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Abstract 

 

Carbon dioxide/methane gas mixture is present in natural gas and biogas. Sequestration of 

carbon dioxide from methane to avoid pipe corrosion in industry and increase the energy 

density of the mixture is needed. Commonly the separation is performed with energetically 

demanding methods or techniques where hazardous chemicals are used. Utilizing gas 

adsorption phenomenon in nanomaterials, for the aforementioned gas separation could prove 

a safer and more energy-efficient alternative. In the past two decades a class of adsorbent 

nanomaterials, Metal-Organic Frameworks (MOFs) have received increasing research 

attention for gas separations. A novel approach, growing MOFs in 2D structures as Metal-

Organic Nanosheets (MONs) has shown promise in literature to outperform their 3D bulk 

MOF counterparts for gas separations. Although MOFs show enhanced performance for gas 

separations when compared to other nanomaterials such as zeolites or activated carbon, 

MONs demonstrate greater performance still. For example, MOF CuBDC and CuBDC 

nanosheet have shown great promise for CO2/CH4 gas separation, with the MON 

outperforming the MOF. Incorporating MONs for gas sequestration is a very new field with 

a limited number of publications and their potential for gas separations is not fully explored. 

This thesis is an entirely computational research work on CO2/CH4 gas separation with MOF 

CuBDC and CuBDC nanosheets. The aim of this work is to understand the carbon 

dioxide/methane separation with CuBDC nanosheet, identify and explore the separation 

mechanism and origin of the increased performance of the MON, and make the first steps 

for modelling MONs for gas separations. 

Initially, bulk CuBDC is characterized and the calculated properties are compared to 

available experimental data. Based on previously published experimental observations, the 

most likely form of the CuBDC nanosheet structure is generated computationally. The 

adsorption properties of bulk CuBDC and CuBDC nanosheet are estimated and compared to 

experiments. The observed experimental adsorption preference of CuBDC (both bulk and 

nanosheet) for carbon dioxide is confirmed computationally via Monte Carlo simulations. 

The kinetic properties of the system were also evaluated under equilibrium conditions (NVT 

molecular dynamics) and it was found that methane molecules exhibit larger self-diffusion 

coefficients in bulk CuBDC. Experimentally, the system is typically studied under a pressure 

drop, rather than under equilibrium. As such, non-equilibrium molecular dynamics (NEMD) 

simulations were employed and reveal that the effective gas separation happens due to a pore 

blocking mechanism, where carbon dioxide molecules preferentially adsorb into the material 

and interact strongly with the framework. In this regime, carbon dioxide molecules limit the 
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penetration of methane molecules into the nanosheet and although methane molecules 

diffuse faster through the material once within it, this pore blocking ensures that the 

permeability of CO2 is greater than methane. For a defect-free CuBDC nanosheet and an 

equimolar CO2/CH4 gas mixture the simulated permeability values ranged from 93703-

116716 Barrer for carbon dioxide and 48834-76869 Barrer for methane, while the selectivity 

was around 2. The simulations confirm what was observed experimentally, that CuBDC 

nanosheet is more efficient for the gas separation when compared to bulk CuBDC. It is 

proven that the MON’s surface is the reason the nanosheet outperforms the bulk MOF. 

Methane molecules accumulate on the MON’s surface, facing the mass resistance while 

trying to penetrate the CuBDC nanosheet structure. The same mass resistance is not faced 

as extensively in the bulk MOF case as the external surface area per unit volume of the MON 

is significantly higher than that of the bulk MOF. The need for multicomponent simulations 

instead of pure component simulations when studying gas separations is underlined. When 

pure components were studied, methane demonstrated higher permeability values in the 

CuBDC nanosheet when compared to carbon dioxide, which was in direct contrast with the 

experimental results found in literature. When the binary mixture was considered a reversal 

in the permeability values was observed. 

Because of the surface importance on the CO2/CH4 gas separation with CuBDC nanosheet, 

different chemical groups were tested as capping groups on the MON’s surface. It was found 

that the adsorption capacity of the nanosheet does not change with various surface capping 

groups. Also, the separation performance of CuBDC nanosheet did not very significantly for 

the capping groups tested. This finding is important as it means that different modulators 

and solutions used during the experimental synthesis are not likely to have a serious effect 

on the gas mixture separation. 

Finally, since the "birth" of the MOF field about two decades ago researchers have been 

modelling MOFs as perfect defect-free crystals. However, this is almost impossible to 

achieve in the laboratory. There is a very limited amount of publications addressing defects 

in MOFs. In this work, the effect of missing linker defects in CuBDC nanosheet for the 

equimolar CO2/CH4 gas mixture separation was studied. It was found that 10% missing 

linker defects were capable of cancelling the pore blocking mechanism and allowed methane 

molecules to penetrate CuBDC nanosheet structure which was no longer carbon dioxide 

selective. The development of nearly defect-free experimental synthesis methods is advised 

for MONs in which the gas separation mechanism is based on pore blocking effect.  
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 Introduction and Literature Review 

 

 Preface 

 

The goal of this chapter is to place into context the research completed during this doctorate. 

The importance of CO2/CH4 gas mixture is highlighted (Section 1.2). Conventional 

technological methods used in industry for the aforementioned gas separation are presented 

and the need for new methods and materials is underlined (Section 1.2). An introduction to 

MOFs follows (Section 1.3). A novel idea of synthesizing 2D MOF nanosheets and pairing 

them with polymers for gas separation applications has proven to lead to enhanced properties 

of the composite materials (Section 1.4 and 1.5). Despite the superior performance of MONs 

implemented in polymers, a fair number of challenges to overcome exist (Section 1.6). 

Molecular simulations can help in the journey of commercialization (Section 1.7).   

 

 CO2/CH4 Separation and Conventional Technologies 

  

CO2/CH4 gas mixture separation is an industrially relevant application.1, 2 Both gas species 

are present in natural gas and biogas among other components, the composition of which 

varies depending on the source.3-4 Typically methane and carbon dioxide composition in 

natural gas in USA is 75-90 vol% and 1-10 vol% respectively. Chemical components such 

as hydrogen sulphide, inert gases and other hydrocarbons might also be present. Natural gas 

accounted for the 23.87% of the worldwide fuel consumption in 2018, along with oil, coal, 

nuclear energy, hydroelectricity, and renewables (Figure 1.1).5 In order to be utilized, it is 

very common for natural gas to be supplied through pipelines across very long distances. 

Carbon dioxide in the presence of water can form acidic solutions and cause pipe corrosion 

and thus it is important to be removed from the mixture prior to transportation.6, 7 There are 

quality specifications requiring carbon dioxide concentration typically lower than 2% when 

natural gas is transported through pipelines.8 Biogas is composed of 55-60 vol% CH4 and 

38-40 vol% CO2.
1 Carbon dioxide does not hold calorific power as it is non-combustible. 

Separating it from the mixture would result in a more energy dense product which can then 

be utilized.2 For example, usage of biogas as transport fuel and integration into natural gas 

grids would require a methane purity of more than 88 vol%.2 It is therefore apparent the need 

for CO2/CH4 separation technologies.  
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Figure 1.1. Worldwide energy consumption by fuel in 2018.5 

 

All the available techniques for CO2/CH4 separation belong into one of the four methods 

shown in Figure 1.2, and those namely are absorption, adsorption, membranes and 

cryogenic.   

 

 

Figure 1.2. Methods for CO2/CH4 gas mixture separation. 
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A conventional method for CO2/CH4 separation is absorption.2,9 A liquid solvent reacts with 

the absorbate and the absorption process is called chemical, whereas there is no reaction the 

process is named physical absorption. A widely used technique in industry which belongs to 

the physical absorption method and holds 41% of the market for CO2/CH4 separation is water 

scrubbing.10-11 This method can achieve more than 97% purity of methane while 

simultaneously removing hydrogen sulphide.12 Regeneration of the water solvent in order to 

be reused is also possible. Despite the fact that this technique holds the highest percentage 

of the carbon dioxide/methane separation market, high investment and operational cost is 

needed in order to compress the gas and pump the water.12 In addition, this technique is 

prone to clogging because of bacteria growth.13 An additional technique which also belongs 

to the physical absorption method and it is similar to water scrubbing, is organic scrubbing 

and it satisfied 7% of the market for the separation under study in 2016.10-11 This technology 

utilizes an organic solvent (e.g. methanol or polyethylene glycol) instead of water and it can 

also achieve a purity of methane higher than 97% while removing impurities like hydrogen 

sulphide, ammonia and water. However, organic scrubbing also suffers from high 

investment and operational cost. Regeneration of the solvent is expensive because heating 

needs to be applied and it is usually incomplete due to the high solubility of carbon dioxide 

in it.14 Chemical scrubbing is a chemical absorption method which had 25% of the share in 

the carbon dioxide/methane separation market in 2016 (Figure 1.3).10-11 Amine aqueous 

solutions or alkali aqueous solutions are implemented to bind carbon dioxide by reacting 

with it in an exothermic reaction.14 A high purity of methane can be achieved (>99%) while 

complete hydrogen sulphide removal is possible and the process is faster than water 

scrubbing. The drawbacks of this method are the high investment cost, heat is required for 

the regeneration of the solvent which might get poisoned by reacting with oxygen.9 

Furthermore, the solutions used are toxic to humans and the environment.14  
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Figure 1.3. Share in the global market of different techniques for biogas upgrade in 2016.10-11 

Cryogenic separation is a relatively new method which is still under development and it 

holds only 1% of the separation market of carbon dioxide from methane.10-11 It is based on 

the principle of cooling and condensation. Methane boils at -161.5 ⁰C while carbon dioxide 

boils at -78.2 ⁰C at 1 atm. This significant difference in the boiling point allows for separation 

of the two components via cooling and no chemical solvent needed. However, impurities 

should be removed for an efficient separation prior to implementation of this technique. 

