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Introduction

Hydrogenation reactions are crucial not only for the bulk chemi-
cals industry but also for synthesising fine chemicals, which
require the use of catalysts. Among the catalysts used for hydro-
genation reactions, PANPs are most common because they
exhibit a high catalytic activity that the surrounding reaction
environment can tune." PANPs can be supported on various
substrates such as metal oxides,” organic polymers,® and porous
materials. Recently, metal-organic frameworks (MOFs) have
been investigated as substrates for PANP immobilisation.*”

MOFs are novel porous crystalline materials composed of
metal ions and organic linkers. MOFs exhibit advantages com-
pared to other conventional porous materials. The porous struc-
ture of MOFs can be tuned precisely by selecting the metal-ion
component and the organic linker to interact strongly with guest
molecules.* ' The applications of gas molecules as guest par-
ticles inside the MOFs pores are typically related to gas storage
and separation. However, larger guest particles such as metal
nanoparticles, organic dyes, and functional polymers have also
been trapped inside the MOF pores to generate hybrid functional
materials.”>” In the case of hybridisation with metal nano-
particles, the resulting materials are typically applied as catalysts
because these nanoparticles lead to high catalytic activity.

Herein, hybridised MOFs with PANPs and PA coexisting in
the porous support were prepared and evaluated as catalysts
for the hydrogenation of olefin substrates. Phosphate particles
exhibit strong interaction with olefin substrates, which may
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In this study, we demonstrated the direct synthesis of sodium dihydrogen phosphate (PA) containing pal-
ladium nanoparticles (PANPs) supported on a metal-organic framework (MOF). The resulting composite
containing PA molecules coexisting with PANPs demonstrated improved hydrogenation catalytic per-
formance compared to the composites without PA.

have a positive effect on hydrogenation reactions through
PdNPs in the fabricated composites.>® MOF composites modi-
fied with PANPs and other guest molecules to control their
catalytic activity have been previously reported. However, the
modified MOF porous structures were obtained following a
stepwise approach.?*° The proposed system comprises PANPs
and PA molecules that were co-generated inside the MOF pores
to obtain a more homogeneous immobilisation of the particles
in the pores to enhance their catalytic activity.

Experimental
General methods

All reagents unless otherwise stated were obtained from com-
mercial sources and were used without further purification.
X-ray powder diffraction data were collected on a Rigaku
RINT-2200 Right System (Ultima IV) diffractometer with CuKa
radiation. Thermogravimetric analyses were recorded on a
Rigaku Thermo plus TG-8120 apparatus in the temperature
range between 298 and 773 K at a heating rate of 5 K min™".
The TEM observations were performed with a JEOL JEM-1400
transmission electron microscopy (TEM) system operating at
120 kV. ICP analyses were conducted by ICP AES (SPS 7800,
Seiko Instruments). "H NMR spectra were recorded on a JEOL
JNM-A500 spectrometer. The "THNMR chemical shifts are refer-
enced to the residual internal benzene-d6. FT-IR spectra were
obtained using a Spectrum Two spectrometer (PerkinElmer)
using ATR technique. Sorption isotherm measurements were
recorded using an automatic volumetric adsorption apparatus
(autosorb iQ, Quantachrome). Samples were evacuated under
high vacuum (<10~ Pa) at 393 K for 2 h to remove guest mole-
cules. XPS spectra were collected by X-ray photoelectron
spectrometer (JEOL JPS-9010MC) with Mg Ko radiation. MOF
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powders were placed on carbon substrate, and Pd 3d peaks
were observed.

Synthesis of MIL-101

Chromium(m) nitrate (4.00 g, 10.0 mmol), benzene-1,4-dicar-
boxylic acid (1.64 g, 10.0 mmol) and HNOj; (10.0 mmol) were
dispersed in water (50 mL). The mixture was transferred to
Teflon-lined stainless steel autoclave. The resulting suspension
was heated at 220 °C for 8 h under hydrothermal condition.
The reaction product was finally obtained after washing three
times with DMF under sonication.

