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Five [BW12O40]
5�-containing metal-organic frameworks (MOFs), {K[Ln(H2O)4(pdc)]4}[BW12O40]·2H2O

(Ln=La 1 and Ce 2, H2pdc = pyridine-2,6-dicarboxylate) and {K[Ln(H2O)3(pdc)]4}[BW12O40]·6H2O
(Ln=Tb 3, Dy 4 and Er 5), are synthesized hydrothermally. Ln3+ and pdc2� are built into 3-D MOF seg-
ments containing large channels and cavities which are occupied by [BW12O40]

5�. Herein, we report
MOF-containing polyoxometalates (POMs) as photocatalysts to oxidize thiophene with O2 as the oxidant.
Photo-excited state species ([BW12O40]

5�⁄) are generated under UV irradiation and then H2O is oxidized
into OH˙ radicals and O2 is reduced into O2�

2 . The active oxygen species (O2�
2 , OH˙) oxidize thiophene

in the presence of photocatalysts and SO3, CO2, and H2O are obtained as photoproducts. ESR
measurements provide evidence that OH˙ species are generated during photocatalysis.

Keywords: Polyoxometalate; Lanthanide polymer; MOF; Photocatalysis; Desulfurization

1. Introduction

Desulfurization of various petroleum fractions has been an important research subject, due
to the increasingly stringent regulations and fuel specifications in many countries for
environmental protection [1, 2]. Oxidative desulfurization (ODS) is one of the most
promising desulfurization processes, since it requires mild conditions of temperature and
pressure [3]. Polyoxometalates (POMs), nanosized metal-oxygen cluster anions with
intriguing structures, and diverse properties have been attracting worldwide attention for
their effectiveness [4]. In recent years, ODS catalyzed by Keggin-type POMs have been
studied and it should be a potential technology in industrialization. Salts or acids of POMs
have been used as homogeneous catalysts in H2O2-based oxidation of dibenzothiophene
(DBT) and its derivatives [5, 6]. To achieve higher activities and improve the efficiency of
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H2O2 during the oxidative process, C. Li et al. designed amphiphilic catalysts by
combining quaternary ammonium cations with the anions of POMs [7–13]. Although
homogeneous catalysts are remarkably efficient in ODS processes, it is difficult to recycle
the used catalysts. For the overall process economy, it is essential to develop efficient
heterogeneous catalysts and immobilize homogeneous catalysts [14–26].

Many compounds in which POMs are introduced into metal-organic frameworks
(MOFs) have been reported for structures [27–30]. These materials exhibit excellent
dispersity at the molecular level and high immobilization of POMs; they can also enhance
the catalytic properties of heterogeneous catalysts in oxidation and esterolysis reactions
[31–33]. Jhung et al. have reported that the adsorptive ability of Cu-BTCs (BTC: 1,3,5-
benzenetricarboxlic acid) to benzothiophene is improved when loading with [PW12O40]

3�,
which results from favorable acid–base effect between [PW12O40]

3� and slightly basic
benzothiophene [34]. POM-containing MOF catalysts have not been reported in the ODS
processes. We have achieved five [BW12O40]

5�-containing MOF compounds which are
synthesized hydrothermally and characterized by IR, UV–visible diffuse reflectance spectra
(UV–vis DRS), TG analysis, and powder X-ray diffraction (PXRD). Photocatalytic oxida-
tion for thiophene has also been investigated under UV irradiation using O2 as oxidant.

2. Experimental

2.1. Materials and general methods

K5BW12O40·14H2O was synthesized according to the literature method and identified by
IR spectrum [35]. All other chemicals were purchased commercially and used without
purification. Elemental analyses were determined by a Perkin–Elmer 2400 CHN elemental
analyzer. IR spectra were recorded from 400 to 4000 cm�1 on a TENSOR27 Bruker AXS
spectrometer with pressed KBr pellets. TG-DTA analyses were carried out on a Pyris
Diamond TG/DTA instrument in air from 25 to 900 °C with a heating rate of 10 °Cmin�1.
PXRD patterns were recorded on a Japan Rigaku D/max γA X-ray diffractometer equipped
with graphite monochromated Cu Kα radiation (λ= 1.5406Å). UV–visible diffuse
reflectance spectra (UV–vis DRS) were obtained on a UV–vis spectrophotometer (JASCO
V-550) with an integrating sphere from 190 to 900 nm. ESR signals of radicals trapped by
DMPO (5,5-dimethyl-l-pyrroline-N-oxide) were performed on a Bruker ESR A200
spectrometer at ambient temperature. After bubbling O2 for 10min, the samples were
introduced into the homemade quartz cup inside the microwave cavity and illuminated
with a 300W Xe lamp (CERAMAX LX-300).