Because this method depends on heat exchange and a high number of equipment is involved 

(compressors, turbines, heat exchangers and distillation column), the investment and 

operational cost is high while lower purity of methane (90-98%) can be achieved when 

compared to water scrubbing, organic scrubbing and chemical scrubbing.  

This doctorate has contributed in the evaluation of adsorbent materials performance for gas 

separations within membranes. Solid porous adsorbent materials are used for gas 

separations.15 With this method gas separations can be achieved on the principle of different 

interaction of molecules in a gas mixture with a solid adsorbent which contains adsorption 

sites and can host molecules. Solid adsorbent materials can separate gas mixtures with 

pressure swing adsorption (PSA) and/or temperature swing adsorption (TSA).16 The 

separation occurs in vertical columns packed with adsorbent materials where gas species 

adsorb preferentially. In PSA lowering the pressure results in unloading the adsorbent 

material, which is called regeneration while increasing the pressure loads it. While PSA 

makes use of the pressure, TSA varies the temperature. Lower temperature favours the 

loading of the material while higher temperature would regenerate it. PSA is a mature 
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method developed in 1960s and accounted for 18% of the CO2/CH4 gas separation market 

in 2016.10-11, 17 This method can achieve 95-99% methane concentration while it has lower 

energetic requirements when compared to the aforementioned methods and no harmful 

chemicals are involved. However, there is high methane loss when valves malfunction and 

controlling the process is challenging. Moreover, for biogas upgrading removing impurities 

such as water and hydrogen sulphide is needed since they can clog the adsorbent materials.13 

As this method relies strongly on the solid adsorbent, usage and development of a suitable 

adsorbent for a specific application is vital. For example, in the case of carbon capture from 

flue gas a suitable adsorbent would be one that demonstrates high CO2 capacity, high 

selectivity towards carbon dioxide in comparison to other species, fast adsorption kinetics, 

chemical and thermal stability, low material manufacturing cost, low regeneration energy 

and not sensitive to moisture and/or other contaminants.  

Activated carbons (AC) have been widely used as an adsorbent material for gas separations 

in PSA units.18 GCA-830 and GCA-1240 are examples of activated carbon materials 

commercially used.19 AC materials are amorphous, solid, porous, carbon-based materials. 

They have been implemented in water treatment and gas purification applications.20 Some 

of the key advantages of AC include low cost of the raw material, adsorbent regeneration 

under mild conditions and thermal stability. However, AC present low selectivity due to 

large pores and low capacity for carbon dioxide under low pressure when compared to other 

adsorbents such as zeolites.20  

Zeolites are porous, crystalline, aluminosilicate materials consisted of TO4 tetrahedra (T = 

Si or Al).18 Zeolites have a total negative charge which is balanced with cations in their 

framework. The presence of the cations within the structure results in strong electrostatic 

interactions with polar molecules such as carbon dioxide.20 Due to their high chemical and 

thermal stability and their molecular sieving effect zeolites have been used in gas storage 

and separation applications.21 Zeolite 13X, zeolite 5A and zeolite 4A are commercially 

available and used in industry for gas separations in PSA units.19, 22 Despite their advantages, 

zeolites are highly hydrophilic which would lower their adsorption capacity for a gas in the 

presence of water vapor. Also their regeneration cost is high due to high energy consumption 

required for carbon dioxide desorption and because of the moisture presence.18,20,23 

Adsorbent materials need to be regenerated in order to be reused for as long as possible.  

Apart from activated carbon and zeolitic materials that are commercially used in  industry, 

there is ongoing research for the development of other adsorbent materials such as,  carbon 

nanotubes, graphite nanoplatelets, mesoporous silica and amine-based sorbents.9 
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Synthesizing and implementing the most suitable adsorbent material for a specific 

application can result in a more efficient and cost effective application.24  

It is estimated that if alternative methods that do not rely on heat transport were developed, 

80% of all the chemical separations performed in the USA industry would be 10 times more 

energy efficient.25 Membrane technology has great potential since it does not rely on heat 

transfer. Instead, it relies on size and shape of the molecules that need to be separated and 

on their interaction with the membrane. If the distillation method used for chemical 

separations in the USA industry could be replaced by membrane based separations, 90% less 

energy would be used.25 Membranes are used in industry for gas separations since 1980.26 

Some applications include hydrogen purification, production of air rich in oxygen, carbon 

dioxide and vapor removal from natural gas, and water removal from organic mixtures with 

azeotrope breaking.26,27  

The key performance characteristics for a membrane are selectivity and permeability. 

Permeability is defined as a variable that demonstrates membrane’s ability to permeate gas, 

while selectivity is defined as the ratio of permeability of components through the 

membrane.28 Membrane technology is commercialized to some extent. For example, in 2016 

8% of the worldwide CO2/CH4 separation technology market consisted of membranes.10-11 

Some of the advantages are low operational and investment cost, environmentally friendly 

method since no hazardous chemicals are involved and small space requirements. A purity 

of methane more than 96% can be achieved but the higher the purity demands the greater 

the number of membrane equipment in series and/or greater membrane dimensions are 

required, which can lead to increased investment cost and greater loss of methane.29  

Utilization of membranes in industry is challenging because of fouling caused by 

contaminants in the gas stream and a new membrane needs to be installed every 1-5 years 

on average.9, 11 Membranes could be composed of polymeric, inorganic, ceramic, carbon 

based and metallic based materials.13 The most common commercial materials for CO2/CH4 

membrane separation are cellulose acetate and polyimide, which are both polymeric.30 The 

majority of the membranes that are industrially utilized are polymeric.31 A major drawback 

of polymeric membranes is Robeson’s upper bound.32, 33-34 According to these studies a 

trade-off between permeability and selectivity exists. When a gas species demonstrates high 

selectivity over another gas species, a low permeability is observed and vice versa. Ideally 

for gas separations both high selectivity and permeability are desired. There is need for new 

membrane materials that overcome Robeson’s upper bound. Combining membrane 

materials with adsorbent materials in order to form a mixed matrix membrane (MMM) which 
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is going to have enhanced performance (high selectivity and permeability) is a promising 

idea.  

 

 Introduction to Metal-Organic Frameworks 

 

There is significant scientific effort for the development of new adsorbent materials.35 A 

very special class of porous, crystalline, 3D, nanomaterials is that of MOFs.36,37,38,39 MOFs 

consist of metal nodes connected with organic ligands named secondary building units 

(SBU). The SBU can combine without changing their chemical structure in order to form 

frameworks, a synthetic method called reticular synthesis.40,41 The basic idea of reticular 

synthesis is presented in Figure 1.4. The combination of SBU results into an almost infinite 

amount of frameworks possible, the structure of which can be predicted to some extent 

before the synthesis depending on the SBU used.42 There were 69,666 lab synthesized MOF 

structures in the Cambridge Structural Database and 324,500 hypothetical structures 

generated by researchers at University of Ottawa until 2016.42-43 MOFs can fall in the 

category of microporous or mesoporous materials. Microporous and mesoporous materials 

are defined as materials that possess pores of internal width lower than 2 nm and between 2-

50 nm respectively.15 Reticular synthesis provides a great opportunity for the development 

of adsorbent materials tailored for a specific application. For example, if the separation of a 

binary gas mixture is of interest where the kinetic diameter of the different species present 

in the mixture are different, one could use reticular synthesis to generate a framework where 

the pore diameter is between the values of the kinetic diameter of the two gas species. Thus, 

in principle a molecular sieve effect could separate the two gas species. Such an example is 

the separation of acetylene from ethylene with MOF SIFSIX-14-Cu-i (also known as UTSA-

200) that has a pore size of 0.34 nm.44 Ethylene molecules that possess a kinetic diameter of 

0.39 nm are blocked from entering the framework, while acetylene molecule with a 0.33 nm 

pore diameter are able to adsorb in UTSA-200. Other similar examples of MOFs effectively 

separating gas mixtures based on the molecular sieving effect can be found in literature.45-46 
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Figure 1.4. Simplified graphical representation of a metal-organic framework structure, composed 

of metal nodes (red spheres) connected with organic ligands (silver tubes). 

