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ABSTRACT

The present work shows an efficient strategy to assemble two types of functional nanoparticles
onto mesoporous MCM-41 silica nanospheres with high degree of spatial precision. In a first stage,
magnetite nanoparticles are synthesized with a size larger than the support pores and grafted
covalently through a peptide-like bonding onto its external surface. This endowed the silica
nanoparticles with a strong superparamagnetic response, while preserving the highly ordered
interior space for the encapsulation of other functional guest species. Secondly, we report the finely
controlled pumping of preformed Pt nanoparticles (1.5 nm) within the channels of the magnetic
MCM-41 nanospheres to confer an additional catalytic functionality to the multi-assembled
nanoplatform. The penetration depth of the metallic nanoparticles can be explained as a result of
the interplay between particle-wall electrostatic attraction and the repulsive forces between
neighbouring Pt nanoparticles. A detailed transmission electron microscopy (TEM) and 3-D High-
Resolution HAADF electron Tomography study was carried out to characterize the material and
to explain the assembly mechanism. Finally, the performance of these multifunctional nanohybrids
as magnetically recoverable catalysts has been evaluated in the selective hydrogenation of p-

nitrophenol, a well-known pollutant and intermediate in multiple industrial processes.



1. INTRODUCTION

The assembly of two or more different nanostructured material with highly desirable properties,
such as, ordered silica mesoporous framework (loading space and high surface area to host
functional moieties), magnetic nanoparticles (superparamagnetic behaviour, magnetic
separation/steering) and metal nanoparticles (catalytic, bactericidal or plasmonic properties) has
been subjected to intense scientific and technological studies because of the wide range of potential
applications of the resulting nanocomposites in the catalysis, environmental remediation and
biomedical fields.!”” However, the design and fabrication of these multifunctional nano-sized
structures is always a challenging task due to the inherent difficulties involved in a controlled
assembly of the individual nano-constituents. A commonly exploited synthesis strategy involves
the generation of silica-based magnetic mesoporous supports prior to the addition of a third
functional component. In this regard, three representative configurations of magnetic silica
mesoporous supports have been mostly postulated and evaluated: 1) encapsulation of magnetic
cores within a mesoporous silica shell,? ii) filling the channels of ordered mesoporous materials
with magnetic nanoparticles (NPs),’ iii) direct assembly of magnetic NPs onto the outer surface of
silica nanostructures.'® The first strategy is carried out after growing a mesoporous silica shell
around a magnetic core to form core magnetic-nanoparticles/mesoporous-silica core/shell
nanostructures.® 12 The major limitations to this process stem from the difficulties to prevent the
formation of irregular core/shell structures ! and the low magnetization saturation values reached
because of the low mass fractions of magnetic cores typically encapsulated.!*!¢ Whilst the second
general synthesis approach allows a finer control of the magnetic particles in terms of size and

shape due to pore diameter restrictions, often lacks of a precise and homogeneous distribution that



result in pore blocking, reduction of specific surface area or distortion of the ordered structures.”
17-18

As an alternative to overcome these drawbacks, the third strategy aims to assemble magnetic
nanoparticles onto the surface of mesoporous silica nanostructures as a way to preserve both the
magnetic response (that may even be enhanced due to synergistic magnetism!®-?!) and a regular
porous structure capable to host functional guest species as demonstrated by Hyeon and co-
worker.!? They reported an elegant method for the fabrication of magnetic mesoporous silica
sphere assemblies with an unobstructed pore system. The key step was the direct nucleophilic
substitution reaction between the amino groups on the surface of the mesoporous silica particles
and the 2-bromo-2-methyl-propionic acid molecules coating the magnetic nanoparticles.??>3 In the
resulting nanocomposites, the magnetic nanoparticles were uniformly distributed and bound
tightly to the mesoporous silica nanospheres. Hence, the pore system remained fully accessible for
hosting additional guest molecules despite of the previous anchoring of the magnetic particles.
Encapsulation of a molecular chemotherapeutic agent as doxorubicin for drug delivery purposes
was successfully demonstrated by the authors.!® However, this protocol involves the use of toxic
solvents, such as dimethylformamide or chloroform, requires a large number of synthetic steps and
further treatment with polyethylene glycol to make the obtained magnetic composite nanoparticles
dispersible in aqueous media.

