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Abstract

:

Electrons interact strongly with matter, which makes it possible to obtain high-resolution electron diffraction data from nano- and submicron-sized crystals. Using electron beam as a radiation source in a transmission electron microscope (TEM), ab initio structure determination can be conducted from crystals that are 6–7 orders of magnitude smaller than using X-rays. The rapid development of three-dimensional electron diffraction (3DED) techniques has attracted increasing interests in the field of metal-organic frameworks (MOFs), where it is often difficult to obtain large and high-quality crystals for single-crystal X-ray diffraction. Nowadays, a 3DED dataset can be acquired in 15–250 s by applying continuous crystal rotation, and the required electron dose rate can be very low (<0.1 e s−1 Å−2). In this review, we describe the evolution of 3DED data collection techniques and how the recent development of continuous rotation electron diffraction techniques improves data quality. We further describe the structure elucidation of MOFs using 3DED techniques, showing examples of using both low- and high-resolution 3DED data. With an improved data quality, 3DED can achieve a high accuracy, and reveal more structural details of MOFs. Because the physical and chemical properties of MOFs are closely associated with their crystal structures, we believe 3DED will only increase its importance in developing MOF materials.
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1. Introduction


Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are formed by coordination of metal ions or clusters with organic ligands. Due to their large surface areas, tunable pore structures, adjustable chemical functionality, and structural flexibility [1,2,3,4,5,6], MOFs have shown wide applications such as gas storage [7,8,9,10], separation [11,12,13,14], energy storage and conversion [15,16,17,18,19,20], drug delivery [21,22], sensing [23,24,25,26], catalysis [27,28,29,30,31], and bio-technological applications [32]. A deep understanding of their atomic structures is essential for utilizing their properties to develop new applications and design new MOFs. Various diffraction techniques have been applied for structure determination of MOF crystals, among which are single-crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), and electron diffraction (ED).



SCXRD is currently the most common and mature technique for structure determination. A large variety of crystal structures of new materials has been solved using SCXRD [33]. However, structure determination by SCXRD requires large crystal sizes to be at least a few micrometers, and it is sometimes difficult to grow for MOF crystals. Many MOFs are synthesized as nano- or submicron-sized crystals, which are too small to be studied by SCXRD. In such cases, PXRD has been an alternative technique, by which data from millions of randomly oriented crystals are collected. However, the peak overlap of Bragg reflections in PXRD data leads to a major challenging for structure determination where extraction of the intensities of overlapped peaks is difficult. This drawback is more likely intensified for MOFs, which often have large unit cells or contain multiple crystalline phases.



Three-dimensional electron diffraction (3DED) techniques have been developed to overcome the size limitation imposed by SCXRD, which have been shown to be powerful for ab initio structure determination of nano- or submicron-sized crystals. Electrons interact much stronger with matter than X-rays do. By taking this advantage, therefore, ED data with a high signal-to-noise ratio can be obtained even for tiny crystals. During the past two decades, several research groups have independently developed different protocols of 3DED [34,35,36,37,38,39,40,41,42,43,44]. The principle of 3DED is to tilt the crystal around the goniometer axis in a TEM and record two-dimensional (2D) ED pattern at each tilt angle. Reconstructing the 2D ED patterns at different angles into a 3D reciprocal lattice allows for the determination of unit cell and space group. Further indexing the reflections and extracting their intensities provide the basis for determining the crystal structure by using e.g., direct methods, charge flipping, etc. Various studies have demonstrated that 3DED methods can effectively and accurately determine different kinds of structures of MOFs [45,46,47].



In this review, we describe the development of 3DED techniques, with a focus on recently developed continuous rotation data collection. Benefiting from the fast data collection, the continuous rotation methods exhibit significant advantages for structural analysis of MOFs, which are sensitive to radiation damage by electron beams. We explore the importance of minimizing radiation damage and improving data quality to achieve high accuracy and reliability of atomic structures obtained by 3DED. We choose several MOFs as examples to demonstrate the power of structure determination by 3DED, from low-resolution data (≥1.3 Å) to high-resolution data (<1.3 Å). Finally, we discuss the limitation and future perspectives of 3DED methods.




