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ABSTRACT: O-xylene (OX) is an important chemical raw material, but it is
often produced in mixtures with other Cg aromatics. Similar physicochemical
properties of the Cq isomers make their separation and purification very difficult
and energy intensive. There is an unmet need for an adsorbent that would be
effective for the separation of OX from the other Cg isomers. This work reports
a three-dimensional interpenetrated metal—organic framework, SYUCT-110,
that interacts with each of the single-component Cg isomers to form. The
selectivity of Cq aromatic hydrocarbons was determined through liquid-phase
batch uptake experiments. The results revealed that the selectivity order was
OX > PX > MX > ethylbenzene (EB). The selectivity values were found to be
2.63, 1.58, 5.51, 3.71, 1.86, and 3.02 for OX/MX, OX/PX, OX/EB, PX/MX,
MX/EB, and PX/EB, respectively. The adsorption capacity of OX was 71 mg/g.
Grand Canonical Monte Carlo simulations were used to study the Cg
adsorption sites, revealing that z---7 interactions are the main reason for the observed adsorption selectivity. The adsorption

[l Metrics & More | @ Supporting Information

energy calculation results also verified the selectivity of SYUCT-110 for the synthesis of OX.

1. INTRODUCTION

The Cjg alkyl-aromatic compounds o-xylene (OX), m-xylene
(MX), pxylene (PX), and ethylbenzene (EB) are industrial
commodities each of which can be further processed into
higher value chemical products.”” For example, OX is used to
produce phthalic anhydride, an important monomer in the
production of plasticizers for polyvinyl chloride.® OX is
difficult to separate, purify, and expensive to produce.” Indeed,
Cy separation is recognized as one of the most challenging
industrial separations because of the similar physicochemical
properties of the Cg isomers.” In particular, the similar boiling
points of their boiling points make distillation infeasible (OX,
MX, PX, and EB are 144.4, 139.1, 138.4, and 136.2 °C,
respectively).® Separation methods for Cg isomers include
crystallization and adsorptive separation.” The crystallization
approach uses the difference in melting points for separation,
but with a recovery rate and large energy footprint.® Adsorptive
separation is the main method of Cg isomer separation because
of its relatively low energy consumption.” Zeolites, covalent
organic frameworks, and porous organic cages have been
studied in this context.'®'! Unfortunately, such adsorbents
tend to have disadvantages such as inflexible structures and low
selectivity.'”™'* Therefore, an adsorption material with
controllable structure and high selectivity is needed to address
Cg isomer separations.

Metal—organic frameworks (MOFs) are coordination net-
works typically composed of metal cations as nodes and
organic ligands as linkers or connectors.'>~"® MOFs offer large
uptake capacity, high specific surface area, and controllable
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structure, and they have been studied for the separation of Cg
aromatics."”~>' Lower dimensionality coordination polymers
have also been studied in this context, e.g., Li et al. prepared a
one-dimensional (1D) coordination polymer Mn-dhbg, which
can expand with temperature and enable, separation of
adjacent meta, and para xylene gas and liquid phases.”” The
layered material sql-1-Co-NCS reported by Wang et al. can
undergo switching to a phase loaded with Cg aromatics that
offers benchmark OX selectivity and high adsorption
capacity.” sql-4,5-Zn reported by Gao et al. has high
adsorption capacity for liquid-phase Cq aromatics and is the
first adsorbent to exhibit higher selectivity for PX, MX, and EB
vs OX in binary, ternary, and quaternary mixtures.”* The
NIIC-30 (Ph) report prepared by Sapianik et al. has a curved
channel decorated with aromatic adsorption sites and was
found to exhibit a new benchmark for OX/MX separation.”
Zhao et al. prepared aluminum-based MOFs that preferentially
sorbed OX.*®* Zhou et al. synthesized ZUL-C3 with a
nonaromatic closed pore environment by constructing a
mixed polycyclic alkane-type ligand.”” Simultaneous separation
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Figure 1. (a) Metal nodes and connectors in SYUCT-110 and (b) SYUCT-110 3D structure diagram in the direction of axis a (turquoise
represents cobalt atoms, red represents oxygen atoms, dark gray represents carbon atoms, and hydrogen atoms are not shown). (c) SYUCT-110
topology structure in the direction of axis a (pink represents cobalt metal clusters, red represents terephthalic acid, and blue represents 1,3-beib
connectors). (d) Diagram of the SYUCT-110 1D prismatic channel in the direction of axis a (blue is the inside of the channel and gray is the

outside of the channel).

of four isomers was successfully achieved, and the basis for the
dynamic separation of OX/PX and OX/MX was laid.

Although many MOFs have been used to separate Cg
aromatics, interpenetrating structures have not been studied
in this context. MOFs are rich in voids, but their pore structure
is not necessarily stable. “Interpenetration” is the phenomenon
whereby pores are filled by an adjacent network and the
network that is then entangled.”® Interpenetration in MOFs is
often seen as a negative phenomenon because it necessarily
means a reduction in poros1ty However, interpenetration
can result in a mechanism to adjust pore size and/or improve
the stability of MOFs.*® Interpenetration can improve the
selectivity and separation ability of materials to a certain
extent.’”” Heo et al. prepared a Cu-based metal—organic
framework (MOF-14) with doubly interpenetrating structure
and studied its adsorption and separation properties for ethane
and ethylene.” The results show that the interpenetration can
reduce the pore size and make the material have higher ethane
selectivity. The novel interpenetrating Zn-MOF (UPC-98)
prepared by Wang et al. has good stability and can remain
stable in an air environment at 250 °C.** In addition, C,H, can
be separated from C,H, with a purity of up to 99.9%.