In spite of these drawbacks, this latter synthesis strategy appears to be one of the most promising
pathways to develop robust multifunctional tri-component nanohybrids and was used as the
starting point for ours. In this work we aim to incorporate a catalyst, specifically pre-formed
platinum Pt nanoparticles, into the magnetic mesoporous MCM-41silica host, while preserving

their dispersion and catalytic properties, and to do so with a high degree of spatial precision. We



present a novel size-exclusion strategy that allows a highly precise segregation of magnetic
(outside) and metal nanoparticles (inside) on ordered porous silica nanoparticles. The assembly of
functionalized superparamagnetic iron oxide nanoparticles exclusively on the external surface of
MCM-41 nanoparticles has been carried out under mild condition in aqueous media with the aid
of an easy, robust and straightforward peptide-like bonding, thereby overcoming the main
problems derived from the Hyeon’s method. Then, small (1.5 nm) monodisperse Pt nanoparticles
have been "electrostatically pumped" into the mesoporous silica channels. The strategic coating of
the Pt nanoparticles provided a high (-30 mV) negative surface charge that was instrumental in
attaining a strong adhesion to the amino-functionalized silica support. In addition, a sufficiently
high repulsion among nanoparticles provided the "pumping" effect and propelled them within the
channels. The resulting nanohybrids have a high catalyst loading as demonstrated by the 3D
Tomography analyses, and a strong magnetic response, while preserving the access to the catalyst
active sites. Finally, we have demonstrated their potential as magnetically recoverable catalysts in

a model selective hydrogenation reaction.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Experiments were carried out by using commercially available analytical-grade
reagents without further purification. Absolute ethanol, 3-aminopropyltriethoxysilane (APTES,
99%), ammonium hydroxide solution (30%), ethyl acetate, iron(IIl) acetylacetonate (Fe(acac)s),
meso-2,3-dimercaptosuccinic acid (DMSA), sodium hydroxide, toluene, triethylene glycol
(TREG), tetrakis(hidroxymethyl)phosphonium chloride solution (THPC, 80% wt.), chloroplatinic

acid 8 wt% solution (H2PtCls), p-Nitrophenol (4-NP) and sodium borohydride (NaBH4, 98%) were



purchased from Sigma-Aldrich. The experiments have been performed at the platform of
Production of Biomaterials and Nanoparticles of the NANBIOSIS ICTS, Spain

2.2. Synthesis of amino-functionalized MCM-41 nanospheres. MCM-41 was synthesized
following a previously reported method.?*>> The surface of the MCM-41 was functionalized with
amino groups by treatment with 3-Aminopropyl triethoxysilane (APTES). MCM-41 (1.0 g) was
dispersed in toluene (20 mL). The suspension was heated until reflux and then APTES (2.0 mL)
was added. The solution refluxed for 7 h. After centrifugation and washing twice with ethanol,
amine-functionalized MCM-41 was dried at 40 °C during 2 h.

2.3. Synthesis of DMSA-functionalized FexOy nanoparticles. Water-soluble TREG coated
superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized by a polyol-mediated
method according to the synthesis procedure described elsewhere.?%2” DMSA-FexOy nanoparticles
were obtained via a ligand-exchange reaction process described in a previous work of our
laboratory 2® The synthesis conditions were tailored to obtain SPION nanoparticles larger than the
silica pores. Briefly, a DMSA aqueous solution (30 mg mL") was strongly mixed with a TEG-
coated-SPIONs aqueous solution at room temperature. The resulting mixture was alkalinized with
some drops of diluted sodium hydroxide (NaOH, 0.1 M). After NaOH addition, the suspension
changed from blurred to transparent. A final step of dialysis using a 12,000-14,000-nominal
molecular weight cut-off membrane (CelluSep F3, Membrane Filtration Products Inc., USA) is
required in order to remove the free DMSA molecules.

