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Lanthanide metal–organic frameworks
for catalytic oxidation of olefins†

Y. B. N. Tranab and Phuong T. K. Nguyen *ab

Two isostructural lanthanide metal–organic frameworks (Ln-MOF-589, Ln = La3+, Ce3+), constructed

from a tetratopic linker, benzoimidephenanthroline tetracarboxylic acid (H4BIPA-TC), have been

solvothermally synthesized and characterized. These Ln-MOF-589 materials consist of Lewis acid

[Ln2(-COO)6(-COOH)2(H2O)6] units and a naphthalene diimide core, which exhibited promising catalytic

activity for the oxidation of olefins. Among them, Ce-MOF-589 exhibited outstanding performance with

high conversions of styrene and cyclohexene (94 and 90%, respectively), and good selectivities towards

styrene oxide and 2-cyclohexen-1-one (85, and 95%, respectively). Notably, the catalytic activity of

Ce-MOF-589 outperformed that of homogeneous and heterogeneous catalysts, and representative

MOFs. Also, Ce-MOF-589 can be recycled for at least up to six cycles with no significant loss of

catalytic performance.

Introduction

Catalytic oxidation of alkenes/olefins to fine chemicals repre-
sents a significant process in organic synthesis and industrial
production. The selective oxidation of olefins into epoxides has
attracted tremendous attention since the epoxide products
have a wide range of applications, including precursors for
pharmaceutical synthesis and industrial intermediates for
making valuable products such as epoxy resins, paints, and
surfactants.1 Allylic C–H oxidation of alkenes to the corres-
ponding a,b-unsaturated enones or 1,4-enediones is particularly
important in the synthesis of natural products and synthetic drug
precursors.2 Numerous studies have been devoted to the develop-
ment of homogeneous and heterogeneous catalysts for the oxida-
tion of olefins.3 However, it remains a challenge to achieve high
selectivity in oxidation reactions.1–3 While many soluble metal
complexes have been demonstrated to be active in oxidation
reactions, several limitations remain, e.g., corrosion, deposition
on reactor walls, and difficulty in recovery and separation of the
catalyst from the reaction media. These disadvantages can be
overcome when using insoluble support-based catalysts embedded
with homogeneous active species and heterogeneous catalysts.4

Metal–organic frameworks (MOFs) have emerged as a
potential heterogeneous catalyst.5–9 MOFs are one of the most
widely studied crystalline materials constructed by combining
inorganic metal clusters and organic linkers via strong bonds.10

The variable functionalities, considerable thermal and
chemical stability, and well-ordered distribution of multiple
active sites inside MOFs’ pores make them suitable candidates
for heterogeneous catalysis for a variety of organic transforma-
tion reactions.11–16 In particular, MOFs containing lanthanide
(Ln) components and heteroatom-based functionalities have
been demonstrated to be potential heterogeneous catalysts in
the oxidation of olefins.5,9,17–21 In particular, MOFs containing
lanthanide (Ln) components and heteroatom-based function-
alities have been demonstrated to be potential heterogeneous
catalysts in the oxidation of olefins. In this respect, the Ce-UiO-
66-(CH3)2 MOF was employed as the catalyst in the oxidation of
styrene with the use of the TBHP oxidant, showing high
conversion (91%) and low selectivities of benzaldehyde (40%) and
styrene oxide (33%).22 Another Cu-based MOF, [Cu2(bipy)2(btec)]N,
containing a bipyridine linker, was found to be a promising
catalyst in the oxidation of olefins. The Cu-MOF showed an
average conversion of styrene (61%) and low selectivity of styrene
oxide (32%), while only 34% conversion of cyclohexene and 72%
selectivity of 2-cyclohexen-1-one formation were achieved.23

Lanthanide-based MOFs (Ln-MOFs) constructed from
lanthanide ions are emerging as attractive Lewis acid catalysts
in various organic transformations.24,25 Some Ln-based metals
such as La and Ce, which are abundant and inexpensive rare earth
elements, have been widely studied in many applications.26–28

Ln ions have high oxidation states, which could induce the
thermal robustness property of Ln-based frameworks. The large
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and variable coordination numbers of Ln ions prompt the
formation of a high density of coordinated solvents binding
to Ln sites, which, when removed, can produce unsaturated
metal sites serving as Lewis acid sites.29 However, the variable
coordination of Ln-based metals assists in the construction of
interpenetrating frameworks that have limited pore sizes and
low surface areas. Otherwise, the variety of Ln sources could
provide different strengths of Lewis acidity, resulting in diverse
catalytic activities for acid-catalyzed reactions. Furthermore,
Ln-MOFs containing Brønsted acid sites such as uncoordinated
carboxylic groups (from organic linkers) and hydroxyl moieties
(from water molecules coordinating to metal clusters) have
been demonstrated to enhance the conversion and selectivity
of various catalytic transformations.30 Compared with the well-
established studies on homogeneous lanthanide-based compounds
and transition metal-based MOF catalysts, less has been
reported on the development of heterogeneous Ln-MOFs for
the catalytic oxidation of olefins.21–23,31–33

Recently, some MOFs with embedded N-hydroxy-
phthalimide (NHPI) revealed high selectivity in many oxidation
transformations. In that context, NHPI species act as an
organocatalyst, which together with a transition metal can act
as the initiator of radical chain oxidation.34,35 We previously
reported the synthesis of a series of Ln-MOFs (MOF-589 to -592)
constructed from a benzoimidephenanthroline tetracarboxylic
acid (H4BIPA-TC) linker and Ln3+ ions (Ln = Ce, Nd, Tb, Eu)
and their wide applications in gas separation and catalytic
transformations.30,36 Notably, the naphthalene diimide core
of the H4BIPA-TC linker has high electron affinity, good charge
carrier mobility, and excellent thermal and oxidative stability,
making it a promising candidate for the catalytic oxidation
process.37

