in both core@shell structures when
the LDH/magnetite ratio is 0.4 or higher. These results are
consistent with the presence of LDHs with hexagonal
morphology,”®®' and the peak intensities increase with ratios
up to 0.6, confirming the layered structure alongside the
magnetic phase.

The solids containing Mg;Al LDH (M7@MA-1, M7@MA-3,
and M7@MA-6) and Ni;Al LDH (M7@NA-2, M7@NA-4, and
M7®@NA-6) were characterized by SEM, as shown in Fig. 5A-F.

Date 18t 2021

Fig. 5 SEM images of the solids M7@MA-1, M7@MA-3 and M7@MA-6 (A-C, respectively), M7@NA-2, M7@NA-4 and M7@NA-6 (D-F, respec-
tively) and TEM images for solids M7@MA-6 (G), M7@NA-1 (H), M7@NA-3 (I) e M7@NA-4 to M7@NA-6 (J-L, respectively).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the MA-LDH series (Fig. 5A-C), increasing the LDH/
magnetite ratio resulted in progressively greater coverage of
the magnetite particles. Well-defined hexagonal LDH particles
were also observed. These results align with the XRD patterns,
indicating that a 0.6 ratio (solid M7@MA-06) provides optimal
coverage of the magnetite particles with MA-LDH.

In the NA-LDH series (Fig. 5D-F), the magnetite surface was
coated even at the lowest LDH/magnetite ratio. However, no
distinct LDH particles were observed at a 0.2 ratio. Both the 0.4
and 0.6 molar ratios (solids M7@NA-4 and M7@NA-6, respec-
tively) provided good interaction and core coverage, yielding
similar results. Based on the XRD patterns, a 0.4 molar ratio
appears to be optimal, as it minimizes the formation of excess
NA-LDH particles and enhances the visibility of the layered
material. Unlike the MA-LDH series, the SEM images suggest
that the NA-LDH particles are less well-defined.

The TEM images for the solids M7@MA-6, M7@NA-1,
M7@NA-3, M7@NA-4, M7@NA-5, and M7@NA-6 are pre-
sented in Fig. 5G-L.

Fig. 5G shows magnetic particles enclosed within layered
solid platelets, supporting the hypothesis that MA-LDH plate-
lets form separately from the magnetite but, due to synthesis
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conditions (such as pH and mechanical stirring), align parallel
to the magnetic core surface through electrostatic interactions.
Notably, the layered material was only observed in combination
with the magnetite, never independently, further validating this
hypothesis.

In contrast, the NA-LDH series suggests a potential covalent
interaction with the magnetite. NiFe,O, ferrites, which are
spontaneously formed through Ni-O-Fe bonds, are known to
occur via multiple routes.*”** Although the magnetic particles
here are pre-synthesized, oxo-bridges could still form at the
surface, creating a coordinative environment similar to ferrites.
This interaction may result in a nickel ion layer, where Ni** ions
act as seeds for LDH nucleation and growth. Consequently, the
NA-LDH platelets align perpendicularly to the magnetite cores,
as observed in Fig. 5H-L, consistent with literature
reports.>”*43° The solids M7@MA-6 and M7@NA-4 were
selected for further study.

Based on observations from SEM and TEM images for the
chosen solids M7@MA-6 and M7@NA-4, the proposed interac-
tion between layered and magnetic solid is schematically rep-
resented on Fig. 5B and C respectively.
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Fig.6 TGA graphics for core@shell solids containing MA LDH (A and B), core@shell solids containing NA LDH (C) and FTIR spectra for core@shell

solids, besides the MA and NA LDHs and M7 (D).
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The TGA analysis of these solids, from 30 to 1000 °C (Fig. 6A-
C) reveals two predominant and different mass loss events. The
first one is related to adsorbed water molecules on solids
surface, followed by structural hydroxyl and water molecules
removing from LDH structure, up to 200 °C, and the last one
associate to the full conversion to the metal oxides from layered
structure.” The increase on the LDH/magnetite ratio intensify
the mass loss of each event, as expected. It worth to highlight
that the full conversion of magnetite to hematite does not occur
on core@shell structure, and even after reaching 1000 °C, the
core@shell solids keep the magnetic susceptibility, no matter
the ratio LDH/magnetite used.