2.4. Synthesis of Platinum nanoparticles. In a typical synthesis of Pt nanoparticles >° 0.10 mL
of HoPtCls 8 wt. % solution was added to 15 mL of distilled water in a glass vial under magnetic
stirring. Hence, 0.33 mL of a 65 mM Tetrakis(hydroxymethyl) phosphonium chloride solution

(THPC, 80 wt.) were subsequently added. After several minutes, 0.16 mL of a 1 M NaOH solution



was auditioned to the glass vial. The reaction mixture was kept at room temperature under
moderate stirring conditions for 4 days. The product was kept in a refrigerator.

2.5. Assembly of FexOy-MCM-41 nanocomposites. The hybrid nanoparticles were fabricated
by conjugation of the NH> functionalized mesoporous silica spheres MCM-41with DMSA-FexOy
nanoparticles by means of peptide linkers (see Figure 1). In a typical experiment, MCM-41 spheres
were dissolved in water (10 mL) to a final concentration of 30 mg-mL"!. The pH of the MCM-41
solution was adjusted to pH 5.4. After that 0.05 mL of MCM-41 solution was added to 1.26 mL
of water soluble FexOy nanoparticles (0.98 mg mL!) and the resulting aqueous dispersion was
stirred at room temperature for 18 hours. Then the mixture was centrifuged at 12000 rpm for 10
minutes and the supernatant was removed. The particles were magnetically separated, washed
twice with ethanol and redispersed in water until further use.

2.6. Assembly of Pt-Fe,Oy-MCM-41 nanocomposites. A water dispersion of Pt nanoparticles
(0.40 mL, 0.95-10-3 mg-mL") was mixed with 0.10 mL of FexOy,-MCM-41NP suspension (30
mg-mL"). The total volume was adjusted to 0.50 mL and the resulting dispersion stirred at room
temperature during 18 h. This allowed ample time for the process of particle "pumping" into the
MCM-41 pores, as will be discussed later (see figure 1). Then the mixture was centrifuged at 12000
rpm for 10 minutes and the supernatant was removed. The Pt-FexOy-MCM-41Np were
magnetically separated, washed twice with ethanol and redispersed in water.

2.7. Catalytic Reduction of p-Nitrophenol. Aqueous solution of 4-NP (0.01M, 0.03 mL) and
NaBH4 (0.5M, 0.2 mL) were mixed with water (2.5 mL) in a quartz cuvette with stirring. After the
addition of the catalyst suspension (0.952 mg-mL"!, 0.06 mL, 5 pg of Pt), the reaction solution was
kept stirring for 30 seconds. The reaction progress, without stirring, was evaluated by taking

multiple absorption spectra in the 250-500 nm spectral range at regular time intervals of 5 minutes



until the deep yellow solution became colorless. For testing the recyclability, the catalyst was
magnetically recovered and re-dispersed in a solution containing fresh reactants.

2.8. Characterization techniques. Electron microscopy observations were carried out using a
T20-FEI microscope with a LaB6 electron source fitted with a “SuperTwin®” objective lens
allowing a point to point resolution of 2.4 A. At least, one hundred particles were measured to
evaluate the mean diameter of the particles and the standard deviation. The data were fitted with a
log-normal distribution function and the logarithmic standard deviation was obtained for all the
samples. High Resolution Transmission Electron Microscope (HRTEM) and Scanning
Transmission Electron Microscope with high angle annular dark field detector (STEM-HAADF)
were performed to determine the morphology and the crystalline structure using a FEI TECNAI
F30 and FEI Titan™ Cube (80-300 kV) microscopes at an acceleration voltage of 300 kV. The
samples for TEM analysis were prepared by resuspending the corresponding sample in ethanol,
dropping the suspension onto a 200 mesh carbon-coated copper grid (Electron Microscopy
Sciences) and letting it dry under ambient air with the aid of anticapillary tweezers. The
hydrodynamic size of hydrophilic suspension was evaluated in a 90 Plus dynamic light scattering
(DLS) apparatus (Brookhaven). Magnetic properties were studied using a superconducting
quantum interference device SQUID (model SQUID MPM-55S Quantum Design). Samples were
prepared by placing 80 uL of a colloidal suspension of nanoparticles into a nonmagnetic teflon
capsule sealed with a screw cap to prevent losses at reduced pressures. Magnetization curves were
obtained by applying a maximum field of 20.000 Oe at 260 K. Diamagnetic contributions from
the sample holder and solvent were subtracted from the curves. The iron content of the samples
was determined with an accuracy of 0.17% using a Varian 50 Probe UV-visible-NIR