Herein, we further employ the H4BIPA-TC linker for synthe-
sizing two isostructural Ln-based frameworks, called Ln-MOF-589
(Ln = La, Ce) (Fig. 1),36 and examine their catalytic properties in
the oxidation of olefins using anhydrous TBHP as an oxidant. The
two Ln-MOF-589 materials showed efficient catalytic performance
in the oxidation of styrene and cyclohexene under mild conditions

(0.7 mol% of MOF catalyst, 75 1C, 10 h, solvent-free, and an N2

environment). Among them, Ce-MOF-589 showed exceptional
conversion of styrene and cyclohexene (94 and 90%, respectively)
and high selectivities in the formation of styrene oxide (85%) and
2-cyclohexen-1-one (95%). Furthermore, Ce-MOF-589 was shown
to be a robust catalyst and exhibited a heterogeneous nature with
no significant loss of catalytic performance over five consecutive
cycles.

Experimental section
Materials and analytical techniques

Full synthetic and characterization details are provided in the
ESI† (Section S1). The H4BIPA-TC linker was synthesized
according to a literature procedure.30 All chemicals for MOF
synthesis and the catalytic reactions were purchased and used
without purification. For comparison studies, commercial
MOFs [HKUST-1 (Basolite C300), MOF-177 (Basolite Z377),
ZIF-8 (Basolite Z1200), and Al-MIL-53 (Basolite A100)] were
purchased and re-activated to obtain guest-free materials prior
to conducting any experiment. Ce-MOF-76 was prepared
according to a reported procedure (ESI,† Section S1).

Elemental microanalyses (EA) were performed using a LECO
CHNS-932 analyzer. Fourier transform infrared (FT-IR) spectra
were obtained on a Bruker Vertex 70 with samples being well-
dispersed in KBr pellets and the output signals are depicted as
vs, very strong; s, strong; m, medium; sh, shoulder; w, weak; vw,
very weak; or br, broad. Thermal gravimetric analysis (TGA)
curves were measured on a TA Q500 thermal analysis system
with the sample held in a platinum pan under a continuous flow
of air. Low-pressure N2 and CO2 adsorption isotherms were
collected on a Micromeritics 3Flex with the use of He to estimate
the dead space. A liquid N2 bath was used for measurements at
77 K, and a circulating bath of ethylene glycol/water (1/1, v/v) was
applied for measurements at 273, 283, and 298 K. Inductively
coupled plasma mass spectroscopy (ICP-MS) data were collected
on an Agilent ICP-MS 7700x instrument.

Fig. 1 Crystal structure of Ln-MOF-589. Linking of BIPA-TC4� and [Ln2(-COO)6(-COOH)2(H2O)6] resulting in Ln-MOF-589. Color code: Ln, blue
polyhedra; C, black; N, light blue; O, red. All H atoms of the benzene units are omitted for clarity. Redrawn from CCDC deposition 1843313.
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To identify the products of the catalytic reaction, gas
chromatography (GC) analysis was performed on an Agilent
GC system 19091s-433 equipped with a mass selective detector
(Agilent 5973N) (GC-MS) using a capillary HP-5MS 5% phenyl
methyl silox column (30 m � 250 mm � 0.25 mm). The conver-
sion, selectivity, and yield of the catalytic reactions were deter-
mined by GC analysis using an Agilent GC system 123-0132
equipped with a flame ionization detector (FID) and a capillary
DB-1 ms column (30 m � 320 mm � 0.25 mm) with the use of
chlorobenzene as an internal standard.

X-ray photoelectron spectroscopy (XPS) measurements were
performed at Sungkyunkwan University (South Korea), using a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with a non-monochromatic Al-Ka (hn = 1486.6 eV) source. The
binding energy data were calibrated with reference to the C 1s
signal at 284.8 eV and O 1s signal at 531.0 eV. All the spectra
were obtained with a pass energy of 25 eV, step increment of
0.1 eV, and total scans of 20. The experimental data were curve
fitted with a Gaussian–Lorentzian model using Shirley back-
ground subtraction implemented in the Origin 9.0 program.
The spin–orbit splitting and doublet intensities were fixed
during the curve fitting.

X-ray diffraction analysis

Powder XRD (PXRD) patterns were measured using a Bruker D8
Advance diffractometer with Ni-filtered Cu Ka (l = 1.54178 Å)
radiation operated at 40 kV and 40 mA (1600 W). The system
was outfitted with an anti-scattering shield to avoid incident
diffuse radiation hitting the detector. MOF samples were
mounted on zero background holders and then well-flattened
using a spatula. PXRD patterns were recorded with a 2y range
from 3 to 501, a step size of 0.021, and a fixed count time of
1 s per step.

Synthesis of Ln-MOF-589

Ce-MOF-589. Ce-MOF-589 was prepared according to a
published procedure.36 EA of activated sample: calcd for
CeC30H13N2O13 = [Ce(HBIPA-TC)]�H2O: C, 48.70; H, 1.75; N,
3.74. Found: C, 48.51; H, 1.89; N, 3.68. FT-IR (KBr, 4000–
400 cm�1): 3425 (s, br), 1714 (s), 1678 (s), 1618 (s), 1578 (s),
1552 (s), 1447 (s), 1388 (s), 1350 (s), 1255 (s), 1199 (w), 1120 (w),
985 (vw), 952 (vw), 912 (vw), 883 (vw), 779 (w), 767 (w), 745 (w),
721 (vw), 677 (w), 652 (vw), 609 (vw).

