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NH,- or PPh,-functionalized linkers for the
immobilization of palladium on magnetite
hanoparticles?
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Inmaculada Angurell, ©*2 Miquel Seco,? Guillermo Muller,? Jordi Llorca®

and Oriol Rossell®

Immobilization of palladium on magnetite nanoparticles has been carried out with the assistance of two
differently functionalized linkers containing phosphino- or amino-terminated groups. The linkers have
been anchored to the magnetite surface by means of catechol, mercapto or carboxylate groups. The
nature of the resulting Pd nanoparticles deposited has been examined by HAADF-STEM images and XPS
electron spectroscopy. The efficiency of the two kinds of catalysts has been checked and compared for
the Suzuki—Miyaura reaction, 4-nitrophenol reduction and styrene hydrogenation. The results evidence
that the nanoparticles equipped with the phosphino fragment are better catalysts than those
functionalized with the amino group and, in some processes, they are among the most active catalysts

rsc.li/rsc-advances reported in the literature.

Introduction

Palladium nanoparticles (NPs) are being widely used as cata-
lysts for many processes in organic chemistry, mainly for
carbon-carbon cross-coupling reactions." Owing to the
tendency of Pd NPs for agglomeration it is convenient to deposit
the metal nanoparticles on the surface of supporting materials
as an effective route to preserve the integrity of the catalyst. For
this purpose, the use of metal oxides has been shown to be an
excellent option. In particular magnetite is one of the oxides
most extensively employed nowadays since it can be easily
separated from the solution with a simple external magnet. This
strategy favours the reuse of the catalyst and avoids the need for
filtration, centrifugation or other time-consuming workup
processes.> The simplest method for the deposition of palla-
dium NPs on the surface of magnetic nanoparticles consists of
the addition of palladium salts to a suspension of bare
magnetite nanoparticles followed by reduction with hydrogen
or NaBH,. However, this strategy does not provide convenient
control of the morphology and size of the nanoparticles
formed.? A straightforward approach for the effective deposition
of palladium involves the previous functionalization of the
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support material surface with linkers equipped with terminal
functions (generally amino groups) able to capture metal ions
that then will be reduced and deposited on the magnetic
support.* The choice of appropriate linkers is crucial for the
nucleation and growth of the immobilized metal NPs.® The
number of studies addressed to investigate the influence of
functional linkers on the size of Pd NPs deposited on the
magnetite surface is surprisingly scarce. For example, Rossi
et al. reported that amine and ethylenediamine groups grafted
on the surface of silica support assisted the preparation of
magnetically recoverable Pd NPs that showed very different
average particle diameters, 6 and 1 nm, respectively.*” Inter-
estingly, the use of non-functionalized surfaces gave metal
aggregates. This study was completed afterwards with the use of
the mercapto function.® Yi et al. functionalized the silica-coated
magnetic Fe,O3; NPs with mercapto or amine groups and found
that the size of the Pd nanoclusters deposited with the assis-
tance of the amino group was smaller than that obtained with
the mercapto function (2.2 and 2.9 nm, respectively).” The
unique comparative study relative to the influence of NH, and
PPh, functions on the palladium nanoparticles size was pub-
lished by Rossi et al® The authors prepared samples of
magnetite NPs functionalized with NH, or iminophosphine and
proceeded to immobilize the Pd NPs. The average diameters
measured were 3.8 and 2.9 nm respectively. Besides, efficiency
investigations of both catalysts in the coupling reaction of
phenylboronic acid with 4-bromoanisole revealed that the
phosphine-terminated catalyst was more active and selective
than the amino-counterpart.