We report herein the three-dimensional (3D) interpenetrat-
ing MOF SYUCT-110 (SYUCT = Shenyang University of
Chemical Technology). X-ray crystallographic analysis revealed
a structure with 1D rhomboid channels with moderate
dimensions. Adsorptive selectivity was determined by 'H
nuclear magnetic resonance ("H NMR) in batch adsorption
experiments. The results showed that SYUCT-110 is selective
to OX with the following overall order of selectivity: OX > PX
> MX > EB. The adsorptive capacity for Cg isomers was
determined by thermogravimetric analysis (TGA). Finally,

Grand Canonical Monte Carlo (GCMC) calculations were
used to simulate the adsorption sites and calculate the
adsorption energies.

2. RESULTS AND DISCUSSION

2.1. Crystal Structure of SYUCT-110. Single-crystal X-ray
diffraction analysis revealed that SYUCT-110 crystallized in
the monoclinic system in the space group, P2,,.. SYUCT-110
is composed of Co metal nodes linked by diimidazole ligands
1,3-beib[ 1,3-bis(2-ethylimidazol-1-ylethyl) benzene)] and ter-
ephthalate anions. The combination of single-crystal X-ray
determination and elemental analysis gave the formula
SYUCT-110 as Co,(1,3-beib)(TPA),. Elemental analysis
caled (%) for C3,H;30Co,N,Oq: C, 54.10; N, 7.57; H, 4.10;
found: C, 54.02; N, 7.85; H, 4.43.

Each cobalt cation is coordinated to four oxygen atoms and
one nitrogen atom (Figure S1). The Co atoms and
terephthalate anions form two-dimensional (2D) layered
structures and are further connected by 1,3-beib ligands to
form a 3D interpenetrating structure (Figure 1b) with
diamond-shaped channels along axis a. More interestingly,
due to the interpenetration of the structures, each large
rhombic channel is divided into four smaller rhombic channels
with side lengths of S A (Figure 1c,d). In addition, Co atoms
and terephthalate anions formed 2D-layered pores with a size
of 11.4 A (Figure S9). Due to the large layered pores, there is
no separation effect on Cg isomers. Therefore, this article
studies the S A diamond-shaped channel. Overall, SYUCT-110
possesses 1D diamond-shaped channels and a microporous
structure.

2.2. Synthesis and Characterization of SYUCT-110.
Powder X-ray diffraction (PXRD) of simulated, as-synthesized,
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Figure 2. '"H NMR spectrum of SYUCT-110 was recorded with OX (a), PX (b), MX (c), and EB (d).

and SYUCT-110 crystals was compared (Figure S2). The
signal-to-noise ratio in the high-angle region of the PXRD
pattern of MOFs makes it impossible to clear the weak peaks.*
Therefore, it is necessary to derive position marks for every
Miller plane in the plotted range and compare them with
simulated and synthesized PXRD patterns.”*™** The result
shows that some diffraction peaks exhibit shifts and differences
in intensity. It is due to the preferred orientation of the crystal.
During the growth process of crystals, certain crystal planes
exhibit stronger growth trends compared with other crystal
planes. The fact is the key that cause changes in the position
and intensity of diffraction peaks.*’~*' Further, the PXRD
patterns of SYUCT-110 before and after soaking in MeOH,
EtOH, CH;CN, DMA, and DMF for 1 day are similar (Figure
S$3), indicating that the structure remains intact. TGA revealed
that the activated form SYUCT-110 has no weight loss <400
°C in N, (Figure S4). The variable temperature PXRD results
also indicate that SYUCT-110 can be stabilized to 400 °C
(Figure SS). Fourier transform (FTIR) spectroscopy revealed a
band at 3444 cm™' consistent with the O—H stretching
vibration. This could be caused by the adsorption of some
water on the surface of the crystals (Figure S6). The weak
bands at 2954 cm™" can be attributed to the C—H stretch of
the linker. The strong absorption bands at 1622 cm™' and
1385 cm™! are due to vasym(COO) and vsym(COO) stretching
modes, respectively.”” SYUCT-110 was activated in a vacuum
oven at 130 °C for 6 h. In order to ensure the correct
activation, the activated samples were tested by TGA and
PXRD. The TGA test showed that solvent molecules were
successfully removed from the activated samples (Figure S4).
The PXRD patterns before and after activation were in
agreement (Figure S7). To explore the porosity of SYUCT-
110, CO, adsorption isotherms were measured (Figure S8).
The Brunauer—Emmett—Teller (BET) surface area of
SYUCT-110 was evaluated as 249.71 m? g”'. And the pore
size distribution shows that the 1D prismatic channel size of

SYUCT-110 is 4.8 A. This is consistent with the pore size
obtained from the crystal structure. Scanning electron
microscopy (SEM) and crystal images under the microscope
show that the crystal morphology is block-like (Figure S10).
Finally, the proton peaks of the 1,3-beib ligand and
terephthalate in SYUCT-110 are shown in Figure S13. The
sample contains the proton peak of 1,3-beib ligand, and the
carboxyl proton peak in TPA disappears. The results showed
that the Co and O in the carboxyl group formed coordination
bonds, and the complex was synthesized successfully. The ratio
of the two was determined by the integral area of the proton
peak. Thus, the ratio of 1,3-beib ligand to terephthalate was
1:2, which matches the crystal structure formula.

2.3. Batch Uptake Experiments. In order to study the
adsorption and separation performance of SYUCT-110 for Cg
aromatics, batch single-component absorption experiments
were conducted. In single-component batch adsorption
experiments, '"H NMR spectra of samples soaked with Cg
aromatics were compared with those of pure Cg aromatics and
SYUCT-110 (Figures 2 and S13). We found that the "H NMR
spectra of samples soaked with Cg aromatics showed methyl or
ethyl peaks. So, this indicates Cg isomer adsorption. We also
found that the methyl or ethyl peaks in Cg aromatics were
shifted after adsorption, which may be due to the difference in
sample concentration.”

