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ABSTRACT: Herein, we represent a bimetallic approach to enhance the defect number, leading to eight defect sites per node in a
metal−organic framework, showing both a higher SO2 adsorption capacity and higher SO2/CO2 selectivity. The results can be
further strongly supported by density functional theory calculations.

Defective metal−organic frameworks (MOFs), represent-
ing a unique and significant branch of MOF science, are

now receiving tremendous attention.1−7 This proven matter is
often viewed to possess a unique advantage in pore generation
and host−guest interactions for many advanced applications in
catalysis, adsorption, separation, and so on, relative to the
nondefective MOFs.8−30 Thereby, there has been great
concern on the creation of high-number defective MOFs, in
view of the relationship between defective sites and active sites.
However, there still remains a crucial restriction, viz. a trade-off
between the number of defect sites and the stability of MOFs,
where a high number of defect sites commonly causes a
decrease in the stability of MOFs and even leads to the
collapse of MOFs.31,32 Until now, MOFs showing a high
number of defect sites per node are still scarce, especially for
numbers of defect sites greater than six.33

UiO-66, built on the well-known second building blocks of
the Zr6O4(OH)4 node, represents one of the most stable
MOFs.34−36 Generally, UiO-66 is a nondefective MOF with 12
linkers per Zr6O4(OH)4 node. However, if we change the
synthesis conditions by adding a large excess of monocarbox-
ylic acid as a modulation, then we can obtain defective UiO-66
(Scheme 1).37−39 For example, formic acid, a simple but
effective modulation, was often chosen in the literature,37−39

and the mode in the resulting defect size stems from the
replacement of terephthalate linkers by some nonlinker
formate. As a result, as shown in Scheme 1, when two
terephthalate linkers are replaced by two nonlinker formates,
then this will generate two defect sites per Zr6O4(OH)4 node,
while, accordingly, a four-replacement could output four defect
sites per Zr6O4(OH)4 node. However, it is also synthetically
difficult to create a high number of defect sites of more than
four per Zr6O4(OH)4 node, mainly restricted by the trade-off
between the stability of MOFs and the number of defect sites.
In other cases, Atzori et al. demonstrated the use of benzoic
acid as a modulator to create a maximum defect number of 4.4
per node.40 Voort et al. employed a hemilabile linker of 4-
sulfonatobenzoate as a modulator to enhance the maximum
defect number up to 6 per node.33 However, defect numbers
bigger than 6 per Zr6O4(OH)4 or analogues have not been
observed until now.

In defect science, how to structurally disclose the defect site
represents another important issue.34−36 Some other solutions
have been developed. For example, a combined character-
ization composed of NMR (nuclear magnetic resonance), IR
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Scheme 1. Comparison of Nondefective UiO-66, Defective
UiO-66, and Our Defective MOF MOF-Th-Co-66
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(infrared spectrum), and TGA (thermogravimetry analysis)
represents the commonly used method in the literature.33−40

However, this just reflects an average defect concentration
within an MOF, rather than detailed structure information on
defect sites per cluster. Recent advances disclosed that local
defect arrangement can be resolved by spatially resolved
techniques such as confocal fluorescence microscopy,41

fluorescence lifetime imaging,42 and atomic force microscopy43

but is still restricted in the limited spatial resolution of ca. 200
nm. Very recently, this can be further improved to a spatial
resolution of ca. 5 nm via scanning electron diffraction
(SED).44 However, these technologies are still some distance
from the atomic resolution level.
In this work, we report the structure, characterization, and

application of a single-crystal defective MOF, namely, MOF-
Th-Co-66, through a bimetallic approach (Scheme 1), which
contains a Th6O4(OH)4 cluster, similar to the well-known
Zr6O4(OH)4 cluster in UiO-66.
The synthesis of MOF-Th-Co-66 is shown in the