Pd(OAc), accommodation in MIL-101

To 5 ml of Pd(OAc), acetone solutions (6 mM, 12 mM, 24 mM
and 36 mM), was added 25 mg of MIL-101 and the resulting sus-
pensions were stirred at 26 °C for 15 h. After filtration, washing
with acetone under sonication and drying in vacuo, powder
samples (Pd(OAc),@MIL-101(x) x = 12, 24, 36) were obtained.

Syntheses of PANPs/PA@MIL-101(x, y)

To y mM (y = 30, 120 and 480) MeOH solution of NaPH,0,
(5 mL) was added 20 mg of Pd(OAc),@MIL-101(x) (x = 6, 12,
24, 36) and the resulting suspensions were stirred at 26 °C for
30 min. After filtration, washing with 30 ml of MeOH under
sonication three times and drying in vacuo, powder samples
(PANPs/PA@MIL-101(x, y)) were obtained.

Hydrogenation reaction of olefin substrates with H, gas

In a typical procedure, to PANPs/PA@MIL-101(24, 480) (Pd:
0.04 mol%), added 1 ml of 1-octene (6.4 mmol) and heated at
70 °C under H, (1 atm). The reaction yields of octane and
2-octene were determined as "HNMR yields using the integrals
of both reactant and products.

Results and discussion

A Cr-based MIL-101 was used as the MOF using two cage-like
pore diameters (2.9 and 3.4 nm) for the immobilisation of
PANPs and PAs (Fig. 1).>’* To generate PANPs and PA simul-
taneously inside the MOF pores, the PANP precursor was intro-
duced by impregnation using palladium acetate (Pd(OAc),).

©

n NaH,PO, + n Pd(OAc),+ nH,0 —— n NaH,PO; + Pd,+ n AcOH

Fig. 1 Structures of (A) MIL-101 pores and (B) pore distances within
clusters. (C) Proposed reaction to co-generate PANPs and phosphate in
the MOF structure.
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The degassed MIL-101 was mixed with an acetone solution of
Pd(OAc), at 26 °C for 18 h to obtain Pd(OAc),@MIL-101.** The
amount of Pd(OAc), adsorbed inside the MOF pores was deter-
mined by inductively coupled plasma (ICP) analysis of the
sample obtained after decomposing Pd(OAc),@MIL-101 using
strong acids. These results indicated that the amount of Pd
(OAc), in the MIL-101 structure could be controlled through
the concentration of the Pd(OAc), solution (in acetone) during
impregnation (Fig. S11); more amount of Pd(OAc), was accom-
modated by the Pd(OAc), solution with higher concentration.
Transmission electron microscopy (TEM) measurements con-
firmed that PANPs were not generated in this stage of the fab-
rication process (Fig. S2f). Then, the resulting Pd
(OAc),@MIL-101 was treated with sodium phosphinate
(NaPH,0,) in MeOH to obtain PdNPs/PA@MIL-101(x, y),
where x denotes the concentration of Pd(OAc), in the acetone
solution used for the impregnation process, and y denotes the
concentration of the NaPH,0, solution in MeOH. In this step,
Pd(OAc), was reduced by NaPH,0O, in PdNPs, and the
NaPH,0, was oxidised to generate PA within MIL-101.

The X-ray diffraction (XRD) and thermogravimetry (TG)
results for PANPs/PAs@MIL-101(x, 480) (x = 6, 12, 24, 36) are
shown in Fig. 2A and B. From these figures, it is confirmed
that the MIL-101 structures were maintained and thermally
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Fig. 2 (A) XRD data and (B) TG profiles of PANPs/PAs@MIL-101(x, 480)