A mass loss of 45% was observed for the MA solid (Fig. 6A
and B) and 35% for the NA solid (Fig. 6C), with two distinct
mass loss events as temperature increased. The first event,
around 200 °C, corresponds to the dehydration of adsorbed
water from the interlayer domain, followed by complete
conversion to metal oxides starting at 250 °C.***

The observed mass loss aligns with the powder X-ray
diffraction results for both MA and NA LDH-containing solids.
As the proportion of LDH in the hybrid solid increases, the mass
loss also increases. The following observed mass losses were
recorded from TGA, based on ascending LDH/magnetite molar
ratios: MA-LDH 10%, 9%, 10%, 14%, 15%, and 18%. For NA-
LDH hybrids: 6%, 10%, 13.6%, 14%, 16%, and 18%.

These percentages were normalized excluding the 7% mass
loss attributed to magnetite structure. Minor discrepancies in
these values may arise from operational errors but remain
consistent with the increasing LDH/magnetite ratios. The mass
loss corresponds to the decomposition of the LDH component,
with complete calcination forming metal oxides.”® Notably, even
at the lowest LDH ratio, the layered solid interacts with the
magnetite, as the final product retains magnetic properties,
unlike isolated M7.

When the experimental mass loss is compared to the theo-
retical amount of LDH employed (Table SI 1) and hematite is
considered the final oxidation product of magnetite, the average
experimental mass loss is 12.6% relative to the theoretical value,
with a standard deviation of 2.3%. These consistent values
suggest that the experimental LDH/magnetite ratios closely
match the predicted ratios. Any relative error is likely due to
phase transitions in the magnetite core, with the hematite
phase used as a reference in the calculations.

HTK-XRD analysis was performed for solids with 0.3 and 0.6
LDH/magnetite ratios for both M@MA and M@NA (Fig. SI 4B-
E).

In the core@shell structures (Fig. SI 4B-E), the transition
from magnetite/maghemite to hematite was delayed at a 0.3
ratio and completely inhibited at 0.6, indicating that LDH
oxides form instead of magnetite. During this process, metal
oxides interact with magnetite, preventing oxidation and
preserving magnetism up to 1000 °C.** The nickel-aluminum
LDH in the M7@NA series (Fig. SI 4D and E) provided stronger
protection, even at a 0.3 molar ratio. This supports the
hypothesis that NA-LDH interacts more effectively with
magnetite through covalent bonding between nickel and iron,
mediated by oxo bridges.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 BET calculated parameters for M7, MA, NA, and core@shell
solids

Specific surface Pore size Pore volume
Solid area (m> g™") (nm) (em®g™)
Magnetite®® 31.0 1.9 0.14
M7 45.57 13.03 0.14
MA 101.63 12.40 0.31
M7@MA-6 84.46 22.04 0.46
NA 75.58 27.67 0.52
M7@NA-4 103.50 12.17 0.31

Since M7@MA-6 and M7@NA-4 were selected for further
study, N, gas adsorption-desorption analyses were performed
on M7 and on both MA and NA-LDHs, as well as on M7@MA-6
and M7@NA-4 (Fig. SI 6). All solids exhibited type-IV isotherms
with type-III hysteresis, characteristic of slit-like pores, consis-
tent with previous reports in the literature.?>*

Using the BET method, surface area, pore size, and pore
volume were determined (Table 3), with values consistent for
hybrid solids.*****” All solids exhibited mesoporosity, including
M7 alone, due to the aggregation of small crystallites during
magnetite formation, increasing the porous size from 2 to
13 nm and directly reflecting on a surface area increase when
compared to traditional solvothermal route.>® The core@shell
solids show increased surface area compared to M7, attributed
to the small LDH particles on the surface.*****” For M7@MA-6,
the surface area decreases due to the parallel alignment of MA-
LDH platelets with magnetite. In contrast, M7@NA-4 exhibits
higher surface area, likely due to the perpendicular growth of
smaller NA-LDH particles, which reduces aggregation and
increases exposed surface.

