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Phenylacetylene is a detrimental impurity in the polymerisation of styrene, capable of poisoning catalysts
even at ppm levels and significantly degrading the quality of polystyrene. The semi-hydrogenation of
phenylacetylene to styrene instead of ethylbenzene is, therefore, an important industrial process. We
report a novel cerium(iv)-based metal-organic framework (denoted as Ce-bptc), which comprises {Ceg}
clusters bridged by biphenyl-3,3",5,5'-tetracarboxylate linkers. Ce-bptc serves as an ideal support for pal-
ladium nanoparticles and the Pd@Ce-bptc catalyst demonstrates excellent catalytic performance for
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under ambient conditions with excellent reusability. /n situ synchrotron X-ray powder diffraction and elec-
tron paramagnetic resonance spectroscopy reveal the binding domains of phenylacetylene within Ce-
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Introduction

Phenylacetylene is a key impurity that harms the polymeris-
ation of styrene; even concentrations of just a few dozen ppm
can poison the catalyst and significantly degrade the quality of
polystyrene." Therefore, semi-hydrogenation of phenyl-
acetylene to styrene, rather than the undesired ethylbenzene,
is of great importance to the polystyrene industry.> Palladium
metal nanoparticles are the leading catalysts for this
reaction.>® To maximise the utilisation of noble metals and
stabilise Pd nanoparticles, doping them into porous materials,
such as zeolites, carbons and metal-organic frameworks
(MOFs), has been investigated.” " In this context, the porous
supports have notable impacts on the catalytic activity of Pd
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bptc, and details of the reaction mechanism are discussed.

nanoparticles, and MOFs have received much attention due to
their high structural diversity and tuneability.” For example,
Pd nanoparticles supported on the UiO-series of MOFs have
shown an exceptional TOF (turnover frequency) of 13 835 h™*.°
The hydrophobicity of the ligand in the porous material can
also influence the catalytic activity of the supported Pd nano-
particles. It has been reported that functional groups on the
pore surface can promote charge transfer between the porous
support and Pd sites, giving rise to an improved catalytic
performance.”'" Additionally, the metal centres in MOFs can
also influence the catalytic microenvironment. Compared with
Zr-based MOFs,” Ce-based MOFs often contain both Ce(ur) and
Ce(wv) sites, which can act as an internal redox couple. Thus,
Ce-MOFs can promote charge transfer to facilitate various
redox reactions'*** and, we argued, may function as excellent
catalyst supports for semi-hydrogenation reactions.

Herein, we report a novel Ce(iv)-based MOF (Ce-bptc), con-
sisting of {Ceg} clusters bridged by biphenyl-3,3',5,5-tetracar-
boxylate linkers. Incorporation of Pd nanoparticles onto Ce-
bpte affords an efficient catalyst Pd@Ce-bptc for the semi-
hydrogenation of phenylacetylene, yielding a selectivity of 93%
towards styrene on full conversion under ambient conditions.
The catalytic mechanism has been elucidated by in situ syn-
chrotron X-ray powder diffraction (SXPD), X-ray photoelectron
spectroscopy (XPS), and electron paramagnetic resonance
(EPR) spectroscopy.

This journal is © the Partner Organisations 2025
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Results and discussion

A microcrystalline sample of Ce-bptc was synthesised by solvo-
thermal reaction of (NH,4),Ce(NOs)s and biphenyl-3,3',5,5-
tetracarboxylic acid (H,bptc). Rietveld refinement of high
resolution SXPD data for Ce-bptc, {Ces04(OH),
(bptc)z-(H30),.6-3DMF-10H,0}, revealed that the crystal structure
comprises of twelve connected {CeqO4(OH),(CO,)1,} clusters,
which are bridged by tetracarboxylate ligands to form an open
and neutral framework of fiw topology'>'® (Fig. 1a and
Table S17).

In Ce-bptc six Ce(wv) centers are assembled into an octa-
hedron, where the eight faces are occupied by p;-O*~ or ps-
OH™ groups in each {CesO4(OH)4(CO,)1,} cluster. The Ce(w)
atom is coordinated to eight O atoms, four of which belong to
four different bptc*~ ligands and the remaining four are from
p3-O*"/OH™ groups. Each bptc®™ ligand is connected to four
different {Ces} clusters with each carboxylate coordinated by
two adjacent Ce(v) centers in the same cluster. Ce-bptc shows
cubic cages with {Cec} clusters on the vertices and a planar
bptc*” linker on the faces (Fig. 1b). The cubic cages have a
dimension of ~9.4 A and are interconnected through smaller
tetrahedral cages (dimension of ~3.5 A) located at the twelve
edges of the cubic cages (Fig. 1c). Thermogravimetric analysis
(TGA) shows that Ce-bptc is stable up to ca. 250 °C before
decomposition (Fig. S107).