Supporting Information, and the phase purity was confirmed
by powder X-ray diffraction (Figure S1). The structure was
determined by single-crystal X-ray diffraction, given in the
tetragonal system with the I4/m space group. The basic
building unit is the Th6O4(OH)4 cluster, which shows high
comparability with the Zr6O4(OH)4 cluster in UiO-66 (Figure
1a). The combination of Th6O4(OH)4 clusters, Co(II) ions,

and N,O-donor ligands of L2− [H2L = 4-(1H-pyrazol- 4-
yl)benzoic acid] creates a Th36Co4 octahedral cage with an
aperture of ca. 0.9 nm (Figure 1b). Topology analysis discloses
the Th6O4(OH)4 cluster as a 12-connecting node in a highly
rare convex decahedron configuration and the Co(II) ion as a
6-connecting node in a common octahedral configuration,
resulting in the overall (6,12)-connecting net with the
(41362)(444622) topology symbol (Figure 1c−f).45,46 A
topological description of the Th36Co4 octahedral cage and
the (6,12)-connected net is shown in Figure 1e,f, respectively.
InMOF-Th-Co-66, the Th6O4(OH)4 clusters are not linked

directly through L2− linkers. This connecting mode is very
different from Zr6O4(OH)4 in UiO-66, where Zr6O4(OH)4

clusters are directly bridged by organic linkers. A comparison
of connectivity between them is shown in Figure S2. The
difference can be well explained by the soft and hard acid base
theory. The Zr6O4(OH)4 cluster favors O-donor ligands, while
the N-donor ligand is more favorable for Co(II) ions. Thus,
the N,O-donor ligands of L2− act as a good bridge between
Th6O4(OH)4 clusters and Co(II) ions in MOF-Th-Co-66. In
addition, each Th6O4(OH)4 cluster in MOF-Th-Co-66 also
contains eight formate modulators (Scheme 1) with four being
nonlinkers (commonly encountered defect site in UiO-66) and
the other four being linkers (potential defect site that was not
observed in the literature). The coordination mode for these
formate modulators is the bidentate mode, but displaying two
distinct configurations such as syn−syn for nonlinkers and
anti−syn for linkers. This situation is very different from that
observed in defective UiO-66, where just nonlinkers of the
formate modulator were observed (Scheme 1). Generally
speaking, the 12-linker in UiO-66 is viewed to give a complete
occupation on the Zr6O4(OH)4 node, creating a nondefective
MOF; accordingly, reduction of the linker to a 10- and 8-linker
by the nonlinker formate modulator will create two or four
defect sites per Zr6O4(OH)4 node, respectively (Scheme 1). In
this regard, our MOF could potentially provide four defect
sites per Th6O4(OH)4 node, as each Th6O4(OH)4 node is
surrounded by eight L2− linkers and four nonlinker formate
modulators; however, in fact, our MOF can potentially provide
eight defect sites per Th6O4(OH)4 node, because there also
exist four additional linker-type formate modulators that can be
further considered as potential defect sites. In the literature, a
similar phenomenon has never been observed.
The activity of the defect site in MOF-Th-Co-66 was

confirmed by replacement with acetate. The acetate-replaced
phase, namely, MOF-Th-Co-67, was obtained by soaking the
crystals of MOF-Th-Co-66 in acetic acid solution for 3 days.
The structure of MOF-Th-Co-67 was determined by single-
crystal X-ray diffraction, giving the same tetragonal system with
I4/m space group as observed in MOF-Th-Co-66. No
detectable change in the unit cell is observed after acetate
replacement. Impressively, in MOF-Th-Co-67, we observed
complete replacement of formate (composed of both non-
linkers and linkers) by acetate, confirming eight defect sites in
MOF-Th-Co-66 (Figure 2). The aperture of the Th36Co4 cage
is reduced to 0.84 nm in MOF-Th-Co-67. Moreover,
propionate used as the modulator was explored, and the
results are shown in Figure S3.
The thermal stability of MOF-Th-Co-66 and MOF-Th-Co-