Fig. SI 7 illustrates the pore size distribution calculated using
the BJH method.* For magnetite M7 (Fig. SI 7A), the pore size is
centered at 2.08 nm, extending up to 20 nm, typical of meso-
porous materials. A similar pattern appears in the core@shell
solids. In M7@MA-6 (Fig. SI 7C), the pore size distribution
broadens compared to the MA solid (Fig. SI 7B), likely due to the
layered hydroxide surrounding the magnetite, resulting in
heterogeneity.

In contrast, NA-based solids exhibit narrower distributions.
Without magnetite (Fig. SI 7D), the pore size ranges from 5 to
150 nm, peaking at 28 nm. When interacting with magnetite
(Fig. SI 7E), the pore size narrows to 3-50 nm, suggesting a more
organized structure, as confirmed by TEM images (Fig. 5).

In summary, the BJH and BET analyses (Table 3) indicate
that the M7@MA-6 solid displays greater porosity, with a wider
range of pore sizes and volumes successfully obtained with
a proposed, reproducible and improved mild condition method
compared to already reported core@shell solids.*****7%® This
feature may enhance the immobilization of metalloporphyrin
complexes, directly improving interactions with substrates in
catalytic applications.

M7@MA-6 and M7@NA-4 were characterized by Fourier-
transform infrared spectroscopy (FTIR), with their spectra
compared to those of the precursors M7, MA, and NA (Fig. 6D).
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The MA and NA LDH spectra show broad bands between
3600-3200 cm ™', attributed to O-H stretching from the LDH
structure and adsorbed water, further supported by the O-H
deformation band at 1650 cm™". A band at 1368 cm ' corre-
sponds to the asymmetric C-O vibration of intercalated
carbonate anions, consistent with the d-spacing values from
XRD patterns (Fig. 3). Vibration bands below 700 cm™" corre-
spond to M-O-M modes, with a band near 400 cm ™" indicating
Ni- or Mg-Al octahedral coordination (M-Og). The hybrid solids
show Fe-O vibrations at 628 and 580 cm ™', confirming the
presence of M7 in the core@shell structures. These bands are
more intense than those from the LDH, reflecting the higher
proportion of magnetite relative to the layered solid.*****

3.3 Synthesis of metalloporphyrin (MP), preparation of
M7@LDH@MP solid and catalytic evaluation

3.3.1 Characterization of free-base porphyrin and MP. The
free-base neutral porphyrin [H,(TDFPP)] and the tetra-anionic
free-base porphyrin Na,[H,(TDFSPP)] (H,P) ligands were previ-
ously characterized through "H NMR, FTIR, UV-VIS techniques*?
confirming their preparation.

The characterization of the complexes resulting from the
tetra-anionic free-base porphyrin Na,[H,(TDFSPP)] (H,P)
metalation with manganese(m) - Na,[Mn(TDFSPP)(Oac)],
iron(m) - Nay[Fe(TDFSPP)]Cl, zinc(u) - Nay[Zn(TDFSPP)] and
magnesium(r) - Na,[Mg(TDFSPP)], or simply MnP, FeP, ZnP
and MgP, respectively, was made by UV-VIS spectroscopy
(Fig. 7A).