La-MOF-589. La(NO3)3�xH2O (0.044 g, 0.01 mmol) and
H4BIPA-TC (0.060 g, 0.01 mmol) were inserted in a glass 8 mL
vial containing a mixture of H2O (2 mL), DMA (1 mL), and
CH3COOH (400 mL). The vial was accordingly sealed and heated
to 120 1C for 15 h in an isothermal oven, yielding yellow block
crystals of La-MOF-589. The as-synthesized La-MOF-589 was
washed with DMF (3 � 10 mL) once a day for 3 days and
accordingly exchanged in anhydrous EtOH (3 � 10 mL) once a
day for 3 days. The solid was then dried at ambient temperature
under a vacuum for 18 h, followed by heating at 60 1C for an
additional 24 h to yield an activated sample. EA of activated
sample: calcd for LaC30H13N2O13 = [La(HBIPA-TC)]�H2O: C,
48.15; H, 1.75; N, 3.74. Found: C, 48.26; H, 1.66; N, 3.56. FT-IR

(KBr, 4000–400 cm�1): 3425 (s, br), 1714 (s), 1678 (s), 1618 (s), 1578
(s), 1552 (s), 1447 (s), 1388 (s), 1350 (s), 1255 (s), 1199 (w), 1120 (w),
985 (vw), 952 (vw), 912 (vw), 883 (vw), 779 (w), 767 (w), 745 (w),
721 (vw), 677 (w), 652 (vw), 609 (vw).

Catalytic studies

For the catalytic oxidation, the reaction was performed in a
25 mL two-necked Schlenk-flask which is connected to a con-
denser. The flask was then placed in a temperature-controlled
oil bath and the reaction was carried out under a nitrogen
atmosphere. In a typical reaction, the flask was charged with
the catalyst (0.7 mol%, calculated based on metal sites), styrene
or cyclohexene (5 mmol), and anhydrous tert-butyl hydroper-
oxide (TBHP in decane, 10 mmol). The reaction mixture was
evacuated thoroughly to remove gas impurities and purged
three times with N2. The reaction mixture was stirred at 75 1C
for 10 h. The progress of the reaction was monitored by
analyzing regularly taken aliquots with GC. After completion
of the reaction, the MOF catalyst was isolated by centrifugation,
and an aliquot of the reaction was analyzed by GC-FID using
chlorobenzene as the internal standard. For the recycling
experiment, the recovered catalyst was rinsed with ethanol
(3 � 3 mL) before heating at 60 1C under a vacuum for 24 h
and then reused for the next cycles. To emphasize the reprodu-
cibility of the catalytic results, all catalytic reactions were
conducted three times, and the results were obtained with
standard deviations.

Results and discussion
Synthesis and structural characterization

The organic H4BIPA-TC linker was synthesized by a one-step
condensation reaction of 1,4,5,8-naphthalenetetracarboxlic
dianhydride and 5-aminoisophthalic acid. The preparation of
La-MOF-589 was accomplished in direct analogy with Ce-MOF-
589,30,36 in which two yellow-block Ln-MOF-589 (Ln = La, Ce)
crystals were obtained by solvothermal reactions between
H4BIPA-TC and hydrated Ln(NO3)3 (Ln = La, Ce) in a solvent
mixture of water, DMA, and CH3COOH. The resulting micro-
crystalline Ln-MOF-589 (Ln = La, Ce) materials were achieved in
high yield (460%) and exhibited a homogeneous morphology
when examined using optical microscope images (Fig. S1 and
S2, ESI†). The synthesis of the bulk La-MOF was confirmed by
PXRD analysis, whereas the pattern of the as-synthesized
La-MOF sample was in good agreement with that of Ce-MOF-589
(Fig. 2), suggesting that the La-MOF is reticular with the
Ce-MOF-589 structure. Although the length of the La-MOF
crystal was sufficient, its thickness and width were not satis-
factory for single-crystal X-ray diffraction study. Therefore, the
crystal structure of the La-MOF was instead determined by
full profile matching Pawley refinement of powder X-ray
diffraction (PXRD) data. In this respect, the crystal model of
the La-MOF-589 structure was prebuilt by replacing the Ce3+ ion of
Ce-MOF-589 (CCDC number 1843313) with a La3+ ion, and the
Pawley refinement was accordingly performed (ESI,† Section S2).
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As depicted in Fig. S3 (ESI†), there was a good match between
the initial and the refined unit cell parameters of La-MOF-589.
According to the structural refinement, La-MOF-589 crystallizes in
the triclinic P%1 space group with unit cell parameters of a = 8.2030
Å, b = 11.0561 Å, and c = 17.4692 Å. Similar to Ce-MOF-589, the
structure of La-MOF-589 is built up from dinuclear [La2(-COO)6-
(-COOH)2(H2O)6] units, which are interconnected by BIPA-TC
ligands to form a parallelogram channel and window size of
5.5 � 10.4 Å2 (Fig. 1A). In the two isostructural Ln-MOF-589
materials, the distance between two neighboring BIPA-TC units
is approximately 3.0 Å, which could afford p–p interactions and
improve the structural stability of the Ln-based frameworks
(Fig. 1B).

To assess the successful synthesis of microcrystalline
Ln-MOF-589, the PXRD analysis of the as-synthesized and
activated Ln-MOF-589 samples was compared to that of the calcu-
lated patterns from the crystal structures. The as-synthesized
Ln-MOF-589 materials were solvent-exchanged with dry EtOH,
followed by vacuum activation at elevated temperatures to gen-
erate activated Ln-MOF-589 materials. As such, the PXRD patterns
of the activated Ln-MOF-589 samples presented good agreement
with those of the as-synthesized ones and those calculated from
the crystal structures (Fig. S4 and S5, ESI†), indicating that the two
Ln-MOFs retained their frameworks upon the activation process.
Moreover, the FT-IR spectra of the Ln-MOFs showed identical
characteristic peaks, suggesting the isostructural nature of the two
Ln frameworks (Fig. 3). As shown in Fig. S7 (ESI†), FT-IR analysis
of the dried Ln-MOF-589 showed sharp peaks at 1714 and
1678 cm�1 according to the amide carbonyl stretching vibrations.
The two Ln-MOFs presented absorption bands at B1578 and
1447–1388 cm�1 corresponding to the antisymmetric and sym-
metric carbonyl COO� vibrations. This evidence indicated the
presence of the carboxylate group in the Ln-MOF-589 structures.
Broad peaks at about 3436 cm�1 associated with the stretching
modes of water molecules were also observed in the two frameworks.
In comparison to the free H4BIPA-TC ligand, the generation of

additional sharp peaks at 1552 and 1618 cm�1 for La-MOF-589,
and 1553 and 1619 cm�1 for Ce-MOF-589, assigned as asymmetric
vibrations of the carboxylate group, suggested the emergence of
metal–carboxylate coordination.