2. Three-Dimensional Electron Diffraction (3DED) Methods


Electron diffraction (ED) was first discovered in 1927 [48]. Structural analysis by ED has also a long history, with the first publication of structure determination by ED in 1937 [49]. Ab initio structure determination was conducted on different types of organic and inorganic crystals using ED patterns taken along different zone axes [50,51,52,53,54]. However, it is highly time-consuming to collect complete ED data and obtain integrated intensities based on zone axis patterns. It is also challenging to merge ED intensities from different zone axes to obtain 3D data. Furthermore, multiple scattering of electrons in the crystal results in dynamical effects, which are pronounced in zonal ED patterns.



Since the late 2000 s, several groups have developed 3DED techniques to address the aforementioned drawbacks in using electron diffraction for structural analysis of nano- and submicron-sized crystals. Two groups led by Kolb and Hovmöller independently developed methods and software for 3DED data collection. The basic concept of 3DED is to rotate an arbitrarily oriented crystal by tilting a goniometer in a TEM and acquire a series of ED patterns at different goniometer tilt angles, so that 3D reciprocal space is sampled. Kolb et al. developed automated diffraction tomography (ADT) [34], which is performed in scanning transmission electron microscopy (STEM) mode. During the data collection of ADTs, the fine data sampling is achieved by combining goniometer tilt with electron beam precession using the beam tilt deflectors, which is also called precession electron diffraction tomography (PEDT) [35]. Hovmöller et al. developed rotation electron diffraction (RED) [36,37], which is performed in TEM mode using stepwise rotation. During the data collection of RED, the sampling is achieved by combining coarse goniometer tilt (e.g., 1.0–2.0 °/step) with fine beam tilt (e.g., 0.05–0.20 °/step) to cover the reciprocal space. Various software has been developed for processing 3DED data, and reconstruction and virtualization of reflections in 3D reciprocal space, i.e., RED data processing [37], ADT3D [55], PETS [56], and EDT-PROCESS [38]. From the reconstructed 3D reciprocal lattice, the unit cell parameters and space group can be determined, and the intensities can be integrated and extracted. The developments of 3DED have drastically simplified the data collection procedure, decreased the time needed for data collection, and reduced the effect of dynamical scattering.



Overcoming the size limitation of SCXRD, 3DED has been applied to study nano- and submicron-crystals of MOFs, whose structures are difficult or even impossible to be solved by SCXRD or PXRD [45,46,47]. However, due to the weak coordination interaction between inorganic metal ions and organic linkers, MOFs suffer more from electron beam damage than inorganic crystals, such as zeolites [57] and metal oxides [58]. This leads to crystal degradation during the 3DED data collection. As a result, data quality is limited, particularly in terms of data resolution, which needs to be higher enough to resolve individual atoms in MOF crystals for ab initio structure determination. While it is possible to obtain structural models from low resolution 3DED data, the data is not enough for structure refinement to validate the structural model. In such a case, other techniques, such as Rietveld refinement against PXRD, nuclear magnetic resonance (NMR) spectroscopy, etc. are often used as complementary methods to validate the structures obtained from 3DED data [59,60,61,62].