spectrophotometer.®® The UV-vis measurements were performed in the UV-visible



spectrophotometer (Varian 50 Probe) using quartz cuvettes with 1 cm optical path lengths. The Pt
content was determined via inductively coupled plasma mass spectrometry (ELAN 6,000
Spectrometer PERKIN ELMER). The sample (100 pL of final catalyst suspension) was digested
by the addition of a mixture of HNO3 /HCI (1:3 v/v, 5 mL), and the mixture was heated at 65°C
for 2 h. The resultant solution was diluted with Milli Q water to a final volume of 25 mL for
spectrometric analysis.

Electron tomography experiments were performed in the STEM mode using a probe corrected
FEI Titan microscope, equipped with a XFEG source and operated at 80 kV acceleration voltage.
The acquisition of tilt series was done automatically using the tomography Inspect-3D software,
which allows the control of the specimen tilt step by step, the defocusing and the specimen drift.
In the STEM mode, a projection image of the sample is obtained by scanning the sample with a
focused probe in a raster pattern and for each tilt angle an image which is in fact a projection of
the object within the observation direction is recorded. This image is mass-sensitive, especially if
the detector collects only the electrons scattered at high angles where the diffraction Bragg contrast
can be considered negligible.

The STEM-HAADEF tilt series were acquired by using the HAADF detector by tilting the
specimen in the angular range of = 70° using an increment of 2.5° in the equal mode, giving thus
a total number of images equal to 57 images in each series. A beam convergence of 24.9 mrad
half-angle could be selected. In this STEM-HAADF mode the intensity in the corresponding
images is proportional to the mean atomic number of the specimen in first approximation.®!

The recorded images of the tilt series were spatially aligned using first a rough alignment by
cross correlating consecutive each two images, a fine alignment was performed using position of

the small Pt particles. The alignment procedure is implemented in the IMOD software.*? For the



volume calculation, we have used iterative methods which are more accurate than the one-step
ones, providing high quality reconstruction volumes even from series with a quite limited number
of projections. The algebraic reconstruction techniques (ART) *3 implemented in the TomoJ plugin
34 working in the Image J software 33 were thus used to compute the reconstructed volumes. Finally,
the visualization and the analysis of the final volumes were carried out using the displaying

capabilities and the isosurface rendering method in the Slicer software.3®

3. RESULTS AND DISCUSSION

3.1. Water-stable magnetic mesoporous hybrids through peptide-like covalent assembly.
The synthetic approach of magnetic mesoporous silica is summarized in Figure 1a (see also the
experimental section). MCM-41 spheres with average diameters of 71 nm + 8 nm were initially
functionalized with 3-aminopropyltriethoxysilane (APTES) to render surface terminal NH>
moieties and an isoelectric point at pH 6.5 (Figure 1b). Water-dispersible 7 = 2 nm
superparamgnetic iron oxide nanoparticles were synthesized by ligand exchange of triethylen
glycol (TREG) by 2,3-dimercaptosuccinic acid (DMSA) after a solvothermal synthesis approach.
This provided the hydrophilic magnetic nanoparticles with an excellent colloidal stability in water
as has been demonstrated in previous works.?® DMSA is able to form a stable covalent bond with
the surface of the FexOy nanoparticles using one of the available carboxylic groups (COOH).
Further stabilization of the ligand shells is achieved through intermolecular disulfide (S-S) bonds
between closely spaced thiol groups. The second carboxylic group (C(=0O)OH) provided the
required functionality and negative charge for proper aqueous stability. The (-Potential of the
magnetic dispersion remains negative across the entire pH range (Figure 1b). Additionally, these

carboxylic groups at the surface of the FexOy nanoparticles are suitable for the later condensation
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reaction with the amino (NH>) silica groups, causing the release of a molecule of water and the
creation of a peptide-like link (-C(=0O)-NH-). Uniformly coated mesoporous silica nanoparticles
labelled as FexOy,-MCM-41NP were obtained when the reaction was carried out in the pH 4.0-5.0

range (highlighted pH range in Figure 1b).
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Figure 1. a) Schematic depiction of the first step: preparation of magnetic mesoporous hybrids
through peptide-like covalent bounding, b) {-Potential as a function of pH for the mesoporuos

silica cores (MCM-41), freestanding FexOy NP and FexO,-MCM-41NP.