To further determine the adsorptive selectivity of SYUCT-
110 for Cg aromatics, two-component batch adsorption
experiments were conducted by soaking the activated sample
in equimolar ratio mixtures of Cg isomers and testing by 'H
NMR. The methyl peaks of OX, MX, and PX resonances were
located at 2.08, 2.14, and 2.12 ppm, respectively (Figures S14—
S16), whereas for EB, methylene protons resonated from 2.43
to 2.47 ppm (Figure S17). "H NMR spectroscopy showed that
there were significant differences in the integrated areas and
peak intensities of methyl or methylene moieties in Cg
aromatics (Figure 3a—f).
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Figure 3. '"H NMR spectrum of SYUCT-110 for OX/MX selectivity (a), OX/PX selectivity (b), OX/EB selectivity (c), PX/MX selectivity (d),

MX/EB selectivity (e), and PX/EB selectivity (f).

According to the integral area of '"H NMR, selectivity values
were found to be 2.63, 1.58, 5.51, 3.71, 1.86, and 3.02 for the
X-ray diffraction domains of OX/MX, X-ray diffraction atoms
of OX/PX, X-ray diffraction atoms of OX/EB, X-ray diffraction
atoms of MX, and X-ray atoms of PX/EB and PX/EB,
respectively. To ensure the accuracy of the experiment, we
repeated the experiment three times. The average selectivity
values were 2.60 (OX/MX), 1.57 (OX/PX), 5.50 (OX/EB),
3.71 (PX/MX), 1.85 (MX/EB), and 3.02 (PX/EB) (Figures
$18—S23). SYUCT-110 has a preference for OX over other Cq
isomers in the following order of selectivity: OX > PX > MX >
EB. The value of OX/EB is higher than that of some good-
performing adsorbents, including MIL-53(Ga),* Co(dobdc),’
MIL-47(V),** MIL-101(Cr),"” and Zn(BDC)(Dabco),s."
The selectivity of OX/PX and OX/MX is comparable to that
of other MOFs (Table S2).

Next, the soaked samples are subjected to TGA and PXRD
testing. Data reveal that weight loss occurred at 160 °C
consistent with that of Cg aromatics (Figures 4a and S24—
S27). The adsorption capacities for OX and PX were 7.1%,
whereas MX and EB were 6.2% (Figure 4b). These data are
consistent with the adsorption selectivity obtained by 'H NMR
(Table S2). By comparing the PXRD patterns of the samples
before and after adsorption, it was found that the peak shape
and intensities had changed after adsorption (Figure 4c,d).
Although Cg isomers have similar kinetic dimensions, the

selectivity and adsorption capacity are not the same. This
phenomenon might be caused by weak interactions (e.g., 77,
hydrogen bonds, and van der Waals) between adsorbent
molecules and adsorbents.”” ™ In addition, we also evaluated
the recyclability and used TGA to determine the adsorption
capacity of the Cg aromatics. The adsorption capacity of Cg
aromatics did not decrease significantly after five cycles of
adsorption/desorption (Figures Sa and $28—S30). The
selectivity during the cycles was monitored by using 'H
NMR tests. After five cycles, the selectivity values of OX/MX,
OX/PX, OX/EB, PX/MX, MX/EB, and PX/EB were 2.6S,
1.57, 5.18, 3.59, 1.83, and 3.05, respectively (Figures Sb and
S31—-S839). The selectivity did not change significantly
compared to that before the cycles. The results showed that
SYUCT-110 still had good separation performance of Cq
aromatics. And PXRD patterns of cycled samples were found
to be consistent (Figures S40—S43).

2.4. GCMC Simulations. In order to gain insight into the
selectivity of SYUCT-110 for Cg aromatics, we used Material
Studio software for GCMC simulations. Compared with other
Cg aromatic hydrocarbons, the 77 interaction distance
between OX and the imidazole group in the 1,3-beib
connector is the shortest at 54757 A (PX, MX, and EB are
5.6198 A, 5.7226 A, and 5.8961 A, respectively) (Figure 6).
This also matches the selectivity obtained in the two-
component batch adsorption experiment. In addition, we
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also found a C—H- -7 weak interaction between the C atom on
the OX benzene ring and the imidazole group, as well as the
C—H-N hydrogen weak interaction distances are 4.1802 and
4.2448 A, respectively (Figure S44). Compared with other
isomers (MX, PX, and EB are 4.4744 and 4.3353 A, 4.5744 and
4.4765 A, and 4.7546 and 4.6306 A, respectively), OX has the
strongest C—H---7 weak interaction and C—H--N hydrogen
weak interaction (Table S3). This analysis of the binding sites
supports the experimental observations that SYUCT-110 has
higher selectivity for OX, which we can now attribute to the
stronger #---7 interactions, C—H:--x interaction, and C—H--N
hydrogen bonding.

To further explain the selectivity of OX over other Cg
aromatics, GCMC simulations were performed to calculate the
adsorption energy (E,qg,). E,g is calculated as follows™’

E.4s = Esyucr-110@cs — Esyucr—110 = Ecs (1)

where Egyycr.ii0@cs refers to the energy of the sample after
adsorption of Cg isomer. Egyycr. i refers to the energy of
SYUCT-110 before adsorption. Ecq refers to the energy of a
single Cg aromatic molecule. The results showed that the
adsorption energies of OX, MX, PX, and EB were —286.08,
—269.76, —274.56, and —254.40 kJ/mol, respectively (Table
S4). These values are on the same order of magnitude as the
adsorption energy values of molecules such as benzene, CO,,
NO,, and furfuryl alcohol, indicating the accuracy of the
calculation results.”' ~>* The adsorption energies of the four
isomers are negative, indicating that the isomers are attracted
to SYUCT-110. Besides, the adsorption energy of OX is the
largest compared to those of other isomers, which indicates the
strongest weak interaction between OX and the sample. The
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molecule in the structure of SYUCT-110.

results support that SYUCT-110 is more selective to OX than
other isomers.