The UV-VIS spectrum of H,P (Fig. 7A, black line) shows the
characteristic electronic-transition Soret band, the most intense
peak of the porphyrin structure, at 407 nm, along with four Q
bands between 500 and 650 nm, corresponding to vibrational
transitions.**>*® Upon complexation with metal ions (Fe*", Zn**,
Mn**, and Mg>"), leading to Soret band shifts to specific wave-
lengths: 388 nm for FeP,** 417 nm for ZnP,*> 460 nm for MnP,*
and 423 nm for MgP* (Fig. 7A, brown, orange, red, and pink
lines, respectively) due to symmetry changes induced by metal
insertion. Additionally, this change reduces the number of Q
bands from four to two in the 500-650 nm region. For MnP
(Fig. 7, red line), distinct charge transfer bands at 328, 372, and
394 nm are also observed, typical of manganese-porphyrin
complexes (hyperporphyrin).**®

The FTIR spectra of the free base porphyrin (H,P) and
metalloporphyrins (FeP, MnP, ZnP, and MgP) are shown in
Fig. 7B. The spectrum of the free base porphyrin Na,[H,(-
TDFSPP)] has been previously discussed.” A key feature for MP
characterization via FTIR is the absence of the N-H angular
vibration band around 1600 cm*, indicating nitrogen depro-
tonation upon metal ion insertion into the porphyrin ring.”*

The FTIR spectrum of MnP provides additional insights into
the nature of the axial ligand interaction (covalent or charge
compensation). The bands associated with the asymmetric and
symmetric deformation of the acetate group (O-C=0) appear in
the ranges 1578-1414 cm™ ' (4 = 164 cm ') and 1539-
1382 cm ™' (4 = 157 em™'), confirming acetate as the coun-
terion."”* For FeP, the band corresponding to the interaction

48316 | RSC Adv, 2025, 15, 48306-48324
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Fig. 7 (A) UV-VIS spectra of the (a) tetra-anionic free-base porphyrin

H2P ligand, (b) FeP, (c) MgP, (d) MnP and (e) ZnP complexes in etha-
nolic solution. (B) FTIR spectra of the free-base porphyrin (a) Nayl-
Ho(TDFSPP)] (H»P), and the metalloporphyrins (b) iron(i) porphyrin
complex Nay[Fe(TDFSPP)]CL (FeP) (c) manganese(in)porphyrin complex
Nay[Mn(TDFSPP)Oac] (MnP), (d) zinc(i) porphyrin complex Nagy[-
Zn(TDFSPP)] (ZnP) and (e) magnesium(i) porphyrin complex Nayl-
Mg(TDFSPP)] (MgP) in the 400-4000 cm™* region.

with chloride ions is expected near 360 cm ™', but it is beyond
the spectral range of the recorded FTIR spectrum.

3.3.2 Preparation and characterization of core@shell/MP.
The immobilization of tetra-anionic metalloporphyrins MPs
(FeP, MnP, ZnP, and MgP) onto the core@shell solids occurs
through electrostatic interactions with residual positive charges
on the MA or NA-LDH shell.****¢ The immobilization loading
was quantified via UV-VIS analysis of the supernatant, based on
the MP concentration (Table 4).1*1¢%

The loading values align with those reported for electrostatic
interactions with other supports.’*'**#8%9 High loading effi-
ciency reflects the low MP amount used and the high positive
charge density on the LDH layers, resulting from the synthesis
method, which provided high surface area and mesoporosity.
This also facilitated MP trapping within the slit-like pores.*>**%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Loading values and immobilization percentages of the MnP on the prepared supports

Immobilization degree (%)*/loading (mol g~ *)?

Solid MnP FeP

ZnP MgP

99/1.12 x 10>
99/9.223 x 10 °

M7@MA-6@MP
M7@NA-4@MP

100/1.05 x 107°
100/1.12 x 10°

96/9.56 x 10~°
98/1.02 x 10°

100/1.04 x 107°
100/1.06 x 10~°

“ Immobilization degree = (mol of MP immobilized on the support/mol of MP used in the immobilization process) x 100. ® Loading value: amount

(mol) of MP immobilized per g of core@shell support.

As tetra-anionic MPs require positive charge for immobiliza-
tion, M7 was not tested, as it holds negative charges instead.