New 3DED protocols by applying continuous crystal rotation, denoted by different groups as continuous rotation electron diffraction (cRED) [43], Fast ADT [44], Fast-EDT [42], MicroED [41], and rotation electron diffraction [40], have been developed. As a result, these methods have greatly speeded up data collection, reduced beam damage, and improved data quality. In contrast to the stepwise 3DED techniques, 3DED data are recorded in a movie mode while the crystal is continuously rotated at a constant speed (Figure 1). Using this strategy, the total data collection time can be reduced to less than a few minutes, which drastically reduces the overall beam damage and prevents loss of crystallinity. Combining with a high-speed detector with fast readout time, the total electron dose applied on the crystal can be decreased, the missing data wedge in 3D reciprocal space can be minimized, and data quality can therefore be further improved. Because the recorded images represent integrated intensities over the desired exposure time for continuous rotation data, more accurate intensities can be obtained. In many cases, collecting the data at the cryogenic condition with a cooling holder can further mitigate the beam damage [63] and therefore improve data resolution. In practice, due to the sample drift caused by goniometer tilt, it is often difficult to keep the same crystal area selected for data acquisition using continuous rotation methods. To solve the problem, a crystal-tracking solution was developed by defocusing the diffraction patterns at regular intervals (e.g., after every 10 diffraction patterns), and the crystal can be re-centered either manually or automatically by software such as Instamatic [43,64]. For continuous rotation data, in addition to the software developed for processing stepwise 3DED data [65,66], software developed for X-ray crystallography, such as XDS [67], DIALS [68], and MOSFLM [69] can be adapted for data reduction and intensity extraction. Using kinematical approximation, ab initio structure solution can be performed in a similar manner as for SCXRD by applying direct methods, charge flipping, etc., with software such as SHELX [70,71], SIR [72], and JANA [73]. Notably, during data processing, wavelength and atomic scattering factors for electrons should be used instead of those for X-rays. Electron beam damage could be further reduced using serial electron diffraction (SerialED), where one single ED pattern is obtained per crystal with a throughput of thousands of ED patterns per hour [43]. Recent publications show that SerialED could enhance the resolution and signal-to-noise ratio of the data [74,75]. However, unit cell parameters are required for processing and indexing of SerialED data, which is an obstacle for the study of new materials, e.g., new MOFs. On the other hand, the development of serial rotation electron diffraction (SerialRED) allows automated cRED data acquisition, with a throughput of hundreds of crystals per hour [76]. An automated data processing pipeline was developed to process the SerialRED data, group and identify various phases in the sample by hierarchical cluster analysis based on the matching of unit cells and diffraction intensities [76]. With such advantages of the latest developments on 3DED methods, the number of MOF structures determined by 3DED keeps increasing.




3. Applications of 3DED on MOFs


As 3DED provides advantages on structural analysis of nano- and submicron-sized crystals, a growing number of MOFs whose structures cannot be studied by SCXRD have been determined by 3DED (Table 1). In this section, we present various examples of structure determination of MOFs using both low resolution (≥1.3 Å) and high-resolution (<1.3 Å) 3DED data. We first describe early applications with generally low data resolutions, followed by applications using high-resolution data obtained with improved 3DED techniques. We explore the importance of improving data resolution to reveal more structural details and achieve high accuracy and reliability of structural models.



3.1. Structural Elucidation Using Low-Resolution 3DED Data


The resolution of 3DED data from a MOF crystal is affected by many factors, for example, the crystallinity of the MOF, the stability of the MOF in vacuum and under the electron beam. Data resolution can be improved by reducing the total electron dose used for 3DED data collection. Stepwise 3DED data collection by ADT and RED, which were first developed, often requires higher electron doses and much longer data collection time compared to continuous rotation 3DED. Therefore, early examples of structure determination of MOFs using stepwise rotation for 3DED data collection, often have poor data resolution (>1.3 Å). In such cases, direct phasing of 3DED data and subsequent least-squares structure refinement were almost impossible. However, the unit cell and space group determined by 3DED can be used for structure solution by real space approaches such as simulate annealing and model building. The resulting structural models need to be further verified and refined using complementary techniques such as PXRD and NMR.



For example, the structures of a series of isoreticular lanthanide-based MOFs were determined using RED data [60]. Built from lanthanide chains and tritopic linkers, the SUMOF-7I to -7IV have expanding pore diameters from 8.4 to 23.9 Å. (Figure 2). It was unsuccessful in producing sufficiently large crystals of SUMOF-7II, III, and IV for SCXRD. Instead, RED was employed for the structure determination of the SUMOF-7s. The resolution of RED data decreased with the increasing size of the linkers, from 1.05 Å for SUMOF-7I(La), 1.23 Å for SUMOF-7II(La), to 3.57 Å for SUMOF-7III(La). As the resolution of the RED data was too low to ab initio determine the structure of SUMOF-7III(La), a structural model was built based on the obtained unit cell by using reticular chemistry. The structural models were further refined against the high-quality PXRD data by Rietveld refinement. SUMOF-7I, 7II, and -7III exhibit permanent porosity and high thermal and chemical stability.