To encapsulate Pd nanoparticles, Pd precursors (at 0.3, 2.0,
3.7 and 5.4 wt%) were dissolved in water and then embedded
within Ce-bptc using a double solvent method'” This was
followed by treatment under a flow of H, at 150 °C for 2 h to

a
HOOC::COOH
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yield Pd@Ce-bpte, which shows retention of the framework
structure of Ce-bptc as confirmed by powder X-ray diffraction
(PXRD, Fig. 2a and S1%). No obvious Bragg peaks for Pd nano-
particles or PdO, were observed, indicating the excellent dis-
persion of Pd species in Ce-bptc. The diffuse reflectance infra-
red Fourier transform spectra (DRIFTs) of Ce-bptc and Pd@Ce-
bptc confirm the retention of the structure and stretching
mode of p;-OH™ groups upon Pd doping (Fig. 2b). The encap-
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Fig. 2 (a) PXRD patterns for Ce-bptc (as-synthesized and simulated)
and for Pd@Ce-bptc before and after reaction. (b) DRIFT spectra of Ce-
bptc and Pd@Ce-bptc. (c) XPS Ce 3d spectra of Ce-bptc and Pd@Ce-
bptc. (d) XPS Pd 3d spectra of Pd@Ce-bptc and Pd/C.
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Fig. 1 Crystal structure of Ce-bptc. (a) Views of the {Ceg} cluster, linker and caged structure of Ce-bptc. (b) Detailed view of cage A (cubic cage). (c)
Detailed view of cage B (tetrahedral cage). Colour code: Ce, light brown; C, grey; O, red; H, omitted for clarity. Cage A and Cage B are highlighted by

blue and pink spheres, respectively.
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sulation of Pd nanoparticles in Ce-bptc is also accompanied by
a reduction of the Brunauer-Emmett-Teller (BET) surface area
from 532 to 390 m” g~* for Ce-bptc and Pd@Ce-bptc, respect-
ively (Fig. S3t). Scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) analysis show that Pd nano-
particles are distributed homogeneously in the MOF (Fig. S7
and S8). For comparison, we also prepared another benchmark
MOF, Ce-UiO-66,"> which shows reduced crystallinity and
almost no porosity upon the encapsulation of Pd (Fig. S2 and
S9t).

XPS experiments were conducted to study the electronic
state of Ce and Pd sites (Fig. 2c and d). The Ce 3d spectra were
analysed according to well-established models;'® it was found
that both Ce(wv) and Ce(ur) species (73.4% and 26.6%, respect-
ively) exist in Ce-bptc, which is consistent with other reported
Ce(v)-based MOFs."® Upon reduction, the Ce(wv) satellite peak
at 916.8 eV decreased significantly, and the concentration of
Ce(m) increased from 26.6% to 62.1%; the increased amount
of Ce(ur) may facilitate subsequent electron transfer. To investi-
gate the interactions between the Pd nanoparticles and MOF
host, the Pd 3d XPS spectra of Pd@Ce-bptc and Pd/C were
measured (Fig. 2d). The Pd 3ds,, peak for Pd@Ce-bptc was
located at 335.7 eV (calibrated against the C peak 1s = 284.8
eV). Compared with the Pd 3ds, peak of Pd/C (335.1 eV),*°
that for Pd@Ce-bptc was found at a higher binding energy,
indicating electron transfer from Pd to Ce in Pd@Ce-bptc.”!
This shift in binding energy for Pd 3ds,, is not due to issues
with charge calibration as other peak positions are at the
expected values after calibration.

The catalytic performances of a range of Pd-based catalysts
(Pd@Ce-bpte, Pd@Zr-bptc, Pd@Ce-UiO-66, Pd@Zr-UiO-66,
Pd@CeO,, and Pd@ZrO,) were tested for the semi-hydrogen-
ation of phenylacetylene (Fig. S12). The impact of different
loadings of Pd nanoparticles (0.3, 2.0, 3.7 and 5.4%) in
Pd@Ce-bptc was studied. At 25 °C and under 1 bar of H, for
1 h, the conversion of phenylacetylene increased from 33% to
91% upon increasing loading of Pd nanoparticles, and the
TOF decreased from 2385 to 362 h™" (Fig. 3a). To balance the
TOF and conversion, Pd@Ce-bptc with 2.0 wt% of Pd was used
for further tests and comparison with other catalysts.

