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Abstract 

Metal-organic frameworks (MOFs), composed of metallic nodes that are linked together by 

organic linkers, have gained considerable attention as a type of nano-porous materials in the 

past three decades. MOFs are highly appealing for their potential in various applications, such 

as gas storage and separations owing to their high porosity and adjustable surface properties. 

Nevertheless, finding the most suitable MOFs for industrially relevant gas adsorption and 

separation processes is challenging due to the vast number of possible combinations of 

inorganic and organic building units, which result in hundreds of thousands of different MOFs. 

With this large number of structures, it is critical to develop computational protocols to rapidly 

and efficiently screen databases of MOFs for energy applications such as CO2 capture or 

hydrogen storage.  

Firstly, to validate the computational methods and models used, this thesis presents 

computational geometric properties and CO2 uptake characterisation of Zirconium-based 

MOFs. We perform systematic periodic density functional theory (DFT) calculations 

comparing 25 different combinations of basis sets and functionals to calculate framework 

partial atomic charges. We then compare simulation results with published experimental data 

for CO2 adsorption isotherms, and demonstrate the good agreement between simulated and 

experimental data. We then use 102 structures containing Zr-oxide secondary building units 

(SBUs) extracted from the Cambridge Structural Database (CSD) MOF subset to perform high-

throughput adsorption simulations and identify top candidates for post-combustion CO2 

capture.  

The second focus of this thesis is on the use of simulations to explain the remarkable CALF-

20 properties to capture CO2 from flue gas, while maintaining stability and resisting water. 

Here, we employ atomistic-level simulations and experiments to investigate the adsorptive 

characteristics of CALF-20 and gain insights into its flexible crystal structure. We analyse and 

compare CO2 and water adsorption isotherms, and elucidate the significance of water-

framework interactions and hydrogen bonding networks in CALF-20's hydrophobic properties. 

In addition, we conduct molecular dynamics simulations using both density-functional theory 

(DFT) and machine learning potentials (MLPs) trained to DFT energies and forces. The 

simulations reveal the impact of adsorption-induced flexibility in CALF-20.  

Lastly, through a collaborative work with our industrial collaborator, a multi-scale 

computational strategy that includes DFT and grand canonical Monte Carlo (GCMC) 
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simulations is established. This strategy develops a systematic high-throughput computational 

screening to explore The Quantum MOF (QMOF) database and the Computation-Ready, 

Experimental (CoRE) MOF database for selective adsorption of CO2 from a wet flue gas 

mixture. The screening protocol effectively reveal several interesting MOFs that exhibit 

selectivity towards CO2 in the presence of water vapor. By establishing a tight feedback loop 

between simulations, and experiments performed by our industrial collaborator, we are able to 

effectively synthesise and evaluate several MOFs with relatively high stability in the laboratory 

setting. This process confirms the validity of our technique in selecting exceptional MOFs for 

the purpose of CO2 capture.  
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Chapter 1 

 

1. Introduction 

1.1. Background 

Carbon dioxide emission that is primarily come from the combustion of fossil fuel is one of 

major environmental issue has to address. The significant increase of CO2 emission has been 

continually estimated to surpass 500 parts per million by 20501 leading to the world’s issues 

on the massive energy requirement associated with fossil fuels. Carbon capture, utilization and 

storage (CCUS) scheme is a good option to address the CO2 emission from industrial 

processes2. This technology involves capturing CO2 at emission source and transporting for 

storage or conversion to other chemicals3 and around 40 Mt of CO2 is captured and stored today 

with CCUS.4 Currently, the conventional aqueous ammonia scrubbing is the most mature and 

widely used technology for CO2 capture,5 despite a number of limitations, such as equipment 

corrosion, high energy loss, and thermal decay of the amine during regeneration. In contrast, 

adsorption using feed-specific adsorbents is considered as a viable alternative technique for 

CO2 capture due to its high energy efficiency and straightforward regeneration procedure.6 

Various porous materials, such as activated carbon and zeolites have been investigated for CO2 

capture.7–11 However, they remain limited in practical use due to several drawbacks including 

low CO2 selectivity, competition adsorption with water and other contaminants, poor structural 

tenability, and scalability.12 

Metal-organic frameworks (MOFs) have received significant interest from the scientific 

community since their emergence a few decades ago.13–15 MOFs are porous crystalline 

structures consisting of metal clusters interconnected by organic linkers. Because of their 

hybrid crystalline and porous structure, which makes them tailorable, these materials show 

great potential for various applications, such as gas adsorption and separation process, 

including CO2 capture.16–20 Compared to other conventional materials, such as zeolites and 

activated carbon, MOFs have been extensively studied for CO2 capture and utilization.18,21–23 

This is due to the exceptional features of MOFs, including stable open-frame structure, high 

porosity and their large specific surface area. The high specific surface area of MOFs exhibits 

selective adsorption towards some particular gas molecules, and their porosity can be finely 

tuned by changing the metal and organic linkers.24,25 The number of reported MOF materials 

has significantly increased in the past decade owing to their synthetic flexibility. This is 

because it is theoretically possible to synthesize an unlimited number of MOFs by utilizing 

various degrees of freedom offered by different linkers, functional groups, metal nodes, 
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defects, and other factors.26 To date, more than 100,000 MOFs have been experimentally 

synthesized and recorded by the Cambridge Crystallographic Data Centre (CCDC) which 

collates and curates the Cambridge Structural Database (CSD).27 

The nature of MOFs has been a topic of intense discussion for several years due to their 

significant research and widespread interest. Over the years, various research groups have 

developed distinct MOF databases using hypothetical or experimental materials and 

sophisticated algorithms to explore the range of applications for MOFs.28 Figure 1 summarizes 

the development of both hypothetical and experimental MOF databases. 

 

 

 

Figure 1.1. The timeline summary of MOF databases (2012 – present) 

In 2012, the first hypothetical MOFs containing 137,000 MOFs was successfully developed 

by Wilmer and coworkers.29 Subsequently, in 2013 Goldsmith, et al.30 constructed 4,000 

experimental MOF database with nontrivial internal porosity and surface areas between 3100 

and 4800 m2/g for hydrogen storage. Gomez-Gualdron et al.31 performed computational study 

to generate Zr-MOF database for volumetric methane storage in 2014. They demonstrated that 

Zr-MOFs with ftw topology exhibited superior performance compared to Zr-MOFs with scu 

and csq topologies for storing methane. The Computation-Ready Experimental (CoRE) MOF 

database, created in 2014, is a smaller but more widely used database consisting of 

approximately 5000 MOFs32. It was then followed by Nazarian et al.33 in 2016 creating “CoRE 

MOF 2014-DDEC” database where the DFT-derived partial atomic charges was calculated for 

~2,900 MOFs. One notable feature of this database is the inclusion of DFT-derived charges, 

which enhances the accuracy of GCMC simulations when modeling the adsorption of 

molecules with significant electrostatic interactions, such as CO2. The CoRE 2014 database 

has recently been extended to approximately 14,000 MOFs obtained from the CSD (CoRE 
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2019 database).34 It currently stands as the most extensively used database of experimentally 

characterized porous MOF for high-throughput screening gas adsorption application.35 

In 2017, a new computational algorithm was developed to generate MOFs with pre-defined 

topologies by Colon et al.36 The software, called ToBaCCO, consists of 13,512 hypothetical 

MOFs with 41 different topologies. This MOF database was evaluated for hydrogen and 

methane storage, and the separation of xenon/krypton mixtures. The new version of the 

ToBaCCO code introduces a crystallographic net rescaling algorithm (ToBaCCo 3.0). This 

approach enables the automatic building of MOFs with any desired topology by utilizing 

principles from the graph theory. In 2017, CCDC compiled a distinct database known as the 

CSD MOF subset, which exclusively contains all MOF-like structures synthesised so far. 

Moghadam et al.27 later developed an automated screening approach employing the CSD 

Python API to quickly detect newly synthesised MOFs added to the CSD.   For the purpose of 

identifying high-performing materials, it is more advantageous to use databases that consist of 

experimentally created MOFs, such as the CoRE and the CSD MOF databases. These databases 

are preferable because they contain structures that can be feasibly synthesised, once they are 

identified on the computer. The QMOF database38,39 was recently established, comprising a 

subset of 15,713 materials from the aforementioned databases which ultimately serve as a 

suitable "DFT-ready" dataset of MOFs. 

 Given the huge number of MOFs, depending solely on experimental testing to discover a 

novel material with exceptional performance is practically finding a needle in a haystack, 

which necessitates numerous cycles of experiments which incurs substantial research 

operational expenses. To fully exploit the potential of MOFs, it is imperative to design and 

synthesise MOFs with the desired structural and chemical properties. One viable approach is 

to employ computational methods to predict the performance of MOFs prior to experimental 

synthesis. In this regard, the application of high-throughput computational screening (HTCS) 

of MOFs at different process conditions could accelerate the discovery of MOFs that exhibit 

superior adsorption performances,40–42 thereby providing guidance that is difficult or not often 

accessible in experimental efforts.43 In the context of gas adsorption in MOFs, HTCS can be 

combined with experimental methods to provide useful information including adsorption 

isotherms, favourable adsorption sites, guest-host interaction energies as well as the selectivity 

for multicomponent gas mixtures. While a considerable number of MOFs have undergone 

experimental testing for CO2 separation process,44,45 many more have also reported 

computational studies to screen MOFs for CO2 capture. For example, Snurr and co-workers 

conducted simulations to study the adsorption process of pure CO2, N2, and CH4 for 137,953 



 

 

 4 

hypothetical MOFs (hMOFs).46 They also suggested a correlation between structural properties 

for evaluating the effectiveness of adsorbents in separating CO2/CH4 and CO2/N2 and identified 

the top-performing structures before synthesis and testing.47 In another work, Qiao et al. 

screened 4,764 computation-ready experimental (CoRE)-MOFs to evaluate their effectiveness 

in separating CO2/CH4 and CO2/N2.
40 They developed quantitative correlations between the 

type of metal used and the evaluation criteria for the adsorbents studied. Additionally, they 

screened hydrophobic MOFs to assess their suitability for the separation of H2S and CO2 from 

natural gas.40 

However, for industrial CO2 capture application, H2O usually presents causing co-

adsorption and detrimental effect on the efficiency of gas separation process. Thus, developing 

materials with the ability to withstand with water and selectively adsorb CO2 is becoming a 

topic interest for industry. Therefore, there exist a motivation for evaluating and establishing 

performance index or metrics for the domain of materials for CO2 capture in the presence of 

water vapour, including materials stability. Assessment process for identifying top 

performance materials for CO2 capture should include some industrial represented key 

evaluation metrics that might not be considered for common HCTS method.49,50 Integrating the 

prediction of materials stability into the screening process should also be performed to 

successfully assess materials for industrial implementation as chemical industry is dealing with 

harsh condition.51,52 While HTCS could suggest best materials for selective CO2 capture, it 

sometimes fail to meet industrial criteria for synthesizability.53 An advancement to HTCS 

indeed require a thorough computational screening and molecular modeling strategy for MOFs 

incorporating the experimental and testing at industrially relevant process condition, which 

remains an ongoing research area. The protocol could also include an establishment of a 

rigorous feedback loop between screening process and experimental testing in industry.     

 

 1.2. Thesis objectives and outlines  
 

In this thesis, we develop systematic and efficient high throughput computational screening 

protocols for the discovery and identification of promising hypothetical and already-

synthesised MOFs for CO2 capture. Our protocols take into account post-combustion CO2 

capture operating conditions using grand canonical Monte Carlo (GCMC) simulations. 

Structure-property relationships are also derived to identify key structural and chemical 

features of materials that provide the optimum adsorption performance, and to guide 

experimental synthesis and testing of promising MOF adsorbents.   
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As a complement to our work, following the screening process, this thesis also provides in-

depth analysis, from molecular-level point of view, the analysis of gas molecules adsorption 

sites and interactions with framework atoms. Structural flexibility analysis from experimental 

and simulation perspectives using molecular dynamics are also presented.  

The thesis is organised as follows. In Chapter 2, we provide theoretical background of the 

computational studies used in this thesis including the geometric analysis and GCMC 

simulations to determine the amount of gas uptake in MOFs. 

In Chapter 3, we perform high throughput computational screening for MOFs containing 

Zr-oxide secondary building units (SBU). These materials are shown to have great gas 

adsorption properties combined with high mechanical, thermal, and chemical stability. We 

successfully characterise CO2 adsorption performance of this family of MOFs via high-

throughput GCMC simulations, along with thorough investigations of their topological and 

geometrical features.  

In Chapter 4, we study the adsorptive properties of CALF-20 by combining atomistic-level 

simulations with experiments to explore CALF-20’s structural flexibility. We also report a 

comparison between experimentally measured and simulated CO2 and water adsorption 

isotherms. This study explains CALF-20’s hydrophobic behaviour by providing atomistic 

analysis on the role of water-framework interactions and hydrogen bonding network in CALF-

20. In this Chapter, the structural flexibility analysis is also performed using regular and 

enhanced sampling molecular dynamics simulations with both density-functional theory (DFT) 

and machine learning potentials (MLPs) trained to DFT energies and forces followed by 

experimental PXRD analysis.  

In Chapter 5, we outline computational screening protocols for post-combustion CO2 

capture in the presence of humidity for databases containing large number of MOFs. In 

particular, we explore The Quantum MOF (QMOF) database and the CoRE MOF database for 

selective adsorption of CO2 from a wet flue gas mixture. After the screening, we identified a 

number of promising MOFs that exhibit high CO2 selectivity against water. Here, we 

demonstrate how a tight feedback loop between simulations and experiments performed by our 

industrial collaborator can guide synthetic efforts towards outstanding materials. 

Finally, in Chapter 6, the summary for each Chapter is presented and discussed. A research 

outlook and future directions for this research field are also discussed.   

 



 

 

 6 

1.3. Publications      

Part Some of the Chapters of this thesis have been already published in the following 

publications and conference presentations: 

Publications 

1. (Balzer et al., 2020) Balzer C., Oktavian R., Zandi M., Fairen-Jimenez D., Moghadam 

P. Z. (2020). Wiz: A web-based tool for interactive visualization of big data. Patterns, 

1, 8, 100107. https://doi.org/10.1016/j.patter.2020.100107.  

2. (Oktavian et al., 2022) Oktavian R., Schireman R., Glasby L. T., Huang G., Zanca F., 

Fairen-Jimenez D., Ruggiero M. T., & Moghadam P. Z. (2022). Computational 

characterization of Zr-oxide MOFs for adsorption applications. ACS Applied Materials 

& Interfaces, 14, 51, 56938-56947. https://doi.org/10.1021/acsami.2c13391. 

3. Oktavian R., Goeminne R., Glasby L. T., Song P., Huynh R., Taheri-Qazvini O., 

Ghaffari-Nik O., Masoumifard N., Cordiner, J., Hovington P., Van Speybroeck V., & 

Moghadam P. Z. (2024). Gas adsorption and framework flexibility of CALF-20 

explored via experiments and simulations. [Manuscript accepted in Nature 

Communications]. 

4. Oktavian R., Song P., Huynh. R., Qazvini O.T., Masoumifard N., Hovington, P., 

Moghadam P.Z. (2024). High Throughput Screening (HTS) on Metal Organic 

Frameworks (MOFs) for CO2 capture with the presence of humidity: Computational 

and experimental work. [Manuscript in preparation for submission]. 

5. (Glasby et al., 2023) Glasby L. T., Oktavian R., Zhu K., Cordiner J. L., Cole J. C., & 

Moghadam P. Z. (2023). Augmented reality for enhanced visualisation of MOF 

adsorbents. Journal of Chemical Information and Modeling, 63, 19, 5950-5955. 

https://doi.org/10.1021/acs.jcim.3c01190.  

6. (Glasby et al., 2023) Glasby L. T., Gubsch K., Bence R., Oktavian R., Isoko K., 

Moosavi S. M., Cordiner J. L., Cole J. C., & Moghadam P. Z. (2023). DigiMOF: A 

database of metal-organic framework synthesis information generated via text mining. 

Chemistry of Materials, 35, 11, 4510-4524. 

https://doi.org/10.1021/acs.chemmater.3c00788. 

 

Conference presentations 

1. 8th Conference of the Federation of European Zeolite Associations, UK, July 2021, Oral 

Presentation “Computational Characterisation and Screening of Zr-Oxide Metal 

Organic Frameworks for CO2 Capture”, R. Oktavian and P. Z. Moghadam. 

https://doi.org/10.1016/j.patter.2020.100107
https://doi.org/10.1016/j.patter.2020.100107
https://doi.org/10.1021/acsami.2c13391
https://doi.org/10.1021/acsami.2c13391
https://doi.org/10.1021/acs.jcim.3c01190
https://doi.org/10.1021/acs.jcim.3c01190
https://doi.org/10.1021/acs.chemmater.3c00788
https://doi.org/10.1021/acs.chemmater.3c00788
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2. Fundamental of Adsorption, 14th International Conference, Colorado, USA, May 2022, 

Poster Presentation “Experimental and Computational Characterization of CALF-20+ 

Active Materials for CO2 Capture from Flue Gas.", R. Oktavian, F. Zanca, O. G. Nik, 

P. Song and P. Z. Moghadam. 

3.  1st Mediterranean Conference on Porous Materials, Crete, Greece, May 2023, Poster 

Presentation “Computational Characterisation and Screening of Metal Organic 

Frameworks for CO2 Capture in the Presence of Humidity”, R. Oktavian, F. Zanca, L. 

T. Glasby, P. Song, O. T. Qazvini and P. Z. Moghadam. 

4. 6th Annual UK Porous Materials Conference, Sheffield, UK, June 2023, Oral 

Presentation “Computational Characterization of Zr-Oxide MOFs for Gas Adsorption 

Applications”, R. Oktavian and P. Z. Moghadam 

5. 5th European Conference on Metal Organic Frameworks and Porous Polymers 

(EuroMOF2023), Oral Presentation “Computational Characterisation and Screening of 

Metal Organic Frameworks for CO2 Capture in the Presence of Humidity”, R. Oktavian, 

F. Zanca, L. T. Glasby, O. T. Qazvini, P. Song and P. Z. Moghadam. 
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2. Theoretical Background 

2.1 Metal Organic Frameworks 

Metal Organic Frameworks (MOFs) are coordination networks containing potential voids 

formed by metal ions or oxo-metallic clusters, termed as secondary building units (SBUs), 

connected by polytopic ligands. Both metal ions and polytopic ligands are connected to form 

a framework in an alternating fashion and producing porous materials as shown in Figure 2.1.1 

The variety of combinations between metals and organic linkers opens up the possibility of 

synthesising various MOFs with different pore sizes and shapes. Such geometric and surface 

chemistry features can also be varied and controlled by the functionalisation of organic linkers, 

in order to tune their properties for a desired adsorption application. These adjustable properties 

are not common in traditional porous materials such as zeolites and activated carbons, which 

have been widely used in several chemical processes, for instance gas storage2,3 and 

separation4,5 as well as catalysis.6 

 

 

 

Figure 2.1. Top: MOF self-assembly process from building blocks: metal clusters (red spheres) and organic ligands (blue 

struts). Bottom: Example of a well-known MOF with the Zr-oxide metal nodes; UiO-66.7 oxygen (red), carbon (grey), hydrogen 

(white), zirconium (light blue). 

 

2.1.1 Categories of MOFs 

MOFs can be classified into the following groups according to their structural properties: 

(i) Rigid Framework MOFs 

Rigid MOFs are a distinct subgroup of MOFs that exhibit unique features distinguishing them 

from other types of MOFs. These attributes encompass a high degree of structural rigidity, 

which arises from the existence of robust metal-ligand interactions and a highly interconnected 
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framework topology. The robust coordination bonds establish a solid framework that 

interconnects the metal nodes and organic linkers, thereby preventing the structure from easily 

collapsing or deforming. The presence of this network improves the overall rigidity of MOFs 

distributing mechanical stress across the entire structure. Moreover, the robust coordination 

connections formed between metal nodes and organic linkers effectively limit the mobility of 

individual components within the framework, hence increasing its overall rigidity.8 MOFs in 

this group usually have a stable and robust porous framework with very high porosity. In 

addition, these MOFs can maintain their pore structure when there is an interaction with the 

adsorbate molecules in adsorption or desorption cycles. 