67 was initially investigated by a TGA test (Figure S4). The
loss of solvent molecules occurs before 100 °C for both MOF-
Th-Co-66 and MOF-Th-Co-67. Their activated samples can
be obtained first by CH3OH exchange and then by degassing
at 100 °C for 24 h. The porosity was confirmed by N2
adsorption at 77 K (Figure 3a), suggesting their microporous
structure. Their BET values are 690 and 568 m2/g,
respectively. The corresponding pore size distributions are
0.86 and 0.77 nm, respectively, which is consistent with the
results estimated from the structural data. The pore volumes
are 0.28 and 0.22 cm3/g, respectively.
SO2 adsorption isotherms of MOF-Th-Co-66 and MOF-

Th-Co-67 are shown in Figure 3b. The adsorption capacity at
1 bar and 298 K is 5.00 mmol/g for MOF-Th-Co-66 and 6.23
mmol/g for MOF-Th-Co-67, indicative of a 1.24-fold
enhancement in the SO2 uptake through defect engineering.
The uptake exceeds those of commercial activated carbon (3.3

Figure 1. (a) Bimetallic approach based on Th6O4(OH)4 cluster,
octahedral Co(II) ions, and N,O-donor ligands. (b) View of Th36Co4
octahedral cage. (c) View of Th6O4(OH)4 cluster. (d) View of single
Co(II) ion. (e) Topological view of Th36Co4 octahedral cage. (f)
Topological view of (6,12)-connected net.
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mmol/g) and 13X zeolite (2.7 mmol/g) and is comparable
with the benchmark MOF of SIFSIX-2−Cu-I (6.90 mmol/
g).47 By contrast, they afford low CO2 uptake such as 1.35
mmol/g for MOF-Th-Co-66 and 1.58 mmol/g for MOF-Th-
Co-67, strongly suggesting selective adsorption of SO2 over
CO2.
We further employ the commonly used IAST method (ideal

adsorbed solution theory) to estimate the SO2/CO2
selectivity.50−56 It is found that MOF-Th-Co-67 shows higher
SO2/CO2 selectivity over MOF-Th-Co-66 (Figure 3c). At 1
bar and 298 K, MOF-Th-Co-67 gives a selectivity of 42.78, far
exceeding MOF-Th-Co-66 with a selectivity of 24.75, creating
a 1.7-fold enhancement in SO2/CO2 selectivity. More
impressively, the selectivity at the onset of adsorption is up
to 76.6 forMOF-Th-Co-67, almost 3.3-fold that forMOF-Th-
Co-66 (S = 23.01). The selectivity (S = 76.61−42.78) of
MOF-Th-Co-67 is comparable with some benchmark MOFs

such as MFM-601 (67.5−36.2), SIFSIX-1-Cu (70.7−54.1),
and SIFSIX-2-Cu-i (89.4−87.1).47−54 The results imply
stronger host−guest interactions for MOF-Th-Co-67 over
MOF-Th-Co-66. Qst is used to reflect the host−guest
interaction between the MOF and gas molecules.50−56 In
light of the adsorption data at 298 and 273 K, their Qst values
are obtained (Figures S5 and S6). The Qst of SO2 (35.83 kJ/
mol) in MOF-Th-Co-67 is bigger than that of 28.39 kJ/mol in
MOF-Th-Co-66 and comparable with the benchmark
materials of MFM-601,55 while the Qst of CO2 shows the
opposite trend with a hierarchy of MOF-Th-Co-67 (20.7 kJ/
mol) < MOF-Th-Co-66 (24 kJ/mol). The results imply
stronger framework−SO2 and weaker framework−CO2 inter-
actions in MOF-Th-Co-67 over MOF-Th-Co-66, thus leading
to higher SO2/CO2 selectivity in MOF-Th-Co-67 over MOF-
Th-Co-66.
To evaluate their actual desulfurization ability, dynamic