Thermogravimetric analyses of the Ln-MOF-589 frameworks
were performed on activated MOF samples under an air-flow
environment and a heating rate of 5 1C per minute (Fig. S8,
ESI†). As shown in Fig. S8 (ESI†), the TGA curves exhibited
insignificant weight loss in the temperature range from 25 to
150 1C, corresponding to the loss of guest water molecules. The
major weight loss observed at 400 and 350 1C for La-MOF-589
and Ce-MOF-589, respectively, was attributed to framework
destruction (Fig. S8, ESI†). Analyses of the weight percent of
residual metal oxide for La-MOF-589 (21.54%) and Ce-MOF-589
(22.05%) exhibited good agreement with the calculated values
derived from EA (21.77 and 21.88%, respectively).

The permanent porosity of the activated Ln-MOF-589 frame-
works was evaluated by collecting N2 sorption isotherms
at 77 K. As illustrated in Fig. 4A, the two Ln-MOF-589 materials
exhibited a type-I sorption profile, demonstrating that
Ln-MOF-589 possesses a feature of micropore structure.
Furthermore, the isotherms of the two Ln-MOF-589 frameworks
revealed moderate hysteresis at the high-pressure region
(P/P0 4 0.45), indicating framework flexibility or guest molecule
rearrangement. The Brunauer–Emmett–Teller (BET)/Langmuir
surface areas for La-MOF-589 and Ce-MOF-589 were
estimated to be 12/13 and 16/25 m2 g�1, respectively. From
the N2 isotherms, the pore size distributions of the two
Ln-MOFs were calculated by fitting nonlocal density functional
theory models. As expected, the calculated values were in
line with the pore aperture metrics derived from the crystal
structures (Fig. 4A).

Fig. 2 Powder X-ray diffraction patterns of experimental La-MOF-589
(blue) and Ce-MOF-589 (red).

Fig. 3 FT-IR spectra of the H4BIPA-TC linker (black), La-MOF-589 (red),
and Ce-MOF-589 (blue).
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The CO2 sorption isotherms at 273 K for the two Ln-MOFs
had typical type I shapes with small degrees of adsorption/
desorption hysteresis (Fig. 4B). At 800 Torr, the total CO2

uptake of La-MOF-589 (21.3 cm3 g�1) was higher than that of
Ce-MOF-589 (4.2 cm3 g�1). Notably, the La-based framework
also exhibited a broader extension of hysteresis than the Ce-
based framework, suggesting different interactions between
each Ln-MOF-589 framework and CO2. When raising the activa-
tion temperature for La-MOF-589 and Ce-MOF-589 to 90 1C, the
total CO2 uptake for the two Ln-MOF-589 compounds was lower
than that of the frameworks activated at 60 1C (Fig. S9 and S10,
ESI†). It can be explained by the fact that water molecules that
coordinate to open-Ln sites and are retained inside the MOF’s
pores could afford weak coordination to CO2 induced by the
quadrupole moment of CO2 and the electric field created by
water molecules, thus increasing the total CO2 uptake.38 A
broad hysteresis loop of La-MOF-589 was also noted, which
indicated that the adsorbed CO2 was trapped within the frame-
work and not desorbed immediately upon reducing the external
pressure. It is worth noting that the La and Ce-based frame-
works have a similar surface area and the same structure but
showed different CO2 sorption behaviours. This result was
attributed to the different Ln-based metals, which afforded
different interactions with CO2.

Catalytic studies

In the Ln-MOF-589 (Ln = La, Ce) structures, the Ln clusters have
large coordination with water molecules, which can afford
accessible Lewis and Brønsted acid sites. By taking advantage
of the high density of catalytic acid sites and the intrinsic
nature of the electron-rich naphthalene diimide core, the
Ln-MOF-589 materials were efficient platforms for the catalytic
oxidation reaction. To achieve the optimized reaction conditions,
we first used the Ce-MOF-589 framework as a model platform
to investigate the impacts of solvent type, temperature, catalyst
amount, oxidant type, and oxidant ratios.

The type of solvent has an effect in the catalytic oxidation
of olefins. Highly polar alkylamine solvents (e.g., DMF and
acetonitrile) exhibit high activity in the oxidation reaction.39

In our work, we initially examined the effect of the solvent
(5 mL) on the catalytic oxidation of styrene catalyzed by
Ce-MOF-589 by employing non-polar (i.e., toluene) and polar
(i.e., ethanol and acetonitrile) solvents in the model reaction.
Among the examined solvents, ethanol showed the lowest
conversion of styrene (20%) and the highest selectivity in
styrene oxide formation (73%) (Fig. 5). In contrast, acetonitrile
displayed the highest conversion (64%) and the lowest selectivity
in styrene oxide production (63%). The non-polar toluene solvent
exhibited a lower yield of styrene oxide (34%) than the polar
acetonitrile solvent (41%). Notably, the solvent-free condition

Fig. 4 (A) N2 sorption isotherms at 77 K, (inset) pore size distribution analyses based on the DFT method, and (B) CO2 sorption isotherms at 273 K for La-
MOF-589 (red) and Ce-MOF-589 (blue).

Fig. 5 Catalytic performances in styrene oxidation catalyzed by
Ce-MOF-589 in different solvents. Error bars indicate the range of data
based on three repeat experiments.
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revealed the best catalytic performance with a conversion of 94%
and a yield of styrene oxide of 80% for 10 h.