2.2. Synthesis of {K[La(H2O)4(pdc)]4}[BW12O40]·2H2O (1)

A mixture of La(NO3)3·6H2O (0.4mM, 0.17 g), K5BW12O40·14H2O (0.15mM, 0.5 g),
H2pdc (0.35mM, 0.05 g) and water (10mL) was sealed in a 15mL Teflon reactor under
autogenous pressure at 120 °C for 4 days. After cooling the mixture to room temperature,
colorless crystals were obtained in 45.2% yield (0.81 g, based on W). Anal. Calcd for
KC28H48La4N4O74BW12 (%): C, 7.57; H, 1.08; N, 1.26. Found (%): C, 7.55; H, 1.09; N,
1.25.

2830 W.-N. Li et al.
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2.3. Synthesis of {K[Ce(H2O)4(pdc)]4}[BW12O40]·2H2O (2)

The synthetic procedure of 2 was similar to that of 1 except that Ce(NO3)3·6H2O
(0.4mM, 0.17 g) replaced La(NO3)3·6H2O. Yellow crystals were obtained in 47.8% yield
(0.85 g, based on W). Anal. Calcd for KC28H48Ce4N4O74BW12 (%): C, 7.56; H, 1.08; N,
1.26. Found (%): C, 7.55; H, 1.10; N, 1.24.

2.4. Synthesis of {K[Tb(H2O)3(pdc)]4}[BW12O40]·6H2O (3)

The synthetic procedure of 3 was similar to that of 1 except that Tb(NO3)3·5H2O
(0.4mM, 0.17 g) replaced La(NO3)3·6H2O. Colorless crystals were obtained in 45.3% yield
(0.82 g, based on W). Anal. Calcd for KC28H48Tb4N4O74BW12 (%): C, 7.44; H, 1.06; N,
1.24. Found (%): C, 7.42; H, 1.08; N, 1.23.

2.5. Synthesis of {K[Dy(H2O)3(pdc)]4}[BW12O40]·6H2O (4)

The synthetic procedure of 4 was similar to that of 1 except that Dy(NO3)3·6H2O
(0.4mM, 0.18 g) replaced La(NO3)3·6H2O. Colorless crystals were obtained in 43.7% yield
(0.79 g, based on W). Anal. Calcd for KC28H48Dy4N4O74BW12 (%): C, 7.42; H, 1.06; N,
1.24. Found (%): C, 7.41; H, 1.08; N, 1.23.

2.6. Synthesis of {K[Er(H2O)3(pdc)]4}[BW12O40]·6H2O (5)

The synthetic procedure of 5 was similar to that of 1 except that Er(NO3)3·6H2O (0.4mM,
0.18 g) replaced La(NO3)3·6H2O. Pink crystals were obtained in 42.8% yield (0.78 g,
based on W). Anal. Calcd for KC28H48Er4N4O74BW12 (%): C, 7.38; H, 1.05; N, 1.23.
Found (%): C, 7.36; H, 1.06; N, 1.22.

2.7. X-ray crystallographic study

Crystal data of 1–5 were collected with a SMART APEX II-CCD X-ray single crystal
diffractometer at 293K with graphite-monochromatic Mo Kα radiation (λ = 0.71073Å).
The structures were solved by direct methods and refined by full-matrix least squares on
F2 using SHELXS-97. Non-hydrogen atoms were refined anisotropically and hydrogens
attached to carbon were added theoretically. A summary of the crystallographic data is
shown in table 1.