3. CONCLUSIONS

In this work, the use of an interpenetrating MOF material for
the selective separation of Cg aromatics is proposed for the first
time. The structure contains 1D rhomboid channels. The
selectivity of Cg aromatics was determined by 2-component
batch adsorption experiments. The results showed that the
selective order was OX > PX > MX > EB. The selectivity of
OX/EB was 5.51. The adsorption capacity of OX was 71 mg/g.
In addition, it has good thermal stability (400 °C) and
recyclability (can be recycled at least five times). GCMC
simulations were used to study the Cg adsorption sites,
revealing that z---7 interactions between imidazole groups and
Cg aromatic hydrocarbons are the main reason for the
observed adsorption selectivity. E 4, calculated from GCMC
results show that SYUCT-110 and Cg isomers attract each
other. Compared with other isomers, OX has the highest
adsorption energy (—286.06 kJ/mol). It is further clarified that
SYUCT-110 has a preference for OX.

4. EXPERIMENTAL SECTION

4.1. Materials and Physical Measurements. All chemicals used
were purchased from commercial suppliers and were not further
purified during use. Crystal data was collected, and crystal structure
was determined using X-ray single-crystal diffraction produced by
Rigaku Company in Japan at T = 100 K. The smartlab9
polycrystalline powder X-ray diffractometer, manufactured by Rigaku,
Japan, was used to perform PXRD tests. Crystal appearance was
ascertained by the Quanta FEG 450 electron microscope of FEI
company and characterized using the Frontier infrared spectrometer
produced by PerkinElmer in the United States. TGA was performed
on the German NETZSCH SAT4495ES thermogravimetric analyzer.
"H NMR tests were performed using the AVANCE III 500 MHz
nuclear magnetic resonance instrument produced by Bruker, Switzer-
land. The CO, adsorption isotherm was determined using the BSD-
660 instrument produced by Beijing Bester.

4.2. Synthesis of SYUCT-110. Crystal SYUCT-110 was
synthesized by a solvent thermal reaction. 1,3-beib[1,3-Bis(2-ethyl-
imidazol-1-ylethyl)benzene)] (11.0 mg, 0.03 mmol), terephthalic acid

(5.0 mg, 0.03 mmol), and Co(NO;),-6H,0 (43.7 mg, 0.15 mmol)
with a solvent mixture of S mL of N,N-dimethylacetamide (DMA)
and 5 mL of methanol (MeOH) were dissolved in a 25 mL screw-
capped glass vial. Then, the vial was capped tightly and heated to 100
°C for 72 h. The blue lumpy crystals of SYUCT-110 were formed and
washed three times with fresh MeOH (yield: 48.8%, based on 1,3-
beib).

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969.

SEM images, XRD patterns and analyses, FIR spectra,
pore size distribution, DTG and TGA analyses, GCMC
simulation method, and "H NMR crystallographic data
for SYUCT-110 (PDE)

Accession Codes

CCDC 2347496 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Na Sun — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China; School of
Materials Science and Engineering National Institute for
Advanced Materials TKL of Metal and Molecule-Based
Material Chemistry, Nankai University, Tianjin 300350,
China; ® orcid.org/0000-0001-8006-7501;
Email: nasun@syuct.edu.cn

Yaguang Sun — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China;
Petrochemical Department, Liaoning Petrochemical College,
Jinzhou 121001, China; © orcid.org/0000-0001-5850-
0938; Email: sunyaguang@syuct.edu.cn

https://doi.org/10.1021/acs.inorgchem.4c02969
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c02969/suppl_file/ic4c02969_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2347496&id=doi:10.1021/acs.inorgchem.4c02969
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8006-7501
mailto:nasun@syuct.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaguang+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5850-0938
https://orcid.org/0000-0001-5850-0938
mailto:sunyaguang@syuct.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Zaworotko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Michael J. Zaworotko — Department of Chemical Sciences and
Bernal Institute, University of Limerick, Limerick V94 T9PX,
Republic of Ireland; ® orcid.org/0000-0002-1360-540X;
Email: xtal@ul.ie

Authors

Xue Zhou — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China

Han Yu — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China

Xiuwen Si — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China

Fu Ding — Key Laboratory of Inorganic Molecule-Based
Chemistry of Liaoning Province, Shenyang University of
Chemical Technology, Shenyang 110142, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.4c02969

Author Contributions

Na Sun carried out the theoretical research on separation and
wrote the draft of manuscript. Xue Zhou prepared the
separation materials, carried out all the separation experiments,
and wrote the draft of manuscript. Han Yu carried out all the
PXRD and TGA measurements. Xiuwen Si and Fu Ding
carried out the single-crystal X-ray diffraction measurements.
Yaguang Sun and Michael J. Zaworotko contributed to the
revision of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (22301191 and 21671139); The China
postdoctoral Science Foundation (2023M731798); the Liaon-
ing Province Science and Technology Plan Joint Program
Project (2023-BSBA-274); and the Scientific Research Project
of the Educational Department of Liaoning Province
(LJ2019011).