This journal is © The Royal Society of Chemistry 2017
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As commented above, linkers can determine the Pd NPs
size and this factor is crucial for the final efficiency of the
system. However, it is important to underline that although
small Pd nanoparticles are generally better catalysts than
those containing larger ones, in the nanosize range catalytic
activities arise also from geometric effects (presence of low-
coordinated sites in edges and corners), lattice distortions,
type of facets, support interaction and others.® In this paper,
we have worked with two types of magnetite nanoparticles; in
one case they were functionalized with linkers terminated with
the NH,-function and in the other, with the PPh, group. The
immobilization of Pd NPs on the magnetite surface using both
types of linkers permitted to compare them in terms of Pd NPs
size and catalytic efficiency for the Suzuki-Miyaura coupling
reaction, 4-nitrophenol reduction and styrene hydrogenation
processes.

Results and discussion
Synthesis of the catalysts

In order to carry out this work we thought that the use of the
three pairs of molecules shown in Scheme 1 would permit to
compare the influence of the NH,- or PPh,-functions in the
formation and immobilization of the Pd NPS on the magnetite
surface in terms of size and/or morphology and catalytic
applications. The main difference in each pair is the terminal
function (NH, or PPh,) that capture the Pd ions. In addition, 1a
and 1b display a catechol fragment that strongly coordinates to
Fe ions by a chelating effect while 2a and 2b exhibit a mercapto
group and 3a and 3b the COOH function for anchoring to the
magnetite surface.

1a, 2a, 3a, and 3b are commercially available. 1b*® and 2b**
were synthesized according to the literature. The anchorage of
these molecules onto the surface of the bare magnetite NPs was
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Scheme 2 Pd immobilization on the magnetite surface.

This method was indistinctly used for the synthesis of
hybrids containing phosphino or amino functions. The organic
functionalized ligands are considered to have a detrimental
effect on the catalytic activity as they can block the catalyst from
the action of the substrates. However, it has been suggested that
they can improve the selectivity, stability, solubility and recy-
clability.?? In the course of our previous works we demonstrated
that the immobilization of the Pd NPs using Fe;0,-L (L = 2b,
and 3b) produced the loss of a fraction of L, but this fact was not
detected for Fe;04-1b due to the chelate effect of the linker. The
partial loss of the capping ligand probably does not affect the
size or morphology of the Pd NPs deposited, but undoubtedly
will affect the catalytic activity of the system. However, the target
of this paper was mainly to compare the two elements of each
pair of catalysts in terms of the Pd nanoparticle size and
resulting catalytic activity. This objective was possible because
the ligand L content (umol g~ ' NPs) is very similar for the pair
Fe;0,-2a@Pd and Fe;0,-2b@Pd and for the pair Fe;0,-3a@Pd
and Fe;0,-3b@Pd so that steric effects due to the organic
linkers will not interfere in this study. The comparison of

Table1 Linker (umol g~ and palladium (%) content of the six catalysts

; o . Catalyst Linker (umol g~* NPs) % Pd

achieved by sonication in methanol for two hours. The Pd
deposition was carried out by means of two reactions: (i) addi- Fe,0,-1a@Pd 94.6 0.48
tion of K,[PdCl,] to a previously sonicated suspension in water Fe;0,-1b@Pd 91.9 0.49
of the functionalized magnetite nanoparticles, followed by FesOs2a@Pd 57.1 0.51
isolation, washing and redispersion in water and (ii) Pd(u) Fe;0,-2b@Pd 52.2 0-51

T & perst A Fe;0,-3a@Pd 42.1 0.50
reduction with NaBH, and separation of the new catalysts with Fe;0,-3b@Pd 48.2 0.51
an external magnet (Scheme 2)."»

PPh,
NH, HN NH, PPh, NH, PPh,
O
HO OH SH SH o OH O OH
1a 1b 2a 2b 3a 3b

Scheme 1 Linkers used for the functionalization of the magnetite nanoparticles.
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Fig. 1 Representative HAADF-STEM images and histograms of the catalysts. Pd NPs, clusters and single metal atoms are enclosed in circles,
squares and triangles, respectively. (a) FesO4-1a@Pd (b) Fez04-1b@Pd (c) Fe30,4-2a@Pd (d) Fez04-2b@Pd (e) Fes04-3a@Pd (f) Fes04-3b@Pd. For
clarity, only a few Pd species are enclosed in each panel, although many more are present.

catalytic efficiency of the functionalized NPs required inevitably
the synthesis of catalysts with the same Pd content. We decided
to work with samples containing 0.5 wt% Pd so that the amount
of K,[PdCl,] for the synthesis of the catalysts was properly
adjusted. Table 1 lists the linker and the palladium content of
the six catalysts prepared.