The majority of the organic linkers employed in the synthesis of MOFs consist of molecules 

containing aromatic groups which gives rigidity to the MOF framework. Typical aromatic 

ligands in MOFs are carboxylic acid,9–11 heterocyclic aromatic rings containing N atoms (e.g. 

pyridine)12,13 or other coordinating functional groups such as sulfonates14,15 and 

phosponates.16,17 In addition, rigid MOFs frequently exhibit a significant level of porosity and 

surface area, which greatly enhance their ability to adsorb gases. Additional prevalent attributes 

of rigid MOFs include high thermal and chemical stability, making them well-suited for use in 

harsh environments, and the capacity to maintain their structural integrity under extreme 

conditions.8 Examples of well-known MOFs without significant structural flexibility include: 

MOF-5 [Zn4O (terephthalate)3] with its cubic structure which has surface area of 3,800 m2/g.18 

Other examples of MOFs of this type which have high porosity and high surface areas of 4,746 

and 6,260 m2/g, are MOF-177 [Zn4O (btb)2] and MOF-200 [Zn4O (bbc)2], respectively.19,20 

The use of chromium metal to replace the ZnO metal cluster on this type of MOF will produce 

MIL-101 [Cr3F (H2O)O(bdc)3] having surface area of 4,100 m2/g.21 

 

(ii) Flexible framework MOFs for gas adsorption application 

Although MOFs were originally conceived as structures composed of rigid, aromatic linkers 

as struts and metal clusters as nodes, it is now known that certain MOFs can exhibit flexibility 

when exposed to external stimuli such as pressure and temperature.22 These particular MOFs 

possess flexible frameworks and lack rigidity, so they are referred to as flexible MOFs. 

Numerous flexible MOFs with flexible structural characteristics have been reported, 

specifically designed for a wide range of applications including gas adsorption and separation, 

catalysis, and sensing.23,24 The ordered crystal structure of these flexible MOFs possesses the 

ability to undergo transformations through various mechanisms, such as phase changes or gate 
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opening.24–26 The phenomenon of flexibility is frequently observed during the adsorption-

desorption process, wherein the interaction between adsorbate molecules and the surface of the 

pore is considered to be the source of this flexibility.27,28 Flexible frameworks have the ability 

to expand or contract during the incorporation or removal of guest molecules, enabling a wide 

range of guest interchange. This effect is apparent in the case of MIL-53(Cr), where the unit 

cell size is reduced compared to the as-synthesized form (MIL-53-as) when humid air is 

adsorbed, resulting in the formation of a contracted low-temperature form (MIL-53-lt). During 

the adsorption phase, the cell volume undergoes a reduction of 32%.29 

Pressure is a thermodynamic property that is strongly linked to the flexibility of 

materials.30,31 The impact of pressure on a material is directly correlated to its mechanical 

stability, which is crucial for various commercial applications. Flexible MOFs have the ability 

to spin or relax easily when subjected to external pressure. For instance, it was demonstrated 

that dense Zn(im)2 (im = imidazolate) undergoes an irreversible cooperative bond 

rearrangement when pressure is applied, as observed through single crystal X-ray diffraction 

measurement.32  

Another effect that can be observed in flexible MOFs is gate-opening. Gate-opening refers to 

the physical occurrence in which the pore or gate of a framework opens when exposed to a 

stimulus, particularly external adsorbate molecules.24,25 Gate-opening refers to the 

transformation from a non-porous to a porous state.32 ZIF-7 and ZIF-8, which are part of the 

Zeolitic Imidazolate Framework (ZIF), have shown significant gate opening when exposed to 

various gases, resulting in exceptional selectivity.33,34 FMOF-2, a type of flexible MOF, 

consists of a zinc-based SBU (Secondary Building Unit) and a V-shaped fluorinated linker 

called 2,2-bis(4-carboxyphenyl)hexafluoropropane. This MOF exhibits significant expansion 

and contraction behavior when exposed to gases. The material exhibits stepwise adsorption for 

acidic gases such as SO2 and H2S at pressures ranging from 0 to 1 bar, while for CO2 occurs at 

a higher pressure (≥ 10 bar).35  

 

(iii) MOFs with unsaturated metal sites (open metal sites) for gas adsorption application 

MOFs sometimes have a variety of specific functionalities that is mainly controlled by pore 

size and the presence of free coordination sites or well-known as open metal sites. The concept 

of free coordination sites in organometal chemistry exists with a lower than normal 

coordination number of the metal atom. For example, a 3d metal atom presents in UiO-66 in 

which an octahedron of Zr atom with coordination number of six would be expected, but only 
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fivefold coordination occurs due to a missing ligand would establish a free coordination sites. 

In MOFs, the metal ion that is not fully coordinated is termed as open metal sites (OMS). The 

most well-know and first MOFs with OMS synthesized in 1999 was HKUST-1 that is 

commercially available as Basolite C300 by BASF.36 A Zn-based MOF synthesized with OMS 

was reported by Yaghi et al. in 2000 named as MOF-4.37 The presence of OMS in MOFs often 

offer the strongest binding sites leading to the enhancement of MOFs interaction with different 

sorbate molecules, compared to MOFs without OMS.38 Hence, these OMS-MOFs are 

considered as a promising candidates for gas adsorption applications.  

 One particular application of OMS-MOFs is CO2 capture that has been receiving much 

scientific attention since CO2 is hazardous to the atmosphere alarming the greenhouse gas 

effect. The presence of OMS in MOFs enhance the binding affinity between CO2 adsorbate 

and the OMS that is correlated with high electrostatic interactions since CO2 is a quadropolar 

gas molecule.39 MOF-74 (CPO-27-Mg, Mg2(dobdc))40 is currently taken as a benchmark of 

MOF materials in CO2 adsorption due to its excellent CO2 uptake and its remarkable 

selectivity. Extensive studies on CO2 adsorption mechanism to this material reveal that an open 

Mg2+ site generated upon the thermal activation of the material enhance the interaction of CO2 

molecule with MOF-74-Mg.41 Neutron powder diffraction supported by in situ 13C NMR 

measurements was performed to confirm that the OMS in Mg-MOF-74 becomes the most 

preferential sites upon adsorption of CO2.
42–45 The CO2 capacity of Mg-MOF-74 is 0.81 

mol.mol-1 according to the CO2 adsorption isotherms measured at 298 K and 0.1 bar.44  

HKUST-1 (Cu-BTC) is another example of OMS-MOFs that has been extensively investigated 

for its CO2 capture performance. According to X-Ray absorption fine structure (XAFS) study 

conducted by Du, et al.46, it was demonstrated that the CO2 molecule bind with the Cu2+ center 

of Cu-BTC during CO2 physiosorption process. This phenomenon was further confirmed by 

Wu, et al.42 who conducted neutron diffraction experiment combined with theoretical 

calculation to explore the CO2 interaction with HKUST-1. This study revealed that the 

preferential CO2 adsorption site is the metal center of HKUST-1 containing Cu2+ due to the 

strong electrostatic energy interaction between quadrupole moment of CO2 and Cu2+. A new 

Co-based MOFs synthesized by Zhu, et al.,47 decorated by μ3–OH groups, indicated that the 

presence of accessible OMS in {[Co2(tzpa)(OH)(H2O)2]·DMF}n (H3tzpa = 5-(4-(tetrazol-5-

yl)phenyl)isophthalic acid) generated by the removal of coordinated water molecule led to high 

CO2 adsorption capacity at the temperature range of 298 – 333 K. 
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(iv) Functionalized MOFs for gas adsorption application 

MOFs can be modified by grafting specific functional groups on their organic linker or metal 

nodes. The addition of such functional groups can enhance the adsorption capacity of MOFs 

for certain gases. For example, the addition of an arylamine group, hydroxyl or alkylamine can 

increase the affinity of MOFs to CO2 leading to an increase in adsorption capacity and 

selectivity. The addition of functional groups to MOFs can be performed by modifying the 

linkers or appropriate coordination sites with the unsaturated metal clusters. An example of 

surface functionalization of MOFs is the amine functionalised aluminium-based MOF, MIL-

53. By adding an amine group, this MOF exhibits a separation factor of 60 for CO2 uptake in 

the adsorption process of a mixture of methane and CO2 gas surpassing the pristine MIL-53 

which only has a separation factor of 5.48 

The same trend was shown by USO-2-Ni and USO-3-In-A which experienced a significant 

increase in their adsorption power when compared to their pristine framework.49 

Tetraethylenepentamine (TEPA) was impregnated during post-synthetic functionalization to 

magnesium 2,5-dihydroxyterephthalate (Mg-MOF-74), which resulted an improvement for 

CO2 uptake capacity as high as 26.9 wt% compared to 23.4 wt% for the original Mg-MOF-

74.50 A tetra-amide functionalized metal-organic framework, MFM-188, revealed its 

exceptional high uptake of CO2 and acetylene c.a. 232 cm3.g−1 at 295 K and 1 bar. This trend 

was mainly due to the combination of polyamide groups, open metal sites, appropriate pore 

geometry, and cooperative binding between guest molecules.51 

 

(v) Defective MOFs for gas adsorption application 

Defects in MOFs is always correlated with missing linker or metal cluster defect, thus creating 

more pore spaces and providing an additional active sites for enhancing the guest molecule 

diffusion and mass transfer in MOFs. Defects in porous coordination network compounds, such 

as MOFs are defined as “sites that locally break the regular periodic arrangement of atoms or 

ions of the static crystalline parent framework because of dislocated atoms or ions”.52 

Structural defects in MOFs is currently considered as a useful tool for tailoring both physical 

and chemical properties of MOFs to optimize the acidity/basicity. Hence, this could possibly 

give a positive effect in gas adsorption capacity for MOFs.53–55 The chemical environment of 

pore due to defects may affect the interaction between adsorbate molecule and the host 

framework, and subsequently, the adsorption properties of MOFs.56  HKUST-1 with an acetic 

acid-fragmented linker strategy was developed by Kim, et al.54 could create a mesoporous 
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defect. This defect could enhance the methane uptake up to 16% of higher deliverable capacity 

between 5 bar and 65 bar than the parent HKUST-1. The enhancement is due to the increased 

pore volume and surface area in the prepared acetic-acid fragmented HKUST-1. The 

introduction of boronic acid moieties as functional defects in UiO-66 by Erkartal, et al.57 could 

enhance the CO2 selectivity over N2 and CH4 attributed from the quadropolar interaction 

between CO2 and modified UiO-66. CAU-1 with rich aluminium defect reported by Jiao, et 

al.58 exhibits a significant increased CO2 uptake at low pressure due to the presence of metal 

defects that creates more active binding site. 

 

2.1.2 MOFs characterisation 

BET area 

One of the key characteristics of MOFs is their large surface area. In experiments, the surface 

area is usually measured from N2 or Ar gas adsorption isotherms at temperatures of 77 K and 

87 K, respectively. The main reason for using N2 and Ar for surface area characterisation is 

that they are inert and non-toxic. Figure 2.2 shows an example of a N2 adsorption isotherm for 

NU-901 and NU-1000.59 The amount of adsorbed N2 gas is typically expressed in units of 

cm3/g which is normalised under standard temperature and pressure conditions. The x-axis on 

the graph does not represent the measured pressure but it is expressed in relative pressure, P/P0 

where P0 is the pressure of N2 or Ar gas at saturation conditions. 

 

Figure 2.2. N2 adsorption isotherms at 77 K for NU-901 (red square) and NU-1000 (black circle). Reprint from Teplensky, et 

al.59 Copyright © 2017 American Chemical Society. 

The adsorption isotherms data can be converted to surface area by using the most commonly 

Brunauer – Emmett – Teller (BET) model. This BET model was first developed in 1938 which 
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is an extension of the Langmuir model.60 BET model assumes that the adsorption process that 

occurs on the adsorbent surface is multi-layer, meaning that the second layer and so on can be 

formed in the first layer of the adsorbate molecule.60 Other assumption used for the 

implementation of the BET theory for calculating the surface area are mentioned below: 

a. Adsorption consists of a regular array of adsorption sites equal in energy, with a 

constant enthalpy of adsorption in the monolayer, AH  

b. Adsorption is localized to these sites 

c. Neighboring adsorbed molecules do not interact 

d. Multilayer formation is unlimited 

e. Enthalpy of adsorption in second and subsequent multilayers is equal to the enthalpy 

of liquefaction, LH  

Adsorption and desorption may only occur on or from exposed sites 

This model uses equation (2.1) to calculate the monolayer capacity 

  00
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1 m m

C P
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where X is the weight of nitrogen adsorbed at a given relative pressure (P/P0), Xm is the 

monolayer capacity - the volume of gas adsorbed at standard pressure and temperature (STP) 

in cc/g unit, and C is constant, dimensionless quantity and related to the adsorption energy, 

expressed as: 

  RTHHC LA   

where AH = the heat of adsorption of the first adsorbed layer in kJ/mol 

 LH = the heat of adsorption of the second and subsequent multilayers in kJ/mol 

From equation (2.1), we can plot several data points, usually in the range of relative 

pressure, P/P0 of 0.025 to 0.30 to generate a linear plot. From the plotting, we will be able to 

obtain the slope and intercept using the least-square method where the slope value must be 

positive. The value of Xm can be calculated using an equation (2.2) 
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where s is the slope and i is the intercept. When the value of Xm is known, the BET surface 

area can be calculated directly using equation (2.3) 
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where Lav is Avogadro’s number, Am is the cross sectional area of the adsorbate which equals 

to an adsorbed nitrogen molecule (0.162 nm2), and Mv is the molar volume and equals 22.414 

L. 

In calculating the surface area of MOFs, the BET value of this area is often sensitive to the 

selection of the P/P0 range.61 Selecting the different P/P0 range will result in a different BET 

area calculation value. To overcome this problem, there are four consistency criteria proposed 

by Rouquerrol, et al.62 and these four consistency criteria are very important to be applied in 

each BET area calculation for MOFs as emphasized by previous studies.63 The four consistency 

criteria can be described as follows: 

1. The plotting results and the P/P0 range selected in equation (2.1) must produce a linear 

graph with R2 > 0.995 and should increase monotonically. 

2. The C value generated from linear regression in equation (2.1) must give a positive 

value. 

3. Monolayer loading, Xm must be at the N2 gas adsorption value within the selected P/P0 

range. To determine the value of P/P0 which represents the value of Xm, linear 

interpolation method can be used. 

The relative pressure P/P0 which represents the Xm value calculated by the equation (1/√C 

+ 1) according to the BET theory must be equal to the P/P0 value in criterion 3. (for this 

criterion a maximum tolerance value of 20% can be used as suggested by Rouquerrol, et al.62 

 

2.2. MOF Applications 

MOFs have emerged as a significant advancement in the field of porous materials science. 

MOFs have been extensively investigated across various domains, including but not limited to 

gas storage and separation,3,5,64,65 bioimaging,66 catalysis,67 batteries,68 supercapacitors,69 and 

drug delivery.70 These materials have then garnered considerable attention due to their 

emerging integration into industrial applications, particularly in the domains of gas storage and 

separation. MOFs for H2 storage was first reported by Yaghi, et al. in 2003 (MOF-5) with the 

storage capacity of 7.1 excess wt % at 77 K and 40 bar.18 Subsequently, extensive research 

efforts have been dedicated to the exploration of numerous MOFs, with the aim of assessing 

their viability for H2 storage applications. These includes the investigation on NOTT-112, NU-

111, and NU-100/PCN-610 with the total gravimetric H2 uptakes at 77 K and 70 bar are 10.0, 

13.6, and 16.4 wt%, respectively.71–74 In a recent study conducted by Kapelewski et al.,75 an 

assessment was made on the usable volumetric H2 capacities of Ni2(m-dobdc) (where m-
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dobdc4− refers to 4,6-dioxido-1,3-benzenedicarboxylate). This particular compound was 

chosen due to its high density of coordinatively unsaturated metal sites, which exhibit a strong 

interaction with H2. Ni2(m-dobdc) exhibited a volumetric capacity within the range of 100 to 

5 bar, measuring 11.0 g/L at a temperature of 25°C. Furthermore, it demonstrated a volumetric 

capacity of 23.0 g/L when subjected to a temperature swing from -75 to 25°C. These results 

establish Ni2(m-dobdc) as the most effective physisorptive storage material discovered thus 

far. 

MOFs has been also intensively studied for storing natural gas / methane. Given the 

moderate nature of the interactions between MOFs and CH4, it is feasible to store CH4 in MOFs 

under ambient conditions and reasonably high pressures. This approach holds significant 

potential and practicability. Significant advancements have been achieved in the field of CH4 

storage subsequent to the independent discoveries by Kitagawa76 and Yaghi,77 who pioneered 

the development of the initial two instances of MOFs for this application. The analysis of 

extensive experimental data reveals a strong linear correlation between the gravimetric CH4 

storage capacities of MOFs under high pressure conditions and their respective pore volumes 

or surface areas.78 

 The study performed by Peng et al.79 examined the CH4 storage properties of six 

prototypical MOFs (HKUST-1, NiMOF-74, PCN-14, UTSA-20, NU-111, and NU-125) which 

possess diverse structural characteristics. The findings of their study demonstrated a linear 

relationship between the BET surface area and various parameters, including the total 

gravimetric CH4 uptake (at 298 K and 65 bar), pore volume, and inverse density of the MOFs. 

One of the series, NU-111, exhibits a measured BET surface area of 4930 m2/g and 

demonstrates the highest gravimetric uptake of 0.36 g/g. This research finding also indicated 

that HKUST-1 demonstrates an exceptional total volumetric CH4 capacity of 267 cm3 

(STP)/cm3 at a temperature of 298 K and a pressure of 65 bar where this value complies with 

the target set by the U.S. Department of Energy (DOE). 

One potential approach to enhance the gravimetric CH4 capacity in MOFs involves the 

exploration or creation of MOFs characterised by elevated levels of porosity. Alezi et al.64 

introduced a new aluminium MOF called Al-soc-MOF-1 with notable characteristics. This 

MOF exhibits an unusually high pore volume of 2.3 cm3/g and a BET surface area of 5585 

m2/g. This MOF demonstrates the most significant recorded total gravimetric CH4 uptake of 

approximately 580 cm3 (STP)/g (0.42 g/g) at a temperature of 298 K and pressure of 65 bar. 

Furthermore, it accomplishes 83% of the gravimetric target set by DOE. 
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In addition to the development of MOFs with appropriate pore sizes, the integration of 

functional groups/sites into MOFs represents an alternative strategy for augmenting their 

volumetric capacities for CH4 storage. The implementation of a dual approach involving the 

extension of organic linkers and the incorporation of functional sites into MOFs was discovered 

to be successful in enhancing the CH4 storage capacities. In 2018, Wen et al.80 successfully 

synthesised a novel MOF referred to as UTSA-110a. This MOF was created using an extended 

linker that possessed a greater concentration of functional nitrogen sites in comparison to the 

previously developed UTSA-76. As expected, the UTSA-110a material demonstrated notable 

gravimetric (402 cm3 (STP)/g) and volumetric (241 cm3 (STP)/cm3) total CH4 capacities when 

measured at a temperature of 298 K and a pressure of 65 bar. This is due to the enhanced 

porosity caused by higher content of functional N sites than UTSA-76. UTSA-110a exhibited 

a comparatively low CH4 uptake at a pressure of 5.8 bar. However, it demonstrated superior 

performance in terms of both gravimetric and volumetric working capacities, achieving values 

of 317 cm3 (STP)/g and 190 cm3 (STP)/cm3, respectively. These results indicate that UTSA-

110a outperformed both HKUST-1 and UTSA-76 in terms of its ability to store methane. 

Another interesting application MOFs is their excellent performance as CO2 capture solid 

sorbent.81 Yaghi’s group in 1998, first reported CO2 capture utilizing a MOF.82  They measured 

CO2 adsorption isotherm in MOF-2 at a relatively low temperature of 195 K. Their findings 

indicated that the material exhibits a significant level of CO2 adsorption at low pressures, 

followed by a saturation point at higher pressures. Motivated by this finding, Yaghi’s team 

again measured a series of MOFs from ultrahigh porosity frameworks, e.g IRMOF-1 and MOF-

177 to MOFs with open metal sites such as MOF-505 and Cu3(BTC)2, as well as functionalised 

IRMOF (IRMOF-3 and IRMOF-6).83 The adsorption isotherms demonstrated that the IRMOFs 

with the Zn4O(O2C)6- type framework, specifically IRMOFs (-3, -6, -11), exhibit higher 

capacities for CO2 uptake compared to other MOFs. MOF-177 material, known for its 

exceptional porosity, demonstrates a significantly higher CO2 storage capacity of 33.5 mmol/g 

at 3.2 MPa compared to the widely recognised commercial absorbent Zeolite 13 X, which has 

a maximum CO2 uptake capacity of 7.4 mmol/g. Consequently, an increased number of 

investigations have been undertaken to explore the phenomenon of high-pressure gravimetric 

carbon dioxide adsorption in diverse MOFs characterised by their substantial porosity and 

surface area. In their study, Llewellyn et al.84 conducted measurements to assess the adsorption 

of CO2 in mesoporous MOFs, specifically focusing on MIL-100 and MIL-101. The 

experimental results revealed that MIL-101 demonstrated an impressive CO2 loading capacity, 
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achieving a record value of 40 mmol/g under conditions of 5 MPa pressure and a temperature 

of 303 K. In their study, Yuan et al.74 examined the CO2 uptake capacities of a series of 

isoreticular PCN-6X materials. Their findings revealed that PCN-68 exhibited the most 

significant gravimetric CO2 uptake capacity, measuring 30.4 mmol/g at a temperature of 298 

K and a pressure of 35 bar. 