For the reaction at 25 °C and 1 bar of H, for 2.5 h, Pd@Ce-
bptc-2.0% shows a selectivity of 93% towards styrene on full
conversion of phenylacetylene (Fig. 3b). Control experiments
with Pd/C (Pd supported on carbon black) demonstrate >99%
conversion with only 10% selectivity towards styrene (the
major product is ethylbenzene), while bare Ce-bptc shows no
activity (Table 1). A powdered mixture of 2% Pd/C and Ce-bptc
shows a selectivity of 45% towards styrene on full conversion,
demonstrating the important role of confinement of Pd nano-
particles in the pores to promote semi-hydrogenation rather
than full hydrogenation. The selectivity of Pd@Ce-bptc-2.0% is
higher than that of the commercial Lindlar catalyst (which
shows a selectivity of 87% on full conversion), other supported
Pd@MOF catalysts (Pd@Ce-UiO-66, PA@Zr-bptc, and Pd@Zr-
UiO-66) and metal oxides (Pd@CeO, and Pd@ZrO,) (Table 1).
To explore its reusability, used Pd@Ce-bptc was tested for 5
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Fig. 3 Studies of catalytic performance. Reaction conditions: 5 mg of
MOF catalyst, 1 mmol of phenylacetylene, 1 mmol of mesitylene, 2 mL
of THF, 25 °C, 2.5 h. (a) Conversion of phenylacetylene and selectivity
for styrene on Pd@Ce-bptc at different Pd loadings. (b) Conversion of
phenylacetylene and selectivity for styrene on Pd@Ce-bptc-2.0% over
time. (c) Reycling test for Pd@Ce-bptc. (d) Comparison of the catalytic
performance of different Pd-loaded catalysts under 1 bar H,.

Table 1 Summary of catalytic activity for semi-hydrogenation of
alkynes to alkenes

Time  Conv. Sel. of
Catalyst Substrate (h) (%) alkene (%)
Pd@Ce-bptc-2.0% é 2.5 >99 93
powdered mixture 2.5 >99 45
of 2%Pd/C + Ce- ©/
bptc
Pd@Zr-bptc-2.2% 2.5 >99 91
Pd@Ce-UiO-66- 3 >99 88
2.0%
Pd@Zr-UiO-66- 6 >99 85
2.1%
Pd@Ce0,-2.0% 2.5 >99 71
Pd@Zr0,-2.1% 2.5 >99 17
2%Pd/C 2.5 >99 10
Ce-bptc 2.5 0 0
Pd@Ce-bptc-2.0% 1.0 52 99
Pd@Ce-bptc-2.0% /@/ 1.0 55 93
Pd@Ce-bptc-2.0% \{/@/// 1.0 85 89

Pd@Ce-bptc-2.0% 1.0 42 86

Pd@Ce-bptc-2.0%

ﬁf/
/@/ 1.0 20 90

Reaction conditions: 5 mg of catalyst, 1 mmol of substrate, 1 mmol of
mesitylene as internal standard, 2 mL of THF, 25 °C water bath, 1 bar
H, balloon.
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consecutive runs, and the conversion of phenylacetylene
remained at 97%. After 5 consecutive runs, the PXRD pattern
of the used catalyst did not show any obvious changes, demon-
strating its high stability (Fig. 3c and Fig. S14}). In compari-
son, the conversion over Pd@Zr-bptc decreased from 98% to
88% after 5 runs (Fig. S15t). The improved stability of Pd@Ce-
bptc compared with Pd@Zr-bptc is consistent with the XPS
result, which shows stronger interaction between Pd nano-
particles and Ce-bptc (Fig. 2d and S127).

The semi-hydrogenation of phenylacetylene-based sub-
strates with various para-substitutions was tested over Pd@Ce-
bptc to investigate the impact of substitution groups on the
reaction (Table 1). The reaction time for all substrates was set
at 1 h, and conversions for 4-methylphenylacetylene, 4-tert-
butylphenylacetylene, 4-chlorophenylacetylene and 4-bromo-
phenylacetylene of 55%, 85%, 42% and 20%, respectively, were
observed (Fig. S16-207%). These results suggest that substrates
with an electron-donating group show higher conversions
compared with phenylacetylene, while substrates with an elec-
tron-withdrawing group show lower conversions. Overall, these
results suggest that Pd@Ce-bptc is a highly active and stable
catalyst for semi-hydrogenation at room temperature.