The effect of temperature on the oxidation of styrene was
accordingly examined in the range of 25–85 1C (Fig. 6). Notably,
the reaction performed at room temperature showed neither
conversion of styrene nor styrene oxide formation after 10 h.
At 65 1C, the oxidation exhibited a moderate performance with
72% conversion of styrene and a 52% yield of styrene oxide.
When the reaction temperature increased from 65 to 75 1C, the
conversion of styrene increased correspondingly (from 72 to
94%), resulting in a high yield of styrene oxide (80%) at 75 1C.
Further increasing the temperature to 85 1C, no considerable
variation in the conversion of styrene (95%) was observed, but
the selectivity and yield of styrene epoxide slightly dropped to
66 and 70%, respectively. We proposed that the decrease of the
styrene oxide selectivity was associated with the increase of the
temperature, suggesting that the vinyl C–H bonds of styrene
molecules are very active and readily oxidized to other products
at high temperature.40 Therefore, 75 1C was chosen as the
control temperature for further studies.

Subsequently, the effect of the catalyst amount on the
oxidation reaction was investigated by carrying out the reaction
with 0, 0.3, 0.5, 0.7, and 0.9 mol% (calculated based on metal
sites) of the Ce-MOF-589 catalyst (Fig. 7). We noted that the
blank reaction without the MOF catalyst presented the lowest
performance with a 28% conversion of styrene and an 18%
yield of styrene oxide. When the catalyst amount increased
from 0.3 to 0.7 mol%, the conversion of styrene and selectivity
of styrene oxide dramatically increased with rises of 44 and
39%, respectively. However, a further increase of the MOF
amount to 0.9 mol% was ineffective and instead resulted in
lower selectivity (80%) and yield (76%) of styrene oxide. This
result indicated that the assessment of sufficient catalyst
affords a more accessible surface area with a high distribution

of active sites, resulting in enhancing the styrene oxidation
rate. In contrast, overuse of MOF catalysts could block the
active sites and reduce the solid–liquid interactions between
catalysts and reactants, yielding lower catalytic activity. Thus, a
catalyst loading of 0.7 mol% was the optimized value for
obtaining the highest catalytic performance.

The oxidant type also exhibited an influence on the oxida-
tion of styrene catalyzed by Ce-MOF-589. Different oxidants
such as H2O2, NaIO4, and aqueous TBHP (70% in water) were
employed in the catalytic oxidation of styrene. As depicted in
Fig. 8, the media using H2O2 and NaIO4 exhibited the lowest
activities among the oxidants examined with styrene oxide
yields of 1% and 2%, respectively. Otherwise, aqueous TBHP
showed moderate catalytic performance with a styrene conver-
sion of 70% and styrene oxide yield of 45%. Notably, the
oxidation promoted by anhydrous TBHP (TBHP in decane)
exhibited the highest efficiency with a conversion of 94% and
a yield of styrene oxide of 80%.

The effect of the styrene/TBHP molar ratio on the generation
of styrene oxide was consequently studied by conducting the
reaction at different molar ratios of 1 : 1, 1 : 2, and 1 : 3. Moderate
catalytic performance with a conversion of 60% and selectivity of
53% was observed at a molar ratio of 1 : 1, associated with lower
availability of active oxidant to interact with the substrate. When
the molar ratio increased to 1 : 2, the conversion of styrene and the
selectivity of styrene oxide formation increased to 94 and 85%,
respectively (Fig. 9). It was attributed to the higher amount of
TBHP adsorbed on the active sites, thereby leading to more
interaction with styrene molecules. When the styrene/TBHP molar
ratio reached 1 : 3, the conversion of styrene slightly increased,
but the selectivity and yield of styrene oxide gradually decreased.
We noted that an excess amount of TBHP could improve the

Fig. 6 Catalytic performances in styrene oxidation catalyzed by
Ce-MOF-589 at different temperatures. Error bars indicate the range of
data based on three repeat experiments.

Fig. 7 Catalytic performances in styrene oxidation catalyzed by
Ce-MOF-589 at different amounts of MOF catalyst. Error bars indicate
the range of data based on three repeat experiments.
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conversion of styrene and also facilitate the oxidation of styrene
oxide to benzaldehyde and phenylacetaldehyde. From this view-
point, a styrene/TBHP ratio of 1 : 2 exhibited the best activity
among the examined conditions.

To gain insight into the oxidation reaction, the product
distribution at different reaction times was investigated
(Fig. 10). Under an N2 environment, the conversion of styrene
reached 36% after 2 h and obtained a maximized value of 94%
for 10 h. Because of no significant increase in the conversion of
styrene and a slight decrease in the yield of styrene oxide,
further increasing the reaction time after 10 h was found to be
ineffective. At the early stage of the reaction, the formation of

styrene oxide increased rapidly (a rise of 32%) with the presence
of trace amounts of benzaldehyde and phenylacetaldehyde
by-products. Low selectivity and yield of these by-products were
observed within 8 h and they slightly increased at prolonged
reaction time. Interestingly, high selectivities (85–90%) in
styrene oxide formation were noted during the oxidation of
styrene catalyzed by Ce-MOF-589.

With the optimized conditions, the catalytic activity in the
epoxidation of styrene for La-MOF-589 was accordingly exam-
ined (Table 1). As such, La-MOF-589 exhibited lower catalytic
performance (a conversion of 60%, selectivity of 78%, and yield
of 47%) compared to Ce-MOF-589 (a conversion of 94%,
selectivity of 85%, and yield of 80%). Benzaldehyde and
phenylacetaldehyde were also found to be by-products and
occurred in trace amounts during the oxidation reaction cata-
lyzed by La-MOF-589. We noticed that the two Ln-MOF-589
materials are isostructural and have similar aperture sizes,
but the Ce-based framework exhibited higher activity than the

Fig. 8 Catalytic performances in styrene oxidation catalyzed by Ce-MOF-
589 in different oxidants. Error bars indicate the range of data based on
three repeat experiments.