breakthrough experiments were carried out with SO2/CO2
mixtures containing 2000 ppm SO2 at 298 K (Figure 3d). It is
found that CO2 breaks out from the MOF column
immediately, while a long retention time was observed for
SO2 such as 157 min/g forMOF-Th-Co-66 and 317 min/g for
MOF-Th-Co-67, implying the excellent separation of trace
SO2 from the SO2/CO2 mixture. Impressively, in contrast to
that in MOF-Th-Co-66, the retention time for SO2 in MOF-
Th-Co-67 is enhanced by 2-fold. In addition, both MOFs
displayed no evident loss in SO2 retention time in the second
and third run of the regenerated MOFs (Figures S7 and S8).
PXRD was further used to confirm the stability of the two
MOFs after breakthrough tests (Figures S9 and S10).
The adsorption mechanism of SO2 on the two MOFs was

initially investigated by Grand Canonical Monte Carlo
(GCMC) simulations of SO2 adsorption.

56 The calculated
SO2 adsorption isotherms at 298 K are comparable with the
experimental value (Figures S11 and S12). The sorption
density of SO2 was analyzed, and one major as well as one
minor sorption site were disclosed, the major located at the
window of the Th36Co4 cage and the minor located in the pore
of the Th36Co4 cage (Figures S13 and S14). Details were
further elucidated by using periodic dispersion-corrected DFT
(DFT-D) calculations (Figure S15).56 For MOF-Th-Co-66,
site I is close to one nonlinker formate modulator with
(C)H(δ+)···(δ−)O(S) interactions (Figure S15a,b). The O···H
distance is 2.89 Å. This site is further stabilized by both
(C)H(δ+)···(δ−)O(S) interactions (2.96 Å) and benzene(δ−)···
(δ+)S interactions (3.72 Å, 3.81 Å) between SO2 and L2−
ligands. The binding energy is −27.77 kJ/mol. By contrast, site
II is close to one linker-type formate modulator, and just
stabilized by (C)H(δ+)···(δ−)O(S) interaction with an O···H
distance of 1.99 Å (Figure S15a,b), thus giving a small binding
energy of −10.54 kJ/mol. By contrast, for MOF-Th-Co-67, we
observed multiple (C)H(δ+)···(δ−)O(S) interactions among
SO2, acetate, and L2− ligands (3.02−3.38 Å) (Figure S15c),
thus leading to a higher binding energy of −30.62 kJ/mol
relative to that in MOF-Th-Co-66. Site II in MOF-Th-Co-67
is also strengthened by two (C)H(δ+)···(δ−)O(S) interactions
with an O···H distance of 1.73 Å from one linker-type acetate
modulator and 2.94 Å from one nonlinker acetate modulator
(Figure S15d). Accordingly, the binding energy is enhanced up
to −22.22 kJ/mol, relative to that in MOF-Th-Co-66.
In summary, we demonstrate herein a single-crystal defective

MOF through a bimetallic approach, resulting in a record eight
defect sites per metal node. The application of this defective

Figure 2. Structural comparison between MOF-Th-Co-66 and MOF-
Th-Co-67 in the aspects of the Th6O4(OH)4 cluster and Th36Co4
cage.