 

 MOFs demonstrate very high Brunauer-Emmett-Teller (BET) surface areas up to 7140 

m2/g.47 For comparison, zeolites and activated carbons possess up to 1000 m2/g and 3500 

m2/g surface areas respectively.42 A large BET area suggests that more adsorption sites are 

available to guest molecules. Apart from large surface areas, MOFs possess also large pore 

volumes and pore diameters ranging from the microscale to the mesoscale.40 Large surface 

area and free pore volume are positively correlated with the adsorbent’s ability to store 

adsorbate molecules within its structure.48 Another important feature of MOFs is framework 

flexibility, also described as “breathing effect” in literature.49 Bendt et al. studied 

computationally the impact of framework flexibility on carbon dioxide and water diffusion 

in Mg-MOF-74.50 Higher self-diffusion coefficients were observed when the MOF was 

modelled as flexible compared to rigid framework. The difference was enhanced when 

considering pure components compared to binary mixtures. In 2019, Abdolalian and Morsali 

synthesized and characterized TMU-42 that demonstrated high carbon dioxide adsorption 

capacity (7.29 mmol/g) and preferential adsorption towards carbon dioxide over nitrogen for 

gas separations.51 Selectivity towards carbon dioxide was attributed to MOF flexibility and 

framework breathing effect that lead to pore opening and closing with varying pressure. 

MOFs may also exhibit interpenetrating networks. Xu et al. synthesized an interpenetrated 

MOF (SCNU-1) which showed high thermal stability (>773 K), high chemical stability, high 

binding affinity for carbon dioxide (90 kJ/mol) and high carbon dioxide selectivity (around 

108) over nitrogen.52 A water stable interpenetrated MOF was synthesized by Pal et al. in 

2017.53 The produced MOF was stable in the presence of humidity and demonstrated great 
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potential for carbon dioxide/methane and carbon dioxide/nitrogen separation under flue gas 

and landfill gas conditions. Due to the aforementioned advantages of MOFs, possible 

applications range from gas storage23, 54,55 and separation56-58 to catalysis,59 drug delivery60 

and water generation.61  

Millward and Yaghi showed that MOF-177 has almost double the volumetric capacity for 

carbon dioxide at 35 bar when compared to benchmark materials such as zeolite 13X and 

zeolite MAXSORB.62 Adil et al. compared MOF NbOFFIVE-1-Ni to zeolite 13X, activated 

carbon and other MOF materials for carbon capture under flue gas stream conditions in a 

temperature swing adsorption application.63 A range of criteria were considered for the 

selection of the best performing adsorbent such as tolerance to impurities, stability in the 

presence of moisture, carbon dioxide uptake, selectivity of carbon dioxide over nitrogen and 

energy required for the material regeneration. The researchers identified NbOFFIVE-1-Ni 

as the best performing material which surpassed industrially used materials (zeolite 13X and 

activated carbon). MOFs may occasionally pose complex structures such as interpenetrated 

structures where two types of 3D MOF motifs coexist in a single structure.64 In 2019, Liang 

et al. studied the interpenetrated MOF dptz-CuTiF6 for carbon capture from flue gas.65 High 

carbon dioxide capacity was observed combined with a lower regeneration energy than the 

industrially used amine aqueous technology. In addition, good thermal and moisture stability 

were observed. Belmabkhout et al. reported the synthesis of a fluorinated MOF (AIFFIVE-

1-Ni) for natural gas upgrading.66 AIFFIVE-1-Ni is capable of removing H2S and CO2 from 

natural gas in a single adsorption step for a range of compositions, concentrations and 

temperatures. In 2015, Mason et al. utilized flexible Fe(bdp) and Co(bdp) MOFs for methane 

storage. Due to the flexible structure, more methane could be stored when compared to 

classical adsorbents such as zeolites.67 In some MOFs their metal nodes are coordinated with 

solvent molecules which are removed during the activation step of the synthetic process. 

That results into unsaturated metals in the structure, also known as open metal sites (OMS). 

They are highly desirable for storage and separation applications because they enhance the 

adsorption of guest molecules. Bae et al. achieved a selectivity of 30 of carbon dioxide over 

methane with a mixed ligand, OMS MOF as calculated by the ideal adsorbed solution 

theory68 (IAST), verified by grand canonical Monte Carlo (GCMC) simulations.69 However, 

experimentally a selectivity of 10.5 for the same separation is one of the highest observed 

for MOFs with no OMS, ambient pressure and 298 K.70 Carbon monoxide was removed 

from CO/CO2 mixture with OMS MOFs such as CuBTC and MOF-74. The separation was 

achieved through chemisorption since the metal ion would coordinate to CO forming 

carbonyl complexes.71 Kim et al. studied computationally the removal of ammonia from air 
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under humid and dry conditions. The researchers considered 21 functional groups and 

identified the promising ones for ammonia removal. R-COOCu was the most promising 

under both dry and humid conditions.72 In 2013, Bernini et al. explored computationally a 

wide range of bio-compatible MOFs for drug delivery of the drug ibuprofen. BioMOF-100 

was found capable of carrying six times more (in gravimetric uptake) drug than mesoporous 

silicas.73  

 

 Metal-Organic Frameworks in Polymers 

 

Pairing MOFs with polymers can lead to composite materials, named mixed matrix 

membranes (MMM) with enhanced features that exceed the performance of the individual 

components (MOF or polymer solely).74-75 For example, Keskin and Sholl proved that 

Cu(hfip-bb)(H2hfipbb)0.5 MOF particles addition in a Matrimid polymer produced a 

composite material that exceeded Robeson’s upper bound32-34 for CO2/CH4 separation.74 

Cheng et al. combined UiO-66-NH2 with the covalent organic framework (COF) TpPa-1 to 

produce MOF@COF hybrid fillers which were then incorporated in the commercially 

available polysulfone (PSF) polymer.76 The incorporation of the fillers in the polymer lead 

to 48% and 79% increase in CO2 permeability and carbon dioxide over methane selectivity 

respectively. In 2018 Liu et al. incorporated Y-fum-fcu-MOF in 6FDA-DAM polyimide 

membrane for CO2/CH4 separation.77 The addition of the MOF crystals in the polymer lead 

to a four-fold enhancement in selectivity of carbon dioxide over methane and CO2 

permeability above 1000 Barrer. Overall, the MMM performance exceeded Robeson’s upper 

bound,33-34 confirming that addition of MOFs in polymers may generate composite materials 

with enhanced properties. Adams et al. synthesized MOF CuTPA and introduced it into a 

PVAc polymeric matrix.78 Addition of the MOF particles in the polymeric matrix showed 

an increase in permeability when compared to the pristine polymer for pure He, O2, N2, CH4 

and CO2. In 2019, Zhao et al. synthesized a MMM consisted of 20 wt% MOF NH2-MIL-53 

and 80 wt% polymethyl methacrylate (PMMA).79 The MMM achieved a selectivity of 53 

for H2 over CO2 compared to 7 for the pure PMMA, exceeding Robeson’s upper bound 

greatly.33 The produced MMM was also compared to literature data for zeolite FAU in 

Matrimid polymer and silica in poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) for the same 

gas separation. The selectivity of this work (53) was greater than the selectivity of 10.3 and 

3.6 observed for the zeolite FAU/Matrimid and the silica/PPO systems respectively. The 

observed permeance of H2 in 10-9 mol s-1 Pa-1 m-2 in the aforementioned systems in the same 

order was 33, 6 and 23 respectively. Jeazet et al. incorporated the water stable MOF MIL-
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101 in PSF.80 The composite material was used for O2/N2 gas separation. The researchers 

observed the same selectivity of 5-6 for O2 over N2 observed for the polymeric material 

solely but an increase in O2 permeability by a factor of four. Perez et al. synthesized and 

added MOF-5 nanocrystals in Matrimid.81 The researchers investigated the influence that 

the amount of filler added had on pure H2, CO2, O2, N2 and CH4 gas permeability values. 