Characterization of the catalysts

The catalysts, including the new amino-functionalized species,
have been characterized by elemental analyses and ICPoes
(Inductive Coupled Plasma optical emission spectroscopy)
measurements for palladium (Table 1), FT-IR spectroscopy, X-
ray photoelectron spectroscopy (XPS) and scanning trans-
mission electron microscopy (STEM).

27874 | RSC Adv., 2017, 7, 27872-27880

The FT-IR spectra of the catalysts are not very informative
since no obvious changes took place after the immobilization of
the palladium on the magnetite surface. All of them show
a sharp peak at about 594 cm ™", which is the IR signature »(Fe-
O) for ferrite nanoparticles and weak signals at 1920 and 2920
cm " due to aryl C-H vibrations. The »(N-C=0) appears at 1633
cm™! for Fe;0,-1b@Pd.

Images of the nanocatalysts were obtained by atomic-
resolution high-angle annular dark-field (HAADF)-STEM. As
a general tendency, we have observed that nanoparticles formed
with the assistance of the PPh, linker are more homogeneous in
size than those formed by using the amino function (Fig. 1). Pd
NPs immobilized on Fe;04-1a@Pd are appreciably larger (3.4
nm) than those deposited on Fe;0,-1b@Pd (1.2 nm). The size of

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XP spectra of (1a) Fe304-1a@Pd, (1b) FesO4-1b@Pd, (2a) Fe3s04-2a@Pd, (2b) Fe304-2b@Pd, (3a) Fes04-3a@Pd, and (3b) FezO4-3b@Pd.

Pd2* peaks are shown in blue and Pd® ones in red.

the Pd NPs found in Fe;0,-2a@Pd and Fe;0,-2b@Pd are very
similar (about 1.5 nm), although in the first catalyst some larger
nanoparticles (3.0 nm) are also present. Remarkable loss of
palladium nanoparticle size homogeneity is found for the
catalyst Fe;0,-3a@Pd. Thus, along with nanoparticles from
0.8 nm to 3.5 nm, unexpected Pd regions showing high wetta-
bility is clearly detected, that is, small zones where Pd atoms are

This journal is © The Royal Society of Chemistry 2017

spread on the magnetite surface. This situation is not observed
in the Fe;0,4-3b@Pd images. For this catalyst, along with small
clusters and single palladium atoms, a few large nanoparticles
of about 5.0 nm can be detected. The presence of wetting
regions and single Pd atoms are factors that should be
considered for explaining the efficiency of our catalysts. In
summary, the micrographs of the samples Fe;0,-L@Pd contain

RSC Adv., 2017, 7, 27872-27880 | 27875
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Scheme 3 Suzuki—Miyaura coupling.

Table 2 Substrate effect on Suzuki—Miyaura coupling reaction, TOF
(h™*

Bromoaryl substrate

Catalyst Fe;0,-L@Pd R=H R = NO, R = OCH,
L=1a 36 979 47 062 6780
L=1b 122 085 115 568 86 292
L=2a 1130 9180 1796
L=2b 1750 32 386 3694
L=3a 19 820 29 568 3207
L=3b 110 000 44 795 6385

¢ Bromoaryl (12 mmol), phenylboronic acid (14.4 mmol), K,CO; (36
mmol), catalyst (9.4 x 10> mmol Pd), 65 °C, EtOH : H,0, 1 h. TOF =
[mol of biphenyl/mol of Pd]/time (h).

only NPs (L = 1a, 1b); small NPs (clusters) and NPs (L = 2a, 2b);
clusters, NPs, and wetting areas (L = 3a); single Pd atoms
(SACs), clusters and NPs (3b).