Figure 3. (a) N2 adsorption isotherms at 77 K with an inset of the
corresponding pore size distribution. (b) SO2 and CO2 adsorption
isotherms at 298 K. (c) SO2/CO2 adsorption selectivity at 298 K. (d)
Breakthrough curves at 298 K.
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MOF was initially reflected in the removal of trace SO2 with
high adsorption capacity and SO2/CO2 selectivity. Further, this
MOF could be potentially used in catalysis, separation, and so
on, when a suitable modulator is used.
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Willhammar; LarsÖhrström, T.; Horcajada, P.; Ibarra, I. A.; Inge, A.
K. A robust and biocompatible bismuth ellagate MOF synthesized
under green ambient conditions. J. Am. Chem. Soc. 2020, 142, 16795−
16804.
(54) Chen, F. Q.; Lai, D.; Guo, L. D.; Wang, J.; Zhang, P. X.; Wu, K.
Y.; Zhang, Z. G.; Yang, Q. W.; Yang, Y. W.; Chen, B. L.; Ren, Q. L.;
Bao, Z. B. Deep desulfurization with record SO2 adsorption on the
metal−organic frameworks. J. Am. Chem. Soc. 2021, 143, 9040−9047.
(55) Carter, J. H.; Han, X.; Moreau, F. Y.; Silva, I.; Nevin, A.;
Godfrey, H. G. W.; Tang, C. C.; Yang, S.; Schröder, M. Exceptional
adsorption and binding of sulfur dioxide in a robust zirconium-based
metal-organic framework. J. Am. Chem. Soc. 2018, 140, 15564−15567.
(56) (a) Zhang, H. P.; Fan, Y. L.; Krishna, R.; Feng, X. F.; Wang, L.;
Luo, F. Robust metal-organic framework with multiple traps for trace
Xe/Kr separation. Sci. Bull. 2021, 66, 1073−1079. (b) Luo, F.; Yan,
C. S.; Dang, L. L.; Krishna, R.; Zhou, W.; Wu, H.; Dong, X. L.; Han,
Y.; Hu, T. L.; O’Keeffe, M.; Wang, L. L.; Luo, M. B.; Lin, R. B.; Chen,
B. L. UTSA-74: a MOF-74 isomer with two accessible binding sites
per metal center for highly selective gas separation. J. Am. Chem. Soc.
2016, 138, 5678−5684. (c) Yin, M.; Krishna, R.; Wang, W.; Yuan, D.;
Fan, Y.; Feng, X.; Wang, L.; Luo, F. A [Th8Co8] nanocage-based
metal-organic framework with extremely narrow window but flexible
nature enabling dual-sieving effect for both isotope and isomer
separation. CCS Chem. 2022, 4, 1016−1027.

Inorganic Chemistry pubs.acs.org/IC Communication

https://doi.org/10.1021/acs.inorgchem.2c03177
Inorg. Chem. 2022, 61, 16986−16991

16991

 Recommended by ACS

Large Room Temperature Magnetization Enhancement in a
Copper-Based Photoactive Metal–Organic Framework
Zhen-Ni Gao, Guo-Ming Wang, et al.
SEPTEMBER 25, 2022
INORGANIC CHEMISTRY READ 

Synthesis, Structure, and Thermal Stability of a Mesoporous
Titanium(III) Amine-Containing MOF
Timothy Steenhaut, Yaroslav Filinchuk, et al.
JULY 11, 2022
INORGANIC CHEMISTRY READ 

Face-Directed Construction of a Metal–Organic Isohedral
Tetrahedron for the Highly Efficient Capture of
Environmentally Toxic Oxoanions and Iodine
Baoshan Hou, Zhongmin Su, et al.
APRIL 28, 2022
INORGANIC CHEMISTRY READ 

Influence of the Synthesis and Crystallization Processes on
the Cation Distribution in a Series of Multivariate Rare-
Earth Metal–Organic Frameworks and Their Magnetic C...
Raluca Loredana Vasile, Felipe Gándara, et al.
JULY 25, 2022
CHEMISTRY OF MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1002/adma.201602338
https://doi.org/10.1002/adma.201602338
https://doi.org/10.1002/adma.201602338
https://doi.org/10.1021/cm401270b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm401270b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202105229
https://doi.org/10.1002/anie.202105229
https://doi.org/10.1002/anie.202104555
https://doi.org/10.1002/anie.202104555
https://doi.org/10.1021/jacs.0c07525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scib.2020.12.031
https://doi.org/10.1016/j.scib.2020.12.031
https://doi.org/10.1021/jacs.6b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.31635/ccschem.021.202100789
https://doi.org/10.31635/ccschem.021.202100789
https://doi.org/10.31635/ccschem.021.202100789
https://doi.org/10.31635/ccschem.021.202100789
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02687?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02687?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02687?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02687?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00825?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00825?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00825?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00825?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00584?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00584?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00584?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00584?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00584?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667705112&referrer_DOI=10.1021%2Facs.inorgchem.2c03177
https://preferences.acs.org/ai_alert?follow=1