From the range considered (0-30 wt%), 30 wt% MOF-5 filler would lead to the highest 

permeabilities observed for the aforementioned pure gases. More specifically the 

permeability of the pure gases increased by up to120% in every case while no considerable 

increase in the calculated ideal selectivity was observed for H2/CH4, CO2/CH4, O2/N2, 

H2/CH2 and CH4/N2 gas mixtures. The same group of researchers synthesized (Al) NH2-

MIL-53 MOF and incorporated it into VTECTM PI-1388 polymer to form MMM of varying 

thickness.82 The researchers tested the fabricated membranes for H2/CO2 gas separation at a 

temperature range of 35-300 ⁰C and 5-30 bar pressure. For pure gas component experiments 

the performance of the MMM improved at higher temperature and more specifically at 300 

⁰C and 30 bar the H2 permeability value increased by 70% when compared to the polymeric 

material, while the ideal selectivity increased from 4.0 to 5.8. Hu et al. added CuBTC MOF 

crystals in PI and observed the change in permeance of pure H2, N2, CO2, O2 and CH4 in 

both the MMM and the PI.83 When 6 wt% MOF was added to the polymer, H2 permeance 

increased by 45% and the calculated ideal selectivity increased by a factor of 2-3 for all gas 

separations (H2/CH4, H2/N2, H2/CO2 and H2/O2). MOFs are also considered in water 

filtration applications.84 Ma et al. incorporated UiO-66 hydrophilic nanoparticles in a 

polyamide membrane for water desalination. The addition of the MOF nanocrystals 

significantly enhanced the performance of the membrane by demonstrating a 52% increase 

in water permeability while the salt rejection maintained at 95%, same as when the 

polyamide only was used.85   

 

 Metal-Organic Nanosheets in Polymers 

 

Two-dimensional MON synthesis and application is a new rapidly growing area.86 MONs 

are 2D MOFs where their thickness is in the nanoscale and the other two dimensions are at 

least an order of magnitude greater. MONs are free standing structures with no covalent 

bonds in the direction of thickness. There is a growing interest in the field since using 2D 

MOFs instead of 3D bulk MOFs can upgrade the performance depending on the 

application.87 MONs can be synthesized in a top down or bottom up approach.86-87 In 

principle in the top down approach the 3D bulk MOF is sliced in order to form the MON. In 
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the bottom up approach, the SBU connect to each other to form the anisotropic 2D MON. 

Both methods should result into the same structure but in practice the latter one is preferred 

as it generates structures with less defects.87 It is very common for MONs to be dispersed 

into a polymer as fillers forming MMM which show enhanced properties when compared to 

3D bulk MOFs and polymers solely.88-90 In 2014, Peng et al. synthesized 1 nm thick 

Zn2(Bim)4 nanosheets with a top down approach.91 The BET surface area increased from 

19.9 m2/g (bulk Zn2(Bim)4)  to 112.4 m2/g (Zn2(Bim)4 nanosheet). The nanosheets 

demonstrated a selectivity up to 291 for hydrogen over carbon dioxide and permeance up to 

3760 GPU for hydrogen which exceeded Robeson’s upper bound. The same group of 

researchers in 2017 synthesized 10 nm thick Zn2(Bim)3 nanosheets.92 The BET surface area 

was 7 times higher than the bulk MOF and the researchers achieved a separation factor (SF) 

of 166 for hydrogen over carbon dioxide. The separation mechanism was concluded to be a 

molecular sieving effect where hydrogen molecules were able to penetrate the nanosheets 

while carbon dioxide molecules had to follow a diffusion pathway around the nanosheets. 

The researchers also studied the impact of the temperature and an increase of 1.5 times was 

calculated for the SF when the temperature was raised from 20 0C to 120 0C. Ang and Hong 

synthesized 2D Zn-TCP(Fe) nanosheets for water filtration.93 The nanosheets were 

combined with polycationic polymers. The Zn-TCP(Fe) nanosheets achieved a water 

permeance 3 times higher than graphene-based membranes with similar rejection for organic 

dyes. The observed permeance values were about 2 orders of magnitude higher than the 

commercial polymeric membrane. Wang et al. synthesized 2D MAMS-1 nanosheets of 

various nanoscale thickness which demonstrated a reversed thermo-switchable molecular 

sieving gas separation effect.94 The separation of an equimolar CO2/H2 gas mixture was 

studied. The permeance of hydrogen could be controlled with temperature. When the 

temperature would rise the permeance of hydrogen would drop. This effect was attributed to 

a gate opening mechanism of the structure. The researchers observed an increase in 

selectivity for thicker nanosheets but a drop in the permeance of hydrogen for the equimolar 

mixture. Rodenas et al. incorporated MOF CuBDC crystals and CuBDC MONs in polyimide 

(PI) membranes for the separation of carbon dioxide from methane for an equimolar 

CO2/CH4 gas mixture.95 The researchers observed 30-80% higher selectivity of carbon 

dioxide over methane for the CuBDC MONs/PI system when compared to the PI only and 

up to 8 times higher selectivity than the MOF CuBDC crystals/PI system. Yang et al. also 

synthesized CuBDC MONs and paired them with 6FDA-DAM and PIM-1 polymeric 

membranes.96 The researchers observed qualitatively similar results to Rodenas et al. for the 

same gas separation. Incorporation of the MONs in the polymers lead to higher selectivity 
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compared to the polymer solely and the incorporation of MOF crystals in the polymers with 

an overall performance exceeding Robeson’s upper bound.33-34 The research finding that 

addition of MONs in polymers enhances their performance for gas separations is confirmed 

by Cheng et al. who studied the same MON for the same gas separation.97 Cheng et al. used 

PIM-1 membranes and observed a 28% increase in the selectivity of carbon dioxide over 

methane when adding CuBDC MONs in the polymer. 

 

 Challenges to Commercialization 

 

The synthesis of perfect crystals is impossible. Real crystals will contain defects that are 

defined as a deviation from the perfect periodic arrangement that occurs with missing or 

dislocated atoms or ions within the structure.98  Because of the broad range of possible 

defects, the number of different types of defects can be limited only by the imagination of 

the researchers. For example, a missing organic linker or metal node or a partially collapsed 

structure or any combination of these in any proportions can all be considered as defects. 

Especially in MONs more defects are present because of the high external surface area.99 

Defects can be both desirable and not desirable e.g. in optoelectronics the crystals need to 

be as defect-free as possible but in gas adsorption applications they can increase the storage 

capacity.98, 100 Defect studies in the MOF field are very scarce. In 2020, Wu et al. used 

machine learning techniques to study the separation of ethane/ethylene for 425 UiO-66 

defective structures with missing linkers.101 Defect concentration was found to be more 

significant than the distribution for the given application. The researchers found that the 

defect concentration could be predicted by experimental data of the gravimetric surface area 

and the pore volume. Wang et al. demonstrated the engineering of UiO-66 with acid 

modulators in order to create defective structures with missing linkers and OMS for the 

catalytic reaction of cyclohexanone to cyclohexanol.102 Missing linkers and clusters 

improved the catalytic performance. Thornton et al. studied computationally carbon dioxide 

adsorption in defect-free and defective UiO-66.103 They found that at high pressures the 

adsorption was enhanced with increasing concentration of missing linkers but the enhanced 

adsorption would be achieved with a trade-off in mechanical stability. In 2015, Sarkisov 

studied a range of possible defects in IRMOF-1 for argon adsorption.104 Geometric 

characteristic changes in the structures were also studied with the presence of defects. It was 

found that up to 20% missing linkers had no impact on the adsorption isotherm. More studies 

on defects are needed. Understanding and controlling the presence of defects could lead to 

more efficient applications and structures with desired characteristics.99, 105  



26 
 

While some MOFs are hydrophilic as the aforementioned UiO-66, others are water unstable 

and their structure would collapse in the presence of water. For example, MOF-177 would 

decompose after three days exposure to indoor air.106 The widely studied MOF-5 is unstable 

in the presence of more than 4% water by mass.107 An additional challenge is the thermal 

stability of MOFs. While many MOFs show high uptake and selectivity for carbon dioxide 

at ambient temperature, the high temperature of the gas output of a power plant could destroy 

their structure.54 MOFs are known to demonstrate lower mechanical stability when 

compared to zeolites due to their high porosity.108 A very important step in MOF synthesis 

is that of activation (solvent removal from within the framework) which often leads to 

structure collapse and loss of porosity.109 The synthetic process of MOFs in the lab includes 

application of ultra-sonication and the solvothermal method which are well suited for lab 

production but are energy intensive for scaling up to an industrial level.110 In 2017, DeSantis 

et al. published a techno-economic study of hydrogen and natural gas storage in MOFs on a 

large scale (2.5 Mkg/year).111 Four different MOFs were considered, Ni-MOF-74, Mg-

MOF-74, MOF-5 and HKUST-1. Using the solvothermal synthetic method in a large batch 

scale process they estimated the production cost at 35-71 $/kg, which was significantly 

higher than the goal of less than 10 $/kg set by the USA Department of Energy. Switching 

to two alternative synthetic methods, the liquid assisted grinding and the aqueous synthesis 

reduced the production cost at 13-36 $/kg which was a 34-83% reduction but failed to meet 

the target set. It was concluded that synthesis of MOFs on a large scale is a costly process. 