X-ray photoelectron spectroscopy (XPS) was used to study the
dispersion and oxidation state of Pd (Fig. 2). The atomic ratio
Pd/Fe of the samples was calculated from the core-level Pd 3d
and Fe 2p photoelectrons and it was in all cases in the range
0.008-0.009 except for the catalyst Fe;04-3b@Pd, where a Pd/Fe
atomic ratio of 0.012 was recorded. Taking into account that the
Pd content in the samples is virtually identical (Table 1), the
larger Pd/Fe atomic ratio in Fe;04-3b@Pd is an indication of
a higher Pd dispersion in this sample, in accordance to the
HAADF-STEM results, which showed mostly small Pd clusters
and single atoms, as explained above. This is also in accordance
with the Pd®/Pd°* atomic ratios. The catalysts Fe;0,-1b@Pd
and Fe;0,-3b@Pd containing small Pd clusters and single
atoms and/or small Pd nanoparticles exhibit Pd®/Pd°* atomic
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ratios of 0-0.06, which are lower than those measured over the
other catalysts containing larger Pd nanoparticles, Pd(®/Pd> =
0.18-0.22. The electronic transfer between Pd and the Fe;O,
support leading to positively charged Pd when small clusters or
nanoparticles are present has been already reported in.*

Catalytic studies

Suzuki-Miyaura reaction. Palladium-catalyzed Suzuki-
Miyaura reaction is a well-known process that enables to obtain
biaryl structures by reaction of aryl halides with arylboronic
acids (Scheme 3). The reaction is used widely in the synthesis of
agrochemicals, pharmaceuticals, natural products and other
materials.* The efficiency and rate of this reaction strongly
depends on the electronegativity of the halide: chloro-aryl
substrates are much more difficult to react than bromo- or
iodo-aryl compounds;* on the other hand, the reaction rate is
clearly influenced by the impact of other substituents at Ar-X:
electron-withdrawing groups enhance the rate, while electron-
donating groups decrease it."®

Initially, the Suzuki-Miyaura activity of the nanocatalysts
was tested for the reaction of bromobenzene and phenylboronic
acid. Previous works carried out in our group permitted us to
establish the best reaction conditions in terms of solvent (a
mixture of ethanol : water 1 : 1), base (K,COj3), temperature (65
°C) and reaction time (1 hour) and that no coupling reaction
takes place using simply functionalized nanoparticles in
absence of palladium. Table 2 lists the catalytic results which
clearly show that the nanocatalysts containing the PPh,
terminal linkers are more efficient than those equipped with the
NH, function. This is in good accord with the smaller size Pd
NPS formed with the assistance of the phosphine terminated
linkers. On the other hand, the low values of the TOFs exhibited
by the pair of nanohybrids containing 2a and 2b can be attrib-
uted to the poising effect of the sulphur.” The lower catalytic
efficiency of these nanocatalysts is also observed in the rest of
the catalytic processes studied in this article. The scope of this
reaction was expanded to 4-substituted bromoarenes bearing
the electron-withdrawing nitro group or the methoxy electron-
donating fragment (Table 2). The most interesting result is
that the efficiency of the catalysts containing the PPh,-linker
(1b-3b) is invariability higher than those obtained with the NH,-
linker (1a-3a). As expected, the catalytic efficiency of the reaction
increases with the presence of the 4-substituted nitro group.
Notably, the turnover frequency obtained in this work using

Table 3 Survey of selected palladium nanoparticles catalysts in Suzuki—Miyaura coupling®