Under these conditions the DMSA-stabilized FexOy nanoparticles were covalently bonded onto
the surfaces of the amino—functionalized mesoporous silica spheres. The stability of the amide
covalent bonds became apparent when the hybrid particles were subjected to an environment of
higher ionic strength. The magnetic nanoparticles remained attached to the surface of the
mesoporous silica spheres along the whole pH range evaluated. Furthermore, the as-prepared
FexOy-MCM-41NP showed a very limited aggregation in water as demonstrated by an overall
hydrodynamic diameter of 175 nm (Figure S1). In contrast, when the coupling step between silica
nanoparticles and FexOy NPs was carried out outside the optimum pH range (i.e. at pH values
lower than 4.0 or higher than 5.0) the reaction between the magnetic nanoparticles and the
mesoporous silica spheres did not yield a uniform coverage of the MCM-41 spheres (Figure S2)
and the number of magnetic nanoparticles decorating the MCM-41 spheres was substantially
reduced. Moreover, when the originally synthesized TREG-FexOy nanoparticles were used instead
of the DMSA -stabilized ones, the assembly of the FexOy nanoparticles onto the silica spheres was
unsuccessful, thereby corroborating the key role of DMSA.

Under optimum conditions, uniform 7 nm FexOy nanoparticles well assembled on the surface of
the mesoporous silica spheres, with few or no aggregates of the FexOy nanoparticles present, as
shown by transmission electron microscopy (TEM) observations of the hybrid nanospheres in
Figure 2a. Both nanoparticle components maintained their initial sizes and properties, i.e. the well-
ordered mesoporous silica structure is still clearly observed (Figure 2a) and the FexOy NPs retained

a strong superparamagnetic response (vide infra). The High-Angular Annular Dark-Field
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(HAADF) analysis using a scanning transmission electron microscope (STEM) (Figure 2b)
corroborated the presence of FexOy nanoparticles with brighter contrast regularly attached to the
surface of the mesoporous silica.

The field-dependent magnetization curve of the FexOy-MCM-4INP at 260 K shows no
hysteresis (Figure S3), that is, FexOy-MCM-41NP exhibit superparamagnetic behaviour derived
from the well-assembled FexOy NPs onto the mesoporous silica spheres with a magnetization value
of 67 emu/g. The N> adsorption/desorption isotherms of the amino-functionalized MCM-41NP
showed a surface area of 536 m?>g"! and a pore volume of 0.38 cm®g™!. After FexOy nanoparticles
immobilization the surface area and pore volume decreased to 260 m?g' and 0.23 cmig’!
respectively, still relatively large values for magnetic nanocomposites'® (Figure S4).

3.2. Pumping metal nanoparticles to design a multifunctional nanocatalyst.

Catalytic magnetic nanocomposites were fabricated by encapsulating pre-formed 1.5 nm
platinum nanoparticles stabilized with tetrakis(hidroxymethyl)phosphonium chloride (THPC)
within the mesoporous silica spheres (FexO,-MCM-41NP). The use of THPC as simultaneous
reducing and stabilizing agent has been widely exploited for the synthesis of gold nanoparticles®’
but it has also been recently extended to other noble metal nanoparticles.*® The assembly was
carried out at room temperature in aqueous phase at a fixed pH value of 5. The process involves
the electrostatic interaction between the negatively charged THPC-Pt nanoparticles (-Potential =
-30 mV) and the positively charged NH3" mesoporous silica spheres ((-Potential= 27 mV) (figure
1b).