2.8. Photocatalytic reaction

Photocatalytic oxidations of thiophene were performed in a homemade Pyrex reaction cell
with O2 bubbled in a constant flow as oxidant. To 150mL of acetonitrile solution
containing thiophene ([sulfur content]initial = 200, 400, and 600 ppm), the photocatalyst
(150mg) was added. The suspension was stirred in the dark for 30min to establish
adsorption/desorption equilibrium between the solution and photocatalyst, then irradiated
by a 125W high pressure mercury lamp. The temperature of the mixture was 5 ± 2 °C
maintained by a flow of cooling water. After removing the photocatalyst by centrifugation,
photoproducts were identified by GC-FPD (Agilent 7890, FFAP column).

3-D Ln3+–pdc2– Frameworks 2831
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3. Results and discussion

3.1. Crystal structure description

Single crystal X-ray diffraction analysis reveals that 1–5 consist of discrete [BW12O40]
5�

anions, 3-D Ln3+–pdc2�–H2O cationic frameworks and K+. [BW12O40]
5� exhibit the

well-known α-Keggin structure [36, 37] which is formed from twelve WO6 octahedra and
one BO4 tetrahedron. For 1 and 2, the central B is located at the inversion center,
surrounded by a cube of eight oxygens with each oxygen site half-occupied. For 3–5, it is
surrounded by a tetrahedron of four oxygens with each oxygen site fully occupied. All
B–O and W–O bond lengths are in normal ranges (tables S1–S5).

1 and 2 are isostructural and crystallize in the monoclinic system and C2/c space group.
They are isomorphic with [Ln(H2O)4(pdc)]4[XMo12O40] (6) (Ln=La, Ce, and Nd; X=Si
and Ge) [38] and [Ln(H2O)3Ln(H2O)4(pdc)2]2[SiW12O40] (7) (Ln=Eu, Gd, Tb, Dy) [39]. 1
has been selected as the example to describe crystal structures of 1 and 2. As shown in
figure 1, the 3-D [La(H2O)4(pdc)]

+ cationic framework in 1 is identical with that of 6.
There are two crystallographically independent La3+ centers (La1 and La2) with similar
coordination environments. The nine-coordinate La3+ coordinates to one nitrogen of pdc2�,
four oxygens of carboxyl groups of three different pdc2�, and four waters. Each pdc2�

adopts an exo-tridentate coordination. The La–O and La–N distances are similar to those
found in 6. As shown in figure 2, the 3-D [La(H2O)4(pdc)]

+ cationic framework shows the
zeolite-like GIS topological structure [38]. Viewed along the c axis, [BW12O40]

5� anions
are arrayed in nonuniform channels of the zeolite-like structure in a zigzag fashion. Since
[BW12O40]

5� has one more negative charge than [XMo12O40]
4� in 6, K+ ions are

necessary to balance the charge in 1. As shown in figure 3, K+ ions are located in [La
(H2O)4(pdc)]

+ frameworks in a six-coordinate octahedral configuration. The four equatorial

Figure 1. Coordination mode of two crystallographically independent La3+ centers in 1. Hydrogens are omitted
for clarity.

3-D Ln3+–pdc2– Frameworks 2833
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positions are occupied by four oxygens of carboxyl groups and K–O distances are 2.90
(2)–2.99(2) Å. The two axial positions are occupied by two terminal oxygens of
[BW12O40]

5� and K–O distances are 2.57(5)–2.75 (3) Å. [BW12O40]
5� are linked into 1-D

chains along the b axis through K+ ions (see inset in figure 3).
Solids 3, 4, and 5 are isostructural and crystallize in tetragonal system and I 41/a space

group. They are isomorphic with [Ln(H2O)4(pdc)]4[SiW12O40] (8) (Ln=La, Ce, Nd) [40]. 4
has been selected as the example to describe crystal structures of 3, 4, and 5. As shown in

Figure 2. Channels of the zeolite-like structure in a zigzag fashion occupied by [BW12O40]
5� along the c axis in

1. Polyhedra: [BW12O40]
5�.

Figure 3. View of the 3-D framework of 1 along the b axis. (a) [BW12O40]
5� occupy cavities and (b) octahedral

coordination environment of K+ in cavities. Polyhedra: [BW12O40]
5�.