Fig. 9 Catalytic performances in styrene oxidation catalyzed by Ce-MOF-
589 for different molar ratios of styrene and TBHP. Error bars indicate the
range of data based on three repeat experiments.

Fig. 10 Oxidation product distribution at different reaction times. Error
bars indicate the range of data based on three repeat experiments.

Table 1 Catalytic styrene oxidation catalyzed by Ln-MOF-589a

Catalyst Conversionb/%

Selectivityb/%

Yieldb/%1 2 3

La-MOF-589 60 78 41 12 47
Ce-MOF-589 94 85 12 3 80
No catalyst 28 64 26 10 18

a Reaction conditions: styrene (5 mmol), catalyst (0.7 mol%, based on
metal sites), TBHP (10 mmol), 75 1C, 10 h. b The conversion, selectivity,
and yield of the main product (styrene oxide) were determined by
GC-FID analysis using chlorobenzene as the internal standard.
1 = styrene oxide, 2 = benzaldehyde, and 3 = phenylacetaldehyde.
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La-based structure. It could be explained by the easy formation
of the stable (+IV) oxidation state of the Ce ion according to its
vacant f-shell.

The catalytic activities of the Ln-MOF-589 frameworks for
the epoxidation of styrene were comparable with those of some
of the homogenous and heterogeneous catalysts, and MOFs
reported before (Table 2). Accordingly, homogenous Ce salts
Ce(NO3)3�6H2O and [Ce(NO3)6](NH4)2 showed high conversions
of styrene (84 and 98%, respectively) but low selectivities of
styrene oxide (3%). Among homogenous Ln salts, La(NO3)3�
6H2O exhibited poor performance with moderate conversion
(54%) and the lowest selectivity of epoxide (2%), compared to
that of La(CH3COO)3�xH2O (41% conversion and 81% selectivity).
Moreover, a catalytic reaction using the H4BIPA-TC linker showed
moderate performance with 25% conversion of styrene and only a
14% yield of styrene oxide. Furthermore, oxidation reactions
catalyzed by mixtures of La(NO3)3�6H2O/H4BIPA-TC and
Ce(NO3)3�6H2O/H4BIPA-TC resulted in moderate conversions
of styrene (62 and 86%, respectively) and low selectivities of
styrene oxide formation (38 and 43%, respectively). This evi-
dence supported the high catalytic activity of the Ce-MOF-589
framework constructed from Ce-based clusters and the
naphthalene diimide linker. Moreover, heterogeneous La2O3

and CeO4 solids facilitated low efficiencies with styrene oxide
yields of 19 and 31%, respectively. Interestingly, Ce-MOF-589
exhibited a higher activity than representative MOFs with larger
surface areas such as HKUST-1, ZIF-8, MIL-53, MOF-177, and
Ce-MOF-76. Among these comparative MOFs, MIL-53 revealed
the lowest catalytic activity, reaching only a 6% yield of styrene
oxide, while Ce-MOF-76 was the most active with a 46% yield
achieved. By comparing these results, it is worth noting that

high surface area and high total CO2 uptake at room temperature
are not the most decisive factors for catalytic epoxidation. This
evidence supports the exceptional performance of Ce-MOF-589
and the synergic effect of Lewis acid [Ce2(-COO)6(-COOH)2(H2O)6]
units and the naphthalene diimide-based linker within
Ce-MOF-589 for the catalytic oxidation reaction.

Encouraged by the above results, we further investigated the
oxidation of cyclohexene catalyzed by two Ln-based frameworks
(Table 3). We noted that the blank reaction without any catalyst
gave a negligible conversion (30%) and a low yield of
2-cyclohexen-1-one (17%). Under the optimum conditions,
2-cyclohexen-1-one and cyclohexene-3-(tert-butyl)peroxide were
obtained as major products, and only a trace amount of cyclo-
hexene epoxide and 2-cyclohexen-1-ol was detected. As shown
in Table 3, Ce-MOF-589 exhibited outstanding performance
with a high conversion of cyclohexene (90%) and a high yield
of 2-cyclohexen-1-one (85%). In contrast, La-MOF-589 showed a
moderate transformation of cyclohexene to 2-cyclohexen-1-one
(a conversion of 54% and yield of 49%). Remarkably, the two
Ln-MOF-589 frameworks exhibited excellent catalytic selec-
tivities for 2-cyclohexen-1-one formation (90–95%). It is worth
noting that the cyclohexene oxidations catalyzed by the two
Ln-based structures were highly selective towards the 2-cyclo-
hexen-1-one product in the model experiment because the
allylic hydrogen is generally more reactive than the double
bond of the cyclic fragment.

A leaching experiment was performed to verify the hetero-
geneity of the reaction (Fig. 11). The Ce-MOF-589 catalyst was
isolated at 4 h and the supernatant reaction was allowed to
proceed for an additional 6 h under similar conditions. As
shown in Fig. 11, no significant increase in styrene oxide
formation was observed. The result confirmed the heterogene-
ity of the catalytic oxidation reaction, and the contribution of
homogeneous Ce3+ leaching from the Ce-MOF-589 structure to
the generation of styrene oxide was unimportant. Furthermore,
ICP-MS of the reaction filtrate demonstrated that a trace
amount of Ce3+ ions was observed (o0.085 ppm), confirming
the structural stability of Ce-MOF-589 upon catalytic oxidation.