Figure 2¢ shows a TEM image of Pt-FexOy-MCM-41NP, where Pt nanoparticles 1.5 nm in size
and 7 nm FexOy nanoparticles are assembled on 71 nm mesoporous silica spheres. The HAADF-

STEM analysis shown in Figure 2d illustrates the presence of metallic Pt nanoparticles distributed
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in a highly ordered manner. The high-resolution TEM (HRTEM) image shows clear crystalline
magnetic FexOy nanoparticles coexisting with Pt nanocrystals (Figure S5a). A more detailed
crystallographic indexation is displayed in Figure S5b. For the FexOy nanoparticles the d-spacing
measured, is 2.51 A and it can be assigned either to the (331) planes of Fe>Os or of Fe;04 (JCPDS
file 39-1346 and 19-0629 respectively). Regarding the smaller Pt nanoparticles, the (200)-1.95A
and (220)-1.39A planes of Pt can be clearly observed. Energy-dispersive X-ray analysis confirms
the presence of O, Si, Pt and Fe which are the main components of the Pt-FexOy-MCM-41NP,

indicating the high purity of the nanocomposite (Figure S6).
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Figure 2. a) TEM image for an individual FexOy-MCM-41NP and b) STEM/HAADF image of
FexOy-MCM-41NP, ¢) TEM image of mesoporous silica sphere assembled with 7 nm FexOy
nanoparticles and 1.5 nm Pt nanoparticles, d) STEM-HAADF image of an individual Pt-FexOy-

MCM-41NP. All scales bar correspond to 20 nm.
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Filling the channels of ordered mesoporous materials with preformed metal nanoparticles
remains as challenging task. In spite of using mesoporous supports with larger porous channels
such as SBA-15 (6.8 nm in pore size),’** diffusion of the metal NPs into the nanoscale pore
channels is not favored and nanoparticles clustered close to the pore openings can hinder reactant
diffusion. This problem becomes more severe in the case of mesoporous supports with smaller
pore size, such as MCM-41. From a practical point of view, this problem may go unnoticed, as it
is challenging to differentiate whether the metal NPs are located at the pore openings, within the
pore along the channels or distributed throughout the outer surface of the porous silica
nanoparticles. High resolution tools now available such as 3D Tomography may provide an answer
to this question, however, to the best of our knowledge, no previous studies of the distribution of
pre-formed Pt NPs within MCM-41 ordered silica nanostructures have been previously reported
by 3D Tomography.

To have a direct assessment of the distribution of Pt nanoparticles, a detailed three-dimensional
High-Resolution HAADF electron tomography evaluation of the magnetic composite was carried
out. Figure 3a illustrates two projections extracted from the tilt series at two different orientations
in which one can distinguish that the small Pt nanoparticles follow the pores orientation of the
grain. Yet at this stage it is still uncertain whether the Pt nanoparticles are located inside or outside
the channel pores’ direction. The analyses of the reconstructed volume of these grains solved this
issue. In Figure 3b where transversal section through the reconstructed volume is given one can
easily see that the vast majority of the small Pt nanoparticles are localized inside the channels of
the grain, as observed in Figure 3c. However, a small number of Pt nanoparticles can also be
identified outside the structure, more exactly on the FexOynanoparticles. Figure 3d displays the 3-

D model corresponding to the reconstructed volume of a representative Pt-FexOy-MCM-41
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nanoplatform. The granular appearance in yellow color corresponds to the FexOy nanoparticles on
the outer surface. Remarkably, the presence of Pt NPs (in red color) is clearly observed in the inner
pores of the mesoporous support. These findings corroborate the high selectivity for the
encapsulation of the pre-formed Pt NPs within the mesoporous channels in spite of being loaded

into the channels across the barrier of previously attached 7 nm magnetic nanoparticles.
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Figure 3. a) Examples of STEM-HAADF images from the tilt series used to reconstruct the
volume of the studied grains, corresponding to 5 and 50 degrees tilt angles, b) Typical XY section
through the reconstructed volume, showing the exact localization of both types of nanoparticles
FexOy and Pt, c) Section through the reconstructed volume of one grain which was oriented in
order to evidence the localization of the Pt 1.5 nm nanoparticles inside the porous structure of the
composite particle, d) 3D Model of the grain in which the porous structure is represented in white,
the 7 nm FexOy nanoparticles in yellow, and the small Pt nanoparticles in red, ) 3D model of one

of the composite particles with the Pt nanoparticles following the pores orientation of the grain.