However, there were parameters that were not explored such as making the process 

continuous, more effective solvent recycling, pressure and reaction time optimization. All 

these drawbacks need to be addressed and further research is needed for MOF applications 

in industry to occur.112  

 

 Molecular Simulations for Studying Metal-Organic Frameworks 

 

Molecular simulations are a powerful tool for the study of MOFs in various applications.113 

They can be used in order to characterize newly synthesized materials and understand their 

properties.114 For example, using molecular simulations it is possible to estimate geometrical 

properties such as surface area, pore volume and pore size distribution (PSD). The 

computationally calculated accessible surface area can be directly compared with the 

experimental BET surface area.115 Differences between the experimental and the 

computational value might be observed which can be attributed to incomplete solvent 

removal from the framework or defects in the experimental sample. In 2011, Sarkisov and 
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Harrison developed a set of computational tools to calculate the accessible surface area and 

PSD of ordered and disordered porous materials.116 The tools were validated on MOF 

frameworks. Gubbins and Bhattacharya developed a method to calculate PSD in any 

nanoporous material and observed good agreement with the PSD of already known 

materials.117   

Molecular simulations can also be used to study physical adsorption of gases in MOFs and 

understand the occurring phenomena at the atomic level.118-119 The adsorption capacity for 

several gases in MOFs can be predicted by molecular simulations.120-122 Yang et al. screened 

9 different MOFs and evaluated the impact of the organic linkers, the pore sizes, the topology 

and the effect of an electrostatic field on the CO2 adsorption and diffusion.123 They found 

that the high uptake of carbon dioxide in MOFs is a combination of all these properties. They 

also found that a pore size of 1-2 nm is likely to have a high carbon dioxide uptake. For 

MOFs with pore size in that range, the higher the accessible surface area and the pore 

volume, the higher the uptake. The electrostatic interaction between carbon dioxide 

molecules and the framework atoms were found to contribute up to 30% of the adsorption 

capacity at low pressures, while at high pressures they were less important. Wang et al. 

studied 9 different MOFs for methane storage.124 They found that the surface area was the 

most important property for methane adsorption at room temperature and moderate pressures 

which was in agreement with previous studies.125  

Molecular simulations have provided a useful insight on transport and diffusion properties 

of gases in MOFs and other porous materials.126 One of the first molecular simulation studies 

on molecular diffusion in MOFs was conducted by Sarkisov et al. who calculated the self-

diffusion coefficient for methane, n-alkanes, cyclohexane and benzene.127 Methane showed 

the highest self-diffusion coefficient for the structures studied. Skoulidas explored the 

dependence of the self, corrected and transport diffusion coefficient on the loading of Ar in 

CuBTC for room temperature.128 It was found that they are all equal in dilute concentrations. 

Similar findings were confirmed in a later publication by Skoulidas and Sholl who studied 

methane, argon, carbon dioxide, nitrogen and hydrogen diffusion in IRMOF-1, MOF-2, 

MOF-3 and CuBTC.129 All the aforementioned diffusion studies in MOFs assumed rigid 

frameworks.127-129 Amirjalayer et al. demonstrated that this is not always a valid assumption 

and the framework flexibility needs to be considered.130 The researchers studied benzene 

diffusion in MOF-5. The simulated self-diffusion coefficient was found to be in good 

agreement with experimental data when framework flexibility was taken into account, while 

when the framework was assumed rigid a higher self-diffusion coefficient was observed.  
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While molecular simulations of bulk 3D MOFs are becoming more and more common, 

molecular simulation studies on 2D MOF nanosheets are scarce in literature.131-132 Some 

studies have recently appeared in literature but more research needs to be done on this topic. 

Gu et al. studied computationally the removal of heavy metals from water using a 2D 

zirconium phosphonate based MOF.133 The efficiency of the nanosheet filter was more than 

95% in a wide range of pressures studied (50-350 MPa). The separation mechanism was 

identified and attributed to the strong electrostatic interactions between the cations and the 

framework atoms. Tao et al. calculated computationally the adsorption capacity of 2D Zr-

BTB-FA MOF nanosheet for xylene isomers and ethylbenzene.134 They also proposed a 

preheating strategy for a more efficient packing of the nanosheets in order to achieve a better 

separation of six groups of isomers.  

Molecular simulations offer the possibility of screening a large number of structures in order 

to identify potential good candidates for a specific application without the experimental 

effort and the waste of consumables. In 2019, Altintas and Keskin screened 3794 MOF 

structures to identify the most promising materials for membrane separation of CO2/CH4 gas 

mixture. The researchers identified two MOF candidates that were well above Robeson’s 

upper bound. Simulations can be used for their predictive power to address the experimental 

synthesis. It is very difficult to identify separation mechanisms from experimental work 

solely and classical molecular simulations and quantum mechanics calculations can provide 

a useful insight. They can also identify novel, not yet synthesized materials that would 

outperform well known studied materials.125 With molecular simulations one is able to study 

in isolation the effect of a changed variable by keeping all other conditions identical. For 

example, if one wishes to study the effect of a filler’s loading in a polymer for a given 

separation, that is possible since all other conditions can remain unchanged when using 

computers. During an experimental process that is not possible since 100% control over the 

experimental conditions is not possible.  

Despite all the positive aspects of molecular simulations there are some limitations. Generic 

force fields such as UFF135 or DREIDING136 might fail to accurately represent the interaction 

of the guest molecules with OMS.137 Yazaydin et al. studied 14 different MOFs for carbon 

dioxide capture.138 M/DOBDC (where M=Zn, Ni, Co or Mg) MOFs demonstrated the 

highest capacities for CO2 storage. All of them have OMS and the simulated isotherm was 

far from the experimental one. However, also HKUST-1, UMCM-150 and UMCM-150(N2) 

have OMS and simulated and experimental isotherm were in good agreement. The reason 

was that these MOFs have lower density of OMS when compared to M/DOBDC MOFs. If 

a high density of OMS is present in the structure, incorporation of quantum mechanics (QM) 
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calculations could be helpful.139 An additional limitation is modelling of chemisorption 

where bonds between the guest molecules and the framework are created.113 Despite the 

limitations of molecular simulations, experimental and computational work complement 

each other.  

 

 Summary 

 

In summary, the CO2/CH4 gas mixture is of industrial importance, present in natural gas and 

biogas. Carbon dioxide lowers the energy density of the mixture and corrodes the pipelines. 

CO2 removal from the gas mixture is necessary. There are conventional methods applied in 

industry for CO2 removal. Namely these methods are water scrubbing, organic scrubbing, 

chemical scrubbing, PSA, membranes and cryogenic separation. Generally, these methods 

are costly and new methods and materials are needed. MOFs could be used as the adsorbent 

material in PSA units and as fillers in membranes. MOFs have demonstrated highly desirable 

properties at a research level such as, high adsorption capacity for guest molecules (e.g. 

carbon dioxide), high surface area, high free pore volume, a wide span of porous windows 

ranging from microscale to mesoscale and a great variety of topologies. In several occasions 

MOFs have outperformed industrially used solid porous adsorbent materials such as zeolites 

and activated carbon for gas storage and gas separation applications. Yet, despite all the 

positive aspects and ongoing research for almost 20 years, MOFs have failed to become 

industrially competent. This is due to numerous reasons, such as collapse of their structure 

in the presence of humidity or impurities or during solvent removal, thermal and mechanical 

instability and high production cost. However, relatively recently researchers tested the 

performance of MOFs used as fillers in polymers in order to tackle the trade-off between 

permeability and selectivity, also known as Robeson’s upper bound for polymeric materials 

for gas separation applications. Indeed, the implementation of MOFs in polymers lead into 

composite materials with enhanced performance that could overcome Robeson’s upper 

bound. Researchers found that instead of implementing 3D isotropic MOF crystals in the 

polymers, synthesis and addition of 2D MOF nanosheets instead, lead into a more efficient 

gas separation (higher permeability and selectivity observed). 