Nevertheless, it is commonly anticipated that the practical adsorption of CO2 will occur 

under moderate conditions, specifically at room temperature and atmospheric pressure. MOFs 

exhibiting substantial CO2 adsorption capacity under elevated pressures do not exhibit a 

favourable affinity for CO2 at lower pressures. Some research has now been focused on the 

enhancement of CO2 uptake at low pressures. A notable study85 reported the efficacy of Mg-

MOF-74, a material with abundant open magnesium sites, in capturing CO2. The material 

achieved a remarkable CO2 capture capacity of 8.9 wt % (8.48 mmol/g) at 1 bar. As the research 

progressed, a novel category of MOFs called Zeolitic Imidazolate Frameworks (ZIFs) 

emerged, demonstrating exceptional potential as highly efficient porous materials for the 

selective adsorption and separation of pure CO2 from complex mixtures. ZIF-69, possessing a 

surface area of 1970 m2/g, exhibits a notable capacity to adsorb CO2 at 273 K and ambient 

pressure, surpassing the performance of numerous contemporary materials regarded as state-

of-the-art. This adsorption capability allows ZIF-69 to accommodate a substantial quantity of 

CO2, measuring 83 L (162 g).86  

 

2.3. Molecular Simulation 

2.3.1 Grand Canonical Monte Carlo 

With the development of the number of MOFs that are significant in the last three decades, 

molecular simulation methods can be considered a prospective method to predict the amount 

of fluid adsorbed in porous materials. Gas adsorption in MOFs is typically studied via grand 

canonical Monte Carlo (GCMC) and molecular dynamics simulations.87 In the adsorption 

process, GCMC is, in principle, used to determine the amount of fluid adsorbed in porous 

materials at equilibrium conditions, namely, at a constant temperature, pressure, and chemical 

potential. In contrast, the number of molecules adsorbed (the adsorbate) fluctuates similar to 

experimental conditions in the adsorption process where the phase adsorbed is in equilibrium 

with its bulk phase. 

The theory of the fluctuation configuration of the adsorbate amount that is adsorbed in the 

adsorbent until reaching the equilibrium at GCMC can be explained as follows:  
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1. Building initial configuration of the system where one adsorbate molecule already 

placed in the adsorbent framework is randomly picked and the potential of old energy, 

Uold is evaluated 

2. The adsorbate molecule coordinates are randomly perturbed via a Monte Carlo trial 

move.  

3. Evaluating the potential energy of the new configuration, Unew. 

4. Accepting the trial if Unew is lower than Uold. If Unew is higher than Uold, then the new 

configuration will be accepted with a certain probability < 1 which is given by the 

Boltzmann factor: 
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5. Changing to new configuration (if rejected, keep the old configuration. 

When the equilibrium condition is reached, the thermodynamic property is calculated as the 

average of all the configurations in the simulation as shown in equation (2.4) 
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where 
...

denotes the ensemble average with 

1
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where kB is the Boltzmann constant, 

A is the macroscopic observable property.  is the De Broglie wave length given in the 

equation (2.5) 
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where h is Planck's constant and m is the mass of the molecule.  

ΞµVT  is defined as the total of all possible microstates and is expressed by equation (2.6) 
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       (2.6) 

µ is the chemical potential associated with the fugacity of the bulk fluid phase and is usually 

one of the input parameters of the GCMC simulation formulated by equation (2.7) 

 31
ln f 


         (2.7) 

In the GCMC simulation, a constant chemical potential value is desired, so it is necessary 

to fluctuate the configuration of the number of N molecules. This process can be achieved if 
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there is a random movement of particle insertion and deletion. When a particle is introduced 

into the system, the number of molecules originally N will become N + 1. This configuration 

will be accepted if it meets the acceptance probability as 
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Similar with particle insertion, if any particles are removed from the system, the number of 

molecules initially N will become N-1 and this configuration will be accepted if it meets the 

criteria in equation (2.9). 
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2.3.2 GCMC simulation for gas adsorption predictions 

Simulations of gas adsorption using GCMC requires several input parameters. These 

parameters will be used to calculate the interaction energy between the adsorbate molecules, 

the gas, and all the atoms contained in the porous material. The first input parameters that must 

be set are the target temperature and pressure. These parameters will relate to the gas and 

porous materials' fugacity to calculate the chemical potential value in the equation (2.4). The 

adsorption process is a fluid phase equilibrium problem with the adsorbent, as shown in Figure 

2.3. Where in equilibrium conditions, several requirements must be met according to the 

equation (2.10) 

 

Figure 2.3. Schematic diagram of phase equilibrium between fluid phase and adsorbed phase 

At equilibrium: 
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where f is the fugacity in atm, T is the temperature in Kelvin, and μ is chemical potential. 
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The second and most important input parameter is the selection of a force field to describe 

adsorbate-adsorbate and adsorbate-adsorbent interactions. Generally, general-purpose force 

fields such as the Universal force field88 and the Dreiding force field89 are the most commonly 

used to represent these interactions. Typically, force field parameters are divided into bonded 

and non-bonded parameters. Here we focus mainly on the non-bonded parameters, since the 

adsorbates and the MOF adsorbents in our studies were considered as rigid molecules. 

Non-bonded parameters describe interaction between non-bonded species. Such 

interactions can be of van der Waals (vdW) and/or Columbic interactions. Figure 2.4 

schematically illustrates both vdW and Columbic interactions. Equation (2.11) can be used to 

determine the vdW interactions using the Lennard-Jones (L-J) potential.  

 

Columbic 

Figure 2.4. Illustration of vdW and Columbic interaction between two atoms; D is the dielectric constant, q1 and q2 are point 

charges of two atoms separated by the distance r 
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where U(rij) is the intermolecular energy, ijr
is the distance between molecules i and j , ij is 

the depth of potential well and ij
is the hard sphere diameter. 

The L-J potential is a model that accurately describes the fundamental characteristics of 

interactions between atoms and molecules. Two particles exhibit repulsive forces when they 

are in close distance, attractive forces when they are at a moderate distance, and no interactions 

when they are at infinite distance.90 When we revisit equation (2.11), the vdW interaction is 

strongly dependent on the distance between the i and j molecules. In this case, i can be 

considered an atom in the adsorbate molecule, and j an atom in the MOF crystalline structure. 

If the distance between the atoms is too far away, the interaction energy will be small close to 

zero, as shown in Figure 2.5. In GCMC, it is necessary to set the energy cut-off radius and 

make the assumption that if the distance between two interacting sites exceeds this cut-off 

radius, the interaction energy is simply negligible. 
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Adsorbate molecules can be modelled as a single interaction site, for example, methane in 

which each carbon and its bonded hydrogens can be treated as a united-atom model. A 

quadrupolar molecule that has a charge such as CO2 is treated as two atoms, namely C and O.  

This model has three L-J sites that model the overlap and dispersion forces. The C-O bond 

length and O-C-O bond angle are fixed at the experimental value of 1.16 Å and at 180°, 

respectively.72 For CO2 and water, we used the TraPPE91 or TiP4P92 models. To calculate the 

L-J cross interactions, in general, the Lorentz-Berthelot mixing rules are often used, which are 

shown in equations (2.12) and (2.13). 

 0.5ij i j   
       (2.12) 

ij i j  
        (2.13) 

 

 

Figure 2.5. Potential energy interactions as a function of the distance between two interacting atoms. 

It is important to take into account the Columbic interactions between adsorbate molecules 

that are polar or quadrupolar. This can be achieved using equation (2.14). To calculate point 

charges on the atoms contained in MOFs, density functional theory (DFT)93 methods can be 

applied to calculate the electrostatic potential energy of the entire MOF before partial atomic 

charge assignment. 
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In the equation above, 0 is the permittivity in vacuum, qi and qk are the charges on atoms i and 

j, respectively, and rij is the interatomic distance between atoms i and j. 

GCMC simulations have been widely used to predict gas adsorption isotherms in MOFs 

including  successful application in high-throughput calculations for gas separation,94 gas 

storage,95 and catalysis.96 Recently, MOFs were computational screened for CO/N2 separation 

using GCMC simulations.97  This screening process identified Ni-MOF-74 and Co-MOF-74 as 
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the most promising adsorbent for CO/N2 separation due to their strong metal-CO interactions. 

GCMC simulations have also been applied in identifying MOFs for membrane technologies in 

H2 purification and CO2 capture in syngas production.98 

 

2.3.2 Periodic Boundary Condition (PBC) 

In GCMC simulations, we predict macroscopic properties of a system i.e. critical properties of 

a fluid99 or predicting the adsorption capacity.100 In such simulations, the entire system can be 

assumed as a simulation box containing thousands of molecules as illustrated in  in Figure 2.6. 

 

Figure 2.6. Simulation box to illustrate periodic boundary conditions in GCMC simulation. Reprint from 81 

Figure 2.6 represents a simulation box of 1 gram of water in a specific volume. It will have 

3 x 1022 molecules. The key question that arises here is that how all such interactions between 

this many atoms are handled in the simulation box. If the simulation box is enlarged so that the 

system boundary includes all molecules, it will be impractical in terms of computation time 

and resources.  

The classical way to solve the problem is to use the principle of periodic boundary 

conditions (PBC). In principle, PBC imposed the system in which an infinite number of unit 

cells are placed around the main simulation cell. PBC allows this by replicating the simulation 

cell throughout the phase space to form an infinite system. Here in Figure 2.6, for each unit 

cell, particles are free to move, not only interacting with particles in one-unit cell but with 

neighboring cells with identical movements during the interaction within their cut-off distance. 

The periodic image motion of a particle in the adjacent unit cell will be identical, which is 

known as the "minimum image convention" condition. According to the “minimum image 

convention”, particles only interact with the closest image of other particles. Using PBC 
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principles in combination with the "minimum image convention" requires us to determine 

several things in running the GCMC simulation. The first is to determine the cut-off distance 

to calculate the interactions between particles in the simulation box. The second is setting the 

simulation box dimensions at least twice the cut-off distance. This ensures that particles in a 

unit cell only interact with the nearest particles in the neighboring image. 

 

2.4. High Throughput Screening (HTS) of MOFs for gas adsorption 

The growing number of MOFs presents a significant prospect for the discovery of novel 

adsorbent materials capable of achieving gas adsorption and separation with exceptional 

performance. However, the extensive quantity of reported MOFs presents a significant obstacle 

for researchers, as it is impractical to readily identify MOFs with exceptional gas adsorption 

and separation capabilities for specific applications. In the context of investigating a specific 

gas separation application, it is necessary to consider the time-consuming nature of 

experimental testing and the comprehensive evaluation required to fully elucidate the 

performance characteristics of MOFs. Clearly, it is not feasible to evaluate the gas separation 

capabilities of all MOFs solely through experimental means in a time-efficient manner. 

The continuous expansion of computational resources has made computations an essential 

tool, assuming an ever more significant role in the field of materials science and engineering. 

Over the course of the past twenty to twenty-five years, there has been significant 

computational investigations focused on the screening of MOFs for gas adsorption and 

separation.101,102 High-throughput computational screening studies employ molecular 

simulations to effectively predict the gas adsorption and separation capabilities of large 

numbers of MOFs in a time-efficient manner by utilizing a MOF databases in conjunction with  

suitable force fields. These studies are of great value as they guide future experimental 

endeavours, enabling the allocation of time and resources towards the most promising materials 

for a specific gas adsorption and separation process.  

Since 2012, there has been a notable rise in computational investigations aimed at screening 

MOFs for their potential in CO2 adsorption and separation. For the first time, Wilmer et al.103 

conducted simulations to investigate the adsorption behavior of pure CO2, N2, and CH4 in more 

than 130,000 hMOFs (hypothetical MOFs) and derived extensive structure-property 

relationships for the gases studied. Subsequently, they made predictions on the separation of 

CO2 in various gas mixtures, such as flue gas, natural gas, and landfill gas. This study 

delineated distinct and well-defined structure-property relationships that were not readily 
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apparent in a limited dataset of MOFs. The examination of structure-property correlations can 

aid in the identification of crucial structural attributes that influence optimum CO2 adsorption. 

Furthermore, such relationships can provide a valuable framework for guiding experimental 

endeavours in this field.  

More recently, a subset including 51,163 hMOFs was subjected to analysis for the purpose 

of pre-combustion CO2 separation, employing a genetic algorithm (GA).104,105 This screening 

was able to identify the top-performing MOFs showing a superior CO2 working capacity 

compared to all previously documented MOFs in the literature. A total of 581,278 distinct 

structures were computed for the purpose of assessing CO2 adsorption at a pressure of 0.15 bar, 

the relevant pressure for post-combustion CO2 capture. In this study, a total of 1035 derivatives 

originating from 23 distinct parent MOFs were discovered to have remarkable CO2 adsorption 

capacities above 3.0 mmol/g.  

It must be noted that H2O is typically present in a gaseous mixture and can have detrimental 

impact on the efficiency of the separation due to its competitive adsorption with CO2. The 

development of materials with the ability to selectively adsorb CO2 in the presence of H2O is 

a topic of considerable interest. In this context, Li et al.106 screened 5109 CoRE-MOFs to 

evaluate their potential for CO2 separation from a mixture containing CO2, N2, and H2O. For 

this screening, Henry’s constant calculation was calculated for each adsorbate. Fifteen MOFs 

were chosen based on the ratio of Henry's constants between CO2 and H2O and subjected to 

analysis in order to investigate the adsorption properties of a CO2/N2/H2O mixture. The study 

indicated that the screening methodology employed in this study demonstrates a satisfactory 

level of effectiveness in identifying MOFs that exhibit reasonably high selectivities for 

CO2/H2O and CO2/N2. Qiao et al.107 screened 6013 CoRE-MOFs to evaluate their efficacy in 

separating CO2 and H2S from natural gas in a humid environment. A total of 45 top-performing 

MOFs were successfully identified, of which 39 possess organic linkers containing nitrogen. 

Specifically, 23 of these MOFs incorporate pyridine linkers, while the remaining 12 

incorporate azolates. This implies that the utilisation of organic linkers is more advantageous 

in the context of CO2 and H2S separation owing to their high affinity. This study further 

highlights the important of the charge assignment approach in accurately identifying 

hydrophobic MOFs for the purpose of selectively adsorbing CO2 in the presence of H2O.  
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Abstract 

 Zr-oxide secondary building units construct metal–organic framework (MOF) materials with 

excellent gas adsorption properties and high mechanical, thermal, and chemical stability. These 

attributes have led Zr-oxide MOFs to be well-recognized for a wide range of applications, 

including gas storage and separation, catalysis, as well as healthcare domain. Here, we report 

structure search methods within the Cambridge Structural Database (CSD) to create a curated 

subset of 102 Zr-oxide MOFs synthesized to date, bringing a unique record for all researchers 

working in this area. For the identified structures, we manually corrected the proton topology 

of hydroxyl and water molecules on the Zr-oxide nodes and characterized their textural 

properties, Brunauer–Emmett–Teller (BET) area, and topology. Importantly, we performed 

systematic periodic density functional theory (DFT) calculations comparing 25 different 

combinations of basis sets and functionals to calculate framework partial atomic charges for 

use in gas adsorption simulations. Through experimental verification of CO2 adsorption in 

selected Zr-oxide MOFs, we demonstrate the sensitivity of CO2 adsorption predictions at the 

Henry’s regime to the choice of the DFT method for partial charge calculations. We 

characterized Zr-MOFs for their CO2 adsorption performance via high-throughput grand 

canonical Monte Carlo (GCMC) simulations and revealed how the chemistry of the Zr-oxide 

node could have a significant impact on CO2 uptake predictions. We found that the maximum 

CO2 uptake is obtained for structures with the heat of adsorption values >25 kJ/mol and the 

largest cavity diameters of ca. 6–7 Å. Finally, we introduced augmented reality (AR) 

visualizations as a means to bring adsorption phenomena alive in porous adsorbents and to 

dynamically explore gas adsorption sites in MOFs. 
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3.1. Introduction 

Metal–organic frameworks (MOFs) are now a well-established generation of porous materials, 

which are formed by extended coordination networks of metal clusters and organic building 

blocks. MOFs can be readily tailored to produce thousands of materials with a vast range of 

pore sizes, shapes, and chemistries with promise for numerous applications in specific gas 

storage and separation.1–7 Indeed, we have already identified a staggering ca. 100,000 already-

synthesized MOFs in the Cambridge Structural Database (CSD) as of January 2020 (2020.0 

CSD release).8–10 Of all the identified MOF materials in the CSD, ca. 10,000 are porous (i.e., 

materials with pore-limiting diameter (PLD) > 3.7 Å), which can be explored for adsorption 

applications. In our recent work, we developed an array of algorithms to classify different 

families of porous MOFs based on some of their most well-known metal secondary building 

units (SBUs).9 Clearly, such databases and classifications create excellent opportunities for in 

silico screening practices for targeted exploration of MOFs for gas adsorption.9 However, in 

this context, a crucial and often overlooked aspect of MOFs is their ability to withstand 

exposure to industrial processes for gas sorption. With this idea in mind, here, we focus on the 

computational characterization of one of the undoubtedly key families of stable MOFs: 

structures containing Zr-oxide SBUs. We expect that this study will guide experimental and 

theoretical researchers to carry out transformative research on this promising class of MOFs 

for novel adsorption technologies. 

Zr-oxide MOFs have great potential for gas adsorption and separation applications owing 

to their porosity, regenerability, and good chemical and physical stability properties.11–13 The 

high oxidation state of Zr generates strong Zr–O SBUs, and the high connectivity with the 

organic ligands boosts their mechanical stability.14,15 Furthermore, most structures maintain 

their structural integrity at temperatures up to 450 °C and in aqueous or acidic 

conditions.12,13,16–18 

 Given the large number of existing MOFs, including those containing Zr-oxide nodes, quite 

a few high-throughput computational protocols have been developed to screen and identify 

top-performing materials before synthesis and experimental testing in the laboratory.19–23 

Predominantly, theoretical approaches combining density functional theory (DFT) and grand 

canonical Monte Carlo (GCMC) calculations have successfully predicted the gas adsorption 

properties of MOFs. The accuracy of such simulations relies on the force field parameters that 

describe adsorbate–MOF and adsorbate–adsorbate interactions. In addition to van der Waals 

interactions, for polar and quadrupolar adsorbates, it is essential to take into account the 
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electrostatic interactions between the adsorbate and the MOF atoms. Such interactions are 

normally described by assigning partial charges to framework atoms. Different methods have 

been developed to calculate MOF’s atomic charges, for which significant variations in 

adsorption predictions could arise.24–29 Popular methods include semi-empirical approaches, 

such as charge equilibration methods30 and those based on bond connectivity31 that require no 

electronic structure calculation, or charge assignment approaches based on quantum 

mechanical calculations, such as CHarges from ELectrostatic Potentials using a Grid-based 

method (ChelpG),32 density derived electrostatic and chemical (DDEC),33 and repeating 

electrostatic potential extracted atomic (REPEAT),34 to generate electrostatic-potential-derived 

atomic charges. A number of studies have compared the sensitivity of gas adsorption 

predictions with respect to the method used to assign partial atomic charges. In an outstanding 

contribution, Nazarian et al.35 compared atomic point charges derived from EQeq and the 

DDEC approaches for the adsorptive removal of tert-butyl mercaptan from natural gas and 

found a significant difference in predicted adsorption selectivity depending on the charge 

assignment method. In general, the DDEC approach reproduces the electrostatic interactions 

outside the van der Waals radius of atoms, and this is especially important for gas adsorption 

simulations. Similar to the conclusions of this work and others,24  the general consensus is that 

DFT methods provide more accurate partial charge predictions and therefore are more reliable 

for gas adsorption simulations especially in the low-pressure regime-Henry’s region in the 

isotherm, where adsorbate–MOF interactions dominantly determine the amount of the gas 

adsorbed and the shape of the isotherm. 

Importantly, we note that none of the 2932 experimentally synthesized MOF structures in 

Nazarian et al.’s work are Zr-oxide MOFs, and given the importance of this class of materials, 

in the present work, we performed a systematic study to identify, characterize, and calculate 

the partial atomic charges for Zr-oxide MOFs present in the CSD MOF subset. Finally, we use 

this subset of structures in a high-throughput screening study to explore their capabilities for 

CO2 capture in flue gas conditions. 
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3.2. Results and Discussion  

3.2.1. Zr-Oxide MOFs: Identification and Geometric Characterization 

We used ConQuest, the CCDC’s primary software for searching structures, to develop seven 

search queries (Figure S1) to identify all MOF materials containing the Zr-oxide cluster from 

the CSD MOF subset. We successfully hit 102 structures among the existing ca. 100,000 MOFs 

(Figure 3.1). 

 

 

Figure 3.1. Three-dimensional (3D) representation of Zr-oxide secondary building units (SBUs) based on Zr6 clusters: (a) 6-

connected carboxylates in PCN-224; (b) 8-connected carboxylates in PCN-222; (c) 10-connected carboxylates in DUT-67; 

(d) 12-connected carboxylates in UiO-66. 