This high selectivity of the location of Pt nanoparticles inside the silica channels is remarkable
given the pore size of the initial MCM-41 mesostructure (2.9 nm), the final size of the Pt NPs (1.5
nm, ligand distances excluded) and the fact that pore entrances are partly occluded by the grafted
7 nm, (ligand distances excluded) FexOy NPs.

In order to elucidate a mechanism capable to explain the filling of mesopores under these
circumstances, several experiments were performed in the presence of different volumes of Pt NP
suspension (0.95x10° mg-mL"!) containing a constant volume (100 pL) of MCM-4INP
suspension (30 mg-mL"). In all the experiments, the mixing time was kept at 2 minutes and the
pH value was fixed at 5. When 200 pL of Pt NP solution was added to 100 pL of MCM-41NP
solution a considerable excess of Pt nanoparticles remaining in solution was observed even after
long contact times (12 h), suggesting that the maximum loading Pt nanoparticles within the silica
matrix had been reached. Figure 4d shows the transmission electron microscopy image of the
obtained hybrids under the maximum load of nanoparticles: the Pt NP are encapsulated within the
ordered silica structure and distributed throughout the entire MCM-41 framework, filling the

pores. TEM micrographs of the particles prepared separately by adding aliquots of 10 pL, 20 pL
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and 50 puL of Pt NP suspension into 100 pL. of MCM-41NP suspension are showed in Figures 4a-
c, respectively. Since Pt NP are covered with negatively charged ligands, their spontaneous
attraction from the solution to the positively charged surface of MCM-41 leads to Pt NPs being
first deposited at or near the external pore mouth (Figure 4a). At low Pt NPs concentrations levels,
the Pt NPs are preferably attached to this outer section of the mesoporous support. However, as
the concentration of Pt NP increases, more NPs can be accumulated at the pore entry (Figure 4b-
c) and their electrostatic repulsion effectively "pumps" the particles deposited deeper down
through the mesochannels. Given the dimensions of the nanoparticles and the pore channels it is
unlikely that a Pt NP can skip others already attached onto the pore surfaces. Therefore, the process
of pore filling must be thought of as a progressive displacement of already deposited nanoparticles
deeper into the silica channels. Diffusion is also assisted by the electrostatic attraction between the
Pt nanoparticles and the positively charged inner channel wall. No Pt NP diffusion within the pores
occurs at pH above the isoelectric point of the MCM-41 or with a nonfunctionalized MCM-41 NP,
suggesting that an electrostatic modulation might be the most important reason for creating the
dynamic balance that determines the Pt NPs transport through the channel. Therefore, the
penetration depth of the particles into the channels as a function of the different outside
concentrations of Pt NPs can be explained as a result of the interplay between particle-wall
electrostatic attraction, and the repulsive forces between neighboring Pt nanoparticles. As the
concentration of Pt NPs in the surrounding solution increases, the level of pore filling keeps rising
until a maximum equilibrium level is reached (Figure 4d).

As a result of cargo loading, the diffraction pattern at low-angles for the hybrids under the
maximum load of Pt shows a drastic lost in reflections (110) and (200) and lower intensity in the

(100) peak (Figure S7). In spite of these changes, the maintenance in the intensity of the (100)
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peak pattern indicates that the mesoporous structure of the nanoparticles is still intact after the
loading process. Likewise, the N2 adsorption-desorption isotherms for these hybrids nanoparticles

led to a considerable reduction in the total specific surface area, pore volume and pore size (Table

S1).
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Figure 4. Scheme of the progressive filling of MCM-41 pores with preformed Pt nanoparticles

and TEM images of the obtained Pt-MCM-41 NP for increasing ratios of Pt NP to MCM-41
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support: a) 10 uL of Pt NP suspension (MCM-41:Pt 3:1), b) 20 uL of Pt NP suspension (MCM-
41:Pt 3:2), ¢) 50 uL of Pt NP suspension (MCM-41:Pt 3:5) and d) 200 pL of Pt NP suspension

(MCM-41:Pt 3:20) of Pt NP suspension are added to. All scales bar correspond to 20 nm.