Table 2 Comparison of the catalytic performance of representative
catalystsa

# Type Catalyst Con.b/% Sel.b/% Yie.b/%

1 Hom. La(NO3)3�6H2O 54 2 1
2 La(CH3COO)3�xH2O 41 81 33
3 Ce(NO3)3�6H2O 84 3 2
4 [Ce(NO3)6](NH4)2 98 3 3
5 H4BIPA-TC linker 25 56 14
6 La(NO3)3�6H2O + H4BIPA-TC 62 38 24
7 Ce(NO3)3�6H2O + H4BIPA-TC 86 43 37
8 Het. La2O3 40 48 19
9 CeO4 52 60 31
10 MOF La-MOF-589 60 78 47
11 Ce-MOF-589 94 85 80
12 ZIF-8 86 54 47
13 HKUST-1 90 48 43
14 MIL-53 67 8 6
15 MOF-177 34 32 11
16 Ce-MOF-76 85 54 46

a Reaction conditions: styrene (5 mmol), catalyst (0.7 mol%, based on
metal sites), TBHP (10 mmol), 75 1C, 10 h. b Conversion (Con.),
selectivity (Sel.), and yield (Yie.) were determined by GC-FID analysis
using chlorobenzene as the internal standard. Hom. = homogeneous,
and Het. = heterogeneous.

Table 3 Catalytic cyclohexene oxidation catalyzed by Ln-MOF-589a

Catalyst Conversionb/%

Selectivityb/%

Yieldb/%1 2 3+4

La-MOF-589 54 4 90 6 49
Ce-MOF-589 90 2 95 3 85
No catalyst 30 16 58 26 17

a Reaction conditions: cyclohexene (5 mmol), catalyst (0.7 mol%, based
on metal sites), TBHP (10 mmol), 75 1C, 10 h. b The conversion (Con.),
selectivity (Sel.), and yield of the main product (Yie.) were determined
by GC-FID analysis using chlorobenzene as the internal standard. 1 =
cyclohexene oxide, 2 = 2-cyclohexen-1-one, and 3+4 = cyclohexene-3-
(tert-butyl)peroxide + 2-cyclohexen-1-ol.
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Subsequently, the reusability of the Ce-MOF-589 catalyst for
the oxidation of styrene was examined under the optimized
reaction conditions (Fig. 12). Remarkably, Ce-MOF-589 was
recovered and reused up to six times without any significant
decrease in catalytic activity, which was demonstrated by the
reasonable average values of conversion (92%), selectivity
(79%), and yield (73%) of styrene oxide. Furthermore, the PXRD
and FT-IR analyses of the reused Ce-MOF-589 catalyst showed

no significant change in the peak intensity and position (ESI,†
Fig. S21 and S22), implying that the Ce-based framework
retained its structural integrity after several catalytic reactions.
As depicted in Fig. S23 (ESI†), the SEM image of Ce-MOF-589
after the 6th cycle also confirmed that Ce-MOF-589 maintained
its particle morphology over several catalytic reactions. We also
found that the yellow color of the large-scale Ce-MOF-589 solid
was unchanged after several catalytic reactions, as illustrated in
Fig. S24 (ESI†).

Reaction mechanism

Because of the narrow aperture size of Ce-MOF-589 (5.6 �
11.4 Å2), the activation of Ce3+ by the TBHP (t-BuOOH) oxidant
generally occurred on the external surface of Ce-MOF-589.
Through the interaction with t-BuOOH, Ce(III)-MOF-589 trans-
formed to Ce(IV)-MOF-589 owing to the presence of a vacant
f-shell (the electron configuration of Ce3+ is [Xe]4f15d06s0).
Therefore, the catalytic activity of Ce-MOF-589 is higher com-
pared to La-MOF-589, due to the lack of a vacant f-shell (the
electron configuration of La3+ is [Xe]5d06s0).

To confirm the oxidation state of the Ce ion within Ce-MOF-
589, XPS was performed on the activated Ce-MOF-589 sample.
As depicted in Fig. 13, the Ce 3d core-level spectrum revealed
the presence of v and u multiplets assigned to spin–orbit split
3d5/2 and 3d3/2 core holes, respectively.41–44 Three peaks of
binding energies at 880.1, 884.1, and 903.3 eV corresponding
to v0, v0, and u0, respectively, were ascribed to be characteristics
of Ce3+. Otherwise, three peaks attributed to Ce4+, whose
binding energies were at 883.5, 898.6, and 901.9 eV, labeled
as v, v00, and u, respectively, were also observed. This result
suggested that the activated Ce-MOF-589 is possibly composed
of a mixed-valence state of Ce3+ and Ce4+. From the integrated
peak area, the relative amount of Ce3+ was accordingly estimated
to be 83%. This observation indicated that the Ce-MOF-589
framework contains mostly Ce3+. We supposed that the presence
of Ce4+ in the activated Ce-MOF-589 sample could be attributed to

Fig. 11 Time dependent yield of styrene oxide in leaching, TEMPO, and
no-MOF experiments. Error bars indicate the range of data based on three
repeat experiments.

Fig. 12 Recycling study for Ce-MOF-589. Error bars indicate the range of
data based on three repeat experiments.

Fig. 13 XPS spectrum of the Ce 3d core level of the activated
Ce-MOF-589.

NJC Paper

Pu
bl

is
he

d 
on

 1
8 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

on
 5

/1
5/

20
21

 7
:5

3:
12

 A
M

. 
View Article Online

https://doi.org/10.1039/d0nj05685e


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem., 2021, 45, 2090--2102 | 2099

the partial oxidization of Ce(III)-MOF to Ce(IV)-MOF under an air
environment.