After generating the subset of Zr-MOFs and fixing the position of OH groups for each 

structure,36–39 we calculated different geometric descriptors such as accessible surface area 

(ASA), largest cavity diameter (LCD), pore-limiting diameter (PLD), void fraction, and density 

using the Zeo++ software package.40 Figure 3.2 shows the distribution of the geometric 

properties. While a wide range of physical properties is achievable in Zr-oxide MOFs, most 

structures are concentrated in regions with micropores with LCDs < 20 Å and void fractions 

of 0.3–0.5, possibly due to the commercial availability of shorter linkers such as benzene–

dicarboxylic acid and the popularity of this range of pore size for gas storage and separation 

applications. Of all, 85% of structures have gravimetric surface areas between 1500 and 4500 

m2/g, volumetric surface areas of 1500 and 2500 m2/cm3, and densities <1.5 g/cm3. The 

geometric and physical properties of all the Zr-oxide MOFs are tabulated in the Excel file in 

the Supporting Information. 
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Figure 3.2. Histograms showing the calculated geometric properties of 102 Zr-oxide MOFs in the CSD MOF subset. (a) 

Largest cavity diameter, (b) pore-limiting diameter, (c) void fraction, (d) density, (e) gravimetric surface area, and (f) 

volumetric surface area. 

The description of MOF topology is important as it provides the underlying connectivity of 

their building units.41 Different topologies can result in variations in the pore size and shape, 

as well as mechanical stability.15,42 We used CrystalNets43 to assign topologies to each structure 

using a single-node simplification approach. Of the total 102 materials, we assigned Reticular 

Chemistry Structural Resource (RCSR)41 topology identifiers to 100 structures, with one 

unknown topology and one topological type database (TTD) topology, which was obtained 

using ToposPro44 from the Samara Topological Data Center. Figure 3.3.a shows the frequency 

of topologies for the structures in the subset with 17 unique three-character RCSR identifiers 

and one unique TTD identifier. A number of materials were assigned with two topologies; in 

cases where metal nodes are linked by porphyrins or derivatives thereof, the consequence of 

changing the ring size parameter in Topos’ cluster simplification method results in an 

alternative allocation of the connectivity of nonmetal nodes. The central porphyrin ring can be 

simplified into either four 3-connected nodes about the edges of the porphyrin structure or a 

single 4-connected node, resulting in the possible allocation of both xxw and ftw topologies, 

respectively. The result is subjective, but these structure types have been previously reported 

as ftw maintaining a single node at the center of the porphyrin linker. Additionally, the set 

contains 10 structures that consist of layers of interpenetrating material represented by two-

dimensional (2D) kgd and 3D fcu nets. The five most frequently reported 3D periodic nets in 

this set are fcu with 49 structures followed by five structures for each bcu, csq, she, and ftw 

topology. Finally, a single 2D sql net was reported for the GOXZAW structure, which consists 

of layers of nonconnected 2D metal–organic sheets. Figure 3.3.b shows the range of LCD 
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values for the five most common topologies and shows that certain topologies may impose 

limits for structural descriptors including the pore size. LCDs range from 6.4 Å (fcu) to 37.9 

Å (csq), varying dramatically from micropores to mesopores. Zr-oxide MOFs with fcu and 

bcu topologies exhibit micropores with LCDs < 20 Å. The structures with ftw, she, and csq 

topologies lie within the mesoporous region with LCD > 20 Å, where materials with csq 

topology contain the largest cavity diameter among all Zr-oxide MOFs. 

 

Figure 3.3. (a) Histogram for the distribution of topologies for Zr-oxide MOFs; top-five topologies are shown in the inset: Zr-

oxide node is shown in red, linkers in blue, and the green represents organic nodes. (b) Distribution of the largest cavity 

diameter (LCD) in selected topologies. 

3.2.2. N2 Adsorption; Brunauer–Emmett–Teller (BET) Area Characterization 

The surface area of MOFs is arguably their most attractive feature and is typically measured or 

calculated as part of MOF porosity characterization via N2 adsorption. Here, we calculated N2 

adsorption isotherms at 77 K for all 102 Zr-oxide structures via GCMC simulations and 

estimated the BET area following the consistency criteria suggested by Rouquerol et al.45 All 

N2 adsorption isotherms and details of the BET area calculations are reported in the Supporting 

Information (Section S.3.3). 

Among all structures, 85 MOFs complied with the four so-called “BET consistency 

criteria”, while we had trouble finding the pressure range that would satisfy all four criteria for 

the remaining 17 structures. For these structures, after applying the first criterion, only one 

possible pressure range for BET calculations is eligible, meaning that the surface area 

calculated is insensitive to the remaining BET area criteria. Figure 3.4.a shows the parity plot 

comparing BET area values with the accessible surface area (ASA) for structures with different 

LCDs. The results show that, for the majority of structures, irrespective of their LCD range, 

ASA calculations report higher values compared to the BET area. We note that ASA is 

calculated using the Zeo++ software, where a spherical probe with a radius of 1.86 Å (the 
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kinetic radius of N2) was used. We also note that almost all Zr-oxide MOFs have multiple pores 

in their structures with some as small as ca. 3.5–5 Å, i.e., their pore size is similar to the kinetic 

diameter of N2 [see e.g., UiO-66, MOF-801, MOF-802, MOF-812, and PCN-702 pore size 

distribution (PSD) in the Supporting Information]. The presence of these small pores creates 

regions in the structure that may not be easily accessible to N2 molecules in GCMC simulations 

and therefore underestimating the monolayer loading. 

 

Figure 3.4. (a) BET area vs accessible surface area calculated for 102 Zr-oxide MOFs with various ranges for the largest 

cavity diameter (LCD); (b) relationship between the largest cavity diameter and the second-largest cavity diameter for the 

top-five topologies in Zr-oxide MOFs. The color represents the topology; the size of the data points corresponds to the 

proportional absolute deviation between the BET area and ASA. 

According to the previous study performed by Gómez-Gualdrón et al.,46 BET calculations 

for MOFs that fulfill all four consistency criteria can still inaccurately characterize the true 

monolayer loading, especially for structures combining mesopores (d ≥ 20 Å) and large 

micropores (d = 10–20 Å). Figure 4b presents the distribution of LCD and the second-largest 

cavity diameter for the top-five topologies and highlights the deviation between the BET area 

and ASA, represented proportionally by the size of the data points. For the fcu topology, large 

deviations were seen for structures with small micropores (pore diameter <10 Å) and those 

combining large micropores and small micropores. This was also observed for MOFs with the 

bcu topology (20% deviation) where there are no structures with LCD larger than 20 Å and 

those structures with small micropores as their LCD. Zr-oxide MOFs with ftw and she 

topologies show low deviation (<10%) since they mostly contain LCD > 20 Å and no 

micropores as their second LCD. A significant deviation (20–40%) was observed for structures 

with the csq topology. These structures combine mesopores (d ≥ 20 Å) with a higher proportion 

compared to the large micropores (d = 10–20 Å). Such deviations could arise from how the 

Voronoi nodes are sampled in Zeo++ and the accessibility of tight regions of the pore to the 

nitrogen’s geometric probe model. We hope this analysis provides a benchmark for assessing 
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the quality of Zr-oxide MOFs, for example, what is the upper limit of the surface area that can 

be achieved if the structural integrity is maintained or if the MOF is completely activated in 

the solvent removal process? This will, in turn, give information about the expected 

experimental adsorption performance of a MOF. 

 

3.2.3. Atomic Charge Assignment and CO2 Adsorption Simulations 

We also investigated the performance of Zr-oxide MOFs for CO2 capture. Before running the 

calculations in a high-throughput manner, we first compared the calculated adsorption 

isotherms with experimental data available in the literature. Given that CO2 has a high 

quadruple moment, its adsorption prediction highly relies on the electrostatic interactions with 

the framework. Therefore, it is important to take into account such interactions using electronic 

structure calculations such as density functional theory (DFT). DFT calculations can provide 

insight into the electrostatic potential energy surface, which can be tabulated as point charges 

on framework atoms. To study the performance of DFT calculations to predict partial atomic 

charges, we performed systematic periodic DFT calculations comparing 25 different 

combinations of basis sets and functionals. To do this, we first selected two prototypical Zr-

oxide MOFs, namely, UiO-66 and UiO-67, where experimental CO2 adsorption isotherms were 

available. We then investigated the sensitivity of assigned point charges and the relevant CO2 

adsorption isotherms for different DFT methods. Figure 3.5.a,b shows the calculated CO2 

adsorption isotherms obtained from various combinations of DFT functionals and basis sets 

and compares them with experiments for UiO-66 and UiO-67, respectively47,48 (Figures S.3.4 

and S.3.5 present data for all combinations of DFT basis sets and functionals attempted). In 

general, the amount of CO2 adsorbed at high pressure and the shape of the isotherms are rather 

similar when electrostatic interactions are taken into account through different DFT 

calculations. For UiO-66, at low-pressure regime (ca. 1 bar), where the framework–CO2 

interactions are dominant, the amount of predicted CO2 ranges between 1.7 and 3 mol/kg 

depending on the DFT method used. Such deviations are less prominent for UiO-67, a structure 

with larger pores, with CO2 uptake predictions ranging between 0.8 and 1.3 mol/kg at 1 bar. 

For both UiO-66 and UiO-67, the combination of PBE0 functional with the def2-svp basis set 

provides an excellent match with the experimental data, and therefore, we selected this DFT 

method to calculate partial atomic charges for the rest of the Zr-oxide MOFs (37 structures). 

We introduce Average Absolute Deviation (AAD) as the criteria for the selection of best 

combinations for high throughput screening process. AAD was also defined in eq. 3.1 
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𝐴𝐴𝐷(%) =
1

𝑁
∑

𝐶𝑂2𝑢𝑝𝑡𝑎𝑘𝑒𝑠𝑖𝑚−𝐶𝑂2𝑢𝑝𝑡𝑎𝑘𝑒𝑒𝑥𝑝

𝐶𝑂2𝑢𝑝𝑡𝑎𝑘𝑒𝑠𝑖𝑚 𝑥 100%𝑁
𝑁=1  (3.1) 

We determined the best DFT combinations according to the absolute average deviation (AAD) 

value between simulation and experimental data. The best combinations were chosen from its 

smallest value in its AAD where the AAD is defined in above equation. Those combinations 

give the smallest AAD of c.a 9% compared to other combination of basis sets and functionals 

that can give AAD value even larger than 10%, especially at lower pressure regimes. For the 

comparison we used experimental data measured by Cavka, et al.47 The remaining calculations 

failed to converge to a suitable state or were too computationally expensive at this level of 

theory and thus were omitted. 

 

Figure 3.5. Simulated and experimental CO2 adsorption isotherms for (a) UiO-66 and (b) UiO-67 at 298 K. The isotherms 

were calculated using different DFT calculations for partial atomic charge assignment. 

After we calculated the partial atomic charges for the Zr-oxide MOFs, we performed high-

throughput GCMC simulations to identify promising materials for CO2 adsorption. We 

targeted CO2 capture from flue gas in the post-combustion application at 298 K and 0.15 bar. 

Details of adsorption simulations are outlined in the Section 3.3. Similar to the adsorption of 

other gases, CO2 capture in Zr-oxide MOFs likely depends on different structural descriptors, 

including LCD, surface area, void fraction, structure density, as well as the heat of adsorption 

(Qst). To maximize CO2 capture performance, the combination of these descriptors must be 

optimized. Figure 3.6 shows the relationship between the amount of CO2 adsorbed at 0.15 bar 

and 298 K, the LCD, the number of node connections (size), and the CO2 heat of adsorption 

(color). For the majority of MOFs with Qst < 22 kJ/mol, CO2 adsorption capacity is very low 

and stays at <1 mol/kg. For the UiO family of MOFs, the amount of CO2 adsorbed decreases 

as the length of a linker and therefore the pore size increases from one benzene ring in UiO-66 
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to two and three benzene rings in UiO-67 and UiO-68, respectively. In all three structures, the 

CO2 uptake remains below 1 mol/kg. In general, the maximum CO2 uptake is obtained for 

structures with Qst values >25 kJ/mol and LCD values of ca. 6–7 Å. The material with the 

highest predicted CO2 adsorption capacity is MOF-81249 with 2.5 mol/kg. This trend is also 

observed in some previous studies on computational screening of MOFs for CO2 capture 

application.50–53 The SBU in MOF-812 is connected to 12 tetrahedral linkers resulting in a 3D 

network of ith topology, which is different from the typical 12-connected Zr SBUs in the fcu 

series. To gain molecular-level insight into CO2 adsorption in MOF-812 and UiO-66, we 

compared their simulation snapshots at 0.15 bar and 298 K and found that CO2 molecules prefer 

to sit much closer to the Zr-nodes in MOF-812 (Figure 3.7.a). This finding is also confirmed 

by the analysis of the radial distribution function (RDF) of atom pairs between the framework 

Zr and the oxygen atom in CO2 (Figure 3.7.b). In MOF-812, the first peak appears at 2.5 Å, 

while for UiO-66, another structure with 12-connected nodes, we observe a much larger 

distance between Zr and CO2 molecules, with the first peak rising at 5 Å. Analysis of the pore 

size distribution (PSD) shows that MOF-812 contains smaller pores (4 and 5.5 Å) compared to 

those of UiO-66, whose small and large pores are 6.8 and 7.7 Å, respectively. The simulation 

snapshots show that in UiO-66, CO2 molecules reside in the small tetrahedral pores, whereas 

in MOF-812, CO2 molecules preferentially sit in the space between the Zr-oxide nodes in 

addition to the pockets in between the tetrahedral linkers: see the blue CO2 molecules in Figure 

3.7.a. The proximity of CO2 molecules to the Zr-oxide nodes in MOF-812 is also explained by 

the dominant MOF–CO2 electrostatic interactions (Figure S8). Using our online Wiz 

visualization platform,54 one can dynamically probe the effects of different textural properties 

on CO2 adsorption capacity for all the Zr-oxide MOFs studied here. 
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Figure 3.6. Structure–property relationships for CO2 capture in Zr-oxide MOFs at 0.15 bar and 298 K. 

 

Figure 3.7. (a) CO2 adsorption snapshots in MOF-812 and UiO-66 simulated at 0.15 bar and 298 K. In UiO-66, CO2 molecules 

are adsorbed in small tetrahedral pores. In MOF-812, CO2 molecules sit preferentially in the space between the Zr-oxide 

nodes (orange vdW representation) in addition to the pockets created by the tetrahedral linkers (blue vdW representation). (b) 

Radial distribution functions between the Zr atom of the MOF and the O atom in CO2 molecules in MOF-812 and UiO-66. 

To probe the sensitivity of CO2 uptake predictions to the chemistry of Zr-oxide nodes with 

less than 12 connections, we took one of the 8-connected structures (BOSZEQ55) and removed 

the water and hydroxyl groups from the Zr-oxide node before running CO2 adsorption 

simulations (Figure S.3.7). In other words, the newly constructed structure 

(Zr6O4(OH)4(RCO2)8) differs in its SBU chemistry compared to the staggered mixed node 

proton topology39 where water and hydroxyl groups are connected to Zr atoms 

(Zr6O4(OH)4(OH)4(OH2)4(RCO2)8). The CO2 adsorption predictions for these two seemingly 
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similar structures are significantly different (Figure S.3.6). At 0.15 bar and 298 K, the 

staggered protonated coordination gives substantially lower CO2 uptake (0.16 mol/kg) than the 

structure with no water or hydroxyl groups (5.3 mol/kg). Such a significant increase in the CO2 

uptake prediction is driven by the enhanced MOF–CO2 electrostatic interactions (Figure S.3.8) 

and reveals the importance of the Zr-oxide node chemistry when dealing with MOFs with site 

defects (e.g., Zr-oxide SBUs with fewer than 12 connections). This suggests that care must be 

taken when conducting adsorption simulations for these systems. 

 

3.2.4. Augmented Reality (AR) Visualization of Gas Adsorption Sites 

Provision of detailed information about MOF’s structural network, pores, surface chemistry, 

and preferential adsorption sites has been crucial in helping us to better understand the 

adsorption phenomena. Such information can be more useful and interactive if one can convey 

it in three-dimensional (3D) perspectives as more and more complex structures are designed 

and synthesized every day. A new emerging visualization technology that is widely used in 

other areas is augmented reality (AR). AR offers a seamless interface combining real and 

virtual worlds and has been employed as a teaching medium in the science field56,57 and used 

in the visualization of 3D molecular structures.58 In the present study, we use AR to not only 

visualize MOF structures but, more importantly, for the detection of favorable adsorption sites 

for gas molecules enabling experimental and computational MOF scientists to better 

understand the pore environment. To the best of our knowledge, this is the first AR 

visualization of gas adsorption in MOFs. Figure 8 demonstrates the application of AR for CO2 

adsorption in UiO-66. GCMC simulation snapshots obtained at different CO2 loadings are used 

as input files for AR engine (Vuforia platform)59,60 to analyze CO2 adsorption sites at different 

loadings. At low pressures up to 1 bar (Figure 3.8.b), CO2 molecules mainly occupy the 

tetrahedral cage and only start filling the octahedral cages when the pressure exceeds 10 bar. 

By creating different bar codes for each configuration, one can flick through different 

simulation snapshots and analyze the adsorption sites at different pressures. The AR 

visualization procedure, explained thoroughly in the methods section, can be applied to any 

MOF for detailed structural analysis and for the identification of adsorption sites in a more 

realistic way. 
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Figure 3.8. Augmented reality (AR) screenshots of (a) UiO-66 with CO2 molecules preferential adsorption sites at (b) at low 

pressure (1 bar) and (c) high pressure (10 bar). 
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3.3. Methods 

3.3.1. DFT Partial Atomic Charges Calculations  

DFT simulations were performed with the fully periodic CRYSTAL17 software package.61 

Simulations were initialized from previously reported single-crystal X-ray structures, which 

were obtained from the CCDC. Initially, five representative Zr-MOFs (BOGNES, BOSZEQ, 

MAFWEY, MUBZOA, and UiO-66) were selected for a comprehensive investigation into the 

influence of choice of density functional and basis set on the calculated partial charges. The 

five basis set were 6-31G(d,p), 6-31G(2d,2p), 6-311G(d,p), 6-311G(2d,2p), and def2-SVP. The 

five different functionals tested were PBE, PBE0, BLYP, B3LYP, and M06-2X. The 

convergence on the energy was set to ΔE ≤ 10-8 hartree, and a 2 × 2 × 2 Monkhorst–Pack grid 

was used to sample the reciprocal space lattice. Partial charges were calculated by subtracting 

the total atomic charge determined by the SCF electronic structure method from the atomic 

number using DDEC method. To evaluate if fully optimizing the geometries of the structures 

influenced the calculation of partial charges, we allowed the six structures to fully relax (atomic 

positions and lattice vectors) with an energy convergence criterion of ΔE ≤ 10–8 hartree. 

Ultimately, it was found that the differences in partial charges between the optimized and 

unoptimized structures were minimal, and thus, for the final simulations, the structures were 

used without optimization of the geometry. All of the chosen basis sets and potentials were 

then verified by comparing CO2 adsorption isotherms with published experimental data,47,48 

focused on the UiO MOFs family as a benchmark. 

 

3.3.2. Gas Adsorption Calculations 

The adsorption isotherms were calculated using grand canonical Monte Carlo (GCMC) 

simulations. We used 5000 cycles for equilibration and 5000 cycles to average properties for 

each pressure point, where a cycle is defined as the maximum of 20 or the number of molecules 

in the system. The interactions between CO2–MOF and N2–MOF were modeled by Lennard-

Jones (LJ) plus Coulomb potentials. LJ parameters for all atoms in MOFs were taken from the 

Dreiding force field62 except for the Zr atoms, for which we used the Universal force field 

(UFF) parameters. CO2 and N2 were modeled using the TraPPE force field.63 The details of the 

force field parameters are presented in Table S1 in the Supporting Information. The Lorentz–

Berthelot mixing rules were employed to calculate fluid/solid LJ parameters, and LJ potential 

was cut-off at 12.8 Å. The Ewald summation technique was used to calculate all electrostatic 

interactions. 
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All frameworks were considered rigid during the simulations. Insertion, deletion, and 

translation moves were attempted in the simulations with equal probabilities. All of the 

simulations were carried out using the RASPA molecular simulation software64 and validated 

by comparison with published experimental data. 

 

3.3.3. 5D Visualization Platform and Data Analytics 

All data sets plotted here can be reproduced online using the Wiz visualization dashboard:54 

step-by-step instructions are provided at https://wiz.shef.ac.uk. Adsorption data as well as 

geometric properties are provided in the Supporting Information in a.csv file, which can be 

directly uploaded to Wiz for data visualization and analysis. Visitors to Wiz can generate 

structure–property relationships interactively by plotting variables into each of the five axes 

according to their interests. Users can also explore and search for MOFs by their name and 

geometric/adsorptive properties. 