(x = 6,12, 24, 36).
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stable up to 400 °C even after the NaPH,O, treatment. Note
that the small weight loss before 100 °C in TG profiles corres-
ponds to the removal of H,O molecules that were accommo-
dated from air. Similar results are obtained in the case of
PANPs/PAs@MIL-101(x, y) (x = 6, 12, 24, 36; y = 30 and 120)
(Fig. S31). TEM images for PANPs/PAs@MIL-101(x, 480) (x = 6,
12, 24, 36) are shown in Fig. 3A. PANPs were homogeneously
generated in all cases. Moreover, their sizes are nearly equal
(Fig. 3B), indicating that Pd(OAc), in MIL-101 is instantly
reduced in excess NaPH,0,. The reduction step was followed
by the rapid nucleation of PANPs. A slightly broader size distri-
bution obtained for PANPs in PANPs/PA@MIL-101(x, y) (x = 6,
12, 24, 36; y = 30 and 120) might be due to slower nucleation
in less concentrated NaPH,0, during the reduction process
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Fig. 3 (A) TEM images and (B) PdNP size distribution diagrams for
PdNPs/PAs@MIL-101(x, 480): (a) x = 6, (b) x = 12, (c) x = 24, and (d) x =
36.
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(Fig. S4t). The presence of PAs was confirmed by infrared radi-
ation (IR). From the IR spectra of PANPs/PA@MIL-101(x, y) (x =
6, 12, 24, 36; y = 30, 120, 480), the P=0 stretching-vibration
peaks are attributed to PA molecules (Fig. 4A and S5%). The
amount of PAs in PANPs/PA@MIL-101(x, y) (x = 6, 12, 24, 36; y
= 30, 120, 480) was determined from the P (incorporated in PA)
and Pd (incorporated in PdNP) ratio, using the ICP data
(Fig. 4B and S67). It should be noticed that the value of P/Pd
was not equal to 1 for all samples, and it increased when the
accommodated Pd(OAc), decreased. This indicated that not all
the PAs were generated by the oxidation of NaPH,0, with Pd
(OAc),. The oxidation reaction is shown in Fig. 1C. Because
NaPH,O, can react with H,O to generate PA and hydrogen, a
reaction would have also occurred to immobilise PA in the
MIL-101 pores. The Pd/Cr values (determined by ICP) were
almost equal before and after the NaPH,O, treatment, which
excluded the possibility that Pd(OAc), might have been
expelled from MIL-101 (Fig. S71). In addition, we have also exe-
cuted XPS measurements to elucidate the electronic state of
PdNPs in PANPs/PAs@MIL-101. The obtained Pd 3d peaks (Pd
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Fig. 4 (A) IR spectra of PANPs/PAs@MIL-101(x, 480) (x = 6, 12, 24, 36).

The peaks corresponding to P=0 stretching vibration are highlighted in
yellow. (B) P/Pd ratio in PANPs/PAs@MIL-101(x, 480) (x = 6, 12, 24, 36).
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3d;/, and Pd 3dj/5) could be fitted with single peak and their
binding energies were 340 and 335 eV respectively, indicating
that the oxidation state of PANPs was zero; PANPs have little
interaction with PAs in MOF pores (Fig. S8t). From N, gas
adsorption measurements at 77 K, we have also confirmed
that the decrease of the porosity of MIL-101 was small even
after the generations of PANPs and PAs in the pores (Fig. S97).

PANPs/PAs@MIL-101(24, 480) was evaluated as the catalyst
for the hydrogenation of 1-octene under H, gas at 1 atm. To
confirm the influence of PAs in the hydrogenation reaction,
the analogue catalyst without PA was synthesised
(PANPs@MIL-101) by using Pd(OAc),@MIL-101 and H, gas as
the reductant. The reaction yields obtained with the
PANPs@MIL-101 and the PANPs/PAs@MIL-101 (0.04 mol%
Pd) catalysts are shown in Fig. 5A. It was confirmed that PAs
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Fig. 5 (A) Evolution of the hydrogenation of 1-octene with