B REFERENCES

(1) Tan, H.; Chen, Q; Chen, T.; Liu, H. Selective Adsorption and
Separation of Xylene Isomers and Benzene/Cyclohexane with
Microporous Organic Polymers POP-1. ACS Appl. Mater. Interfaces
2018, 10, 32717—-3272S.

(2) Huang, W,; Jiang, J.; Wu, D.; Xu, J.; Xue, B.; Kirillov, A. M. A
Highly Stable Nanotubular MOF Rotator for Selective Adsorption of
Benzene and Separation of Xylene Isomers. Inorg. Chem. 2015, 54,
10524—10526.

(3) Hy, Y;; Li, N; Li, G.; Wang, A,; Cong, Y.; Wang, X;; Zhang, T.
Sustainable Production of O-Xylene from Biomass-Derived Pinacol
and Acrolein. ChemSusChem 2017, 10, 2880—2885.

(4) Shiau, L.-D. Purification of M-Xylene from the Mixed Xylenes by
Stripping Crystallization. Sep. Purif. Technol. 2021, 255, 117688.

(5) Yang, L; Liu, H; Yuan, D.; Xing, J; Xu, Y,; Liu, Z. Efficient
Separation of Xylene Isomers by a Pillar-Layer Metal-Organic
Framework. ACS Appl. Mater. Interfaces 2021, 13, 41600—41608.

(6) Gonzalez, M. L; Kapelewski, M. T.; Bloch, E. D.; Milner, P. J;
Reed, D. A.; Hudson, M. R;; Mason, J. A,; Barin, G.; Brown, C. M.;
Long, J. R. Separation of Xylene Isomers through Multiple Metal Site
Interactions in Metal-Organic Frameworks. J. Am. Chem. Soc. 2018,
140, 3412—3422.

(7) Yu, L; Zhang, J.; Ullah, S; Yao, J.; Luo, H.,; Huang, J.; Xia, Q;
Thonhauser, T.; Li, J.; Wang, H. Separating Xylene Isomers with a
Calcium Metal-Organic Framework. Angew. Chem., Int. Ed. 2023, 62,
No. €202310672.

(8) Shi, Q.; Gongalves, J. C.; Ferreira, A. F. P.; Rodrigues, A. E. A
Review of Advances in Production and Separation of Xylene Isomers.
Chem. Eng. Process. 2021, 169, 108603.

(9) Yang, Y.; Bai, P.; Guo, X. Separation of Xylene Isomers: A
Review of Recent Advances in Materials. Ind. Eng. Chem. Res. 2017,
56, 14725—-14753.

(10) Zhang, G.; Ding, Y.; Hashem, A.; Fakim, A.; Khashab, N. M.
Xylene Isomer Separations by Intrinsically Porous Molecular
Materials. Cell Rep. Phys. Sci. 2021, 2, 100470.

(11) Wu, Y.; Weckhuysen, B. M. Separation and Purification of
Hydrocarbons with Porous Materials. Angew. Chem., Int. Ed. 2021, 60,
18930—18949.

(12) Guo, F. A;; Wang, J,; Chen, C; Dong, X,; Li, X.; Wang, H;
Guo, P,; Han, Y.; Lj, J. Linker Vacancy Engineering of a Robust Ftw-
Type Zr-MOF for Hexane Isomers Separation. Angew. Chem., Int. Ed.
2023, 62, No. €202303527.

(13) Li, X;; Wang, J.; Bai, N.; Zhang, X.; Han, X; da Silva, L; Morris,
C. G; Xu, S.; Wilary, D. M.; Sun, Y.; Cheng, Y.; Murray, C. A; Tang,
C. C,; Frogley, M. D; Cinque, G.; Lowe, T.; Zhang, H.; Ramirez-
Cuesta, A. J.; Thomas, K. M.,; Bolton, L. W,; Yang, S.; Schroder, M.
Refinement of Pore Size at Sub-Angstrom Precision in Robust Metal-
Organic Frameworks for Separation of Xylenes. Nat. Commun. 2020,
11, 4280.

(14) Ma, L.-N.; Wang, Z.-H.; Zhang, L.; Hou, L.; Wang, Y.-Y.; Zhu,
Z. Extraordinary Separation of Acetylene-Containing Mixtures in a
Honeycomb Calcium-Based MOF with Multiple Active Sites. ACS
Appl. Mater. Interfaces 2023, 15, 2971-2978.

(1) Lazaro, 1. A.; Mazarakioti, E. C.; Andres-Garcia, E.; Vieira, B. J.
C.; Waerenborgh, J. C.; Vitérica-Yrezdbal, I. J.; Giménez-Marqués,
M.,; Minguez Espallargas, G. Ultramicroporous Iron-Isonicotinate
MOFs Combining Size-Exclusion Kinetics and Thermodynamics for
Efficient CO,/N, Gas Separation. J. Mater. Chem. A 2023, 11, 5320—
5327.

(16) Jiang, S.; Sun, H.; Gong, K.; Huang, X.; Zhu, Y.; Feng, X.; Xie,
J; Liu, J; Wang, B. Metal-Organic Frameworks for Breakthrough
Separation of 2-Butene Isomers with High Dynamic Selectivity and
Capacity. Angew. Chem., Int. Ed. 2023, 62, No. €202302036.

(17) Khalil, I. E.; Fonseca, J.; Reithofer, M. R.; Eder, T.; Chin, J. M.
Tackling Orientation of Metal-Organic Frameworks (MOFs): The
Quest to Enhance MOF Performance. Coord. Chem. Rev. 2023, 481,
215043.

(18) Zhang, Y.; Guo, W.; Liu, D.; Ding, Y. Tuning the Dual Active
Sites of Functionalized UIO-66 for Selective Adsorption of Yb(III).
ACS Appl. Mater. Interfaces 2023, 15, 17233—17244.