RED was applied to obtain the key structural information of PCN-333(Al). It reveals that the crystal system is cubic with a large a parameter (≈127 Å). The space group was determined to be Fd-3m by combining RED and HRTEM [62]. With this important information, PCN-333(Al) was determined by model building and refined against PXRD data despite the limited data resolution (5 Å). The structural analysis revealed that the PCN-333(Al) MOF contains ultra-large mesoporous cages which could encapsulate enzymes. In another example for the structure determination of PCN-128W, the unit cell parameters and space group were successfully determined from RED data with a resolution of 1.4 Å. An initial structural model was obtained by direct methods. However, the resolution was insufficient for structure refinement. The structure of PCN-128W was subsequently refined against synchrotron PXRD data using the Rietveld method. It reveals that the crystal structure of PCN-128W consists of Zr6 clusters linked by rectangular 4′,4′′′,4′′′′,4′′′′′′′-(ethene-1,1,2,2-tetrayl)tetrakis-(([1,1′-biphenyl]-4-carboxylic acid)) (H4ETTC) planar ligands and exhibits an interesting piezofluorochromic behavior [61].




3.2. Structural Elucidation Using High-Resolution 3DED Data


With the development of continuous rotation methods, ultrafast 3DED data collection can be achieved using a high rotation speed (>0.4 º/s), and a complete dataset can be obtained in 15–250 s. A low electron dose rate (<0.1 e Å−2s−1) can be applied to reduce electron beam damage. These advances have significantly improved the 3DED data quality. For most MOFs, it is possible to collect high resolution 3DED data (0.7–1.1 Å, Table 1). With a resolution better than 1.3 Å, the structures of MOFs can be solved ab initio from the 3DED data by direct phasing methods such as direct methods and charge flipping. More importantly the structural model can be refined against 3DED intensities. In addition, with improved data quality, more structural details can be revealed, which provides fundamental knowledge regarding the physical and chemical properties of MOFs. For example, cRED was used to determine the structure of CAU-23 (Figure 3), which crystallized as nano-sized particles of ~200 nm. Low dose illumination and fast data acquisition were applied to collect cRED data. The cRED data has a resolution of 1.13 Å, which is high enough for ab initio structure determination. The structure was therefore solved and refined from the cRED data, and all framework atoms were located with high precision and agreement values [87]. The framework structure of CAU-23 is chiral with a non-centrosymmetric space group. Four consecutive trans and cis corner-sharing AlO6 polyhedra formed the rod-shaped inorganic building unit. CAU-23 has a high-water sorption capacity, which makes it as an ideal material for ultra-low temperature adsorption driven chillers.



The structures of two isoreticular MOFs named PCN-415 and PCN-416 were successfully determined from cRED data at 0.75 and 1.05 Å resolution, respectively (Figure 4) [85]. PCN-415 was synthesized by linking the [Ti8Zr2O12(MeCOO)16] clusters and 1,4-benzenedicarboxylate (BDC) linkers. Extension of BDC into 2,6-naphthalenedicarboxylate (NDC) gives rise to an isoreticular MOF, PCN-416. Due to the small crystal sizes of PCN-415 and PCN-416, cRED was applied to both solve and refine the structures. In addition, the structural models were compared with those refined against PXRD. The atomic positions refined by cRED and PXRD are very similar and differ on average by 0.032 Å for Zr and Ti atoms and by 0.071 Å for O and C atoms. The small deviation demonstrates high accuracy and reliability of the 3DED method. Importantly, the high-resolution data enables precise locations of Ti and Zr in the mixed metal cluster, which is crucial for understanding the photoactivity of PCN-145 and PCN-416 and their utilization as photocatalysts for hydrogen generation.



CAU-45 is an example of a mesoporous MOF solved by direct phasing of cRED data [93]. Its structure could be solved from a cRED dataset collected in less than 1.5 min. The data resolution was better than 0.8 Å. Multiple cRED datasets were merged to increase the data completeness. The structure was refined using the high-quality cRED data. In addition to the framework structure, the hydrogen bond network and disorders of the amide groups could be identified from the refinement against the cRED data. CAU-45 exhibits a honeycomb structure of stacked layers which comprise both hexa- and dodecanucelar zirconium clusters (Figure 5).



With the improvement of 3DED data quality, it is possible to locate guest species in the pores of MOFs. Using cRED data collected at low sample temperature (96 K), the structure of a novel porous cobalt MOF, Co-CAU-36, was determined (Figure 6) [86]. Co-CAU-36 was synthesized using Co(II) as the metal ion and tetracarboxyporphyrin (H6TCPP) as the linker in a solvent mixture containing 1,4-diazabicyclo[2.2.2]octane (DABCO), HCl, and water. Eight high resolution cRED datasets (0.83–1.00 Å) were obtained from different crystals. Accurate structural models were determined from each of the eight datasets. Notably, not only the framework atoms but also solvent DABCO and H2O molecules in the pores could be located after analyzing the difference Fourier maps. Furthermore, hydrogen bonds were observed between the DABCO and the framework, as well as between the water molecules, which are crucial to stabilize the solvent molecules.