 

3.3.4. Augmented Reality Visualization 

For AR visualization, two software packages (Jmol65 and Unity66) and the Vuforia platform 

(Augmented Reality engine)59 were used. Jmol was used to convert molecular structure files 

(.mol and.cif) into object files (.obj and.mtl), which can be imported to Unity. Unity was then 

used to set up the application and the Vuforia AR Engine and to assign the molecule objects to 

specific target images, which are set up through a Vuforia’s online platform. A step-by-step 

guide for AR visualization of MOFs has been provided in 

https://doi.org/10.1021/acsami.2c13391 along with the supported screenshots and video link. 

 

https://doi.org/10.1021/acsami.2c13391
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3.4. Conclusion  

In this work, we generated a subset of 102 Zr-oxide MOFs deposited in the Cambridge 

Structural Database. For all structures, we characterized full geometric properties and 

successfully assigned their topologies. We also simulated full N2 adsorption isotherms and 

calculated the surface area by rigorously applying the consistency criteria from the BET theory. 

When compared with geometrically calculated accessible surface area (ASA), in general, BET 

area calculations are lower than ASA for most Zr-oxide MOFs, especially those with 

micropores, as well as structures with the csq topology. The BET area characterization 

performed here offers experimentalists a benchmark for the quality assessment of the Zr-oxide 

MOFs: ensuring the BET consistency criteria are met, we suggest that the experimental BET 

area is compared with the simulated BET area and not ASA. 

We also calculated and assigned partial atomic charges for 37 Zr-oxide MOFs using 

systematic periodic DFT calculations comparing 25 different combinations of basis sets and 

functionals. We validated the DFT calculations by comparing simulated CO2 adsorption 

isotherms with published experimental data for UiO-66 and UiO-67. We found that the 

combination of PBE0 functional with the def2-svp basis set provides an excellent match with 

the experimental data. To determine the best combination, we introduce the deviation value in 

which the selected combination give the smallest deviation of c.a 9%. We then performed high-

throughput GCMC simulations and derived structure–property relationships for CO2 

adsorption in Zr-oxide MOFs. We found that the maximum CO2 uptake is obtained for 

structures with the heat of adsorption values >25 kJ/mol and the largest cavity diameters of ca. 

6–7 Å. Importantly, we found that slight changes in the chemistry of Zr-oxide nodes result in 

significant changes in CO2 adsorption predictions. For example, in BOSZEQ, when the proton 

topology of staggered water/hydroxyl is present on the Zr-node, substantially lower CO2 uptake 

is predicted (0.16 mol/kg) compared to the case where water and hydroxyl groups are removed 

(5.3 mol/kg). Therefore, when comparing adsorption simulations and experiments, care must 

be taken when defining the chemistry of defective Zr-MOFs. All data presented in this paper 

can be uploaded and reproduced in Wiz, our web-based data analytics/visualization platform, 

allowing users to interactively explore structure–property correlations and search for structures 

with optimal structural and adsorptive properties. 

In addition, we applied augmented reality (AR) to not only visualize and understand the 

complexity of Zr-oxide nodes but also introduced it as an educational tool to bring alive 

adsorption phenomena in porous materials, revealing both favorable adsorption sites and gas 
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capture interactions. It is our hope that such tools will ultimately augment material scientists’ 

expertise to design functional materials using atomic- and molecular-level insights.  
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Supplementary Information Document 

S.3.1. Search criteria in CCDC’s structure search software, ConQuest  

 

Figure S.3.1. Seven criteria developed for searching for Zr-oxide MOFs in the CSD MOF subset. QA = O, N, P, C, B, S. QB 

= N, P, B, S, C and superscripts “c” and “a” impose the corresponding atoms to be “cyclic” or “acyclic”, respectively. Me 

denotes methyl groups (redrawn from the work of Moghadam et al.1) 
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S.3.2. Constructing hydroxylated Zr-oxide clusters 

Figure S2 shows UiO-66, a well-known Zr-oxide MOF that have been reported in two forms: 

hydroxylated (Zr6O4(OH)4) and dehydroxylated (Zr6O8).
2 For consistency across all Zr-MOFs, 

before running the periodic DFT calculations, we manually added the hydroxyl groups for 

every structure extracted from the CSD MOF subset. 

 

a 

Figure S.3.2. a. The UiO-66 structure. Grey: C, white: H, red: O, cyan: Zr. b. hydroxylated and c. dehydroxylated Zr-oxide 

node. 

 

b 

c 
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S.3.3. N2 adsorption isotherms and BET area calculations 

Nitrogen adsorption isotherms (77 K) in all studied Zr-oxide MOFs were calculated via grand 

canonical Monte Carlo (GCMC) simulations using RASPA simulation software.3 104 Monte 

Carlo  cycles  were  performed, the first 50% of cycles were applied for equilibration, and the 

remaining cycles were applied to calculate the ensemble averages. Insertion, deletion, rotation, 

and translation moves were set at equal probability. The framework atoms were kept fixed at 

the crystallographic positions for all Zr-oxide MOFs. Adsorbate-adsorbate and adsorbate-

adsorbent interactions were modelled using a Lennard-Jones (LJ) plus Coulomb potential. The 

force field parameters for nitrogen and carbon dioxide were taken from the TraPPE force field. 

All force field parameters are tabulated in Tables S1-S3. 

Table S.3.1. LJ parameters for the Zr-oxide MOFs. 

Atom type σ (Å) ε/kB (K) Force field 

C 3.473 47.856 Dreiding4 

O 3.033 48.158 Dreiding4 

H 2.846 7.649 Dreiding4 

N 3.263 38.949 Dreiding4 

Zr 2.783 34.722 UFF5 

 

Table S.3.2. LJ parameters and partial charges for N2.   

Atom type σ (Å) ε/kB (K) Atomic charge Force field 

N_N2 3.31 36.0 -0.482 TraPPE6 

N_center of mass 0 0 0.964 TraPPE6 

N_N2 3.31 36.0 -0.482 TraPPE6 

 

Table S.3.3. LJ parameters and charges for CO2.  

Atom type σ (Å) ε/kB (K) Atomic charge Force field 

C_CO2 2.80 27.0 0.70 TraPPE6 

O_CO2 3.05 79.0 -0.35 TraPPE6 

 

The procedure for BET area calculations is explained in detail as follows: 

1) According to the BET theory,7 monolayers usually form at pressures of 0.05 < P/P0 < 

0.3. We chose this range as the first guess.  

2) Plot the left side of eq. (1) versus selected range of relative pressure, perform linear 

regression to obtain values for C and Nm. 
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𝑃 𝑃0⁄

𝑁(1−𝑃 𝑃0⁄ )
=

1

𝑁𝑚𝐶
+

𝐶−1

𝑁𝑚𝐶
(

𝑃

𝑃0
)       (1) 

3) Check compliance with consistency criteria 1 and 2.  

4) Check whether the selected range from step 1 satisfy criteria 3. If not, pick another 

range of relative pressure and start from step 2 again.  

5) Calculate the value of (1/√C + 1). Check whether the selected range from step 1 satisfies 

criteria 4.8 If not, pick another range of relative pressure and start from step 2.  

6) Calculate the BET area using eq. 2. 

𝑆 = 𝑁𝑚. 𝐴𝑁2
. 𝑁𝐴𝑉. 𝑉̂𝑁2

    (2) 

where: S = surface area, Nm = nitrogen monolayer uptake in m3(STP)/g, AN2 = cross 

section of nitrogen molecule (1.62 x 10-19 m2/molecule), NAV = Avogadro number 

(6.022 x 1023), 𝑉̂𝑁2
 = nitrogen molar volume at STP (44.64 mol/m3) 

Figure S3 shows an example of N2 adsorption isotherm in MOF-812 followed by BET area 

calculations. We note that we have provided N2 adsorption isotherms and BET area 

calculations for all 102 Zr-oxide MOFs in the supporting information. 

   

 

Figure S.3.3. Example BET area calculation for MOF-812 (CCDC refcode: BOHWOM). Left panel shows the calculated 

nitrogen adsorption isotherm: white symbols indicate the pressure range used for BET area calculation. Right panel shows 

the BET plot used for the first consistency criteria. Bottom panel presents the calculations used to test compliance with all 

four consistency criteria suggested by Rouquerol et al.9 

 The four consistency criteria proposed by Rouquerol et al.9 are described in details here: 

1) Only a range where N(1 – P/Po) increases monotonically with P/Po should be 

selected. 

2) The value of C resulting from the linear regression should be positive. 

3) The monolayer loading Nm should correspond to a relative pressure P/Po falling 

within the selected linear region. 
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4) The relative pressure corresponding to the monolayer loading calculated from BET 

theory (1/√C + 1) should be equal to the pressure determined in criterion 3. (For this 

criterion, Rouquerol et al.9 suggested a tolerance of 20%.) 
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S.3.4. CO2 adsorption isotherms in UiO-66 and UiO-67 

 

 

 

Figure S.3.4. CO2 adsorption isotherms in UiO-66 at 298 K. Each simulated isotherm is obtained from a different combination 

of basis set and functional: a. 6-311G(2d,2p); b. 6-311G(d,p); c. 6-31G(2d,2p); d. dev2-svp. Experimental isotherms are 

shown for comparison.10,11 
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Figure S.3.5. CO2 adsorption isotherms in UiO-67 at 298 K. Each simulated isotherm is obtained from a different combination 

of basis set and functional: a. 6-311G(2d,2p); b. 6-311G(d,p); c. 6-31G(2d,2p); d. 6-31G(d,p); e. dev2-svp. Experimental 

isotherms are shown for comparison.10 
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 S.3.5. CO2 adsorption isotherms for BOSZEQ structures. 

 

 

Figure S.3.6. CO2 adsorption predictions in BOSZEQ (no water) and aqua BOSZEQ at 298 K, inset shows CO2 adsorption at 

low pressure regime. The aqua BOXZEQ structure contains the staggered mixed node proton topology. 
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Figure S.3.7. a. Metal cluster in BOSZEQ and BOXZEQ structure with the staggered mixed node proton topology i.e. aqua 

BOSZEQ; b. CO2 adsorption snapshot in BOSZEQ simulated at 0.15 bar and 298 K; c. Radial distribution functions between Zr 

of the metal node and O of CO2 molecules for selected MOFs. For aqua BOSZEQ, the presence of water molecules prevents CO2 

molecules sitting close to the pockets in between ligands and therefore the first RDF peak appears at ca. 5 Å. The proximity of 

CO2 molecules to the Zr-oxide nodes in BOSZEQ is explained by the dominant MOF-CO2 electrostatic interactions.
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S.3.6. MOF-CO2 electrostatic interactions. 

DFT simulations were performed with the fully periodic CRYSTAL17 software package.12 

Framework Partial charges were calculated by subtracting the total atomic charge determined 

by the SCF electronic structure method from the atomic number. For BOSZEQ, EMIYUW, 

OFAWID, OQUFAJ01-03, QOKBOJ, RUBLAD, UNEJEE, XICYIT and DITJOH structures, 

we used PBE0 functional and DDEC13 charge partitioning approach. 

 

Figure S.3.8. The comparison between MOF-CO2 Coulombic interaction energy for selected MOFs at 0.15 bar and 298 K. 
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Abstract 

In 2021, Svante, in collaboration with BASF, reported successful scale up of CALF-20 

production, a stable MOF with high capacity for post-combustion CO2 capture and exhibits 

remarkable stability towards water. CALF-20’s success story in the MOF commercialisation 

space provides new thinking about appropriate structural and adsorptive metrics important for 

CO2 capture. Here, we combine atomistic-level simulations with experiments to study 

adsorptive properties of CALF-20 and shed light on its flexible crystal structure. We compare 

measured and predicted CO2 and water adsorption isotherms and explain the role of water-

framework interactions and hydrogen bonding networks in CALF-20’s hydrophobic 

behaviour. Furthermore, regular and enhanced sampling molecular dynamics simulations are 

performed with both density-functional theory (DFT) and machine learning potentials (MLPs) 

trained to DFT energies and forces.  From these simulations, the effects of adsorption-induced 

flexibility in CALF-20 are uncovered. We envisage this work would encourage development 

of other MOF materials useful for CO2 capture applications in humid conditions. 

Published in Nature Commun., 2024, 15(1) 3898. 
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4.1. Introduction 

Metal-organic frameworks (MOFs), one of the most ex-citing developments in recent porous 

materials science, are now, more than ever, in the center of attention as they make their way 

successfully into industrial applications for gas adsorption and separation process.1–5 Most 

adsorption applications, especially CO2 capture from either post combustion flue gas or direct 

air capture are inevitably operated under humid conditions where many MOFs suffer from the 

competitive adsorption of water.6–11 In 2014, Shimizu’s laboratory at the University of Calgary 

reported a Zn-based MOF named Calgary Framework 20 (CALF-20) for physisorptive CO2 

capture under real flue gas conditions.12 CALF-20 demonstrates an excellent CO2 adsorption 

capacity of 2.6 mmol/g at 0.15 bar and 298 K, CO2 selectivity against water of up to 40% 

relative humidity, as well as durability and stability to-wards steam, wet acid gases, and 

prolonged exposure to direct flue gas stream.13 

 

Figure 4.1. The structure and topology of CALF-20. a. 3D representation of CALF-20 along with its azolate linker and oxalate 

pillar. b. A schematic diagram showing the simplification of CALF-20 into its underlying dmc topology. The triazolate and 

oxalate linkers are disconnected from the metal nodes and simplified into 3-c and straight-through branches, respectively. The 

red spheres represent metallic nodes and the green spheres represent organic nodes, connected via blue linker ‘branches’. 

CALF-20, shown in Figure 4.1a, consists of repeating layers of 1,2,4-triazoles connected 

by Zn atoms with oxalate ions bridging the layers. 1,2,4-triazole is well known for its water 

and basic environment stability; and its geometric rigidity, strong binding affinity, and high 

basicity has been exploited for constructing other robust MOFs.14–20 Moreover, the scalability 

of  CALF-20’s synthesis has been demonstrated due to its relatively benign synthesis 

conditions. The use of methanol and water as solvents, as well as low-cost, commercially 

available starting materials results in high product yields of up to 90% and an exceptional 

space-time yield of 550 kg/m3 day.13 

In 2021, Svante reported successful single-step commercial synthesis of CALF-20 deployed 

in industrial scale Temperature Swing Adsorption (TSA) process for up to 1 tonne of CO2 
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removal per day from cement flue gas.21 CALF-20 has now become the hallmark of  success 

among MOFs undergoing the scale up process from laboratory to industry - as it ticks many of 

the required boxes for an optimum adsorbent for practical CO2 capture. Developing new 

materials for CO2 abatement has never been more critical and in this context, a number of 

research groups have started examining CALF-20 in more detail with the aim of aiding the 

design and development of other adsorbent materials for selective adsorption of CO2. In late 

2023, Ho and Paesani22 and Magnin et al.23 studied competitive adsorption and diffusion of 

water and CO2 in CALF-20 via classical Monte Carlo and molecular dynamics simulations. At 

the same time, Chen et al.24 looked into structural transformations of CALF-20 in humid 

environments via powder X-ray diffraction (PXRD) and pair distribution function analysis. In 

the present study, in collaboration with MOF scientists from Svante, we used a close feedback 

loop between simulations and experiments to obtain molecular-level insights into some of the 

key CO2 adsorption properties of CALF-20, and determine its structural flexibility triggered 

by the presence of guest molecules. We investigated water-CALF-20 interactions through 

water adsorption simulations and hydrogen-bond analysis, and studied the structural 

transformations of CALF-20 using in-situ adsorption/PXRD data in combination with first-

principles molecular dynamics (MD) simulations. With the aid of machine learning potentials 

(MLPs) trained to DFT data, fully converged free energy profiles of both the empty and guest-

loaded frameworks were also computed, demonstrating the guest-induced flexibility of the 

framework. Importantly, in this work, we note that all the computational works were performed 

before laboratory synthesis and physical gas adsorption measurements were carried out by 

Svante. The excellent agreement between simulation and experiment provided a powerful 

example of the predictive ability of molecular modelling, showcased in the assessment of MOF 

candidates for CO2 capture in wet conditions. 

4.2. Results and Discussion  

4.2.1. Geometric characterization, gas adsorption properties and structural flexibility 

analysis of CALF-20 

To perform the simulations in this work, we used the Crystallographic Information File (CIF) 

from the published CALF-20 structure.13 We first calculated the geometric properties of 

CALF-20 such as the surface area, pore size distribution, largest cavity diameter (LCD), pore 

limiting diameter (PLD) and topology. We note that computational characterisation of 

geometric properties can provide valuable information about the expected adsorption 

performance of materials and help to assess the quality of experimental samples. The LCD and 
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PLD values in CALF-20 are ca. 4.3 Å and 3 Å, respectively: pore size ranges that provide a 

tight fit for CO2 adsorption. Figure 1.b. shows the characterisation of CALF-20’s topology. 

The structure can be separated into C2N3 (triazole) and C2O4 (oxalic acid) linkers, with 

individual zinc atoms as the metallic nodes. After considering these two linker types, we 

simplified the structure using the SingleNode approach and arrived at the Reticular Chemistry 

Structure Resource (RCSR) dmc topology, calculated using ToposPro25 and CrystalNets26 

We also simulated the N2 adsorption isotherm at 77 K and compared it with experimental 

measurements (Figure 4.2a). We found excellent agreement between the two isotherms 

proving that the synthesized sample was highly crystalline and successfully activated. By 

strictly following the BET consistency criteria27,28, we obtained BET area of 550 m2/g for 

CALF-20. Figure 4.2.b. shows simulated CO2 adsorption isotherms for CALF-20 at a range 

of temperatures from 273 K to 387 K and compares them with experiments conducted at 

Svante. Overall, the predicted CO2 uptakes are in good agreement with experimental data for 

the entire pressure range and across different temperatures. Flue gas typically consists of about 

0.1-0.15 atmospheres of CO2 pressure, and at these conditions, the amount of CO2 adsorbed is 

ca. 0.4, 0.7, 1.3, 1.9, and 3.3 mmol/g at 387, 365, 343, 323, and 273 K respectively. Generally, 

the experimentally synthesized MOFs contain solvents in their pores, which can be removed 

upon activation. Before per-forming gas adsorption simulations, these solvent molecules can 

be fully removed mimicking the experimental activation process. This process assumes that 

the experimental activation is successful in removing all residual solvent inside the pores and 

the structure is not changed upon removing the solvent. Clearly, incomplete experimental 

activation in MOFs can reduce the accessibility to the pore space. Therefore, when solvent-

free structures are used in simulations, the amount of predicted gas adsorption is usually higher 

than experimental measurements, given that more pore space is accessible for guest 

molecules.29,30  Since the atoms in CALF-20’s structure are fixed at their crystallographic 

positions during the simulations, underpredicting CO2 uptake indicated to us that CALF-20 

undergoes structural changes in the presence of external stimuli such as gas adsorption or 

temperature. Moreover, we present here the QR code (https://p3d.in/RIA6W) for the 

augmented reality (AR) of CO2 adsorption snapshot in CALF-20 adapted from our previous 

work31 to visualize more clearly the interaction between CO2 molecules and framework. 

https://p3d.in/RIA6W
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Figure 4.2.  N2 and CO2 adsorption isotherms in CALF-20. a. Experimental and simulated N2 adsorption isotherms at 77 K in 

CALF-20. b. Comparison between simulated and experimental CO2 adsorption isotherms for CALF-20 at different 

temperatures along with QR code for augmented reality (AR) of CO2 adsorption snapshot at 0.15 bar and 323 K. c. 

Comparison between simulated and experimental CO2 adsorption isotherms for CALF-20 at different temperatures and 

pressures up to 100 mbar. Black solid symbols represent simulation data, and red open symbols represent experiments carried 

out at Svante. 

To investigate potential interactions involved for guest-induced structural dynamics of 

CALF-20, we monitored structural transformations via in situ powder crystal X-ray diffraction 

(PXRD). We obtained PXRD data under different gas and liquid exposures (N2, CO2, water, 

and ethanol) and compared the results with the as-synthesized CALF-20 sample (Figure 

4.3.a.).  

The CIF from the published CALF-20 structure contains EtOH as guest molecules. Hence, 

when the experimentally synthesized CALF-20 powder is soaked in EtOH and then briefly 

dried (see Supplementary Methods 1 for the details), the PXRD obtained matches that of the 

simulated one. Since solvents induced substantial changes to the PXRD pattern, we evacuated 

CALF-20 by drying the powder in-situ at 110°C for 45 minutes under N2 flow (Figure 4.3a), 

see Supplementary Methods 1 for more details. 
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The evacuated PXRD pattern is similar to the simulated or EtOH soaked sample, with only 

slight changes in the (100) and (011) reflections. The (100) plane in the simulated pattern, 

which corresponds to the interplanar distances between the Zn-triazolate layers in the xz-plane 

(Figure 4.3.b.), exhibits a slight shift to lower 2θ and expansion of this plane when the sample 

is evacuated. There is a corresponding shift in the (011) reflection, which represents the middle 

of the pore (Figure 4.3c), to a higher 2θ of the evacuated sample, suggesting a contraction 

along this plane. This implies that in the absence of solvent, the pores of CALF-20 as viewed 

along the x axis are contracted, with a corresponding expansion between the Zn-triazolate 

layers compared to the EtOH soaked CALF-20. We take this evacuated CALF-20 as a baseline 

for further guest loaded studies. 