2834 W.-N. Li et al.
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figure 4, Dy3+ and pdc2� are built into a 3-D [Dy(H2O)3(pdc)]
+ architecture in 4, similar

to that of 8. Eight-member channels are found along the c axis in the 3-D cationic
network. They intersect to form large cavities, which array in a zigzag fashion and are
occupied by nanosized [BW12O40]

5�. Due to lanthanide contraction, Tb3+, Dy3+, and Er3+

exhibit a lower coordination number than those of 8 and all have eight-coordinate
environments in 3, 4, and 5, with one nitrogen of a pdc2�, four oxygens of carboxyl of
three different pdc2� ligands, and three waters. K+ ions are necessary to balance the charge
in 4 and also are six-coordinate. The four equatorial positions are occupied by four
oxygens of carboxyl and two axial positions are occupied by water; K–O (pdc) distances
are 2.997(8)–3.022(10) Å and K–O (water) distances are 2.479(16)–2.500(19)Å.

3.2. IR spectra

IR spectra are shown in figure S1 and similar IR peaks have been observed for 1–5. The
characteristic peaks at �961, �908, �825, and �761 cm�1 are attributed to ν(W–Od),
ν(B–Oa), ν(W–Ob) and ν(W–Oc), respectively [41]; 1616–1286 cm�1 can be regarded as
carboxylic groups of pdc2�.

3.3. TG analysis

To investigate the thermal stabilities of 1–5, TG/DTA measurements are performed (figure
S2). From 30 to 109 °C, 1 loses two crystallization waters, the weight loss of 0.85% agrees
with the calculated value of 0.81%. The weight loss of 5.24% between 109 and 150 °C is
attributed to loss of thirteen coordinated waters (calcd 5.27%). The weight loss of 4.93%
corresponds to the loss of another coordinated water and one pdc2� from 150 to 575 °C
(calcd 4.94%). Then, decomposition of the framework occurs at 575 °C. 2 shows similar
weight loss steps as 1 and the total weight loss is 11.08% (Calcd 11.01%). 3 shows a
4.37% weight loss between 30 and 106 °C which corresponds to six crystallographic
waters and five coordinated waters (Calcd 4.38%). The weight loss of 6.47%, when
temperature changes from 106 to 597 °C ascribes to the release of the other coordinated
water and one pdc2�. 4 and 5 exhibit similar weight loss stages as 3 with mass losses of
10.88% (Calcd 10.79%) and 10.76% (Calcd 10.75%), respectively.

Figure 4. Packing of the 3-D framework of 4 long the c axis. (a) The cavities of intersected channels occupied
by [BW12O40]

5� and (b) octahedral coordination environment of K+ in cavities. Polyhedra: [BW12O40]
5�.

3-D Ln3+–pdc2– Frameworks 2835
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3.4. PXRD analysis

Experimental and simulated PXRD patterns of 1-5 are shown in figure S3. The diffraction
peaks match well in key positions, which indicate the crystal phase purity. For some peaks,
difference in intensity may be caused by preferred orientation of the powder samples.

3.5. UV–vis DRS

UV–visible diffuse reflectance spectra of 1–5 are shown in figure S4. 1–5 absorb UV light
with wavelength shorter than �400 nm. By using this value, the band gap is calculated as
Eg = 3.11 eV. Photonic activation can carry out when light energy is higher than 3.11 eV.

3.6. Photocatalytic oxidation of thiophene

As one of the main sulfur-containing compounds in gasoline, thiophene is difficult to be
oxidized by traditional ODS methods. The inertness of thiophene in oxidation is mainly due
to its aromaticity and the low electron density of sulfur [42]. Here, thiophene was selected as
the test model. The photocatalytic oxidation of thiophene ([sulfur content]initial = 200 ppm)
was performed in acetonitrile under UV irradiation and O2 was bubbled into the system in a
constant flow. As shown in figure 5, a blank experiment was carried out without the photo-
catalyst and the conversion of thiophene was 25% for 12 h. However, when 1–5 (1 g L�1)
were added to the reaction, the conversions of thiophene reached to ca. 49, 97, 68, 46, and
42%, respectively, with 2 exhibiting the highest catalytic activity. It may result from
synergistic effect between Ce3+–pdc2+ framework and [BW12O40]