According to previous literature, different intermediates
could be generated when the transition metal site interacts
with t-BuOOH.23,45–47 There are two major pathways involved:
(i) the production of free radical intermediates such as t-BuOO�

and/or t-BuO� radicals; and (ii) the concerted addition of
oxygen, yielding high valent metal-peroxo and/or metal-oxo
species. To ascertain the nature of styrene oxidation catalyzed by
Ce-MOF-589, a radical scavenger, 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO, 1 equiv. to the moles of TBHP used), was added into
the medium at the beginning of the reaction. A trace amount of
styrene oxide (yield of 3%) was observed after 10 h (Fig. 11). When
TEMPO was added into the medium after 2 h (36% conversion
obtained), the reaction stopped producing styrene oxide immedi-
ately (Fig. 11). Accordingly, a slight decrease in the yield of styrene
oxide was observed after 8 h reaction time (Fig. 11). This result
could be explained by the formation of phenylacetaldehyde and
benzaldehyde from the consequent reactions of styrene oxide with
Ce sites and styrene oxide with TBHP, respectively. All of the
evidence suggested that the mechanism of the oxidation of styrene
proceeded mainly via a radical process.48,49

Accordingly, the mechanism of styrene oxidation was
proposed (Scheme 1). First, Ce(III)-MOF-589 reacts with t-BuOOH

to form a Ce(IV)-peroxy adduct. Then, the Ce(IV)-peroxy adduct
releases the t-BuOO� radical, and Ce(III)-MOF is regenerated. It is
followed by a reaction between the t-BuOO� radical and olefin,
forming a benzylic t-butylperoxy radical. The benzylic t-butyl
peroxy radical either (i) undergoes migration of oxygen, yielding
the styrene oxide and t-BuOH (Scheme 1, route I); or (ii) reacts
with t-BuOO�, producing benzaldehyde via oxidative C–C bond
cleavage (Scheme 1, route II).

A ring-opening of styrene oxide with t-BuOOH followed by
C–C cleavage could occur, resulting in benzaldehyde. Moreover,
the benzylic t-butylperoxy radical can undergo the migration of
hydrogen to a benzylic carbon and simultaneous cleavage of O–O
(Scheme 1, route III), resulting in phenylacetaldehyde and t-BuOH.
Otherwise, the Lewis-acid Ce(III) sites can induce a ring-opening
isomerization of styrene oxide, which involves hydride migration
and the regeneration of active Ce(III) sites, affording phenyl-
acetaldehyde.50,51 These proposed pathways confirmed the experi-
mental result indicating that the higher the amounts of t-BuOOH
or Ce-MOF-589 catalyst compared to those of the optimized condi-
tions used, the lower the selectivities and yields of styrene oxide
achieved. That is due to the consequent reactions between the
resulting styrene oxide and the excess t-BuOOH and/or Ce-MOF-589.

As for the oxidation of cyclohexene, there was no signifi-
cant change in the conversion of cyclohexene and yield of

Scheme 1 Possible mechanism for the oxidation of styrene catalyzed by Ce-MOF-589.
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2-cyclohexen-1-one when TEMPO was inserted into the media
at the beginning and 2 h reaction time (Fig. 14). As shown in
Fig. 14, 2-cyclohexen-1-one and cyclohexene-3-(tert-butyl)peroxide
were the major products while cyclohexene oxide existed as a
minor product, suggesting the involvement of radical species in
the cyclohexene oxidation process.34,47,48,52 Cyclohexene has
allylic hydrogen that is more active than the CQC bond toward
the t-BuOO� and t-BuO� radicals, and thus the oxidation reaction
afforded mainly allylic oxidation products. Based on our experi-
mental results and previous reports, the mechanism of cyclo-
hexene oxidation was proposed (Scheme 2).47,53 First, t-BuOO�

and t-BuO� radical species are produced from the interaction
between TBHP and Ce(III) centers.54 As illustrated in Scheme 2,
route-I revealed hydrogen transfer from a-C-H of cyclohexene to
t-BuO� and/or t-BuOO� radicals, resulting in cyclohexenyl radicals.
Subsequently, the cyclohexenyl radical combines with the
t-BuOO� radical to afford the cyclohexene-3-(-(tert-butyl)-
peroxide) product.55 Also, the cyclohexenyl radical could react
with O2, generated from the combination of two t-BuOO�

radicals, to produce the cyclohexenyl peroxy radical. Accord-
ingly, the cyclohexenyl peroxy radical undergoes an elimina-
tion reaction to form 2-cyclohexen-1-one and 2-cyclohexen-1-ol.
Also, the t-BuOO� radical can combine with the CQC bond,
yielding the cyclohexyl 2-peroxide radical. The intermediate
accordingly undergoes ring-closing to produce cyclohexene oxide
(Scheme 2, route II).56

Conclusions

In summary, two isostructural lanthanide-based MOFs, namely
Ln-MOF-589 (Ln = La, Ce), were synthesized and characterized.
In this series, Ce-MOF-589 exhibited the higher surface area but
lower total CO2 uptake (at 298 K and 800 Torr), compared to
those of Ln-MOF-589. As for the catalytic oxidation, Ce-MOF-589
exhibited the highest catalytic conversions of styrene (94%) and
cyclohexene (90%) by using anhydrous TBHP oxidant, and under
mild conditions (solvent-free, 75 1C, N2 atmosphere, 10 h).
Styrene, a terminal olefin with no allylic hydrogen, provided
85% selectivity and 80% yield for the styrene oxide product. In
contrast, cyclohexene, which possesses allylic hydrogen, resulted
in high total yields (485%) of the allylic oxidation products of
2-cyclohexen-1-one and cyclohexene-3-(tert-butyl)peroxide. Our
experimental results also showed that a free radical mechanism
is the main pathway for the oxidation of olefins catalyzed by
Ln-MOF-589 (Ln = La, Ce) frameworks.
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Fig. 14 Time dependent yield of 2-cyclohexen-1-one in TEMPO and no-
MOF experiments. Error bars indicate the range of data based on three
repeat experiments.

Scheme 2 Possible mechanism for the oxidation of cyclohexene cata-
lyzed by Ce-MOF-589.
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A. Bermejo Gómez, A. Valiente, B. Martı́n-Matute, A.-V.
Mudring and X. Zou, Microporous Mesoporous Mater.,
2019, 279, 400–406.

28 H. N. Abdelhamid, A. Bermejo-Gómez, B. Martı́n-Matute
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