PdNPs@MIL-101 and PdNPs/PAs@MIL-101(24, 480) catalysts. (B)
2-octene and n-octane yields during the hydrogenation of 1l-octene
with the PdNPs@MIL-101 and (C) the PdNPs/PAs@MIL-101(24, 480)
catalysts.
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promoted the hydrogenation reaction. The total reaction times
were 3 h and 5 h for PdANPs/PAs@MIL-101 and
PANPs@MIL-101, respectively. "H NMR spectra were obtained
to evaluate the evolution of the reactions. These results
demonstrated that 2-octene was also generated by the isomeri-
sation of 1-octene. Moreover, 1-octene isomerisation is more
favoured with the PANPs/PAs@MIL-101 catalyst (Fig. 5B, C,
S10, and S117). It was confirmed that PA molecules catalysed
the isomerisation reaction. PANPs/PAs@MIL-101 exhibited a
higher catalytic activity towards hydrogenation than that
shown by PANPs@MIL-101, although a higher concentration
of 2-octene was obtained. This product is known to exhibit
lower reactivity compared to 1-octene, which indicated that PA
exhibited a greater influence on the hydrogenation reaction.
Although the reason for this positive effect may require further
investigation, strong interaction between PA and the substrates
(1-octene or 2-octene) might have positioned them closer to
the PANPs, which facilitated the subsequent hydrogenation.
To check the recyclability of PANPs/PAs@MIL-101 as cata-
lyst, we have recovered PANPs/PAs@MIL-101 by filtration and
reused. As shown in Fig. S12,} their catalytic activities were
maintained without losing their structures. In addition, we
have also confirmed that no reaction proceeded after the
removal of PANPs/PAs@MIL-101 by filtration, indicating that
PdANPs in MIL-101 were highly stabilized not to be leaked out
(Fig. S137). The TEM image of recovered PANPs/PAs@MIL-101
also showed the existance of PANPs inside MIL-101 (Fig. S147).
The hydrogenation yields with PdNPs/PAs@MIL-101 or
PANPs@MIL-101 using other alkene substrates are presented
in Table 1. For linear terminal alkenes, the reaction yields were
smaller as the length of their alkyl chains increased, which
might be due to steric hindrance (entries 1-3). When using
1-decene as the substrate, the reaction yields were almost
equal for the two catalysts, which indicated that PA molecules
largely reduced the mobility of 1-decene inside the MOF pores.
For the trans-2-octene reaction, a smaller yield than that
obtained for 1-octene resulted from the intrinsic lower reactiv-

Table 1 Hydrogenation of different alkene substrates with
PdNPs@MIL-101 and PdNPs/PAs@MIL-101 catalysts
R R [Pd] 0.04 mol% R R
R" R™ 1latmH,, 70°C, 3 hrs R" R"
Yield
Entry Substrate Product [Pd] [%]
1 NS NN PANPs@MIL-101 78
PANPs/PAS@MIL-101 98
2 AN AN PANPs@MIL-101 81
PANPs/PAsS@MIL-101 100
3 ANNNNNNNE NN PANPs@MIL-101 71
PANPs/PAS@MIL-101 69
4 NN NN PANPs@MIL-101 69
PANPs/PAS@MIL-101 82
5 NN NN PANPs@MIL-101 25
PANPs/PAsS@MIL-101 100
6 @-\\ ®_\ PANPs@MIL-101 31

PANPs/PAs@MIL-101 67
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ity of the former (entry 4). In the case of ¢rans-4-octene (an
inner alkene with low reactivity), a higher reaction yield was
obtained with the PANPs/PAS@MIL-101 catalyst (entry 5).
Weaker interaction with PA molecules occurred due to the
larger steric hindrance near the carbon-carbon double bond
of the substrate, which might have prevented strong trapping
by PAs and induced facile transfer on PANPs for hydrogen-
ation. Similarly, the reaction enhancement owing to PA was
also observed for the aromatic alkene as substrate (entry 6).

Conclusions

In this study, MOF composites incorporating PANPs and PA
were prepared following a co-generation strategy. The selection
of NaPH,0, as the reductant resulted in Pd(OAc), accommo-
dation inside the MOF pores, following reduction to PdNPs
along with the generation of PAs through the oxidation of
NaPH,0,. The fabricated PANPs/PAs@MIL-101 catalyst exhibi-
ted higher reactivity towards hydrogenation compared to
PANPs@MIL-101, which demonstrated that PA molecules
interacted with the alkene substrates to induce the hydrogen-
ation reaction. Further investigation of the positive effect of PA
on hydrogenation is required.
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