Catalyst Substrate Solvent Base T (°C) TOF (h™") Ref.
Graphene-Fe;0,@Pd BB EtOH : H,0 K,CO, 80 (MW) 111 000 18
Graphene@Pd BB EtOH : H,O K,CO; 80 (MW) 108 000 19
Pd NPs BN EtOH : H,0 K;PO, 80 45 000 20
Polymer@Pd BA i-propanol : H,O K,CO; 100 41 666 14b
Polymer@Pd BN i-propanol : H,O K,CO; 100 41 666 14b
Pd (homogenous) BA EtOH : H,O K;PO, 60 14 050 21
Polymer@Pd BA H,O K,CO; 100 8083 22

¢ (BB = bromobenzene, BN = 4-bromonitrobenzene, BA = 4-bromoanisole).

27876 | RSC Adv., 2017, 7, 27872-27880
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Table 4 TOF (h™) for the recycling tests for Suzuki—Miyaura reaction
using bromobenzene as substrate

Fe;04-L@Pd Cycle 1 Cycle 2 Cycle 3 Cycle 4
L=1a 36 979 4954 777 0
L=1b 122 085 9404 1305 0
L=2a 1130 411 79 0
L=2b 1750 657 115 0
L=3a 19 820 8320 624 0
L=3b 110 000 12 450 950 0

N02 NHZ

[Pd]
NaBH, H;0
OH OH

Scheme 4 Reduction of 4-NP.

Fe;0,-L@Pd (L = 1b, 3b) for the coupling of the three bromoaryl
substrates investigated in this work compares well with the best
results reported in the literature (Table 3). It is well known that
the activation of C-Cl bond is more difficult than that of C-Br
and C-I bonds. In this paper, we have observed that neither the
catalyst containing the NH, function nor those equipped with
the phosphine group are able to catalyse the coupling of
chloroaryl molecules with phenylboronic acid. For example,
reaction of 4-chlorotoluene with phenylboronic acid in the
presence of Fe;04,-L@Pd (L = 1a, 1b) only gave the coupling
product in less than 1% yield.

Due that reusability is a significant factor for a catalyst we
have investigated the behaviour of our six catalysts for the
reaction of bromobenzene with phenylboronic acid. Thus, once
finished the first reaction the catalyst was recovered by using an
external magnet and used in the second round by mixing them
with a new substrate, base, and solvent. The third and fourth
rounds were carried out similarly. Table 4 displays the results
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obtained. From this Table it can be observed that the decrease
of the catalytic activity is remarkable in all cases and that no
catalysis was detected after the fourth cycle. Palladium analysis
of the resulting solution after the first reaction permitted to
calculate that about the 30% of the initial palladium content in
the nanoparticles was leached. Consequently, partial homoge-
neous catalysis is not in doubt. This was confirmed by a hot
filtration test. In detail, the substrate and phenylboronic acid
were reacted at 65 °C. After 10 min the solid catalyst was sepa-
rated by a magnet and the filtrated was transferred to another
Schlenk flask. In absence of the catalyst the reaction progressed
to 70-90% conversion after 1 h.

Hydrogenation of 4-nitrophenol. The reduction of nitro
compounds to amine is an essential chemical reaction because
organic amines are important for the production of polymers,
rubbers and other materials.?® The catalytic efficiency of the
palladium NPs supported on magnetite was analysed in the
rapid reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) by NaBH, in solution (Scheme 4). This process is easily
followed by UV-Vis spectroscopy because of the formation of
only one product (4-NP) and the large separation between the
peak absorption of the starting 4-NP (400 nm) compound and
that of the final product 4-AP (317 nm) (Fig. 3a). Given that the
concentration of NaBH, largely exceeds that of 4-nitrophenol,
the reduction can be considered as pseudo-first order. Fig. 3b
shows the linear relationship between In(c,/c,) and the reaction
time. The plot matches the first-order reaction kinetics and the
rate constant is calculated from the equation In(¢,/c,) = —kt. For
a quantitative comparison is usually introduced the activity
parameter k' = k/mpq, where mpq is the total mass of palladium
added in the reaction mixture. Table 5 lists the reaction rate
constant per unit mass (k) for the six nanocatalysts used in this
work. From this table it is deduced that in all cases nanohybrids
containing the PPh,-linker are catalytically more efficient than
those containing the NH,-terminated function. The catalytic
behaviour exhibited by our catalysts is among the best reported
up to now. Table 6 compares our results with the best reported
data in literature.
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(a) UV/Vis spectrum of reduction of 4-NP with FezO4-3b@Pd as catalyst (b) In(c/cq) versus time plot.
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Table 5 Catalytic results obtained for the 4-nitrophenol reduction®
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Table 7 Catalytic results for the styrene hydrogenation reaction®