To investigate the host-guest interaction between the
adsorbed substrate and Ce-bptc, SXPD data were collected for
phenylacetylene-loaded Ce-bptc, and highly satisfactory
Rietveld refinement revealed the binding domains for the sub-
strate (Fig. 4a, S20 and Table S1}). The ethynyl group of

View Article Online
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adsorbed phenylacetylene interacts with the bridging oxygen
and carboxylate oxygen centres of the {CesOg} clusters to form
hydrogen bonds [C=C-H-++Opyiage = 346(5) A, C=C-H-+-Ojigand
= 3.15(8) A]. These adsorbed molecules are further stabilised
by parallel-displaced =---m interactions between the C=C
bond/benzene rings of guest molecules and ligands of Ce-bptc,
with inter-planar distances of 4.02(1) A and 4.09(1) A, respect-
ively. Thus, the SPXRD study confirms the presence of notable
host-guest binding interactions that facilitate charge transfer
and thus promote hydrogenation.>**?

It has been reported that the hydrogenation of phenyl-
acetylene to styrene and ethylbenzene may proceed via two
different mechanisms: so-called one-pathway or two-
pathway.>* The one-pathway mechanism involves direct hydro-
genation of the triple bond to a single bond, while the two-
pathway mechanism proposes a two-step hydrogenation
process involving the formation of single or multiple adsorbed
species.”>?® Given the high selectivity towards styrene observed
for Pd@Ce-bptc, it is suggested that the reaction predomi-
nantly follows the two-pathway mechanism involving adsorbed
intermediates.

To identify any radical species in this reaction, in situ EPR
spin-trapping experiments were conducted. Considering
the transient nature of many free radicals, with lifetimes sig-
nificantly shorter than the acquisition time of EPR spectra, N-
tert-butyl-a-phenylnitrone (PBN) was employed as a spin trap
reagent’”” to identify radicals as long-lived PBN-radical
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Fig. 4 Studies of the mechanism of catalysis. (a) Views of the crystal structure of phenylacetylene-loaded Ce-bptc obtained from Rietveld refine-
ments of SXPD data. The guest molecules are highlighted using an amplified ball-and-stick model; hydrogen atoms are omitted for clarity. Bond dis-
tances are in angstroms. (b) In situ X-band EPR spectra under controlled conditions using PBN as a spin trap reagent. Top to bottom: Pd@Ce-bptc +
H, + THF; Pd@Ce-bptc + H, + phenylacetylene + THF; PBN (THF solution). (c) Experimental and simulated spectra of the black spectrum in (b),
showing a major component, PBN-H (red, simulation), and a minor component, PBN-OOH (grey, simulation). (d) Schematic of the proposed reaction
mechanism for semi-hydrogenation of phenylacetylene (NPs = nanoparticles).
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adducts. When H, and the catalyst were present in the reaction
solution, an intense seven-line EPR signal with a g-factor of
2.0055 and hyperfine coupling constants A™ = 15.0 G and A™ =
A™ = 7.4 G was detected. This signal is unequivocally attribu-
ted to the PBN-H radical,®® indicating that H, is activated
directly by the confined Pd nanoparticles, leading to homolytic
dissociation of the H-H bond and the generation of H" rad-
icals (Fig. 4b, ¢ and Table S27). Interestingly, no PBN-H signal
was observed when the substrate was added to the reaction
solution, suggesting that the hydrogenation involving H' rad-
icals and the substrate is extremely rapid, preventing H' rad-
icals from being trapped by PBN (Fig. S2271). Thus, the EPR
study confirms the reaction pathway (Fig. 4d): H, is first acti-
vated by the Pd nanoparticles, resulting in the homolytic dis-
sociation of the H-H bond and the release of H" radicals,
which subsequently attack the C=C bond of adsorbed phenyl-
acetylene, forming the desired product, styrene, which can
readily desorb from the adsorption site in competitive adsorp-
tion with phenylacetylene, thus avoiding over-hydrogenation to
ethylbenzene.

Conclusions

In summary, we report a novel cerium(iv)-based MOF, Ce-bptc,
which comprises {CesO4(OH)4(CO,);,} clusters that are further
bridged by tetracarboxylate ligands to afford an open frame-
work of ftw topology. Encapsulation of Pd nanoparticles gives
a highly efficient Pd@Ce-bptc catalyst, which exhibits excellent
catalytic performance for the semi-hydrogenation of phenyl-
acetylene, achieving a selectivity of 93% towards styrene on full
conversion at 25 °C and 1 bar H,. The molecular details of
host-guest interactions between the adsorbed substrate and
MOF host were investigated by SXPD analysis. In situ EPR
studies revealed the mechanism of H, splitting and rapid
hydrogenation via H' radicals. This study highlights the great
potential of Ce-based MOFs as a catalyst support for semi-
hydrogenation reactions, offering advantages in selectivity over
traditional supports based upon metal oxides.
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