The FTIR spectra for M7@MA-0.6 and M7@NA-0.4 solids
containing FeP, MnP, ZnP, or MgP do not indicate the presence
of MPs due to the low amount used for immobilization, with
only the core@shell bands being visible (Fig. SI 8).'*°"%%

Similarly, the XRD patterns show no difference between the
solid supports and the MP-loaded solids (Fig. SI 9). This is
attributed to surface interactions on the MA or NA-LDH shell
rather than intercalation within the layers, which would not
affect the diffraction pattern.®

3.3.3 Catalytic investigation of the M@LDH®@MP in
cyclooctene oxidation. The prepared solids (M7@MA-6@FeP,
M7@MA-6@MnP, M7@MA-6@MgP, M7@MA-6@ZnP,
M7@NA-4@FeP, M7@NA-4@MnP, M7@NA-4@MgP, and
M7@NA-4@ZnP) were tested as catalysts in the cyclooctene
oxidation reaction, a diagnostic test for evaluating the catalytic
potential of MPs in oxidation processes.”'* Using iodo-
sylbenzene (PhIO) as the oxidant, the reaction selectively yiel-
ded cis-cyclooctene oxide as the sole product.>'*'°%'% The
experiments were conducted under the following conditions:
MP/PhIO/cyclooctene molar ratio of 1:20:2000, room

Table5 Cyclooctene oxidation with PhIO® as oxidant catalyzed by the
different catalysts prepared in this work and control reactions (blank)

Entry Catalyst Cyclooctene oxide yield (%)?
1 None 2.4+ 0.4
2 M7 20.2 + 6.3
3 MA-LDH 29.0 + 0.9
4 NA-LDH 15.8 £ 1.2
5 M7@MA-6 1.7 £ 0.2
6 M7@NA-4 3.4+0.3
7 Fep? 87.4 £ 8.0
8 MnP° 40.4 + 1.2
9 ZnP° 43.6 = 7.4
10 MgP* 22.6 + 1.8
11 M7@MA-6@FeP 80.0 £ 1.3
12 M7@MA-6@MnP 81.9 + 0.01
13 M7@MA-6@ZnP 19.1 £ 0.6
14 M7@MA-6@MgP 1.9+ 0.2
15 M7@NA-4@FeP 67.1 + 2.1
16 M7@NA-4@MnP 74.7 + 0.02
17 M7@NA-4@ZnP 71+0.8
18 M7@NA-4@MgP 2.1 +0.2

“ Reaction conditions: MnP/PhIO/cyclooctene molar ratio of 1:20:
2000, under argon atmosphere and magnetic stirring, absence of
light, for 1 h. ? Yield based on PhIO. © Homogeneous catalysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperature, 1 hour reaction time, in acetonitrile and magnetic
stirring. The results are summarized in Table 5.

The control reactions results are presented in entries
number 1 to 6 (Table 5). The reaction without a catalyst (Table 5,
entry 1) yielded very low product under the catalytic reaction
conditions investigated. However, using the different solid
supports prepared (entries 2-4) they were observed some
unexpected epoxide yield, likely due to radical oxidation path-
ways involving PhIO" species or intermediate PhIO-M-OH
complexes at surface solid sites.'**0%103104

In contrast, the core@shell solids (entries 5 and 6) exhibited
a 15-fold reduction in yield, suggesting that the interaction
between the core and shell blocked or deactivated the sites on
magnetite and on LDHs, to act as catalyst in this reaction, as
reported in the literature.'®

The catalytic performance differences between the MPs are
associated with the distinct ability of the central metal ions to
access high-valent metal-oxo intermediates.>*?%90:101,103,106-108
For iron(m) and Manganese(u) porphyrins, one-electron oxida-
tion of the metal center and concomitant porphyrin 7-radical
delocalization generate the reactive Fe(iv)=O or Mn(v)=0
species—analogous to Compound I in cytochrome P450—
which mediate efficient oxygen atom transfer to cyclooctene. In
contrast, Zn(u) and Mg(u) porphyrins are redox-inert and cannot
undergo metal-centered oxidation; thus, catalytic turnover
depends solely on outer-sphere activation of PhIO through weak
-7 or hydrogen-bonding interactions with the macrocycle.'*