Fe;0,-L@Pd K(s'g ") Fe;0,-L@Pd TOF (h™1)
L=1a 40 559 L=1a 7904
L=1b 42 857 L=1b 6989
L=2a 8940 L=2a 678
L=2b 26 920 L=2b 1090
L=3a 41 820 L=3a 16 540
L=3b 52 300 L=3b 4880

“ Ratio 4-nitrophenol/NaBH,/catalyst (1/55/0.005), r.t., H,O.

The recyclability of both types of catalysts has been checked
and we have found that all of them can be successfully reused
up to six cycles without evident loss of activity. This fact
supports heterogeneous catalytic behaviour for the nitrophenol
reduction.

Styrene hydrogenation. The selective hydrogenation of
styrene is of great interest for the petroleum industry because
the targeted product, ethylbenzene, can be used in the gasoline
pool or valued in the aromatic industry so that reaction has
been used in many articles as a model** (Scheme 5). Reaction
conditions and TOFs are listed in Table 7. The catalytic results
are somewhat discouraging in relation to our attempts to
establish direct relationship between palladium nanoparticles
size and catalytic activity. Only catalysts Fe;O,-2a@Pd and
Fe;04,-2b@Pd followed the expected catalytic trend since the
TOFs observed for Fe;0,-2b@Pd is higher than that found for
Fe;04-2a@Pd. It is interesting to note that Fe;0,-2b@Pd was
reused until six rounds while Fe;04-2a@Pd leached a consider-
able amount of palladium in the first round. Fe;0,-1a@Pd is
more efficient than Fe;04,-1b@Pd but the reuse of the first
catalyst is very poor; in contrast, Fe;04-1b@Pd did not exhibit
loss of catalytic activity after 5 rounds. The tendency of
phosphino-functionalized linkers to assist in the stabilization
of palladium nanoparticles on the magnetite surface and, in its
turn, to provide high reusability to the catalysts in some
processes has been previously reported.®

Table 6 Selected catalytic results reported in the literature for nitro-
phenol reduction

Catalyst K 'eg™ Ref.
rGO/Pd-Fe;0,/PPy 152 153 24
MOF 7827 25
PdNPs/Fe;0,-Ag core-shell 1736 26
PdNPs/polypyrrole capsule 1415 27
PdNPs/fibrous nano-silica 1026 28
PdNPs/mesoporous silica 750 29
Pd-AuNPs/graphene 130 30

[Pd]
+ H,

Scheme 5 Styrene hydrogenation.

27878 | RSC Adv., 2017, 7, 27872-27880

“ 3 bar H,, 5 mmol styrene, 2.3 x 10~* mmol Pd, 25 °C, EtOH, 1 h. TOF =
[mol of ethylbenzene/mol of Pd]/time (h).