A zeolitic imidazolate framework ZIF-CO3-1 was another example whose structure was ab initio determined using high-resolution cRED data (1.0 Å) [96]. ZIF-CO3-1 was built by linking Zn(II) cations with 2-methylimidazolate (mIM−) and carbonate (CO32− ) ions. To assess the accuracy of structure determination by 3DED, the final structural model of ZIF-CO3-1 refined against cRED data was compared to that refined against SCXRD data (Figure 7) [95,99]. Although the R1 value of cRED data (0.227) is higher than that of SCXRD data (0.049), the two structural models are very similar, with an average deviation of 0.06(1) Å for the heavy Zn atom and 0.07(3) Å for light atoms including N, C, and O (Figure 7). The average deviation for the bond lengths and angles are 0.04(3) Å and 4(3)°, respectively. The small deviation suggests that the structural models obtained by using high quality 3DED data are as accurate and reliable as those obtained by SCXRD. The high R1-values, therefore, are mainly caused by dynamical effects, because the 3DED intensities are treated as kinematical intensities in structure refinement using X-ray crystallography software, such as SHELX and JANA.





4. Summary and Outlook


In this review, we describe the development of using 3D electron diffraction for structure determination and the recent advances of 3DED techniques from stepwise rotation to continuous rotation. The continuous rotation methods provide cutting edges to minimize beam damage and improve data quality. We describe the structure determination of MOFs by using low resolution (≥1.3 Å) and high resolution (<1.3 Å) 3DED data. For low-resolution data, key structural information such as unit cell parameters and space groups can be determined from 3DED data. Further structure determination requires a combination with other characterization techniques. For high-resolution data, structure determination using 3DED can be as accurate as SCXRD does. With the improvement of data quality, detailed structural information such as the location of guest molecules, hydrogen-bonding networks can also be obtained.



Despite the achievements of 3DED methods, more efforts are needed to further develop 3DED techniques and explore their applications in MOF materials. As hardware, especially detectors, are crucial for obtaining high quality data, faster and more sensitive detectors are needed to further improve data resolution. Overcoming dynamical effects caused by multiple scattering is another challenge, which hinders discovering more structural details of MOFs. The loss of crystallinity caused by vacuum can be prevented by applying cryo-EM techniques. However, cryo-EM techniques are mostly based on aqueous solutions. As most MOFs crystallize in organic solvents and could be unstable in aqueous solutions, further development of organic solvent based cryo-EM techniques is desired to prevent damage of MOFs in vacuum.