1

Creating High-Number Defect Site through Bimetal Approach in 

Metal-Organic Framework for Boosting Trace SO2 Removal 
Hui Ping Zhang, Qing Yun Zhang, Xue Feng Feng,* Rajamani Krishna, and Feng Luo*

Corresponding author: Feng Luo, ecitluofeng@163.com; Xue Feng Feng, xffeng@ecut.cn

mailto:ecitluofeng@163.com


2

Experimental Section
Materials and general methods. Caution! Th(NO3)4 used in this study emitts an α emitter, and the 

use of Th(NO3)4 was operated in an authorized laboratory designed for actinide element studies. 

Standard precautions for handling radioactive materials should be followed. Reagents and solvents 

were commercially available (Alfa) and were used without further purification. X-ray powder 

diffraction were collected by a Bruker AXSD8 Discover powder diffractometer at 40 kV, 40 mA for 

Cu Kλ ( λ= 1.5406 Å). The simulated powder patterns were calculated by Mercury 1.4. Infrared 

Spectra (IR) were measured by a Bruker VERTEX70 spectrometer in the 500-4000 cm-1 region. The 

gas adsorption isotherms were collected on a Belsorp-max. Ultrahigh-purity-grade (>99.999%) N2, 

SO2, and CO2 gases were used during the adsorption measurement. To maintain the experimental 

temperatures, liquid nitrogen (77 K) and water/ice bath (298 K and 273 K) was used.

Synthetic procedures

Synthesis of MOF-Th-Co-66. Th(NO3)2·4H2O (0.0208 mmol, 10 mg), Co(NO3)2·6H2O (0.0344 

mmol, 10 mg), 4-(1H-Pyrazol-4-yl)benzoic acid (0.0797 mmol, 15 mg) were dissolved in a mixture 

solution of N, N΄-dimethylformamide (DMF, 4 mL), H2O (1 mL) and nitric acid (0.1 mL). The 

solution was moved into a 25 mL Teflon-lined stainless steel vessel and heated at 115 ºC for 3 days, 

then it was cooled down to room temperature. Pink crystals were obtained and washed with 10 mL 

DMF for three times. Yield is 93% based on Th. Element analysis (experimental value): C 32.56%, 

H/2.66%, N/7.56%. 

Synthesis of MOF-Th-Co-67. Single crystals (20-50 mg) of MOF-Th-Co-66 with a mixture 

solution of N, N΄-dimethylformamide (DMF, 4 mL), H2O (1 mL) and glacial acetic acid (0.15 mL) 

were placed in a 25 mL Teflon-lined stainless steel vessel for SCSC transformation at 115°C for 3 

days, then it was cooled down to room temperature. Pink crystals were obtained and washed with 

10 mL DMF for three times. Element analysis (experimental value): C 32.89%, H/2.73%, N/7.49%.

The activation of samples before N2 adsorption. 100 mg samples were immerged in CH3OH (30 

mL) for three days with changing CH3OH three times every day. Then the samples were transferred 

to Belsorp-max and 100°C was used to activate the samples about 24 h.

X-ray Crystallography

X-ray diffraction data of MOF-Th-Co-66 and MOF-Th-Co-67 was collected at 298 K on a 

Bruker-Appex (II) diffractometer using graphite monochromated MoKα radiation (λ=0.71073 Å). 

The data reduction included a correction for Lorentz and polarization effects, with an applied 

multi-scan absorption correction (SADABS). The crystal structure was solved and refined using the 

SHELXTL program suite. Direct methods yielded all non-hydrogen atoms, which were refined with 
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anisotropic thermal parameters. All hydrogen atom positions were calculated geometrically and 

were riding on their respective atoms. The SQUEEZE subroutine of the PLATON software suite 

was used to remove the scattering from the highly disordered guest molecules. CCDC 

2131573-2131574 contains the supplementary crystallographic data of MOF-Th-Co-66 and 

MOF-Th-Co-67. The data can be obtained free of charge from the Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_ request/cif. A crystallographic summarization was 

shown in Table S1 and S2.