(19) Cui, W. G;; Hu, T. L;; By, X. H. Metal-Organic Framework
Materials for the Separation and Purification of Light Hydrocarbons.
Adv. Mater. 2019, 32, 1806445.

(20) Polyukhov, D. M.; Poryvaev, A. S.; Gromilov, S. A; Fedin, M.
V. Precise Measurement and Controlled Tuning of Effective Window
Sizes in ZIF-8 Framework for Efficient Separation of Xylenes. Nano
Lett. 2019, 19, 6506—6510.

(21) Wang, L,; Huang, H,; Zhang, X;; Zhao, H; Li, F; Gu, Y.
Designed Metal-Organic Frameworks with Potential for Multi-
Component Hydrocarbon Separation. Coord. Chem. Rev. 2023, 484,
215111.

(22) Li, L,; Guo, L.; Olson, D. H,; Xian, S.; Zhang, Z.; Yang, Q.; Wy,
K; Yang, Y,; Bao, Z.; Ren, Q.; Li, J. Discrimination of Xylene Isomers
in a Stacked Coordination Polymer. Science 2022, 377, 335—339.

(23) Wang, S. Q; Mukherjee, S.; Patyk-Kazmierczak, E.; Darwish,
S.; Bajpai, A;; Yang, Q. Y.,; Zaworotko, M. J. Highly Selective, High-
Capacity Separation of O-Xylene from Cg Aromatics by a Switching
Adsorbent Layered Material. Angew. Chem., Int. Ed. 2019, 58, 6630—
6634.

(24) Gao, M.-Y.,; Wang, S.-Q.; Bezrukov, A. A.; Darwish, S.; Song,
B.-Q; Deng, C,; Matos, C. R. M. O,; Liu, L,; Tang, B.; Dai, S.; Yang,

https://doi.org/10.1021/acs.inorgchem.4c02969
Inorg. Chem. XXXX, XXX, XXX—XXX


https://orcid.org/0000-0002-1360-540X
mailto:xtal@ul.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiuwen+Si"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fu+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02969?ref=pdf
https://doi.org/10.1021/acsami.8b11657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201700823
https://doi.org/10.1002/cssc.201700823
https://doi.org/10.1016/j.seppur.2020.117688
https://doi.org/10.1016/j.seppur.2020.117688
https://doi.org/10.1021/acsami.1c10462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c10462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c10462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202310672
https://doi.org/10.1002/anie.202310672
https://doi.org/10.1016/j.cep.2021.108603
https://doi.org/10.1016/j.cep.2021.108603
https://doi.org/10.1021/acs.iecr.7b03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xcrp.2021.100470
https://doi.org/10.1016/j.xcrp.2021.100470
https://doi.org/10.1002/anie.202104318
https://doi.org/10.1002/anie.202104318
https://doi.org/10.1002/anie.202303527
https://doi.org/10.1002/anie.202303527
https://doi.org/10.1038/s41467-020-17640-4
https://doi.org/10.1038/s41467-020-17640-4
https://doi.org/10.1021/acsami.2c19321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c19321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2TA08934C
https://doi.org/10.1039/D2TA08934C
https://doi.org/10.1039/D2TA08934C
https://doi.org/10.1002/anie.202302036
https://doi.org/10.1002/anie.202302036
https://doi.org/10.1002/anie.202302036
https://doi.org/10.1016/j.ccr.2023.215043
https://doi.org/10.1016/j.ccr.2023.215043
https://doi.org/10.1021/acsami.3c00938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c00938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201806445
https://doi.org/10.1002/adma.201806445
https://doi.org/10.1021/acs.nanolett.9b02730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2023.215111
https://doi.org/10.1016/j.ccr.2023.215111
https://doi.org/10.1126/science.abj7659
https://doi.org/10.1126/science.abj7659
https://doi.org/10.1002/anie.201901198
https://doi.org/10.1002/anie.201901198
https://doi.org/10.1002/anie.201901198
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

S.; Zaworotko, M. J. Switching Adsorbent Layered Material That
Enables Stepwise Capture of Cy Aromatics Via Single-Crystal-to-
Single-Crystal Transformations. Chem. Mater. 2023, 35, 10001-—
10008.

(25) Sapianik, A. A;; Dudko, E. R;; Kovalenko, K. A.; Barsukova, M.
O.; Samsonenko, D. G.; Dybtsev, D. N.; Fedin, V. P. Metal-Organic
Frameworks for Highly Selective Separation of Xylene Isomers and
Single-Crystal X-Ray Study of Aromatic Guest-Host Inclusion
Compounds. ACS Appl. Mater. Interfaces 2021, 13, 14768—14777.

(26) Zhao, Y.; Zhao, H.; Liu, D. Selective Adsorption and Separation
of O-Xylene Using an Aluminum-Based Metal-Organic Framework.
Ind. Eng. Chem. Res. 2021, 60, 17143—17149.

(27) Zhou, J; Ke, T.; Song, Y.; Cai, H; Wang, Z. a; Chen, L,; Xu,
Q.; Zhang, Z.; Bao, Z.; Ren, Q.; Yang, Q. Highly Efficient Separation
of Cg Aromatic Isomers by Rationally Designed Nonaromatic Metal-
Organic Frameworks. J. Am. Chem. Soc. 2022, 144, 21417—21424.

(28) Gupta, M,; Vittal, J. J. Control of Interpenetration and
Structural Transformations in the Interpenetrated MOFs. Coord.
Chem. Rev. 2021, 435, 213789.