5� anions.
2 was selected as the photocatalyst for further experiments. For identification of the

photoproducts, the gas from the reaction mixture was injected into NaOH solution (0.2M).
After the reaction, Ba(NO3)2 aqueous solution (0.2M) was added into the NaOH solution

Figure 5. Photocatalytic oxidation of thiophene on different photocatalysts under UV irradiation. Reaction
conditions: the concentration of photocatalyst: 1 g L�1; [sulfur content]initial = 200 ppm; O2 (bubbled into the
system); reaction time: 12 h. Blank experiment 1 was carried out under the same conditions, except without the
photocatalyst. Blank experiment 2 was carried out under the same conditions except without light.
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and a white precipitate (denoted as precipitate 1) was obtained. The XRD pattern was
assigned to BaCO3 (figure 6(a)) which is referred to the standard card (PDF#05-0378)
taken from the Joint Committee on Powder Diffraction Standards (JCPDS) Database. The
result suggested CO2 was a photocatalytically oxidized product of thiophene and escaped
from the reaction system. However, when precipitate 1 was treated with HNO3 (aq), there
was still some white precipitate (denoted as precipitate 2) in the solvent. The XRD pattern
of precipitate 2 was assigned to BaSO4 (figure 6(b)) and the peaks matched well with the
standard JCPDS database (PDF#24-1035). The result indicated that SO3 was the other
photoproduct in this reaction. Based on the above results, thiophene can be oxidized to
CO2 and SO3 in the photocatalytic oxidation.

To investigate the heterogeneous catalytic characteristics, 2 was immersed in acetonitrile
solution containing thiophene ([sulfur content]initial = 200 ppm) for 6 h. Then 2 was filtered
off and the filtrate was used for the photocatalytic reaction under UV irradiation. As shown
in figure 7, the conversion of thiophene was similar to that of the blank experiment. This
result revealed that 2 could not dissolve in the reaction solution and was a heterogeneous
catalyst in photocatalytic oxidation of thiophene. Recycling experiments of 2 were also
carried out. After the first run for 10 h was completed, the photocatalyst was separated
from the reaction system by centrifugation and then added to fresh acetonitrile solution
containing 200 ppm of thiophene forming a new reaction system for the next run. The

Figure 6. XRD patterns of the produced precipitates (top) and the standard cards (bottom). The gas produced in
the reaction system was absorbed by NaOH aqueous solution (0.2M), then Ba(NO3)2 (aq) (0.2M) and HNO3 (aq)
were added successively to produce the precipitates 1 and 2. Reaction conditions: the concentration of 2: 1 g L�1;
[sulfur content]initial = 200 ppm; O2 (bubbled into the system).
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photocatalytic activity decreased slightly with the conversion of 87.3, 89.1, 84.5, 80.6, and
77.2% for 10 h, respectively. Thus. the photocatalyst could be recycled (figure 8).

For application of ultra-low-sulfur-containing fuels, it is essential to investigate the
influence of initial sulfur content on the conversion for photocatalytic oxidation of
thiophene. As shown in figure 9, reactions with different initial sulfur contents ([sulfur
content]initial = 200, 400, and 600 ppm) were performed. When the initial sulfur content was

Figure 7. (a) Photocatalytic oxidation of thiophene for 2. Reaction conditions: the concentration of
photocatalyst: 1 g L�1; [sulfur content]initial = 200 ppm; O2 (bubbled into the system); reaction time: 12 h. (b) The
experiment was performed under the same conditions except that the photocatalyst was filtered after immersing in
the experiment solution for 6 h. (c) Blank experiment was carried out under the same conditions except without
photocatalyst.

Figure 8. The recycle times on the conversion of thiophene with 2 as photocatalyst. Reaction conditions: [sulfur
content]initial = 200 ppm; the concentration of photocatalyst: 1 g L�1; O2 (bubbled into the system); reaction time:
10 h.
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200 ppm, thiophene was oxidized 97% for 12 h under UV irradiation. The conversions of
thiophene reached to 76 and 47.9%, respectively, when the initial sulfur contents increased
to 400 and 600 ppm for 12 h.