3.3. Magnetically recoverable catalysts. To demonstrate the combined catalytic properties and
magnetic manipulation capabilities of the Pt-FexOy-MCM-41NP, the selective liquid phase
hydrogenation of p-nitrophenol (4-NP) by sodium borohydride was evaluated as a model reaction
at ambient temperature*! (Figure 5a).

The hydrogenation of 4-NP can be monitored along the reaction time because the 4-NP
absorption peak at 400 nm gradually drops in intensity*’*3 Meanwhile, the formation of p-
aminophenol (4-AP) can also be tracked thanks to a small shoulder at 300 nm that rises gradually.
Figure 5b shows the time-dependent absorption spectra of the reaction solution with Pt-FexOy-
MCM-41NP as catalyst. The absorption peak at 400 nm diminishes gradually in intensity and
nearly disappears at a reaction time of 16 min, which suggests that the hydrogenation of 4-NP is
complete. No hydrogenation was found to occur in the absence of the Pt NPs, which confirmed
the absence of catalytic activity of the silica support or of the FexOy NPs anchored on it. Figure 5c
shows the conversion profile of the catalyst, calculated as the number of moles of 4-NP
hydrogenated at time ¢ per mol of 4-NP at time 7= (. Since the concentration of NaBH4 is in great
excess, it can be considered as approximately constant throughout the reaction and the
hydrogenation rate can be approximated by a pseudo-first-order rate kinetics with regard to the 4-
NP concentration. Figure 5c also shows the plot of In[C(?)/C(0)] against reaction time, where C(?)
and C(0) are the concentrations of 4-NP at time ¢ and 7= 0, respectively. The good linear fit
achieved supports the assumption of pseudo-first-order kinetics and the reaction rate constant k&

obtained from the slope is 0.175 min‘!.
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Figure 5. a) Selective hydrogenation of nitrophenol (4-NP) by sodiumborohydride (NaBH4), b)
Time-dependent absorption spectra of the reaction solution with Pt-FexOy,-MCM-41NP catalyst,
c) Plot of % 4-NP conversion against the reaction time and d) Comparative TOFs of the first run

and after four catalytic cycles.

The k-value is comparable to the best catalysts reported in literature for 4-NP hydrogenation.**
45 This means that the catalyst Pt-FexOy-MCM-41NP is highly active for hydrogenation reaction.
For industrial point of view, the possibility of catalyst recovery from the reaction products and
subsequently reuse is of major importance, since it reduces the operational cost of the catalytic
processes. In this case recyclability is provided by the magnetic response of the SPION shell
around the composite nanoparticle. To prove the potential of Pt-FexO,-MCM-41NP as a reusable

catalyst, four cycles of catalyst use with new reactants were performed, with intermediate
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separation of catalyst particles from products with a magnet. The turnover frequency (TOF),
defined as the moles of hydrogenated 4-NP molecules per mole of Pt atoms in the mesoporous
particle per hour, was used to compare the catalytic performances in the different cycles (Figure
5d). As can be seen, the catalyst can be used repeatedly and magnetic recovery is feasible without

any apparent loss in activity.

4. CONCLUSIONS

In conclusion, the method presented in this work constitutes a relatively simple and reproducible
way to prepare multifunctional (magnetic-catalytic) nanosized platforms in which the three nano-
components (the 70 nm silica nanoparticles as ordered mesoporous support, the 7 nm magnetite
nanoparticles as the magnetic shell around them and the 1.5 nm Pt nanoparticles as the catalyst
inside its pores) are assembled with a high degree of spatial accuracy. Magnetic nanoparticles were
first covalently bond on the external surface of mesoporous silica spheres under mild conditions
in aqueous media, and subsequently the mesoporous channels were filled by electrostatically-
driven "pumping" of catalytic Pt nanoparticles. These multifunctional hybrids performed with a
high catalytic activity and could be efficiently recycled using magnetic separation, with negligible
catalyst loss. The robust step-by-step method presented here can be used to prepare other hybrid

candidate materials for applications in other fields.
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