GCMC and DFT calculation

The single crystal structure of MOF was used as the initial geometric structure for calculation. The 

charges of the frame and gas molecules are calculated before the adsorption simulation. Using the 

Peng-Robinson equation of state to convert the fugacity in the simulation, the adsorption capacity of 

MOF for SO2 at a 298 K temperature and 0-1 bar pressure and the adsorption isotherm simulation 

were studied. All GCMC simulations were done with the Sorption module in MS. Using the 

Universal force field, the equilibration step and the production step were set to 5×106 and 5×106, 

respectively, the cutoff radius was set to 15.5 Å, the buffer width was set to 0.5 Å, and the precision 

was 1×10−4 kcal mol−1. 

   To obtain the adsorption binding energies of the two sites, we optimized and relaxed the original 

structure and gas molecules by placing them in a unit cell of the same size as the cell body of the 

original crystal structure. All optimizations are done with the Focite module in MS. According to 

the adsorption density map, SO2 gas molecules were introduced into the corresponding pore 

positions, and then complete structural relaxation occurred. The binding energy formula is Eads= 

EMOF/SO2−EMOF−ESO2, where EMOF/X is the total energy of the structure after the MOF adsorbs 

SO2, EMOF is the energy before the MOF adsorbs SO2, and EX is the structural energy of the 

structure containing only SO2 molecules. 

Fitting of experimental data on pure component isotherms. The isotherm data for SO2 in 

MOF-Th-Co-66 and MOF-Th-Co-67at 273 K and 298 K were fitted with the dual-site Langmuir 

model, where we distinguish two distinct adsorption sites A and B: 

, ,

1 1
sat A A sat B B

A B

q b p q b p
q

b p b p
 

 
(S1)

with T-dependent parameters bA, and bB
















RT
Ebb

RT
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A

AA exp;exp 00 (S2)

For CO2 in the two MOFs, a single-site Langmuir model is found to be of excellent accuracy.

The unary isotherm fit parameters for SO2 and CO2 are provided in Table S and Table S.

http://www.ccdc.cam.ac.uk/
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Isosteric heat of adsorption

The binding energy is reflected in the isosteric heat of adsorption, Qst, is calculated from the 

Clausius-Clapeyron equation.

   (S3)2 ln
st

q

pQ RT
T

     

IAST calculations of adsorption selectivities and uptake capacities

We consider the separation of binary SO2/CO2 1:99 v/v mixtures at 298 K. The adsorption 

selectivity for SO2/CO2 separation is defined by 

   (S4)
21

21

pp
qqSads 

Breakthrough test. In the dynamic breakthrough experiment, about 0.25 g activated samples (in 

the column Ø 46 mm150 mm) was used. The column is backfilled with argon and mounted in the 

set-up. Before starting each experiment, helium reference gas is flushed through the column and 

then the gas flow is switched to the desired gas mixture at the same flow rate of 5 mL/min. The gas 

mixture downstream the column was monitored using a Hiden mass-spectrometer. The desorption 

of the adsorbed SO2 and CO2 was achieved through 5 ml/min N2 purge after the breakthrough 

experiment at 100 °C. The flow rate for the SO2/CO2 mixture is 10 mL/min.
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Figure S1. A comparison of PXRD patterns among the simulated data, the as-synthesized samples, 

and the degassed samples. 
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Figure S2. A comparison of connectivity between UiO-66 and our MOF. Clearly, Zr6O4(OH)4 

clusters in UiO-66 is directly bridged by organic linkers, whereas in our case similar Th6O4(OH)4 

clusters are not directly bridged by organic linkers, but are bridged by a secondary metal ions. 