This doctorate makes use of molecular simulations to evaluate the performance of CuBDC 

MONs for CO2/CH4 separation. The simulation techniques employed are outlined in Chapter 

2. The research results are compared to experimental work completed by three independent 

research groups on the same MON paired with a range of polymers for the same gas 
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separation.95-97 Experimentally the MON/polymer systems demonstrated selectivity and 

permeability values ranging from 17-80 and 10-10000 Barrer respectively. The broad range 

of values reported for the aforementioned variables when the same MON (CuBDC) is paired 

with different polymers gives rise to the question: What is the role of the CuBDC MON into 

the CO2/CH4 separation? Molecular simulations reveal the separation mechanism at the 

atomic level which proves to be a pore blocking mechanism (Chapter 3). The surface of the 

MON is proved to be important for the separation and different saturation groups have been 

tested (Chapter 4). In addition, molecular simulations are the only way to evaluate the 

properties of a perfect MOF crystal. However, it is almost impossible a perfect crystal to be 

synthesized since the presence of defects is inevitable. There is a very limited amount of 

publications in literature regarding defects. This doctorate has contributed in a novel way to 

fill in this research gap by studying the impact of defects in the form of missing linkers in 

the CO2/CH4 separation with 2D CuBDC nanosheets (Chapter 5). While this doctorate has 

provided insight into many important questions regarding gas separation in MONs, there are 

still many unanswered and these are discussed in Chapter 6. 

Experimental incorporation of MOF nanosheets into polymeric membranes has been 

achieved in recent years. However, information on how to model MOF nanosheets is very 

limited in bibliography. A main objective of this doctorate is to enrich literature with the 

computational study of a 2D MOF nanosheet for carbon dioxide/methane separation and 

provide an insight into the nanosheet’s contribution on the separation. The same developed 

methodology in this thesis can be followed and applied to other systems. An even greater 

research gap exists with respect to MOF framework defects. This doctorate aims at filling in 

the research gap of defects in MOF nanosheets and their impact on carbon dioxide/methane 

separation. 
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 Simulation Techniques and Methodologies 

 

 Preface 

 

The purpose of this chapter is to provide the theoretical basis and fundamentals of the 

computational techniques used and the methodologies followed in this thesis. Topics that 

will be covered are Monte Carlo simulations (MC), especially grand canonical Monte Carlo 

(GCMC), equilibrium molecular dynamics (EMD), non-equilibrium molecular dynamics 

(NEMD), quantum mechanics (QM) and density functional theory (DFT). 

 

 Statistical Mechanics 

 

Statistical mechanics is a branch of thermodynamics. Utilizing statistical mechanics, 

macroscopic variables can be calculated from the microscopic quantities.  Basic concepts in 

statistical mechanics are: the microstate, which is a single random snapshot of the system 

with all atoms possessing a specific momentum and energy; the macrostate, refers to a 

system at equilibrium which passes through a large number of microstates; and the ensemble, 

which is a set of thermodynamic constraints enforced upon the microscopic system. The 

most common ensembles are mentioned below, however more can be found in 

literature.140,141,142  

 

• The canonical ensemble (NVT) where the number of particles, N, of the system 

remains constant as well as the volume, V and the temperature T. This is a closed 

system since the number of particles is fixed but energy can be exchanged with the 

environment.   

• The microcanonical ensemble (NVE) where N, V and the energy of the system, E, are 

fixed. This particular ensemble represents an isolated system since the number of 

particles but also the energy remain constant. 

• The isothermal-isobaric ensemble (NPT) where the temperature, pressure, P and the 

number of particles of the system are kept fixed. 

• The grand canonical ensemble (μVT) where the chemical potential, μ of each species 

remains constant from system to system and the volume and temperature are fixed 

as well. This specific ensemble is of interest for adsorption phenomena since it allows 

the number of particles to fluctuate and can appropriately mimic the process.  
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In order to estimate the average macroscopic value of a property, the value of the same 

property at each and every microstate of the ensemble needs to be considered. In Equation 

(2.1), Mj represents the value of the property in microstate j, while Pj is the probability of 

observing microstate j. Mensemble is the average value of the ensemble for property M which 

is equal to Mobserved if the system is ergodic. A system is called ergodic when the ensemble 

average value of M is equal to the time average of M for a many body system. This is true 

for adsorption simulations but invalid for glassy and metastable systems.142 

 

 
𝑀𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑀𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = ∑𝑀𝑗

𝑗

𝑃𝑗  
(2.1) 

 

For adsorption phenomena, the best suited ensemble is the grand canonical ensemble where 

the number of adsorbed molecules N and the total energy of the system E are allowed to 

fluctuate, while the chemical potential μ, the volume V and the temperature T remain 

constant among all microstates. N and E follow a Boltzmann distribution. This ensemble is 

capable of mimicking the adsorption process of a bulk fluid into an adsorbent. When 

equilibrium is reached, the chemical potential and the temperature are equal in the adsorbed 

phase and in the bulk fluid phase. 

In order to calculate the probability of observing a specific microstate, a term named the 

partition function, Q needs to be introduced. The partition function is the sum of all possible 

microstates of a thermodynamic system and its form depends on the ensemble. From this 

point onwards the grand canonical ensemble is considered. In Equation (2.2) the partition 

function for the grand canonical ensemble (QµVT) is shown. 

 

 
𝑄µ𝑉𝑇 = ∑(𝑒−𝛽𝐸𝑗)(𝑒𝛽µ𝑁𝑗)

𝑗

 
(2.2) 

 

Where,  

 

 𝛽 =
1

𝐾𝐵𝑇
 (2.3) 

 

 

KB is Boltzmann’s constant and is equal to 1.38 10-23 J K-1. 
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The probability of observing a microstate with energy Ej and N number of molecules is 

shown in Equation (2.4). 

 

 𝑃𝑗 =
(𝑒−𝛽𝐸𝑗) (𝑒𝛽µ𝑁)

𝑄µ𝑉𝑇
 (2.4) 

 

Incorporating Equation (2.4) into Equation (2.1), Equation (2.5) is obtained. 

 

 
𝑀𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = ∑𝑀𝑗

𝑗,𝑁

𝑃𝑗 =
1

𝑄µ𝑉𝑇
 ∑𝑀𝑗

𝑗,𝑁

 (𝑒−𝛽𝐸𝑗) (𝑒𝛽µ𝑁) 
(2.5) 

 

In order to calculate Mensemble, summation over all possible microstates is needed. However, 

this is extremely difficult to compute due to the size of the ensemble and hence classical 

behaviour in the system is assumed. Every microstate is expressed as the positions and 

momenta of all molecules in the system to a point in phase space. This way M is expressed 

as an integral over all momenta, q, and positions, s, of all the particles in the system as shown 

in Equation (2.6). 

 

 𝑀 = ∬𝑀(𝑞,𝑠) 𝜌(𝑞,𝑠)𝑑𝑞 𝑑𝑠 (2.6) 

 

Where ρ is the probability distribution in classical mechanics. Equation (2.6) could be 

simplified further by expressing the total energy of the system as the sum of the potential 

energy and the kinetic energy. The potential energy of the system, U(s), depends solely on 

the positions of the molecules and is based on intermolecular interactions, described from 

force fields (Section 2.5). The kinetic energy depends solely on the momenta and for a 

monoatomic ideal gas the term is shown in Equation (2.7). 

 

 𝐸𝑘 =
𝑉

𝛬3
 (2.7) 
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Where, Λ is the de Broglie wavelength of a particle and is shown in Equation (2.8). 

 

 𝛬 =
ℎ

2𝜋
 √

𝛽

2𝜋𝑚
 (2.8) 

 

h is Planck’s constant and m is the mass of the particle. The classical probability distribution 

ρ becomes: 

 

 𝜌(𝑠) =
1

𝑄µ𝑉𝑇
 

𝑉𝑁

𝑁!𝛬3𝑁
(𝑒−𝛽𝑈(𝑠)) (𝑒𝛽µ𝑁) (2.9) 

 

From the classical mechanics approach, the Mensemble can be calculated as shown in Equation 

(2.10). The Monte Carlo (MC) technique can be implemented in order to compute this 

integral and estimate the ensemble average.  

 

 𝑀𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 =
1

𝑄µ𝑉𝑇
 ∑

𝑉𝑁

𝑁!𝛬3𝑁

𝑁

 ∫𝑀(𝑠) (𝑒
−𝛽𝑈(𝑠)) (𝑒𝛽µ𝑁)𝑑𝑠 (2.10) 

 

Theoretically if the MC method is used to estimate the integral of Equation (2.10) after a 

very large number of integrations over the possible configurations, the calculation of 

Mensemble could be possible. However, that would be time consuming and computationally 

unfeasible.  