In homogeneous catalysis (entries 7-10), FeP provided the
highest yield (entry 7), as expected from its ability to form high-
valent intermediates.>!**>103196197 MnP (entry 8) showed lower
yields probably due to its reduced solubility in acetonitrile,
which limited reactant interaction.>" The moderate yields

Fig. 8 Representative intermediary PhlO-Zn complex that would
favor the oxygen transfer to substrate.
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observed for ZnP and MgP (entries 9 and 10) suggest an alter-
native mechanism for both, however more efficient for ZnP,
potentially involving direct olefin interaction with a hypervalent
iodine complex, as reported by Nam and co-workers using PhIO
as the oxidant (Fig. 8).'*

Entries 11-18 (Table 5) show the yield of cis-cyclooctene
oxide for the immobilized complexes on core@shell solids
(heterogeneous catalysis). In general, a higher yield trend is
observed using as support to the MP the solid with the MA-LDH
(entries 11 to 14) compared to the solid with the NA-LDH
(entries 15 to 18) suggesting a better MP arrangement of the
support Mg;Al LDH-based core@shell (M7@MA-6), resulted by
the differences in core-shell interaction and textural properties
of this solid in comparison to the solid with Ni;Al-LDH
(M7@NA-4), causing a better diffusion of the reactants to the
active MP center and increase the catalytic yield.*®

MP-based catalysts (entries 11 to 18), showed lower yields
than in homogeneous catalysis (entry 7 to 10), as expected for
immobilized catalysts (heterogeneous catalysis) in comparison
to the homogeneous ones, due to reduced diffusion.’*'* In
contrast, MnP catalysts (entries 12 and 16) outperformed their
homogeneous counterparts (entry 8), likely because immobili-
zation mitigated MnP's poor solubility in acetonitrile.*® The
results confirm that the MPs remain the primary active catalysts
in the heterogeneous systems.

The immobilized ZnP and MgP catalysts (entries 13, 14, 17
and 18) exhibited the lower yields compared to immobilized
MnP and FeP and their homogeneous counterparts (entries 9,
10), suggesting that immobilization of both may hinder the
formation of oxidation intermediates relevant in the catalytic
activity (Fig. 8). Additionally, interactions between Zn or Mg and
oxygen species on the solid surface may inhibit the oxidation
mechanism for these to metalloporphyrins.

Catalyst stability and reusability were evaluated for M7@MA-
6 and M7@NA-4 containing FeP and MnP (Table 6). In general,
for all the 4 solids investigated after the first use about 30-40%
yield drop was observed (e.g., Table 6, entry 1 vs. entry 2, drop of
the cyclooctenoxide yield = 43%), likely due to some leaching of
the MP-layered shell during recovery and washing with aceto-
nitrile."7®'% However, the stabilization of yield in the subse-
quent cycles was observed (e.g., entries 3-6) suggests that
further leaching was minimized. Another interesting observa-
tion in the results present on Table 6 is that the MP immobi-
lized on the solid support M7@NA presented the smallest drop
in yield values when comparing the first and second use of the
catalysts (e.g. entries 7 and 8, drop of the cyclooctenoxide yield
= 33% in comparison to entries 1 and 2, drop of the cyclo-
octenoxide yield = 43%). These results suggesting that the
arrangement of the HDL layer on the magnetic particle favored
better immobilization of the metalloporphyrins on the support,
becoming the more stable catalyst for recycling. These differ-
ences likely arise from the distinct interactions and morphol-
ogies of MA- and NA-LDH on magnetite. MA-LDH interacts
electrostatically with the core, leading to easier detachment,
while NA-LDH can form covalent bonds, making the NA-based
catalysts more stable across reuse cycles. Although both
Mg;Al-LDH (MA) and NizAl-LDH (NA) coatings were synthesized
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Table 6 Reuse of core@shell catalysts containing FeP or MnP in
cyclooctene oxidation®