The most exciting result is obtained by Fe;04-3a@Pd which
exhibits a TOF of 16 540 h™*, the highest found in the literature
up to now (13 724 h™* (ref. 32) and 8973 h™* (ref. 13)). As dis-
cussed before a detailed analysis of the HAADF-STEM images of
Fe;04,-3a@Pd showed a mixture of small and large nano-
particles and the presence of palladium wetting regions. Fig. 4
shows one of these peculiar regions with a Pd nanoparticle
wetting over a relatively large region. They can be described as
Pd monolayer. The high number of neighbour palladium single
atoms is most probably the explanation for the unexpected high
catalytic behaviour of Fe;0,-3a@Pd. To our knowledge, wetting
metal areas on magnetite surfaces have not ever reported in the
literature, but growth modes of metals on several surfaces have
been discussed and analysed both experimentally®* and theo-
retically.** For example, it has been found that palladium
wetting decreases on c-ZrO, support as the metal loading
decreases.*® The drawback for using Fe;04-3a@Pd is that this
catalyst cannot be reused because the -catalytic activity
decreased enormously after the first round due to the leaching
of palladium. A different behaviour was for observed for Fe;0,-
3b@Pd since, in this case, the catalyst could be reused six
rounds without evident loss of catalytic activity. Our results
issue the following challenge: to synthesize immobilized Pd NPs
on magnetite functionalized NPs with the high reusability
provided by the PPh, linkers, but with the exceptional catalytic

Fig. 4 HAADF-STEM images of Pd NPs on the surface of the
magnetite support. Left: wetting Pd NP spread over a large region on
the magnetite surface as typically found in sample FezO4-3a@Pd.
Right: representative image of a Pd NP showing the characteristic
round morphology observed for the rest of the samples; in this
particular case, it belongs to sample FesO4-2b@Pd. White arrows
indicate the position of the Pd NPs.

This journal is © The Royal Society of Chemistry 2017
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behavior attained with the NH, function. To achieve this goal
might require promoting the wettability of the Pd NPs on the
magnetite surfaces functionalized with phosphine-terminated
linkers.

Conclusions

Immobilized Pd NPs on the surface of magnetic NPs previously
functionalized with amino (-NH,) or phosphino (-PPh,) linkers
have been prepared. The HAADF-STEM images showed that the
NPs obtained by means of the phosphino group are generally
smaller and more homogeneous in size than those obtained by
using amino functionalized linkers. In line with this finding,
the catalytic efficiency of the phosphine-functionalized Pd NPs
resulted to be higher than that shown by the amino-Pd-hybrids
NPs for the Suzuki-Miyaura reaction and nitrophenol reduc-
tion; however, for the styrene hydrogenation the best catalytic
result (and the best reported up to now) was obtained with the
Fe;04-3a@Pd catalyst, due to the unexpected presence of
wetting palladium regions on the surface of this catalyst.
Samples equipped with NH,-functionalized linkers showed
negligible recyclability for the styrene hydrogenation whereas
those decorated with PPh,-functions permitted their reuse for
five or more rounds.

Experimental

All manipulations were performed under purified nitrogen
using standard Schlenk Techniques. Organic Elemental Anal-
ysis (OEA) was performed in an Elemental Analyzer Thermo
Scientific Flash 2000 A7 model. The Infrared Spectra (IR) were
recorded with a NICOLET Impact 400 FT-IR. ICPoes (Inductively
Coupled Plasma optical emission spectrometry) analysis was
achieved in a Perkin Elmer 3200RL model. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) was carried out using a double spherical aberration-
corrected JEOL JEM-ARM200F microscope operated at 200 kV.
The microscope was setup in STEM mode with a probe semi-
convergence angle set to 25.3 mrad which yields a calculated
probe size of about 80 pm. The annular semidetection range of
the annular dark-field detector was set to collect electrons
scattered between 90 and 370 mrad. Samples were gently
plasma cleaned with an Ar(75%)/0,(25%) plasma for a few
seconds to remove hydrocarbon contamination from the
surfaces of the nanoparticles.

XPS (X-ray Photoelectron Spectroscopy) analysis was carried
out in a SPECS instrument with Al X-ray source and a Phoibos
150 analyzer. The spectrum was recorded under 107 Pa.
Binding energies were referred to the C 1s signal at 284.8 eV. All
reactants were purchased from suppliers in “for synthesis”
quality or higher and used without further purification. The
solvents were HPLC quality and/or were dried trough pure solve
instrument from Innovate Technology USA Inc. Deionized water
was obtained from Milipore Helix 3 water purification system.