Given CALF-20’s ability to selectively adsorb CO2 over water at low relative humidity 

(RH), we loaded CALF-20 with water and CO2 to observe the effects on the PXRD pattern 

(see Supplementary Methods 1 for experimental details). Compared to the evacuated sample, 

loading CALF-20 with 100% CO2 and soaking in liquid water induced a slight shift in the (100) 

reflection to higher 2θ, showing contraction between the Zn-triazolate layers, similar to what 

is observed in the EtOH soaked sample. In addition, the (020) reflection corresponding to the 

planes containing the oxalate moieties (Figure 4.3d) shifts to lower 2θ for both water and CO2, 

and it does not show much change for ethanol. In contrast, the (011) reflection remains the 

same in the CO2 loaded sample, whereas a shift to lower 2θ is observed in the water soaked 

sample. The PXRD pattern of CALF-20 does not show significant changes at low RH (4% and 

10%). At 20% RH, an obvious change of pattern was observed at (100), (011) and (020) planes. 

This is consistent with the reported phase change of CALF-20 in moisture.24 Thus, H2O 

accommodation requires the (011), (100) and (020) peaks to shift significantly, while CO2 

requires only the (100) and (020) reflections to move. The differences between PXRD patterns 

at 20%RH and water soaking indicated that water soaking might bring different changes to the 

structure compared to the adsorption of water vapor.  Overall, water is able to bring more 

changes to the framework compared to all other guests discussed here. In other words, CO2’s 

accommodation requires less structural change than H2O; this could explain why CALF-20 

accepts CO2 over water at low RH. A simplified explanation would be that CO2 adsorption into 

CALF-20 does not require much structural adjustment of the activated phase, whereas water 

needs the framework to open slightly more: even before there is sufficient water to make this 

structural change, the CO2 fills up, making CALF-20 more CO2 selective. These changes in 
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the PXRD patterns demonstrate that CALF-20 is not a rigid and undergoes structural flexibility 

dependent on the guests inside the pores. 

 

Figure 4.3. a Comparison of PXRD patterns for CALF-20 at different adsorption conditions, and for fully dried samples under 

dry N2 and CO2 at 50 °C. For the samples under gas flow, CALF-20 was first heated to 110 °C for 30 min under dry N2 flow 

to evacuate the sample. Then, the sample was cooled to 50 °C and the PXRD pattern was collected under N2 or CO2 flow at 

50 °C. PXRD patterns under different relative humidities (%RH) were all collected in N2. Dashed lines represent the peaks 

for the simulated structure. CALF-20 structure with highlighted b (100), c (011) and d (020) hkl planes. The pink lines 

represent the relevant planes. Atoms coloring scheme is: red, oxygen; blue, nitrogen; white, hydrogen; gray, carbon, and light 

blue, zinc. 

Simulation of MOFs exhibiting structural flexibility is challenging. Our reported GCMC 

simulations of gas adsorption (Figure 2) made the assumption that framework atoms are fixed 

at their crystallographic positions, thus we modelled CALF-20 as rigid. This assumption is 

valid for many MOFs whose building block topology do not allow for high degrees of 

flexibility. However, simulated gas adsorption predictions can deviate from experiments when 

MOFs are structurally flexible in response to external stimuli such as temperature or guest 

loading.32 Here, to further investigate the effects of adsorption-induced flexibility in CALF-20, 

we also performed MD simulations at the density-functional (DFT) level of theory (PBE-

D3(BJ)) using CP2K.33 By comparing MD simulations of both the empty and the guest-loaded 

CALF-20 framework at experimentally observed loadings, the effect of guests on the 

framework can be directly determined. Simulations were performed in the NPT ensemble 

(controlling the temperature and pressure, allowing the cell shape to fluctuate) with a 2x2x2 

supercell of CALF-20 at 273 K, 323 K, and 387 K for a duration of 20 ps with a time step of 1 

fs. From these MD trajectories, we computed histograms of the cell volume, cell lengths, pore 

volumes and pore size distributions, as shown in Figure 4.4.  
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Figure 4.4. CALF-20 structural changes characterised via first-principles molecular dynamics simulations. Distributions of 

a. cell volume (2x2x2) cell, b. cell lengths, and d. pore volume obtained from MD simulations of the empty (blue) and guest-

loaded framework (orange) at 273 K, 323 K, and 387 K, compared to the values of the DFT optimized framework (green) and 

the experimentally resolved structure (black). c. Two snapshots from MD simulations demonstrating the variability of the cell 

vectors perpendicular to the Zn-triazolate layers. Atom colouring scheme is: light grey, zinc; red, oxygen; white, hydrogen; 

blue: nitrogen; grey: carbon). e. Pore size distributions of the experimental structure (black), the DFT optimized structure 

(green), and those averaged over MD trajectories of the empty and guest-loaded CALF-20 at 273 K. f. Pore volume fraction 

as a function of the unit cell volume for the empty CALF-20 framework (blue) and the CO2 loaded framework (orange) at 273 

K. 

Firstly, consider the cell lengths shown in Figure 4.4.b. For the empty framework there is 

most variability along the y and z-axis, perpendicular to the Zn-triazolate layers. To illustrate 

this, two snapshots of the framework are extracted from the MD simulations, the yz-plane of 

which is shown in Figure 4.4.c., with cell lengths annotated on Figure 4.4.b.We can see there 

is significant flexibility where one of the cell lengths varies inversely with the other: this 

corroborates with the differences observed in the PXRD patterns of CALF-20 upon exposure 

to guests (Figure 4.3). This flexible mode is significantly inhibited when guests are present in 

the framework, as can be seen from the narrower orange distributions in Figure 4.4.b. 

Secondly, the previous conclusion can also be drawn from the volume histograms in Figure 

4.a. The difference between the guest-loaded and empty framework is largest at 273 K, at 

which the most guests are adsorbed. The adsorbed guests hold open the framework, resulting 

in a volume of 6,089 Å3, compared to a volume of 5,930 Å3 for the empty CALF-20. Even 

though this difference of 2.7% appears quite small, the effect is much more pronounced when 

considering the pore volume fraction of the framework, shown in Figure 4.4.d. This fraction 

is equal to the volume accessible in the framework for a nitrogen probe divided by the total 

volume, as computed from PoreBlazer.34 This fraction is a measure for the amount of space 

accessible for guest molecules. At 273 K, the difference between the pore volume fractions of 



Chapter 4 

 

 91 

the empty and loaded frameworks is 11.9%, compared to 7.3% at 323 K and 6.6% at 387 K. 

The adsorbed guests clearly increase the pore volume available in the framework, expanding 

the space for more adsorbates, consistent with the hypothesis that the difference between the 

experimental observations and the GCMC simulations at 273 K is due to the ability of the 

framework to adapt to the presence of guests. 

Lastly, the pore size distributions at 273 K are shown in Figure 4.4.e. Comparing the empty 

and guest-loaded frameworks in blue and orange, it is observed that the presence of guests 

increases the size of the largest pores in the framework, holding the material open. The 

correlation between the cell volume and pore volume fraction of the empty and guest-loaded 

framework is shown in Figure 4.4.f. Large spreads across these quantities can be seen for both 

the empty and guest-loaded framework suggesting that a thorough characterization of the 

adsorption properties for both should include this variation. 

 

Empty and guest-loaded DFT free energy profiles 

These initial results indicate that the framework shows a degree of flexibility upon guest 

adsorption. To determine the relative stability of the framework at different volumes in the 

presence of guest adsorbates and at different temperatures, the free energy profiles can be 

derived.35 However, as the construction of these profiles at the PBE-D3(BJ) level of theory is 

computationally excessively demanding, machine learning potentials (MLPs) were used 

instead in the following way. First, short (2 ps) DFT metadynamics simulations were 

performed on the 2x2x2 CALF-20 supercell with the cell volume as a collective variable to 

explore the space of possible states of the framework. Within these simulations, all relevant 

volumes of the framework were sampled. Then, short DFT umbrella sampling simulations 

lasting 0.5 ps were performed, restrained at volumes between 4000 and 7000 Å3 with a step of 

50 Å3, and a temperature of 500 K. Snapshots are taken every 5 fs from these simulations and 

together make up the training set for the MLP (using NequIP35). The approach of generating 

enhanced sampling DFT MD data for training an MLP has been successfully applied before to 

model the flexibility of MOFs.36 The training error on the MLP was 0.13 meV per atom on the 

energy and 28.3 meV/˚ A on the forces. With the trained MLP, longer (15 ps) umbrella 

sampling simulations were then performed at 223 K, 273 K, and 387 K again at volumes 

between 4000 and 7000 Å3 with a step of 50 Å3. The calculated free energy profiles at these 

three temperatures are shown in Figure 4.5.a. 
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Figure 4.5.  Free energy profiles of the empty and guest-loaded CALF-20. a. Free energy profiles as a function of the unit cell 

volume of the empty CALF-20 framework at temperature of 223 K, 273 K, and 387 K. The inset shows closed pore (cp) and 

large pore (lp) structures. b. Internal pressure of the framework, calculated as the negative derivative of the free energy, 

revealing the possibility of a metastable cp phase at a volume of 585 Å3; Free energy profiles of c. CO2-loaded and e. water-

loaded CALF-20 framework at different loadings; Internal pressure of the framework in d. CO2-loaded CALF-20; f. water-

loaded CALF-20. 

The predicted unit cell volume at 273 K agrees very well with the experimentally obtained 

volume. Furthermore, temperature only has a moderate effect on the relative stability of the 

framework. In Figure 4.5.b, the internal pressure (negative derivative of the free energy) is 

shown as function of the unit cell volume. From the simulations, the existence of a metastable 
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closed pore (cp) is predicted at a unit cell volume of 585 Å3. This cp phase can be reached by 

applying a mechanical pressure larger than the transition pressure (376 MPa at 273 K). This 

metastable cp phase only disappears, with a transition back to the large pore (lp) being 

predicted, when lowering the mechanical pressure to below the cp—lp transition pressure (111 

MPa at 273 K). Such phase transitions have not been observed experimentally, but this could 

be due to the large magnitude of the transition pressures required. 

The method to predict the free energy profiles of the empty framework was also used to 

predict the free energy of the CO2-loaded framework. Again, training data at a CO2 loading of 

15.7 cc/g, 31.5 cc/g, 63.0 cc/g, 94.5 cc/g, and 126 cc/g were generated, MLPs were trained, 

and MLP umbrella sampling simulations were performed. The resulting free energy profiles 

are shown in Figure 4.5.c. As expected from the results in Figure 4.4, higher guest loadings 

make the space of accessible volumes narrower, as well as shifting the equilibrium unit cell 

volume upwards. From the empty framework to the guest-loaded framework at 126 cc/g, the 

equilibrium volume shifts from 744 Å3 to 766 Å3. Furthermore, as seen from the pressure 

profiles in Figure 4.5.d, the presence of guest molecules removes the possibility of a 

metastable cp phase being reached under the application of mechanical pressure. This can be 

rationalized from the lower possible pore volume in the cp phase, hindering the presence of 

guest molecules. However, these conclusions could change when loading the framework with 

water instead as the oxalic acid linkers could interact strongly with present water adsorbates, 

possibly even stabilizing the lower-volume cp phase instead of destabilizing it, as is the case 

for carbon dioxide. Subsequently, we expanded this investigation by including H2O guests as 

water was suspected to be able to stabilize lower-volume states of the framework more than 

CO2. The same simulations as CO2 were performed for H2O as guest at a range of loadings. 

The results of these additional simulations are shown in Figure 4.5.e—f. 

Comparing the free energy profiles of the CO2-loaded and the H2O-loaded framework 

reveals some interesting differences. First of all, low H2O loadings indeed stabilized lower 

framework volumes, where this is not seen for CO2. This stabilization also affects the transition 

pressure that would be required to trigger a phase transition from the lp to cp phase. At the 

lowest loading of 15.7 cc/g, the transition pressure is lowered to 293 MPa, compared to 376 

MPa for the empty framework.  

Moreover, a larger spread of lp volumes is predicted under water adsorption compared to 

CO2. However, for water, a non-monotonic behavior is observed. The free energy minimum 

first decreases from 744 Å3 to 725 Å3 at intermediate loadings (31.5 cc/g), and subsequently 
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increases to 764 Å3 at the highest loading. This demonstrates how, at intermediate water 

loadings, lower volumes are stabilized. Only when further increasing the water loadings are 

larger volumes again stabilized. This is consistent with our hypothesis that water, through its 

stronger interactions with the oxalate linkers, can more effectively stabilize the lower 

framework volumes than CO2. Simulated PXRD patterns for guest-induced CALF-20 

structures are shown in Supplementary Figure 4.1.  Similar to experimental PXRDs shown 

in Figure 4.3.a, simulated PXRDs also clearly show global flexibility for CO2- and water-

induced CALF-20 structures, demonstrated by the different patterns obtained from five 

representative framework snapshots during the NPT simulations. 

From the free energy calculations, we also analysed the rotation of the traizolate linkers in 

the empty, CO2-loaded and H2O-loaded CALF-20 structures. Essentially, we considered the 

angle between the normal on the plane defined by the linker and the YZ-plane, which 

determines how much the linker is rotated to "obstruct" the pore along the X-axis (see 

Supplementary Figure 4.2). For the experimental structure, this angle is ca. 21° whereas the 

calculation of the angle distributions for the empty, CO2-loaded and H2O-loaded CALF-20 

structures yields a wide range of values up to 60°. Interestingly, the H2O-loaded structure 

exhibit larger angles with peaks of around 30-40° compared to those for the empty (10-20°) 

and CO2-loaded (20-30°) structures. This means that with water loading, the imidazolate linker 

is further rotated compared to the CO2-loaded structure. This finding suggests the high CO2 

selectivity of the framework with respect to water, as water likes a more rotated imidazole 

angle to optimize its interactions with the framework. However, when CO2 is present, this 

rotation is somewhat inhibited. 

 

4.2.2. Water adsorption in CALF-20 

Water is a ubiquitous component in flue gas and often adversely affects the efficiency of 

adsorbents because it can be preferentially adsorbed over CO2. This phenomenon depends on 

the relative binding affinity of CO2 and water with the adsorbent which is related to the heat of 

adsorption.  The heat of adsorption for water is often high and the initial adsorbed molecules 

can seed and attract more water molecules through formation of strong intermolecular 

hydrogen bonds. This often results in a sudden and sharp increase in the water uptake reaching 

saturation. To evaluate the water-framework and water-water interactions at different levels of 

humidity, we began by simulating water adsorption in CALF-20 and compared the results with 

experiments at 293 K (Figure 6.a). We found a reasonably good agreement between the 
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experiments and simulations throughout the entire pressure range. In particular, the simulations 

predict the shape of the type-V isotherm typical of hydrophobic adsorbents, with poor water-

sorbent interactions and relatively stronger intermolecular attraction. Both simulations and 

experiments show the inflection point below 20% RH with saturation loading of around 11 

mmol/g: these findings are similar to water adsorption data previously reported by Lin et al.13 

Supplementary Figure 4.3.a shows the predicted heat of adsorption versus water loading in 

molecules/unit cell of CALF-20. Overall, the heat of adsorption increases as more water 

molecules adsorbed in CALF-20 from ca. 37—40 kJ/mol at low loadings (1 molecules/unit 

cell) to ~50 kJ/mol at higher loadings of ca. 8 molecules/unit cell. We also investigated the 

breakdown of water-water and water-framework van der Waals (vdW) and electrostatic 

interactions for water adsorption in CALF-20 (Supplementary Figures 4.3.b-c). Electrostatic 

interactions account for ca. 73% of the total energy when water-MOF interactions are 

compared (Supplementary Figure 4.3.c). Electrostatic interactions between water molecules 

are also dominant and increase from 5 kJ/mol to around 30 kJ/mol when the RH increases from 

5% to 80%. 

To investigate water adsorption sites in CALF-20, we analysed the simulation snapshots for 

water and studied the distance between water molecules and CALF-20’s Zn and O atoms 

through analysis of the Radial Distribution Function (RDF). Figure 4.6.b compares the RDF 

of atom pairs between Zn and O atoms in CALF-20 with the O atom in water at 10% RH where 

the initial water molecules are adsorbed. The first peak appears at a distance of 2.8 Å and 

corresponds to the distance between O of water and O of CALF-20 demonstrating that water 

molecules sit next to the oxygen atoms from the oxalate linkers. The distance between the Zn, 

and O of water occurs at larger distances of ca. 4 Å which indicates lack of direct contact with 

the metal atoms and explains why the material does not adsorb significant amount of water at 

low levels of humidity. Figure 4.6.c shows the simulation snapshot for water adsorption in 

CALF-20 at 10% RH. Water molecules are adsorbed close to the oxalate pillars of CALF-20 

rather than the metal clusters in agreement with the RDF results. To better understand the water 

adsorption mechanism in CALF-20 we studied how water forms clusters in the pores of CALF-

20 and compared it with water adsorption behavior in Cu-BTC, a representative hydrophilic 

MOF. To achieve this, we calculated the distribution of hydrogen bonds at different relative 

humidities averaged over the production cycles. To calculate the number of hydrogen bonds, 

we used a geometric criterion described by Xu et al.37 In these calculations, a pair of water 

molecules is considered hydrogen bonded if the O-O distance is below 3.5 Å and 
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simultaneously the O-H…O angle is greater than 150°. Using this criterion we obtained the 

hydrogen bond distributions for different water loadings in CALF-20 shown in Figure 

4.6.d. At relative humidities less than 20%, water molecules are far apart and form zero or, at 

most, one hydrogen bond. At higher relative humidities (80%), after condensation occurs, 

water molecules start to interact but only begin to form one or two hydrogen bonds per water 

molecule. This indicates that water molecules are more spread out in the pore space and 

clustering becomes less probable within the small pores of CALF-20.  However, at high RH 

values in Cu-BTC, we observe up to three and four hydrogen bonds per water molecule, 

indicating a strong tendency for clustering (Figure 4.6.e). In liquid water (red), molecules 

construct mainly four hydrogen bonds, forming tetrahedral conformations of water clusters. In 

general, when compared with bulk water, we observe a reduction in the dominant number of 

hydrogen bonds in the adsorbed phase from four to three in Cu-BTC, and from four to two in 

CALF-20. These findings are also supported by the water adsorption snapshots displayed in 

Figure 4.6.c where the hydrogen bonds are schematically illustrated. Overall, the 

hydrophobicity observed in CALF-20 at low RH is related to the lack of sufficient force from 

water to open the framework and accommodate enough water to favor direct cooperative 

contact between water molecules, the lack of water’s direct contact with the Zn atoms, as well 

as pore confinement effects for which strong hydrogen bonding between neighboring water 

molecules cannot occur. 
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Figure 4.6. Characterisation of water adsorption and hydrogen bonds in CALF-20. a. Simulated and experimental water 

adsorption isotherms in CALF-20 at 293 K. b. Radial distribution functions between framework Zn and O atom and O atom 

in water for 10% RH and 293 K. c. Simulation snapshot at 10% RH (oxygen, red ball and stick representation; hydrogen, 

white; carbon, grey; nitrogen, blue; zinc, purple) and water molecule clustering comparison between CALF-20 and Cu-BTC. 

d. Distribution of the number of hydrogen bonds for different levels of relative humidity (RH) in CALF-20. e. Distribution of 

the number of hydrogen bonds for water at 80% RH for CALF-20 compared with water in Cu-BTC and bulk TIP4P liquid 

water. 

In summary, CALF-20 is an outstanding water stable structure capable of selectively separating 

CO2 from flue gas. Here, we provide an in-depth study of the gas adsorption properties and 

framework flexibility of CALF-20 combining different simulation and experimental 

techniques. The unexpected underprediction of CO2 adsorption, when compared with 

experiments, suggested structural changes in the presence of gas molecules most notably at 

273 K. CALF-20’s framework flexibility was explored using experimental gas adsorption and 

PXRD data in combination with molecular dynamics simulations at the DFT level. At 273 K, 

the difference between the pore volume fractions of the empty and CO2-loaded framework was 
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calculated to be ca. 12% demonstrating that the adsorbed guests clearly increase the pore space 

for more adsorbates, consistent with the hypothesis that the difference between the 

experimental observations and the Monte Carlo simulations is due to the flexibility of the 

framework under guest-adsorption. Furthermore, the complete free energy profiles of the 

empty and guest-loaded frameworks were computed, making use of machine learning potential 

(MLPs) trained to enhanced sampling DFT data, demonstrating the induced flexibility of the 

framework under guest adsorption. We note that, our approach of generating training data for 

an MLP at the DFT level to fully characterize the framework flexibility as a function of 

temperature and guest adsorption has the promise to be extended widely to other nanoporous 

materials. The investigation of guest-induced framework flexibility at the DFT level has mostly 

been limited to energy optimizations.38 In contrast, trained MLPs can be used at a significantly 

reduced computational costs, allowing for the first principles construction of temperature and 

guest-loading dependent free energy profiles. In this way, the behavior of MOFs can be 

characterized at the relevant operating conditions. Based on the analysis, the flexibility of 

CALF-20 is mainly exhibited due to the presence of guest molecule. Furthermore, recent 

implementations of active learning loops for MLP training can further reduce the required 

number of DFT evaluations, enabling wide-scale applications to the field of nanoporous 

materials.39 The investigation into the hydrophobic nature of CALF-20 showed that water 

molecules do not interact directly with the Zn and instead prefer to sit inside the small pores, 

as evidenced by simulation snapshots and radial distribution function analysis. The analysis of 

the hydrogen bond network showed that water molecules are spread out in the tightly confined 

pores of CALF-20 which inhibits formation of more than two hydrogen bonds per water 

molecule and therefore water clustering is less probable. In conclusion, we demonstrated a 

great example of collaboration and feedback between computational and experimental MOF 

researchers to encourage identification and characterization of other hydrophobic MOF 

materials useful for CO2 capture applications. 