Cyclooctenoxide/ Drop (—)
Entry Catalyst yield (%)” of the yield
1 M7@MA-6@FeP 80.0 £ 1.3 —43%
2 1° reuse 45.6 + 3.1
3 2° reuse 48.5 + 1.4
4 3° reuse 49.0 + 0.8
5 4° reuse 43.0 + 2.0
6 5° reuse 45.6 + 0.5
7 M7@NA-4@FeP 67.1 + 2.1 —33%
8 1° reuse 45.6 + 2.5
9 2° reuse 49.5 + 2.3
10 3° reuse 42.2 + 3.0
11 4° reuse 40.5 + 2.4
12 5° reuse 39.2 £ 2.6
13 M7@MA-6@MnP 81.9 £+ 0.01 —42%
14 1° reuse 48.3 £ 1.2
15 2° reuse 56.9 + 0.1
16 3° reuse 53.8 £3.2
17 4° reuse 42.2 + 0.04
18 5° reuse 43.7 + 1.3
19 M7@NA-4@MnP 74.7 £ 0.02 —27%
20 1° reuse 54.4 + 0.1
21 2° reuse 50.9 + 0.7
22 3° reuse 50.7 £ 1.0
23 4° reuse 44.1 £ 0.1
24 5° reuse 52.7 £ 2.7

“ Reaction conditions: MnP/PhIO/cyclooctene molar ratio of 1:20:
2000, under argon atmosphere and magnetic stirring, absence of
light, for 1 h. ” Yield based on PhIO.

under identical solvothermal core@shell conditions, their
interfacial behavior toward magnetite can differ due to intrinsic
electronic and structural properties of the divalent cations. Ni**
possesses a partially filled 3d® configuration capable of estab-
lishing covalent (Ni-O-Fe) linkages at the interface through
orbital overlap with surface Fe 3d and O 2p orbitals. In contrast,
Mg>*, with a closed-shell configuration and more ionic bonding
character, interacts predominantly through electrostatic
attraction between the positively charged LDH layers and the
negatively charged magnetite surface.****4¢-30:69,8487

The consistent performance across reuse cycles indicates
that the catalysts stabilize on the support and remain suitable
for recycling.

SEM images after the fifth reuse (Fig. SI 10) suggest that
M7@MA@FeP shows loss of layered material (Fig. SI 10A) in
comparison to M7@NA@FeP (Fig. SI 10B), although with low
resolution/focus due to the challenges associated with the
material's nature. This could imply fewer metalloporphyrins in
M7@MA@FeP, contributing to decreased catalytic efficiency
after the reuse. The recycling experiments pointed that it was
critical after the first use, stabilizing for the subsequent reuses.
The electrostatic interaction between magnesium LDH and
magnetite makes it more prone to detachment, leading to MP
loss and reduced yield. In contrast, the covalent interaction
between nickel LDH and magnetite results in more robust
catalysts, with only ~30% yield reduction compared to ~40%
for M7@MA@MP after reuse.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

We successfully report a well-structured and reproducible
method of core@shell support preparation composed of about
200 nm magnetite (Fe;0,) and a shell of Mg;Al or NizAl LDH.
The iron(m), manganese(ur), zinc(ir), or magnesium(u) porphy-
rins MP-containing solids were designed for easy recovery and
multicatalytic functionality.

Magnetite was synthesized via a microwave-assisted sol-
vothermal route, with optimized LDH coverage ensuring proper
core@shell formation. Eight MP-containing solids were evalu-
ated in cyclooctene epoxidation using PhIO as an oxidant in
where FeP and MnP showed the best catalytic performance,
with MnP excelling post-immobilization and easy reusability
keeping the catalytic performance for at least 5 recycling
experiments.

Future studies will explore these catalysts in diverse single
and sequential reactions to assess their multicatalytic potential.
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