Ferrite nanoparticles and linkers 1b* and 2b' were
synthesized according to the literature. 1a, 2a, 3a and 3b are
commercially available.

This journal is © The Royal Society of Chemistry 2017
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Synthesis of the catalysts

400 mg of ferrite nanoparticles were sonicated in methanol (15
mL) for 30 min. Then, a solution of 1 mmol of linkers (1a, 1b,
2a, 2b, 3a and 3b) in methanol was added separately to
a suspension of Fe;0,. The mixtures were sonicated for 2 h.
After this time, the nanoparticles obtained Fe;O4-Ly, (x = 1-3; y
= a, b) were washed with ethanol (3 x 30 mL) and acetone (30
mL), collected by magnetic separation and dried under reduced
pressure. After sonication of 100 mg of the of the Fe;0,-Ly,
nanoparticles in water (10 mL) for 30 min, 4.1 mg of K,[PdCl,]
(for xy = 2a, 2b, 3a, 3c) or 2 mg of K,[PdCl,] (for xy = 1a, 1b)
dissolved in water (2 mL) were added and stirred (1000 rpm) for
2 h. After that, the nanoparticles were washed with water (2 x 10
mL), ethanol (2 x 10 mL) and acetone (10 mL), dispersed in
water (8 mL) and reacted with an aqueous solution (2.5 mL) of
sodium borohydride 0.05 M. Then, the resulting nanoparticles
were washed with water (3 x 30 mL) and acetone (1 x 10 mL),
removed by an external magnet and dried under reduced
pressure.

Suzuki-Miyaura coupling

In a typical Suzuki-Miyaura reaction 14.4 mmol of phenyl-
boronic acid, 36 mmol of base, and 2 mg of Fe;0,-2b@Pd (9.4 x
10> mmol) were weighed into a Schlenk tube. Then, 60 mL of
solvent (ethanol : water 1 : 1) was added under nitrogen. After
that, the tube was brought to a preheated plate at 65 °C and
12 mmol (1 eq.) of substrate was added. The reaction was
maintained for 1 hour, time where the conversion of the
substrate is not complete and allows comparison of catalyst
activity. The mixture was allowed to cool down and extraction
with ethyl acetate was carried out. The organic phase was
removed, dried over sodium sulphate and analyzed by GC. The
identity of products was confirmed by GC-MS analysis.

Catalytic reduction of 4-nitrophenol

30 pL of p-nitrophenol (7.4 mM) and 30 pL of NaBH, (0.40 M)
were added into a quartz cuvette containing 2 mL of water.
Then, 30 pL of an aqueous solution containing catalyst nano-
composite (3 to 5 mg approximately in 5 mL of water) was
injected into the cuvette to start the reaction. The intensity of
the absorption peak at 400 nm in UV-Vis spectroscopy was used
to monitor the process of the conversion of 4-nitrophenol to 4-
aminophenol. After each cycle of reaction, another 30 pL of 4-
nitrophenol and 30 pL of NaBH, were added to the reaction to
study the reuse of the catalyst. The catalytic reduction reactions
were conducted at room temperature.

Hydrogenation of styrene

Hydrogenation reactions were carried out in a hydrogen atmo-
sphere at room temperature. Typically, under nitrogen, ferrite
catalyst (5 mg approximately) was dispersed in ethanol freshly
distilled (20 mL), and then, styrene (5 mmol) was poured. After
that, the mixture was transfer into a Fisher-Porter tube, and
then filled with hydrogen (3 bar), and the mixture was stirred at
constant speed for 1 hour, time where the conversion of the

RSC Adv., 2017, 7, 27872-27880 | 27879
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substrate is not complete and allows comparison of catalyst
activity. The conversion was determined by GC analysis.
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