 

4.3. Methods 

4.3.1. GCMC simulations of gas adsorption in CALF-20   

Gas adsorption simulations were carried out via the grand canonical Monte Carlo (GCMC) 

calculations performed in RASPA-2.0 code.40 In the GCMC simulations, insertion, deletion, 

and translation and rotation moves were attempted with equal probability. The interactions 

between the gas species and the framework were modelled using Lennard–Jones (LJ) plus 
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Coulomb potentials. LJ parameters for all atoms in MOFs were taken from Dreiding force field 

(DFF)41 and were truncated at a cut-off radius of 12.8 Å. The force field parameters for the 

adsorbates and CALF-20 are tabulated in Supplementary Tables 4.1-4.4 in the supporting 

information. The Lorentz-Berthelot mixing rules were used to calculate cross interactions. 

Partial atomic charges for CALF-20 were calculated using the REPEAT (Repeating 

Electrostatic Potential Extracted Atomic) method.42 and the Ewald summation technique was 

used to calculate electrostatic interactions. GCMC simulations for N2 and CO2 adsorption were 

run for 20,000 cycles for equilibration and a further 20,000 cycles to average properties. N2 

and CO2 were modelled using the TraPPE model.43 Water was modelled using the TIP4P force 

field.44 The model was selected in this study for the comparison to the previous study on water 

adsorption in CALF-20.13 For water simulations we used 100,000 cycles for equilibration and 

subsequent 100,000 cycles for production. Water was modelled using the TIP4P force field.44 

The relative humidity of 100% corresponds to the saturation pressure of the TIP4P model. 

 

4.3.2. (MLP) MD simulations of the empty and guest-loaded CALF-20 

To assess the flexibility of the CALF-20 framework, NPT MD simulations with a fully 

flexible unit cell were performed for both the empty and guest-loaded frameworks at 273 K, 

323 K, and 387 K with the PBE-D3(BJ) level of theory using the CP2K software package 

(version 7.1).33 A plane wave energy cutoff of 500 Ry and GTH pseudopotentials were used, 

employing the TZVP-MOLOPT basis set. Simulations were performed for a duration of 20 ps. 

To compute the free energy profiles of the empty and guest-loaded framework, machine 

learning potentials (MLPs) were trained and employed to significantly reduce the required 

computational resources. First, DFT metadynamics simulations are performed for 2 ps on the 

2x2x2 CALF-20 supercell (both empty framework and guest-loaded frameworks) with the cell 

volume as a collective variable to explore the space of possible states of the framework. In 

these simulations, Gaussian hills with a height of 10 kJ/mol and a width of 50 Å3 are added 

every 25 fs. For both the empty and guest-loaded framework, short (0.5 ps) DFT umbrella 

sampling (US) simulations of the 2x2x2 supercells were then performed, restrained with a bias 

potential with a strength of 0.005 kJ/Å6 at volumes between 4000 Å3 and 7000 Å3 with a step 

of 50 Å3. PLUMED was used to apply the bias potential.45,46 

The energy and forces of snapshots extracted from these simulations every 5 fs were then 

used to train a NequIP model.36 A model was trained separately for each guest-loading. The 

dataset was randomly divided into a training and validation set with a 90:10 ratios. The MLPs 



Chapter 4 

 

 100 

were trained making use of a cutoff radius of 5 Å, 4 interaction blocks, a maximum rotation 

order of 1 and 64 features. The loss function contains both energies (with weight 1) and forces 

(with weight 5).  For all MLPs, a validation error lower than 0.13 meV per atom for energies 

and 39.6 meV/Å for forces were obtained. With the trained MLPs, US MLP MD simulations 

were performed, restrained at the same set of volumes as performed with CP2K,33 for a duration 

of 15 ps. To obtain the unbiased free energy profiles, the weighted histogram analysis method 

(WHAM) was used.47 The internal pressure as a function of the volume was derived by fitting 

a 12th order polynomial to the free energy profiles, and computing the negative derivative with 

respect to the volume.35  

 

Student’s contribution: Performing simulation and calculation for N2, CO2 and H2O 

adsorption isotherms in CALF-20 using GCMC simulation protocol. Student also 

perform the analysis of the distribution of the hydrogen bond number of water in CALF-

20. In addition, student successfully published this work in the journal as the first 

author preparing the first draft of submitted manuscript.   
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Supplementary Information Document 

S.4.1. Supplementary Methods 1 

Powder X-ray Diffraction (PXRD) measurements 

PXRD patterns were collected using a Rigaku Miniflex 600 bench top PXRD equipped with a 

CuKα x-ray source. The samples were prepared by soaking the powders in a solvent (ethanol or 

water) for 1 hour and then drop casted onto a standard sample holder. The PXRD pattern was 

collected while the powder was still wet. For the samples run under N2, the powder was loaded 

onto a BTS 500 high temperature sample holder and heated to 110°C for 45 minutes under 

constant N2 flow. Then the powder was allowed to cool to 50°C and equilibrated at this 

temperature for 10 minutes. The PXRD pattern was then collected at 50°C. The samples run 

under CO2 were dried under N2 and then during the PXRD collection, 100% CO2 was flowed 

through under the same conditions described above. The PXRD patterns under different relative 

humidities (%RH) were collected by flowing wet gas through the BTS 500 chamber. The 

humidity of wet gas was controlled using gas bubbler and monitored with a RH probe. 

 

Gas adsorption measurements 

Nitrogen and CO2 isotherms were measured using ASAP2020 from Micromeritics Instruments 

Inc. Before gas adsorption, the samples were heated under vacuum at 140 °C for 5 hours. The 

water isotherm was measured using a gravimetric vapor sorption analyzer (DVS Resolution, 

Surface measurement system). Samples were activated under dry nitrogen flow at 140 °C for 2 

hours. Dm/dt value of 0.0005%/min was used as the equilibrium criteria for each data point. 
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S.4.2.  Supplementary Figures 

 

 

Figure S.4.1. The powder X-ray diffraction (PXRD) patterns for a. CO2-induced CALF-20 and b. water-induced CALF-20 

obtained from different configuration of NPT simulations. The simulated PXRDs are compared with experimental PXRDs in the 

presence CO2 and soaked in water. 
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Figure S.4.2 a. Histograms showing the rotation of the traizolate linkers in the experimental, empty, CO2-loaded and H2O-loaded 

CALF-20 structures. The angle distributions are obtained from the free energy profiles at saturation loadings and 273 K. b.  

Schematic showing the angle between the normal on the plane defined by the triazolate linker and the YZ-plane calculated in a. 
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Figure S.4.3. a. Heat of adsorption versus water loading in molecules per unit cells of CALF-20 at 293 K. Breakdown of van der 

Waals and Columbic interaction energy for b. water-water and c. water-framework at different relative humidities (%RH). 
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S.4.4. Supplementary Methods 2 

Gas adsorption isotherms in CALF-20 were calculated via grand canonical Monte Carlo (GCMC) 

simulations using the RASPA simulation software.1 The Lennard-Jones (LJ) parameters for 

adsorbent atoms are tabulated in Table S1. N2 and CO2 molecules were modelled using the 

TraPPE2 force field with charges placed on each atom and at the centre of mass. Water molecule 

was modelled using the TIP4P force field.3 Table S2-S4 tabulates all of the LJ parameters and 

atomic charges for all gas molecules. 

Table S.4.1. LJ parameters for CALF-20  

Atom type σ (Å) ε/kB (K) Force field 

C 3.473 47.859 Dreiding4 

O 3.033 48.160 Dreiding4 

H 2.846 7.649 Dreiding4 

N 3.263 38.951 Dreiding4 

Zn 4.045 27.677 Dreiding4 

 

Table S.4.2. LJ parameters and charges for N2  

Atom type σ (Å) ε/kB (K) Atomic charge Force field 

N_N2 3.31 36.0 -0.482 TraPPE2 

N_center of mass 0 0 0.964 TraPPE2 

N_N2 3.31 36.0 -0.482 TraPPE2 

  

Table S.4.3. LJ parameters and charges for CO2  

Atom type σ (Å) ε/kB (K) Atomic charge Force field 

C_CO2 2.80 27.0 0.70 TraPPE2 

O_CO2 3.05 79.0 -0.35 TraPPE2 

   

Table S.4.4. LJ parameters and charges for water  

Atom type σ (Å) ε/kB (K) Atomic charge Force field 

O_H2O 3.154 78.0 0 Tip4P3 

H_H2O 

M_H2O 

0 

0 

0 

0 

0.52 

-1.04 

Tip4P3 

Tip4P3 
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5. High Throughput Screening of MOFs for 

CO2 capture in the presence of humidity 

 

 
Abstract 

Metal-organic frameworks (MOFs), one of the most exciting developments in recent porous 

materials science, are now, more than ever, in the center of attention as they make their way 

successfully into industrial applications for gas storage and separation applications such as CO2 

capture from flue gas. Most gas adsorption/separation applications are inevitably operated 

under humid conditions where most MOFs suffer from the competitive adsorption of water 

which leads to adverse effects on their ability to adsorb CO2. Therefore, considering the co-

adsorption of water in the designing design new MOFs to capture CO2 from flue gas is 

essential. Here, using a multi-scale computational strategy that includes density functional 

theory (DFT) and grand canonical Monte Carlo (GCMC) simulations, we developed a 

systematic high-throughput computational screening to explore The Quantum MOF (QMOF) 

database and the Computation-Ready, Experimental (CoRE) MOF database for selective 

adsorption of CO2 from a wet flue gas mixture. After the first-stage screening based on 

geometric properties of MOFs, a total of ca. 10,000 porous MOFs were considered for large-

scale simulations of CO2 and H2O adsorption. The next stage of the simulations was focused 

on pure component CO2 and H2O, as well as the binary CO2-water simulations. The screening 

strategy successfully identified a number of promising MOFs that are selective towards CO2 

in the presence of water vapour. Through a tight feedback loop between simulations, and 

experiments performed by our industrial collaborator, a number of MOFs were successfully 

synthesized and tested in the lab demonstrating the validity of our approach in identifying 

outstanding MOFs for CO2 capture.
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5.1. Introduction 

The utilisation of robust adsorbents present a compelling and energy-efficient alternative for 

strategies pertaining to carbon capture and storage (CCS). Nevertheless, some adsorbents may 

suffer from the competitive adsorption of other gas molecules present in flue gas.1–4 Hence, the 

identification of an appropriate adsorbent material that exhibits superior performance in 

selectively adsorbing CO2 in the presence of other gas molecules, including nitrogen and water 

remains the key challenge. Metal-organic frameworks (MOFs) have emerged as a significant 

advancement in the field of porous materials science. Currently, given the continue increase in 

the number of MOFs synthesis to date reaching about 100,000 structures,5,6 they are garnering 

considerable attention due to being an ideal platform and their successful implementation into 

industrial-scale adsorption process.7–9 Notably, they have demonstrated efficacy in capturing 

CO2 from flue gas, further highlighting their potential in this domain. CALF-20, low-price and 

scalable Zn-based MOFs synthesized by Shimizu et al, proved its best practice MOFs in post-

combustion CO2 capture in cement production by capturing 1 tonne of CO2.
10–12 The 

hydrophobicity nature of CALF-20 makes it as one of the only top candidates for this 

application. 

 However, the precise mechanisms underlying the development of hydrophobic behaviour 

in materials are not yet fully comprehended, although recent advancements have shed light on 

the connections between molecular properties and the hydrophobic nature of MOFs.13–15 

Hence, the exploration on MOFs characterized by minimal or negligible water adsorption, 

commonly referred to as hydrophobic MOFs, hold potential as viable options for carbon 

capture applications. A number of recent studies in the field of high-throughput screening 

(HTS) have examined the presence of water vapour in conjunction with carbon dioxide (CO2) 

and nitrogen (N2). Li et al.16 conducted a screening of 5109 CoRE MOFs to evaluate their 

potential for CO2 capture from wet flue gas mixtures. The selectivity for CO2/H2O was 

determined by comparing the calculated Henry's law constants (KH) for CO2 and H2O. Based 

on the findings of this study, it has been determined that a reduced pore size exhibits enhanced 

affinity for CO2 molecules, thereby restricting the adsorption of water under conditions of 

elevated humidity. This is primarily attributed to the prevention of water cluster formation 

within the confined pore structure. In a separate and intriguing investigation, Boyd et al.1 

documented the empirical identification of MOFs for the purpose of capturing CO2 from a 

moist flue gas mixture. In this study, a library consisting of 325,000 computationally generated 

MOFs was subjected to screening. MOFs featuring parallel aromatic rings at a distance of 
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approximately 7 Å have been suggested as promising materials for the capture of CO2 in the 

presence of water vapour. While HTS can suggest new materials for certain application, but 

the actual process is still complicated due to the challenge of proposing MOFs that are hard to 

synthesize in a lab setting.17 This technique has so far failed to accurately predict the most 

empirically relevant features of stability (e.g activation and thermal stability).18 Thus, the 

quantity of best-performance MOFs identified by computer-based methods remains rather 

scarce.  

There exists a motivation to evaluate and establish a standard for materials in the domain of 

CO2 sorbents in the presence of water for practical implementation. It is customary to assess 

several industrial represented key evaluation metrics19 and integrating process knowledge into 

the screening framework20 including materials stability in which it has been challenging to 

predict. Initial efforts have been made in this direction, such as comparing the stability of 

various MOFs using their calculated free energies.21 Therefore, integrating the predicted 

stability of MOFs22,23 into the screening protocol shows great promise. Here, we developed a 

systematic and efficient computational screening method to investigate the selective adsorption 

of CO2 from a wet flue gas mixture using the Quantum MOF (QMOF) database24 and the 

Computation-Ready, Experimental (CoRE) MOF database.25 The screening methodology 

effectively discovered several interesting MOFs that exhibit selectivity towards CO2 in the 

presence of water vapor involving the key process parameters. Though some top-performing 

MOFs were identified through this protocol, yet in real condition these structures failed to 

perform in industrial settings. Interestingly, we successfully identified several top-performing 

MOFs out of ~20,000 published experimental structures by establishing a rigorous feedback 

loop encompassing screening process and experimental testing conducted in collaboration our 

industrial partner. The screening process was evaluated according to the operating condition 

set by the industrial partner in which few studies could provide. Those top-performing 

structures should be further evaluated to comply with this application for their (1) materials 

synthesizability, (2) high CO2 capture capacity and selectivity towards water, and (3) 

mechanical, thermal and chemical stability. It is worth-noting to introduce other industrial-

related parameters in computational screening protocols for identifying top-performance 

materials in particular applications. 
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5.2. Results and Discussion  

5.2.1. High-Throughput Computational Screening of ~23,000 MOFs 

For the selection of MOFs search space, we explored a newly developed MOF database in the 

literature: QMOF database,24 a publicly-available database of computed quantum-chemical 

properties for more than ca. 20,000 experimentally-synthesized MOFs. The geometry of these 

structures are relaxed using DFT calculations and partial atomic charges are computed using 

the Density Derived Electrostatic and Chemical (DDEC) method. In addition, we also explored 

2,932 MOFs in the CoRE MOF database25 where the partial atomic charges for all MOFs were 

also calculated using the DDEC method. The initial screening was conducted with respect to 

structures having Pore Limiting Diameter (PLD) values of > 2.0 Å, to take into account 

materials even with ultramicropores, and consider potential structural flexibility in certain 

materials: we note that the kinetic diameter of CO2 is ca. 3.3 Å. This criterion in initial 

screening allowed for pre-selection of ~7,800 structures (out of ~20,000 structures) from the 

QMOF database. This subset was then complemented with 2,932 MOFs from the CoRE/DDEC 

MOF database for further simulations. For the total of ca. 10,732 structures, we first calculated 

the Henry’s constant (KH) at 323 K through the Widom insertion method.27 CO2 and H2O KH 

calculations indicate the affinity of MOFs towards each adsorbate at low-pressure regimes and 

can be used as a useful metric to identify CO2-selective materials and eliminate hydrophilic 

structures to avoid competitive adsorption of water. After the KH screening, we calculated the 

amount of CO2 adsorbed in all 10,732 MOFs at 323 K and 114 mmHg. At the request of 

industrial collaborator, we later calculated the CO2 uptake at 30.4 mmHg for the entire 

database. The temperature and pressure set for screening calculations are according to the 

industrial-relevant operating condition set by the input from our industrial collaborator.  

 

 

Figure 5.1. CO2/H2O KH selectivity vs. the largest cavity diameter (LCD) for a. the QMOF database and b. MOFs present in 

the CoRE/DDEC database. The color bar represents the amount of CO2 adsorbed at 114 mmHg and 323 K. 

YUGZEG 
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Figure 5.1 presents the structure-property relationships for all screened MOFs (a. QMOF 

and b. CoRE/DDEC). They y-axis shows the CO2/H2O selectivity as a function of LCD and 

how it relates to the CO2 adsorption capacity via the color bar representation. The CO2/H2O 

selectivity was calculated from the ratio of CO2 and H2O Henry’s constant at 323 K. It is shown 

that the structures containing cavities between 4–7 Å, in both the QMOF and the CoRE/DDEC 

databases, have high CO2 capacity of > ca. 20 cc/g and CO2/H2O selectivity of > 10 due to 

tighter fit of CO2 inside the pores. However, for MOFs with larger pores i.e. those with LCD 

> 7 Å, the selectivity and the amount of CO2 adsorbed decreases dramatically due to lower 

interactions with the framework walls. One notable MOFs from this screening is (CSD 

REFOCDE: YUGZEG)27, a copper-based MOFs with 2,3-pyrazinedithiol linker, which shows 

high CO2/H2O selectivity of 183 and relatively high CO2 uptake of c.a 45 cc/g. 

To identify promising materials, we looked into structures with CO2 uptake higher than 22.4 

cc/g, and 11 cc/g at 114 mmHg and 30.4 mmHg, respectively. These values correspond to the 

CO2 uptake in activated carbons at the similar operating conditions. We also eliminated 

materials with CO2/H2O selectivity less than unity at this stage of the screening, as this 

indicates preferential adsorption of water over CO2. We also highlight structures whose water 

KH values are lower than that of CALF-20 (KH H2O in CALF-20: 5.6 X 10-5 mol/kg.Pa) to 

eliminate more hydrophilic materials. We have previously shown that low affinity towards 

water at low loadings indicate hydrophobic behavior resulting in a type V (S-shaped) water 

adsorption isotherm. This means that these structures should not adsorb water at lower relative 

humidity values. The above criteria allowed further reduction of the total number of promising 

MOFs to ca. 200 MOFs in the QMOF and ca. 100 MOFs in the CoRE/DDEC MOF database. 
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Figure 5.2. a. CO2 uptake vs. CO2/H2O selectivity for ~200 MOFs in the QMOF database at 323 K and 114 mmHg; b. CO2 

uptake vs. water KH for hydrophobic MOFs at 323 K and 114 mmHg; c. CO2 uptake vs. CO2/H2O selectivity at 323 K and 30.4 

mmHg; and d. CO2 uptake vs. water KH for hydrophobic MOFs at 323 K and 30.4 mmHg. The color bar represents the largest 

cavity diameter (LCD). 
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Figure 5.3. a. CO2 uptake vs CO2/H2O selectivity for ~100 MOFs in the CoRE/DDEC MOF database at 323 K and 114 mmHg; 

b. CO2 uptake vs water KH water at 323 K and 114 mmHg; c. CO2 uptake vs CO2/H2O selectivity at 323 K and 30.4 mmHg; 

and d. CO2 uptake vs KH water at 323 K and 30.4 mmHg. The color bar represents the largest cavity diameter (LCD). 