(29) Sezginel, K. B.; Feng, T.; Wilmer, C. E. Discovery of
Hypothetical Hetero-Interpenetrated MOFs with Arbitrarily Dissim-
ilar Topologies and Unit Cell Shapes. CrystEngComm 2017, 19,
4497—-4504.

(30) Zhy, R; Ding, J; Jin, L.; Pang, H. Interpenetrated Structures
Appeared in Supramolecular Cages, MOFs, COFs. Coord. Chem. Rev.
2019, 389, 119—140.

(31) Liu, H,; Wang, X.; Wang, Y.; Sun, M.; Feng, Y,; Xie, D.; Gao,
F; Chen, W, Li, Z; Fan, W, Sun, D. Stepwise Pillar-Ligand
Fluorination Strategy within Interpenetrated Metal-Organic Frame-
works for Efficient C,H,/CO, Separation. Sep. Purif. Technol. 2024,
340, 126683.

(32) Shiraishi, K; Otsubo, K; Kato, K; Sadakiyo, M. A Novel
Threefold Interpenetrated Zirconium Metal-Organic Framework
Exhibiting Separation Ability for Strong Acids. Chem. Sci. 2024, 15,
1441—1448.

(33) Heo, C. Y.; Diaz-Ramirez, M. L.; Park, S. H.; Kang, M.; Hong,
C. S; Jeong, N. C. Solvent-Driven Dynamics: Crafting Tailored
Transformations of Cu(Il)-Based Mofs. ACS Appl. Mater. Interfaces
2024, 16, 9068—9077.

(34) Wang, X.; Wang, X.; Zhang, X; Fan, W,; Li, Q,; Jiang, W.; Dai,
F.; Sun, D. A Stable Interpenetrated Zn-MOF with Efficient Light
Hydrocarbon Adsorption/Separation Performance. Cryst. Growth Des.
2020, 20, 5670—5675.

(35) Gropp, C.; Canossa, S.; Wuttke, S.; Gandara, F.; Li, Q.;
Gagliardi, L.; Yaghi, O. M. Standard Practices of Reticular Chemistry.
ACS Cent. Sci. 2020, 6, 1255—1273.

(36) Zhao, Y.; Guo, L.; Géndara, F.; Ma, Y,; Liu, Z.; Zhu, C.; Lyy,
H.; Trickett, C. A,; Kapustin, E. A.; Terasaki, O.; Yaghi, O. M. A
Synthetic Route for Crystals of Woven Structures, Uniform
Nanocrystals, and Thin Films of Imine Covalent Organic Frame-
works. J. Am. Chem. Soc. 2017, 139, 13166—13172.

(37) Yang, H.; Peng, F.; Hong, A. N,; Wang, Y,; Bu, X,; Feng, P.
Ultrastable High-Connected Chromium Metal-Organic Frameworks.
J. Am. Chem. Soc. 2021, 143, 14470—14474.

(38) Danowski, W.; Castiglioni, F.; Sardjan, A. S.; Krause, S.; Pfeifer,
L.; Roke, D.; Comotti, A.; Browne, W. R.; Feringa, B. L. Visible-Light-
Driven Rotation of Molecular Motors in a Dual-Function Metal-
Organic Framework Enabled by Energy Transfer. J. Am. Chem. Soc.
2020, 142, 9048—9056.

(39) Buono, A.; Son, N. H.; Raos, G.; Gila, L.; Cominetti, A.;
Catellani, M.; Meille, S. V. Form II Poly(3-Butylthiophene): Crystal
Structure and Preferred Orientation in Spherulitic Thin Films.
Macromolecules 2010, 43, 6772—6781.

(40) Youssef, W. B.; Nefzi, H,; Somrani, S.; Sediri, F. B-VO,
Nanowires: Controlled Hydrothermal Synthesis and Optical Proper-
ties. J. Australas. Ceram. Soc. 2023, 60, 195—206.

(41) Jiang, Y.; Cao, L; Hu, X; Ren, Z; Zhang, C.; Wang, C.
Simulating Powder X-Ray Diffraction Patterns of Two-Dimensional
Materials. Inorg. Chem. 2018, 57, 15123—15132.

(42) Lu, J.-F; Liu, Z.-H. Two Interpenetrating 3D MOFs
Constructed by Bis(Imidazole) and V-Shape Carboxylate Co-Ligands:
Synthesis, Structure, Gas Adsorption and Photoluminescent Proper-
ties. J. Coord. Chem. 2016, 69, 2553—2562.

(43) Agrawal, M.; Bhattacharyya, S.; Huang, Y.; Jayachandrababu, K.
C.; Murdock, C. R; Bentley, J. A.; Rivas-Cardona, A.; Mertens, M.
M.; Walton, K. S.; Sholl, D. S.; Nair, S. Liquid-Phase Multicomponent
Adsorption and Separation of Xylene Mixtures by Flexible MIL-53
Adsorbents. J. Phys. Chem. C 2018, 122, 386—397.

(44) Finsy, V.; Verelst, H; Alaerts, L.; De Vos, D.; Jacobs, P. A,
Baron, G. V.; Denayer, J. F. M. Pore-Filling-Dependent Selectivity
Effects in the Vapor-Phase Separation of Xylene Isomers on the
Metal-Organic Framework MIL-47. J. Am. Chem. Soc. 2008, 130,
7110-7118.

(45) Gu, Z. Y.; Yan, X. P. Metal-Organic Framework MIL-101 for
High-Resolution Gas-Chromatographic Separation of Xylene Isomers
and Ethylbenzene. Angew. Chem., Int. Ed. 2010, 49, 1477—1480.