With the fast development of 3DED techniques, we believe 3DED will become a widespread technique to provide accurate and reliable structural models for MOFs. Predictably, by taking the advantages of 3DED for structural analysis, it will certainly accelerate research in the field of MOFs.
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Figure 1. Illustration of (a) stepwise and (b) continuous rotation methods for three-dimensional electron diffraction (3DED) data collection. For stepwise rotation in (a), the crystal can be centered at each step. Fine steps are required in order to sample the reciprocal lattice and accurately estimate the intensities. For continuous rotation in (b), integrated intensities are obtained which are more accurate than stepwise rotation. Continuous rotation prefers detectors with a short readout time to avoid missing data during the detector readout. 
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Figure 2. Crystal structures of SUMOF-7I (a), SUMOF-7II (b), SUMOF-7III (c), and SUMOF-7IV (d). The diameters of the corresponding pore apertures are 8.4, 11.3, 16.3, and 23.9 Å, respectively (taking into account the van der Waals radii of the atoms) [60]. Reproduced from ref. [60] with permission from the American Chemical Society, copyright 2015. 
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Figure 3. (a) Reconstructed 3D reciprocal lattice from cRED data of a nano-sized single-crystal (inset) of CAU-23. (b) The repetition of cis and trans corner-sharing AlO6 polyhedra forming the inorganic building unit of CAU-23. (c) The 3D structure of CAU-23 projected along [010]; water molecules are omitted for clarity [87]. Reproduced from ref. [87] with permission from the Springer Nature, copyright 2019. 
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Figure 4. Reconstructed 3D reciprocal lattice of (a) PCN-415 and (b) PCN-416 from cRED data. Insets are the crystals from which the RED data were collected. (c) and (d) Structure of PCN-415 and PCN-416 built from [Ti8Zr2O12(RCOO)16] clusters and different carboxylate linkers [85]. Reproduced from ref. [85] with permission from the American Chemical Society, copyright 2018. 
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Figure 5. Inorganic building units (IBUs) of CAU-45 and interconnection to a layered motive via 5-acetamidoisophthalate ions. (A) Hexanuclear clusters. (B) Dodecanuclear clusters. Zirconium−oxygen clusters: blue; linker carbon: black; acetate carbon: pink; oxygen: red; nitrogen: dark blue; hydrogen: not displayed [93]. Reproduced from ref. [93] with permission from the American Chemical Society, copyright 2020. 
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Figure 6. Structure of Co-CAU-36. (a) The details of the structure showing possible H bonds between the DABCO molecule and the phosphonate group on the porphyrin. (b) The 1D CoO4-PO4 tetrahedral chain along the c-axis. (c) The structure of Co-CAU-36 viewed along the c-axis. (d) The ball filling model of the structure with the guest molecules shows the pore diameter of 9 Å. Reproduced from ref. [86] with permission from the John Wiley & Sons, Inc., copyright 2018. 
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Figure 7. Comparison between the structural model of BSA@ZIF-C refined from cRED data and that of ZIF-CO3-1 from SCXRD data [95]. (a) The structures are stacked together, viewed along the c-axis. (b) An enlarged figure shows the connection of a mIM linker to Zn(II) cations, illustrating the accuracy of the model obtained from the cRED data. Blue spheres: N; red spheres: O; gray spheres: C; cyan spheres: Zn atoms. Reproduced from ref. [95] with permission from the Royal Society of Chemistry, copyright 2021. 
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Table 1. List of selected metal-organic framework (MOF) structures determined using 3DED.
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MOF Name

	
3DED Protocol

	
Resolution (Å)

	
Year of Publication

	
Reference






	
Low Resolution (≥1.3 Å)




	
MFU-4l

	
ADT

	
1.3

	
2011

	
[59]




	
SUMOF-7III(La)

	
RED

	
3.57

	
2015

	
[60]




	
MIL-103

	
RED

	
1.82

	
2015

	
[60]




	
PCN-128W

	
RED

	
1.4

	
2015

	
[61]




	
PCN-333(Al)

	
RED

	
5.0

	
2015

	
[62]




	
COK-47L

	
cRED

	
1.35

	
2019

	
[77]




	
BUT-33

	
cRED

	
1.5

	
2020

	
[78]




	
Cu3HHTT2

	
cRED

	
1.5

	
2020

	
[79]




	
High Resolution (<1.3 Å)




	
CAU-7

	
ADT

	
1.15

	
2012

	
[80]
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1.05

	
2015

	
[60]




	
SUMOF-7II(La)
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1.23

	
2015

	
[60]
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cRED

	
0.7

	
2017

	
[81]




	
ICR-2
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1.0

	
2018

	
[82]
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EDT

	
1.0

	
2018

	
[83]
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1.0

	
2018

	
[84]
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0.83

	
2018

	
[86]




	
CAU-23

	
cRED

	
1.13

	
2019
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ADT

	
1.3

	
2019
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ADT

	
1.0

	
2019

	
[88]




	
SU-100

	
cRED

	
1.0

	
2020

	
[89]




	
SU-100-HT

	
cRED

	
0.8

	
2020

	
[89]




	
Ga(OH)(1,4-ndc)

	
cRED

	
0.8

	
2020

	
[90]




	
Sc2(1,4-NDC)3

	
cRED

	
0.8

	
2020

	
[91]




	
Zn-MOF-888

	
cRED

	
1.1

	
2020

	
[92]




	
CTH-11

	
cRED

	
1.1

	
2020

	
[92]




	
CAU-45

	
cRED

	
0.8

	
2020
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PCN-226

	
cRED

	
1.15

	
2020

	
[94]




	
ZIF-CO3-1

	
cRED

	
1.0

	
2020

	
[95,96]




	
SU-101

	
cRED

	
0.8

	
2020

	
[97]




	
ZIF-8

	
MicroED

	
0.87

	
2020

	
[98]
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