Figures 5.2-5.3 show a wide range of structure-property relationships corresponding to the 

CO2 uptake vs CO2/H2O selectivity and their hydrophobicity indicated by the water KH at 323 

K; and two different pressure points of 114 mmHg and 30.4 mmHg. The color in the data points 

shows the largest cavity diameter (LCD) of the structures. Here, we show that most materials 

with small pore size (< 6 Å) tend to have high CO2 uptake of > 30 cc/g and high selectivity vs. 

water.  Interestingly, out of all the structures screened for both databases, only a handful exhibit 

CO2 uptakes larger than that of CALF-20 (Figure 2a and 2b, Figure 3a and 3b). The CCDC 

refcodes for these structures are: SACWEB,28 HIVPIO,29 BUSQIQ,30 FUDQIF,31 and 

YUGZEG27 identified from both MOF databases. 

 

5.2.2. CO2, Water and Binary Adsorption Isotherms for the Top MOF Candidates 

CO2 adsorption isotherms calculated for the top candidates: 

Figure 5.4 presents simulated CO2 adsorption isotherms for the top candidates identified and 

compares them with isotherm obtained from CALF-20 at 323 K.  At low pressures of < 200 
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mmHg, SACWEB has rather similar CO2 uptake when compared with CALF-20. At the same 

pressure range, BUSQIQ and FUDQIF present higher uptakes of 60 cc/g and 80 cc/g, 

respectively, reaching their saturation loading at low pressures. 

 

Figure 5.4. a. Simulated CO2 adsorption isotherms for the top MOF candidates identified through computational screening. 

The simulations are carried out at 323 K and compared with the benchmark material, CALF-20. b. Simulated volumetric H2O 

adsorption isotherms at 323 K; close and open symbol represent hydrophilic and hydrophobic MOFs, respectively. 

Table 1 lists other MOFs that were considered for further simulations given their high CO2 

uptake at both 4% and 15% of PCO2 while exhibiting low water affinity. We note that most of 

these structures possess similar range of pore sizes when compared to CALF-20. A longer list 

of structures ranked according to their CO2 adsorption performance were also shared with our 

collaborator scientists for further synthesis and testing in the laboratory. 
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Table 5.1. List of all the top-performing MOFs considered for CO2, water and binary adsorption isotherms calculations. 

QMOF ID 
CCDC 

refcode 

KH CO2 

(x10-4) 

mol/(kg.Pa) 

KH H2O 

(x10-4) 

mol/(kg.Pa) 

KH CO2 / 

KH H2O 

selectivity 

CO2 

uptake 

(cc.STP/g) 

at 30.4 

mmHg 

CO2 

uptake 

(cc.STP/g) 

at 114 

mmHg 

LCD (Å) PLD (Å) Metal 

qmof-9af4bae BUSQIQ 135.58 75.39 1.80 78.02 87.07 4.46 3.90 Al 

qmof-3b672a9 FUDQIF 64.66 5.29 12.23 55.38 59.42 4.37 3.82 Zn 

qmof-ee435a5 HIVPIO 6.24 0.05 128.45 31.33 49.88 4.06 3.64 Cu 

qmof-6f21ecc SACWEB 4.10 0.07 61.30 26.06 48.03 5.21 2.20 Zn 

qmof-03a39a4 YUGZEG 6.29 0.34 183.84 28.37 45.72 4.49 3.54 Cu 

CALF-20 TASYAR 2.74 0.57 4.84 25.43 47.80 4.34 2.85 Zn 
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Following our molecular simulation and high-throughput screening results, the industrial 

collaborator recommends some of potential structures for further analysis. This selection is 

based on the availability of metal precursor and organic linker as well as their synthesizability 

factor set by our industrial collaborator. Figure 5.5 compares CO2 adsorption isotherms for a 

few other top MOFs and compares them with that of CALF-20 at 323 K. The structures are: 

FUWXOL, EMIVAY, YUGZEG, HIVPIO, ABAVIJ, and XEQLEM. We note that these 

structures show comparable or even higher CO2 uptakes than CALF-20 at pressures below 200 

mmHg with capacities up to ~30 cc/g at 323 K and 114 mmHg. DAYCEN, GULPIN, ABAVIJ, 

and XEQLEM exhibit substantially lower saturation loading than CALF-20 with the uptake of 

lower than 60 cc/g (Figure 5.5c). 

 

 

Figure 5.5. Simulated CO2 adsorption isotherms for selected MOF candidates at 323 K. 
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H2O adsorption isotherms calculated for the top candidates: 

Production of full adsorption isotherms for water is important as we can determine the exact 

pressure where the condensation occurs and the pores start to get filled with water. We note 

here that the shape of the water isotherms is important in determining water affinity of MOFs: 

type I isotherms are often observed for hydrophilic MOFs and type V for those exhibiting 

hydrophobic behavior. Figure 5.6.a and 5.6.b compares water adsorption isotherms for a 

number of hydrophilic and hydrophobic MOFs, respectively at 323 K and pressure ranges of 0 

– 800 mmHg. As shown in Figure 5.6.a, 5 out of 14 top MOF candidates can be categorized 

as hydrophilic indicated from the shape of water isotherms and the amount of water adsorbed 

at low pressure. For example, it can be clearly seen that BUSQIQ and FUDQIF are hydrophilic 

as they adsorb substantial amount of water at low pressure ranges (< 60 mmHg). The inflection 

point for GULPIN, KOMGUP, and DAYCEN occurs at higher pressures when they start to 

adsorb water. We anticipate high levels of competitive water adsorption for these structures 

which makes them non-ideal for CO2 capture in humid conditions.  On the other hand, Figure 

6b shows nine MOFs exhibiting strong hydrophobicity indicated by relatively low amount of 

water adsorbed for the entire pressure range studied. Some of these structures were 

recommended to the industrial collaborator for further laboratory synthesis and testing. 

 

Figure 5.6. Simulated H2O adsorption isotherms a. hydrophilic and b. hydrophobic MOFs at 323 K. 

 

Binary CO2/H2O adsorption isotherms calculated for the top candidates: 

The binary CO2-water adsorption isotherms are shown in Figure 5.7.a for hydrophilic MOFs 

and Figure 5.7.b for those that are hydrophobic. As expected, for the hydrophilic structures, 

we see a reduction in CO2 adsorption capacity with the increase of relative humidity of > 10%. 
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This means that there is a competition adsorption between CO2 and water for the same 

adsorption sites they prefer to interact stronger with water molecules. Moreover, at high %RH, 

these structures have lost almost all of their CO2 capacity. Figure 5.7.b compares the binary 

CO2-water adsorption isotherms for the hydrophobic MOFs. It can be clearly seen that the CO2 

uptake in these structures is hardly affected by the vapor presence. In other words, water has 

negligible effect on the CO2 uptake in those structures. 

 

Figure 5.7. Simulated CO2-H2O binary adsorption isotherms a. hydrophilic and b. hydrophobic MOFs at 323 K and different 

relative humidities (%RH). The partial pressure of CO2 is fixed at 4% for all MOFs. 

5.2.3. Study on CO2, Water and Binary Adsorption Isotherms for Fluorinated-

Functionalized MOFs 

There are a few reports in the literature where flourinated compounds have performed well for 

CO2 adsorption in the presence of high humidity levels.32 Another class of fluorinated MOFs 

is the anionic structures such as SIFSIX-3-Ni33 and KAUST-7,34 have been gaining a lot of 

interest. In SIFSIX-3-Ni, (SiF6)
2− anions coordinate divalent metal cations of Ni while in 

KAUST-7 each Ni2+ cation is coordinated to two (NbOF5)
2− polyatomic anions and four 

pyrazine molecules to form a primitive tetragonal lattice with pcu topology.35 Motivated by the 

already-published performance of these structures, we investigated their performance in 

capturing CO2. Using the same computational protocols employed in the previous sections, we 

performed pure component CO2 and water adsorption isotherms along with binary CO2-water 

mixture isotherms for SIFSIX-3-Ni and KAUST-7 (Figure 5.8). It is shown that both materials 

adsorb high amounts of CO2 at low pressure regime of < 100 mmHg with capacities of ca. 55 

cc/g and 60 cc/g calculated for SIFSIX-3-Ni and KAUST-7, respectively. Due to their 

ultramicroporous nature, both structures are saturated with CO2 at ca. 100 mmHg. This means 

that both structures, surpass the CO2 capacity of CALF-20 at the Henry’s regime (Figure 5.8a). 
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Looking at water adsorption isotherms shown in Figure 5.8b, both structures adsorb high 

amounts of water at even low pressure of 20 mmHg indicating their high affinity with water 

molecules. When water vapor was introduced in CO2 binary mixture calculations, we observe 

that in SIFSIX-3-Ni, the CO2 uptake is first reduced at 20%RH, where water adsorption 

isotherms showed the inflection point.  KAUST-7, the more hydrophilic structure, exhibits 

even more drastic change in its CO2 uptake even at low %RH and loses almost all of its CO2 

capacity at 60% RH. This means that although the CO2 uptake at 4% is very high at ca. 60 cc/g 

for SIFSIX-3-Ni co-adsorption of water in the presence of CO2 can be detrimental to their 

performance, a prediction that was also verified by experiments. 

 

 

Figure 5.8. a. Simulated CO2 adsorption isotherms for SIFSIX-3-Ni and KAUST-7 at 323 K compared with CALF-20. b. 

Simulated water adsorption isotherms at 323 K. c. Simulated binary CO2-water adsorption isotherms at 323 K and 4% PCO2 

and different relative humidity values; the open symbol corresponds to CO2 uptake, while the closed symbol represent water 

uptake. 
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5.3. Computational Methodology 

5.3.1. Force Fields (FF) Model   

 

The non-bonded interactions between atoms in the framework and the adsorbates were 

described using a Lennard-Jones (LJ) potential combined with a Coulomb potential as shown 

in eq. (1) 

 

where i and j correspond to the interacting atoms, rij is the distance between 

atoms i and j, qi and qj are the partial atomic charges on atoms i and j, ε and σ are the LJ 

parameters, and ε0 is the vacuum permittivity constant. The parameters for the framework 

atoms, specifically ε and σ, were taken from Dreiding Force Fields (DFF).36 The LJ parameters 

for adsorbate molecules, CO2 and H2O, were obtained from the TraPPE FF37 and TiP4P-Ew,38 

respectively. The Lorentz-Berthelot mixing rules were employed to calculate the LJ parameters 

for various atom types. The interactions involving LJ (Lennard-Jones) potential were truncated 

at a distance of 12.8 Å. The Ewald submission method was employed to calculate the 

cumulative effects of atomic partial charges, specifically the long-range electrostatic 

interactions. The partial charges of framework atoms were calculated by DDEC method. 

During the simulations, the positions of all atoms in the MOFs were kept constant. 

 

5.3.2. Screening Procedure 

In-silico screening of already-synthesized MOFs from published database was performed with 

a multi-step simulations approach to identify outstanding materials for CO2 capture. A detailed 

structure-property relationships and optimal adsorbents were then identified using industrial-

represented metrics include CO2/H2O Henry’s constants, adsorption capacity and selectivity, 

as well as isosteric heat of adsorption (Qst): all obtained through Monte Carlo simulations of 

adsorption at relevant operating conditions. These metrics were benchmarked against identified 

top materials for this application so far, CALF-20. 

The initial screening was conducted with respect to structures having Pore Limiting 

Diameter (PLD) values of > 2.0 Å, to take into account materials even with ultramicropores, 

and consider potential structural flexibility in certain materials: we note that the kinetic 

diameter of CO2 is ca. 3.3 Å. This criterion in initial screening allowed for pre-selection of 

~7,800 structures (out of ~20,000 structures) from the QMOF database. This subset was then 
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complemented with 2,932 MOFs from the CoRE/DDEC MOF database for further simulations. 

This mainly because all of MOFs contained in the CoRE/DDEC MOF database are porous - 

having PLD > 2.0 Å. For the total of ca. 10,732 structures, we first calculated the Henry’s 

constant (KH) at 323 K through the Widom insertion method.26 CO2 and H2O KH calculations 

indicate the affinity of MOFs towards each adsorbate at low-pressure regimes and can be used 

as a useful metric to identify CO2-selective materials and eliminate hydrophilic structures to 

avoid competitive adsorption of water, the structures whose w ater KH values are higher than 

that of CALF-20 (KH H2O in CALF-20: 5.6 X 10-5 mol/kg.Pa). After the KH screening, we 

calculated the amount of CO2 adsorbed in all 10,732 MOFs at 323 K and two sets of industry-

relevant operating pressures of 30.4 mmHg and 114 mmHg using the grand canonical Monte 

Carlo (GCMC) simulation technique as implemented in the RASPA code.39 To identify 

promising materials, we looked into structures with CO2 uptake higher than 22.4 cc/g, and 11 

cc/g at 114 mmHg and 30.4 mmHg, respectively. These values correspond to the CO2 uptake 

in activated carbons at the similar operating conditions. CO2-selective materials are selected 

based on the value of KH CO2/KH H2O > 1. The use of Henry’s constant for determining these 

structures may valid since the operating pressures for screening process are at low pressure 

regimes. For the top candidates we identified through high-throughput computational 

screening, CO2 adsorption isotherms for a range of pressures from 0 – 800 mmHg were 

calculated. This protocol is conducted for both MOF databases and the results is presented 

separately for each database. Some structures may overlap each other, nevertheless this is 

beyond the scope of this work to perform the analysis on how database selection affect the 

assessment of CO2 adsorption on potential MOFs. 

To conduct a more comprehensive examination of the hydrophobic characteristics of MOFs, 

a simulations of water adsorption isotherms were performed at a specific temperature of 323 

K and at varied relative humidities of 5%, 10%, 20% and 60% for the CO2-selective MOF 

candidates which is equal to water partial pressure of 613, 1226, 2452, and 7356 Pa, 

respectively. For this study, the experimental saturation pressure of 12260 Pa at 323 K was 

used for relative humidities calculation. The generation of comprehensive adsorption isotherms 

for water is of significance as it enables the precise identification of the pressure at which 

condensation takes place and the initiation of water filling within the pores. The main aim of 

this study is to screen MOFs for CO2 capture in the presence of humidity. To account for 

competitive adsorption of water, after performing GCMC simulations for pure-component CO2 

and water, we then performed GCMC simulations for the binary CO2/H2O adsorption 
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isotherms at 4% PCO2, while changing the relative humidity to 5%, 10%, 20%, and 60%, i.e 

water partial pressures of 613 Pa, 1226 Pa, 2452 Pa, and 7356 Pa, respectively. 
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5.4. Conclusion  

Competitive co-adsorption of water is a major problem in the deployment of adsorption-

based CO2 capture. Water molecules may compete for adsorption sites, reducing the capacity 

of the material. Therefore, development of materials that can selectively adsorb CO2 in the 

presence of water would be a major step forward in the deployment of CO2 capture adsorbents 

in practical settings. Here, we perform large-scale computational screening to look for MOFs 

with high capacity of CO2 and high selectivity toward CO2 over H2O. We screen two databases, 

the QMOF and the CoRE MOF database consisting of ca. 10,000 porous structures in search 

for suitable candidates for CO2 capture at 114 mmHg and lower pressure of 30.4 mmHg at 323 

K. We first identify MOFs with high CO2/H2O selectivities based on the ratio of Henry’s 

constants. We then identify MOFs with hydrophobic characteristics by benchmarking against 

CALF-20’s water Henry’s constant. The adsorption characteristics of the top MOFs are then 

calculated using GCMC simulations. Binary mixture simulations of selected top-performing 

MOFs show that our strategy works very well to find MOFs with high CO2/H2O selectivities 

and the identification of hydrophobic MOFs. Our results further show that high CO2 capacity 

and high CO2/H2O selectivity originates from strong van der Waals interaction between pore 

walls and CO2 molecules in structures with pore sizes of less than 6 Å. Using the computational 

approach that we develop here, we identify a number of MOF candidates with high CO2 uptake, 

even higher than that of CALF-20. Yet, for some of these structures, high interaction with water 

is observed and therefore reduce CO2 uptake capacity. We also identify a number of MOFs 

such as HIVPIO, YUGZEG, SACWEB and ABAVIJ exhibiting high CO2 uptake with and 

without the presence of water. These top-performing materials are further suggested to our 

collaborator’s experimental teams for further analysis and testing in the lab. Furthermore, we 

also study a number of anionic fluorinated MOFs with promising performance metrics for post-

combustion CO2 capture processes, but these structures are predicted to be hydrophilic. This 

work clearly demonstrates the important role that molecular simulations can guide 

experimentalist to identify promising materials in a quick and efficient manner. Future 

computational work can focus on the identification of hydrothermally stable MOFs as well as 

developing and designing hydrophobic MOFs with high CO2 working capacity. While 

molecular-level calculations are useful for high-throughput calculations, they are not usually 

accurate for predicting particular guest-host interactions for example water adsorption on 

MOFs’ unsaturated metal sites, and/or stability via bond formation, bond breakage. From the 

experimental point of view, future computational approaches should focus on incorporating the 
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MOFs stability, such as thermal, chemical and mechanical. Computational screening efforts 

should also involve the relevant industry operating condition for the identification of top-

performing MOFs for particular application.  
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6. Conclusion and Research Outlook 

 

6.1. Conclusion 

Metal-organic frameworks (MOFs) have emerged as a significant advancement in the field of 

porous materials science. They are currently gaining considerable attention due to their 

successful integration into industrial applications, particularly for gas storage and separation 

purposes, including the capture of CO2 from flue gas. Here, we successfully perform a multi-

scale computational strategy that covered density functional theory (DFT) and grand canonical 

Monte Carlo (GCMC) simulations to simulate CO2 adsorption in MOFs that were already 

synthesised and reported in the literature. We identify top-performing structures for selective 

CO2 adsorption from a wet flue gas mixture. In Chapter 3, we dedicate the first screening study 

to derive structure–property relationships for CO2 adsorption in Zr-oxide MOFs. We find MOF 

materials with heat of adsorption values over 25 kJ/mol and cavity diameter of approximately 

6-7 Å exhibit the highest CO2 adsorption. In Chapter 4, our computational simulations are 

focused on understanding the gas adsorption properties and framework flexibility of CALF-20 

using molecular simulation and experimental techniques. The discrepancy between the 

predicted and experimental value of CO2 adsorption, particularly at a temperature of 273 K, 

indicates the occurrence of structural flexibility in the presence of gas molecules. Therefore, 

CALF-20’s framework flexibility is further investigated by combining experimental gas 

adsorption and PXRD data with molecular dynamics simulations at the DFT level. These 

techniques provide evidence that the presence of adsorbed guests significantly expands the 

available pore space, supporting the concept that the discrepancy between the experimental 

results and the Monte Carlo simulations. Furthermore, with the aid of molecular simulations, 

supported by experimental data, the hydrophobic nature of CALF-20 is investigated showing 

that water molecules prefer occupying the small pores rather than directly interacting with the 

Zn atoms. We anticipate that this work will stimulate the advancement of further MOF 

materials that are beneficial for capturing CO2 in humid environments. Chapter 5 reports 

screening of the the Quantum MOF (QMOF) database and the Computation-Ready, 

Experimental (CoRE) MOF database for selective adsorption of CO2 from a wet flue gas 

mixture. Following the first screening process that relies on the geometric characteristics of 

MOFs, about 10,000 porous MOFs are selected for extensive simulations to study the 

adsorption of CO2 and H2O. The next step of the simulations is then focused on the single 

components of CO2 and H2O, as well as the combined CO2-H2O simulations. The screening 
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technique effectively reveals several interesting MOFs that exhibit selectivity towards CO2 in 

the presence of water vapour. By establishing a close and efficient cycle of simulations and 

tests conducted by our industrial partner, we have been able to effectively synthesize and 

evaluate several MOFs in the laboratory. This process confirms the effectiveness of our 

strategy in selecting exceptional MOFs for the purpose of CO2 capture process. 

 

6.2. Research Outlook 

Although significant advancements have been made, it is important to acknowledge the various 

constraints present in the current computational screening investigations. It is assumed that 

MOFs are stable under the conditions required for CO2 capture and separation. This assumption 

may not hold universally, as many MOFs exhibit chemical and thermal instability, especially 

when exposed to moisture or subjected to high-temperature separation conditions. A thorough 

comprehension of the chemical and thermal stability of MOFs is essential to offer 

recommendations for choosing appropriate building blocks to create stable MOFs for 

adsorption applications. There is a lack of comprehensive research on this subject. In this 

thesis, the majority of the computational screening efforts has been focused on the analysis of 

the material properties, specifically the adsorption capacity and selectivity. To achieve energy 

efficiency and cost-effectiveness in separation processes, it is crucial to combine process 

requirements with material attributes at industrial scale. Hence, it is imperative to integrate 

multiscale molecular simulation and process optimisation to comprehensively evaluate and 

select the most suitable MOFs for achieving optimal system performance. The existing 

screening tests have certain constraints that need to be addressed to forward computational 

efforts in developing optimal MOFs for efficient CO2 capture and separation. Finally, we 

believe that the evaluation of synthesisability and techno-economics should be conducted in 

conjunction with the screening (and design) process. Hence, by integrating the screening 

protocols and collaborations with experimentalist or industrialist, we can improve the speed 

for evaluating and testing novel materials for energy applications.  