Comparing the activity of 2 with that of commercial P25 for photocatalytic oxidation of
thiophene, conversion of thiophene reaches to 43% in 5 h under 125W high pressure mer-
cury lamp illumination for 2 and 48% in 5 h under 500W high pressure mercury lamp illu-
mination for P25 [43]. In addition, specific surface area of 2 is lower than that of P25.
Therefore, MOF’s POMs may be comparable photocatalysts for photocatalytic ODS.

Figure 9. Photocatalytic oxidation activity of thiophene for 2 with different initial sulfur content ([sulfur
content]initial = 200, 400, and 600 ppm). Reaction conditions: the concentration of photocatalyst: 1 g L�1; O2

(bubbled into the system); reaction time: 12 h.

Figure 10. ESR spectra of the DMPO–OH adduct generated in the photocatalytic oxidation reaction of
thiophene. The sample tested without photocatalyst is denoted as “Blank”. The signals obtained without UV
irradiation are denoted as “Dark”. The signals obtained under irradiation for 2min are denoted as “Light-2” and
that for 15min named “Light-15”.
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3.7. Proposed reaction mechanism for photocatalytic oxidation of thiophene

ESR spin-trap with DMPO is a useful technique to monitor active oxygen species
generated in the reaction system. ESR signals obtained from the in-situ photocatalytic
reaction of 2 are shown in figure 10. No ESR signals were observed either when there
was no photocatalyst or the reaction was performed with 2 in the dark. After 2min of
illumination, ESR signals were centered at g= 2.0065 in the presence of 2, which can be
assigned to active oxygen species [44]. The typical quartets with intensity of 1 : 2 : 2 : 1
indicated that the DMPO–OH adduct was formed during the reaction with hyperfine
coupling constants of αN = 14.9G and αHβ = 14.9 G [45–47]. The intensity of the peaks
decreased after illumination for 15min, due to oxidation of the DMPO–OH adduct by
holes generated during the illumination and consumption of dissolved O2. No ESR signals
of O2

� are observed in the photocatalytic system of 2, but both OH˙ and O2
� radicals are

generated in the photocatalytic system of Pt/RuO2/TiO2 [48].
Figure 11 shows a brief description of the mechanism for photocatalytic oxidation of

thiophene on Ln3+–pdc2� [BW12O40]
5�. The reaction is carried out under UV irradiation

leading to the charge transfer (O(2p) → W(5d)) and the formation of the photo-excited
state species ([BW12O40]

5�⁄) [49]. OH˙, a non-selective and strong oxidant for photocata-
lytic oxidation, is generated via the reaction between H2O and the photo-generated hole.
The adsorbed oxygen molecules trap excited electrons forming O2

2� which is ESR-silent in
the reaction [48, 50]. Consequently, thiophene molecules react with the active oxygen spe-
cies ((O2�

2 , OH˙) in the presence of 2 initiating a series of oxidation reactions. SO3, CO2,
and H2O are obtained as the photoproducts.

4. Conclusions

We have hydrothermally synthesized five 3-D lanthanide-linked compounds based on
[BW12O40]

5� and investigated their properties in heterogeneous photocatalytic oxidation of
thiophene. This is the first report of MOF compounds containing POMs as photocatalysts
to oxidize thiophene to SO3 in the presence of O2 as the oxidant. These materials present
favorable catalytic properties and the oxidation of thiophene on 2 is ca. 97% in 12 h. In the
mechanism for photocatalytic oxidation of thiophene, active oxygen species ((O2�

2 , OH˙)
are crucial leading to oxidation. Such a photocatalytic oxidative application of MOF
compounds containing POMs would provide a promising perspective in the advanced
oxidation area.

Figure 11. Brief description of the mechanism for photocatalytic oxidation of thiophene on Ln3+–pdc2�

[BW12O40]
5�. Polyhedra indicate the crystalline catalyst used in the reaction.
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Supplementary material

Crystallographic data for 1–5 have been deposited with the Cambridge Crystallographic
Data Center, CCDC numbers 913822, 913823, 913824, 913825, and 913826, respectively.
These data are available free of charge from The Cambridge Crystallographic Data Center
via the Internet at www.ccdc.cam.ac.uk/data_request/cif.
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