 

 Monte Carlo and importance sampling algorithm  

 

Metropolis et al. invented a biased sampling method and introduced the concept of 

importance sampling, which is preferred to a random sampling method, initially suggested 

by the MC algorithm.143 For example, some of the points in phase space are statistically less 

likely to occur (i.e. negligible Boltzmann factor), while others are substantially more likely, 

hence they need to be sampled preferentially. Implementation of the Metropolis method 
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makes the solution of Equation (2.10) possible. Due to the sampling bias that the Metropolis 

method introduces, weighing factors are then used to eliminate this effect. 

The MC method follows a random walk through phase space where every step attempts a 

random perturbation to the system. A Markov chain of configurations is generated where 

every new configuration, (n) is affected only by the immediately preceding old 

configuration, (o). Equation (2.11) is called detailed balance and it ensures that the number 

of moves from (o) to (n) is exactly equal to the number of moves from (n) to (o). N(o) and 

N(n) correspond to the probability of finding the old and new configuration respectively while 

𝜋(0→𝑛) and 𝜋(𝑛→𝑜) correspond to the transition probability from old to new and from new to 

old configuration respectively. 

 

 𝑁(𝑜)𝜋(0→𝑛) = 𝑁(𝑛)𝜋(𝑛→𝑜) (2.11) 

 

Equation (2.12) shows the transition probability which consists of two terms, the probability 

of performing a trial move 𝑎(𝑜→𝑛) and the probability of accepting that move once performed 

𝑎𝑐𝑐(𝑜→𝑛). 

 

 𝜋(𝑜→𝑛) = 𝑎(𝑜→𝑛)𝑎𝑐𝑐(𝑜→𝑛) (2.12) 

 

 

𝑎 is a symmetric matrix in the Metropolis scheme ( 𝑎(𝑜→𝑛) = 𝑎(𝑛→𝑜)), thus Equation  (2.11) 

becomes: 

 

 
𝑎𝑐𝑐(𝑜→𝑛)

𝑎𝑐𝑐(𝑛→𝑜)
=

𝑁(𝑛)

𝑁(𝑜)
 (2.13) 

 

If the  𝑎𝑐𝑐(𝑜→𝑛) is greater than 𝑎𝑐𝑐(𝑛→𝑜), the trial move from (o) to (n) will always be 

accepted. This acceptance criterion can be expressed as follows: 
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 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1,
𝑁(𝑛)

𝑁(𝑜)
) (2.14) 

 

If configuration (o) is more likely than configuration (n), the value of 𝑎𝑐𝑐(𝑜→𝑛) is compared 

to a randomly generated number. If that random number is smaller than 𝑎𝑐𝑐(𝑜→𝑛) the move 

is accepted, otherwise it is rejected. 

The exact acceptance criterion shown in Equation (2.14) depends on the trial move 

attempted. In the grand canonical ensemble the following trial moves are considered: 

• Insertion of a new molecule in the system. 

• Deletion of an existing molecule from the system. 

• Displacement of an existing molecule in the system. 

• Rotation of non-spherical molecules. 

• Swap molecule identity in the case of a multicomponent mixture. 

MC moves are not physical which means that if one follows the trajectories of the particles 

throughout the simulation, appearing and disappearing particles may be observed, also 

described as jumping in literature.142 However, the inability of MC to reproduce the natural 

dynamics of the system can also be an advantage by reaching equilibrium faster.  

For displacement and rotation moves, the total number of molecules in the system remains 

constant and the acceptance probability depends only on the energy of the system as shown 

in Equation (2.15) and Equation (2.16). 

 

 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1, 𝑒(−𝛽(𝑈(𝑛)−𝑈(𝑜)))) (2.15) 

   

 

 𝑎𝑐𝑐(𝑛→𝑜) = 𝑚𝑖𝑛 (1, 𝑒(−𝛽(𝑈(𝑜)−𝑈(𝑛)))) (2.16) 

 

For insertion and deletion of a molecule, the potential energy and the total number of 

molecules in the system change. The acceptance probability will depend on the chemical 

potential, the potential energy of the system and the number density of particles in the 

simulation volume. In the case of a molecule insertion, the acceptance probability is shown 

in Equation (2.17). 
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 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1,
𝑉

𝛬3(𝑁 + 1)
𝑒(𝛽(µ−𝑈(𝑁+1)+𝑈(𝑁)))) (2.17) 

 

 The chemical potential is expressed as a function of the fugacity, f of the bulk fluid which 

can be calculated from an equation of state. In this work, the Peng-Robinson equation of 

state was used.144 This equation of state is commonly used in adsorption calculations.145-147 

The chemical potential as a function of the fugacity is shown in Equation (2.18). 

 

 µ =
𝑙𝑛 (𝑓𝛽𝛬3)

𝛽
 (2.18) 

 

The acceptance probability of inserting a molecule in the system, expressed as a function of 

the fugacity is shown in Equation (2.19). 

 

 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1,
𝛽𝑓𝑉

(𝑁 + 1)
𝑒(−𝛽(𝑈(𝑁+1)−𝑈(𝑁)))) (2.19) 

 

The acceptance criterion for the deletion of a molecule is shown in Equation (2.20). 

 

 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1,
𝑁

𝛽𝑓𝑉
𝑒(−𝛽(𝑈(𝑁)−𝑈(𝑁+1)))) (2.20) 

 

The final acceptance criterion presented is for the trial move of the molecule identity swap. 

For this trial move, species b and c are considered. If species b is deleted and species c is 

inserted in the exact same position, that would be defined as an accepted molecule identity 

swap and the acceptance criterion is shown in Equation (2.21). 

 

 𝑎𝑐𝑐(𝑜→𝑛) = 𝑚𝑖𝑛 (1,
𝑓𝑐𝑁𝑏

𝑓𝑏(𝑁𝑐 + 1)
𝑒(−𝛽(𝑈(𝑁+1)−𝑈(𝑁)))) (2.21) 

 

Nb and Nc correspond to the number of molecules for species b and c respectively. All the 

aforementioned acceptance criteria consider only the energy difference between the old and 

the new configuration and they ignore the pathway followed. For phenomena that the energy 
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pathway followed is important, such as transport phenomena, the MC method is not well 

suited. For a more detailed analysis in statistical mechanics, the reader is referred to the 

textbooks of Frenkel and Smit and Swendsen.142, 148 

 

 Potential Energy 

 

In Section 2.2 and Section 2.3, the calculation of the potential energy of the system was 

needed but it was not strictly defined. In this section, the physical meaning and the 

mathematical definition of the potential energy is presented. In mathematical terms the 

potential energy of a system, Usystem consists of a bonded term, Ubonded (intramolecular 

interactions) and a non-bonded term, Unon-bonded (intermolecular interactions) as shown in 

Equation (2.22). The physical meaning of the potential energy is the way an atom 

“understands” its chemical environment, where is it bonded and what kind of bonds it forms 

with other atoms. 

 

 𝑈𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑈𝑏𝑜𝑛𝑑𝑒𝑑 + 𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 (2.22) 

  

Each of the bonded and non-bonded terms can be split in more terms. As the name suggests 

the bonded potential energy is the energy due to the bonding between atoms and it includes 

the vibrational energy, Ustretch (or bond stretching) where two atoms covalently connected 

oscillate around an equilibrium position, the angle bending, Ubend where the angle between 

three atoms changes and the torsional term, Utorsion where the angle between two sets of three 

atoms that have two atoms in common changes. The mathematical expression of the bonded 

potential energy is shown in Equation (2.23).  

 

 𝑈𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑠𝑡𝑟𝑒𝑡𝑐ℎ + 𝑈𝑏𝑒𝑛𝑑 + 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛 (2.23) 

 

The exact mathematical form of the bonded terms depends on the force field used. However, 

generally the bond stretching and angle bending terms are described by a harmonic function. 

The harmonic function for the bond stretching and angle bending terms are shown in 

Equation (2.24) and Equation (2.25) respectively. 
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 𝑈𝑠𝑡𝑟𝑒𝑡𝑐ℎ =
𝐾𝐿

2
(𝐿 − 𝐿𝑒𝑞)

2 (2.24) 

 

 𝑈𝑏𝑒𝑛𝑑 =
𝐾𝜃

2
(𝜃 − 𝜃𝑒𝑞)

2 (2.25) 

 

L and θ are the bond length and the angle respectively, varying around an equilibrium length 

(𝐿𝑒𝑞) and an equilibrium angle (𝜃𝑒𝑞) constrained by a constant (𝐾𝐿 or 𝐾𝜃). 

The mathematical formula for the torsion term (proper or improper) is shown in Equation 

(2.26). φ is the dihedral angle, varying around the equilibrium dihedral angle, 𝜑𝑒𝑞. 𝐾𝜑 is the 

dihedral force constant and 𝑛𝑝 is the periodicity.  