(46) Nicolau, M. P. M; Barcia, P. S.; Gallegos, J. M,; Silva, J. A. C;
Rodrigues, A. E.; Chen, B. Single- and Multicomponent Vapor-Phase
Adsorption of Xylene Isomers and Ethylbenzene in a Microporous
Metal-Organic Framework. J. Phys. Chem. C 2009, 113, 13173—
13179.

(47) Alaerts, L.; Kirschhock, C. E. A.,; Maes, M.; Veen, M. A. v. d,;
Finsy, V.; Depla, A.; Martens, J. A,; Baron, G. V,; Jacobs, P. A,;
Denayer, J. F. M.; De Vos, D. Selective Adsorption and Separation of
Xylene Isomers and Ethylbenzene with the Microporous Vanadium-
(IV) Terephthalate MIL-47. Angew. Chem. 2007, 119, 4371—4375.

(48) Cui, X; Niu, Z.; Shan, C.; Yang, L.; Hu, J.; Wang, Q; Lan, P.
C,; Li, Y.; Wojtas, L.; Ma, S.; Xing, H. Efficient Separation of Xylene
Isomers by a Guest-Responsive Metal-Organic Framework with
Rotational Anionic Sites. Nat. Commun. 2020, 11, 5456.

(49) Lin, Y.; Zhang, J.; Pandey, H.; Dong, X.; Gong, Q.; Wang, H.;
Yu, L.; Zhou, K;; Yu, W.; Huang, X; Thonhauser, T.; Han, Y.; Li, J.
Efficient Separation of Xylene Isomers by Using a Robust Calcium-
Based Metal-Organic Framework through a Synergetic Thermody-
namically and Kinetically Controlled Mechanism. J. Mater. Chem. A
2021, 9, 26202—26207.

(50) Liu, D.; Deng, J.; Jin, Y. Initial Adsorption of Water Molecule
on Hfc and Tac (001) Surfaces from Density-Functional Study. Appl.
Surf. Sci. 2014, 290, 35—39.

(51) Gui, Y.; Luo, P; Ji, C.; Lin, Y.; Chen, X. First-Principles Study
of the Gas Sensing of Benzene and Formaldehyde by Ag,O- and
CuO-Modified MoSe, Nanosheets. ACS Appl. Nano Mater. 2022, S,
12907—12914.

(52) Tao, L.-Q;; Zou, S; Wang, G; Peng, Z; Zhu, C; Sun, H.
Theoretical Analysis of the Absorption of CO, and CO on Pristine
and Al-Doped C;B. Phys. Chem. Chem. Phys. 2022, 24, 27224—27231.

(53) Liu, Y.; Ren, M,; Song, B.; Dong, M. A DFT Study of Toxic
Gases (NH;, C,H,, NO) Adsorption and Detection on Metal Oxides
(CuO, Ag,0, In,0;) Modified MoTe, Monolayer. Appl. Surf. Sci.
2023, 622, 156858.

(54) Zhao, H.; Liao, X.; Cui, H.; Zhu, M.; Hao, F.; Xiong, W.; Luo,
H; Lv, Y; Liu, P. Efficient Cu-Co Bimetallic Catalysts for the
Selective Hydrogenation of Furfural to Furfuryl Alcohol. Fuel 2023,
351, 128887.

https://doi.org/10.1021/acs.inorgchem.4c02969
Inorg. Chem. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acs.chemmater.3c01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c03049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c03049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2021.213789
https://doi.org/10.1016/j.ccr.2021.213789
https://doi.org/10.1039/C7CE00290D
https://doi.org/10.1039/C7CE00290D
https://doi.org/10.1039/C7CE00290D
https://doi.org/10.1016/j.ccr.2019.03.002
https://doi.org/10.1016/j.ccr.2019.03.002
https://doi.org/10.1016/j.seppur.2024.126683
https://doi.org/10.1016/j.seppur.2024.126683
https://doi.org/10.1016/j.seppur.2024.126683
https://doi.org/10.1039/D3SC04171A
https://doi.org/10.1039/D3SC04171A
https://doi.org/10.1039/D3SC04171A
https://doi.org/10.1021/acsami.3c18858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c18858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma101162x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma101162x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s41779-023-00940-5
https://doi.org/10.1007/s41779-023-00940-5
https://doi.org/10.1007/s41779-023-00940-5
https://doi.org/10.1021/acs.inorgchem.8b02315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00958972.2016.1216107
https://doi.org/10.1080/00958972.2016.1216107
https://doi.org/10.1080/00958972.2016.1216107
https://doi.org/10.1080/00958972.2016.1216107
https://doi.org/10.1021/acs.jpcc.7b09105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800686c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800686c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800686c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200906560
https://doi.org/10.1002/anie.200906560
https://doi.org/10.1002/anie.200906560
https://doi.org/10.1021/jp9006747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9006747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9006747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.200700056
https://doi.org/10.1002/ange.200700056
https://doi.org/10.1002/ange.200700056
https://doi.org/10.1038/s41467-020-19209-7
https://doi.org/10.1038/s41467-020-19209-7
https://doi.org/10.1038/s41467-020-19209-7
https://doi.org/10.1039/D1TA08055E
https://doi.org/10.1039/D1TA08055E
https://doi.org/10.1039/D1TA08055E
https://doi.org/10.1016/j.apsusc.2013.10.182
https://doi.org/10.1016/j.apsusc.2013.10.182
https://doi.org/10.1021/acsanm.2c02753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CP04181B
https://doi.org/10.1039/D2CP04181B
https://doi.org/10.1016/j.apsusc.2023.156858
https://doi.org/10.1016/j.apsusc.2023.156858
https://doi.org/10.1016/j.apsusc.2023.156858
https://doi.org/10.1016/j.fuel.2023.128887
https://doi.org/10.1016/j.fuel.2023.128887
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