UiO-66

MOF-Th-Co-66
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Figure S3. View of the propionate-replaced structure, where clearly just the four non-linker formate 

modulators was replaced by propionate.
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Figure S4. The TG plots of the two MOFs in this work.
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Figure S7. The breakthrough test upon MOF-Th-Co-66 in the first, second and third run for a 

SO2/CO2 mixture containing 2000 ppm SO2 at 1 bar and 298 K. 
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Figure S8. The breakthrough test upon MOF-Th-Co-67 in the first, second and third run for a 

SO2/CO2 mixture containing 2000 ppm SO2 at 1 bar and 298 K.
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Figure S9. A comparison of PXRD patterns for MOF-Th-Co-66 among the simulated data and the 

samples after breakthrough test.
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Figure S10. A comparison of PXRD patterns for MOF-Th-Co-67 among the simulated data and the 

samples after breakthrough test.
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Figure S11. A comparison of experimental and calculated SO2 and CO2 adsorption for 

MOF-Th-Co-66.
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MOF-Th-Co-67.
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Figure S13. View of the adsorption density of SO2 in MOF-Th-Co-66 in site I and II.

Site I

Site II
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Figure S14. View of the adsorption density of SO2 in MOF-Th-Co-67 in site I and II.

Site I
Site II
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in MOF-Th-Co-67.
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Table S1. Crystal data and structure refinement for MOF-Th-Co-66.

Temperature 296 (2) K

Wavelength 0.71073 Å

Crystal system Tetragonal

Space group I4/m

Unit cell dimensions a = 18.0016(19)Å

b = 18.0016(19)Å

c = 23.092(5) Å

Volume 7483.1(19) Å3

Z 4

Density (calculated) 1.548 Mg/m3

F(000) 3220

Completeness to theta = 24.804° 99.9% 

Goodness-of-fit on F2 1.071

Final R indices [I>2sigma(I)] R1 = 0.0322, wR2 =0.1026

R indices (all data) R1 = 0.0359, wR2 =0.1042

CCDC number                             2131573
aR1 = Σ||Fo| − |Fc|| (based on reflections with Fo2> 2σF2); wR2 = {Σ[ω(Fo2− Fc2)2]/Σ[ω(Fo2)2]}1/2; w = 1/[σ2F0

2 + (0.095P)2]; P = [max (Fo2, 0) + 2Fc2]/3 (also 

with Fo2> 2σF2).



21

Table S2. Crystal data and structure refinement for MOF-Th-Co-67.

Temperature 296 (2) K

Wavelength 0.71073 Å

Crystal system Tetragonal

Space group I4/m

Unit cell dimensions a = 17.9055(18)Å

b = 17.9055(18)Å

c = 22.910(5) Å

Volume 7345(2) Å3

Z 4

Density (calculated) 1.626 Mg/m3

F(000) 3332

Completeness to theta = 24.804° 99.9 % 

Goodness-of-fit on F2 1.089

Final R indices [I>2sigma(I)] R1 = 0.0325, wR2 = 0.0763

R indices (all data) R1 = 0.0364, wR2 = 0.0776

CCDC number                              2131574
aR1 = Σ||Fo| − |Fc|| (based on reflections with Fo2> 2σF2); wR2 = {Σ[ω(Fo2− Fc2)2]/Σ[ω(Fo2)2]}1/2; w = 1/[σ2F0

2 + (0.095P)2]; P = [max (Fo2, 0) + 2Fc2]/3 (also 

with Fo2> 2σF2).
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Table S3. Dual-site Langmuir parameter fits for SO2 and CO2 in MOF-Th-Co-66. 

Site A Site B

qA,sat

mol kg-1

bA

1Pa

EA

kJ mol-1

qB,sat

mol kg-1

bB

1Pa

EB

kJ mol-1

SO2 5.3 1.112E-09 28 4 4.833E-12 28.4

CO2 3.9 3.315E-10 24
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Table S4. Dual-site Langmuir parameter fits for SO2 and CO2 in MOF-Th-Co-67. 

Site A Site B

qA,sat

mol kg-1

bA

1Pa

EA

kJ mol-1

qB,sat

mol kg-1

bB

1Pa

EB

kJ mol-1

SO2 1 3.390E-05 9.1 7 1.598E-11 36

CO2 7.2 6.597E-10 20.7
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