 

 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = 𝐾𝜑[1 + cos(𝑛𝑝𝜑 − 𝜑𝑒𝑞)] (2.26) 

 

The non-bonded term consists of a short range, van der Waals interaction energy (UvdW) 

which is normally described by a Lennard-Jones (LJ) 12-6 potential and a long range 

electrostatic/Coulombic potential term (UCoul) as shown in Equation (2.27). 

 

 𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑣𝑑𝑊 + 𝑈𝐶𝑜𝑢𝑙 (2.27) 

 

In Equation (2.28) the LJ 12-6 potential is demonstrated.  

 

 𝑈𝐿𝐽(𝑟) = 4𝜀𝑖𝑗  [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] (2.28) 

 

The Lennard-Jones potential takes into account the interaction between two atoms, thus the 

i, j coefficients represent different interacting atoms. In order to estimate the full term of the 

van der Waals potential, a sum over all the interacting pairs should be calculated. 𝜀𝑖𝑗 

represents the well depth of the potential, while 𝜎𝑖𝑗 is the distance between two interacting 

atoms at which the potential becomes zero and 𝑟𝑖𝑗 is the varying distance between the atoms.  



40 
 

The Lennard-Jones potential of two interacting atoms has a short-range nature (it becomes 

quickly zero) and in computer simulations is often truncated at a chosen cut-off value, 

beyond of which the van der Waals term is negligible. A cut-off value between 1.2-1.6 nm 

was used in this work.   

σ and ε are provided by force fields and refer to atoms or atom types (i.e. σi and εi), while  

𝜎𝑖𝑗 and 𝜀𝑖𝑗 refer to pairs of atoms. A set of mixing rules must be used to calculate the cross-

terms (i.e. σij and εij). In this work, the Lorentz-Berthelot mixing rules are used to calculate 

these variables as shown in Equation (2.29) and Equation (2.30). 

 

 𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
 (2.29) 

 

 𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗  (2.30) 

 

Charges may be present on atoms even if there are no ions. The difference in 

electronegativity of bonded atoms or the delocalised nature of the electronic cloud can result 

in an uneven distribution of charge across a molecule. The electrostatic interactions between 

the atoms are estimated by the Coulombic potential shown in Equation (2.31). 

 

 𝑈𝐶𝑜𝑢𝑙 =
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
 (2.31) 

 

qi and qj are the partial charges assigned to individual atoms who belong to the framework 

and guest molecules. ε0 is the permittivity of free space and it is a constant. In literature there 

are many types of charges e.g. orbital based charges (Mulliken charge), potential derived 

charges and density related charges.149 In contrast to the van der Waals term, the Coulombic 

term has a long range nature, thus these interactions are not truncated and long range 

summation techniques are applied. For the estimation of the electrostatic part between 

adsorbate molecules and the framework, the Ewald summation technique150 is used and for 

the guest-guest interactions the Wolf method151 is implemented for the GCMC calculations. 

For the molecular dynamics (MD) simulations, particle-mesh Ewald summation technique 

was used.152   
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 Force Fields 

 

Force fields (FF) are mathematical functions used to describe atomic interactions. They 

provide the necessary parameters for the potential energy terms mentioned in Section 2.4. 

There are several force fields and in this section a number of different FF commonly used in 

MOFs are presented. 

 

2.5.1 DREIDING 

 

DREIDING is a generic FF extensively used for MOFs, published in 1990.136 The 

mathematical form of the FF is identical to the potential energy terms in Section 2.4. The 

main purpose of DREIDING was to predict the structure of organic, biological and main 

group inorganic molecules. The FF was tested by predicting the geometry of 76 crystal 

structures and organic compounds.  

Charges were not used in the parameter generation of DREIDING FF because when used  

larger errors were observed.136 However, researchers implementing this FF were advised to 

use charges during their simulations, the selection of which is a modelling decision.136 In 

addition, during the geometry prediction process, the molecules were isolated from the 

crystal in a unit cell and in a vacuum, not taking in consideration hydrogen bonding or 

intermolecular packing or electrostatics. In other words, the molecules were treated as free 

molecules the characteristics of which might differ from that of the crystal. Despite the 

limitations, in many cases DREIDING predicts the isotherm of a guest molecule in a MOF 

framework within a reasonable agreement with the experimental data.114,121 

In this work DREIDING FF was used in GCMC calculations for the atoms of the MOF 

frameworks (nanosheet and bulk CuBDC), apart from the metals, where UFF was used 

(Section 2.5.2). The Lennard-Jones parameters used are shown in Table 2.1. 
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Table 2.1. Lennard-Jones parameters for nanosheet and bulk CuBDC taken from DREIDING force 

field (apart from copper atoms that UFF was used instead) for GCMC calculations.136 

Lennard-Jones Parameters 

Atom σ (Å) ε (K) 

Cu 3.114 2.523 

O 3.033 48.285 

H 2.846 7.669 

C 3.473 47.982 

 

 

2.5.2 UFF and UFF4MOF 

 

UFF is a generic FF and the abbreviation stands for Universal Force Field, which was 

published in 1992.153 Both DREIDING and UFF were designed to predict crystal structures. 

UFF was extended to include more chemical elements e.g. more metals and was also tested 

for its prediction of organometallic molecular complexes. Effective charges were used to 

calculate the bond stretching and angle bending term and are available for 126 atom types. 

Hydrogen bonding was not taken into account and thus systems that hydrogen bonding is 

present, might not be simulated accurately. Molecules for which the torsion effect is 

influencing their structure is not well described by the FF when compared to experimental 

data.153 It is common for GCMC calculations to combine MOF FF parameters from 

DREIDING and UFF.123 The Lennard Jones potential used in UFF and DREIDING is of the 

12-6 form and instead of σ, the van der Waals radius is given, which corresponds to 21/6 σ.  

In 2014, Addicoat et al. extended UFF by adding 18 atom types and generated UFF4MOF 

FF.154 The researchers predicted accurately the structure of several well-known MOFs. The 

periodicity of MOF crystals was taken into account and the results were compared to 

experimental data and quantum mechanics calculations.154  

In this doctorate, all force field parameters (bonded and non-bonded) were taken from 

UFF4MOF for the molecular dynamics simulations. In Table 2.2, the Lennard-Jones 

parameters are presented for nanosheet and bulk CuBDC structures. 
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Table 2.2. Lennard-Jones parameters used for molecular dynamics simulations for nanosheet and 

bulk CuBDC, taken from UFF4MOF.154 

Lennard-Jones Parameters 

Atom σ (Å) ε (kJ mol-1) 

Cu 3.114 0.0209 

O 3.118 0.2512 

H 2.571 0.1842 

C 3.431 0.4396 

 

 

2.5.3 EPM2 

 

Elementary physical model 2 (EPM2) was used to model carbon dioxide. EPM2 was 

designed to reproduce the critical points and the liquid-vapour coexistence curve for carbon 

dioxide.155 This FF has been used widely to model carbon dioxide.129, 156-157 The FF 

parameters for carbon dioxide are shown in Table 2.3. 

 

Table 2.3. EPM2 force field parameters for carbon dioxide.155 

Lennard-Jones and Coulombic Parameters 

Atom σ (Å) ε (K) Partial charge (e) 

C 2.757 28.129 + 0.6512 

O 3.033 80.507 - 0.3256 

Bond Length (Å) 

C-O 1.149 

Bond Angle (⁰) and Angle Constant (kJ mol-1 rad-2) 

O-C-O 180 1236 
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2.5.4 TraPPE-UA 

 

Transferable potentials for phase equilibria-united atom, also known as TraPPE-UA was 

used for methane.158 TraPPE was designed to fit critical temperatures and saturated liquid 

densities of n-alkanes. Several publications have made use of TraPPE-UA FF to model 

methane.159-161 As a united atom approach methane was represented as a sphere. Methane is 

a non-polar molecule and the partial charge was set to zero. The FF parameters for methane 

are shown in Table 2.4. 

 

Table 2.4. TraPPE force field parameters for methane.158 

Lennard-Jones Parameters 

Molecule σ (Å) ε (K) 

CH4 3.73 148.0 

 

 

 Periodic Boundary Conditions and Minimum Image Convention 

 

Typically, molecular dynamics simulations in the MOFs’ field involve 103-104 atoms.162-163 

In a simple cubic crystal consisted of 1000 atoms, 49% are located on the surface.142 In order 

to imitate an infinite bulk MOF system using a finite system, the idea of periodic boundary 

conditions (PBC) is applied. The central simulation box represented in 2D in Figure 2.1 is 

repeated in every direction so that it is surrounded by eight identical simulation boxes. Atoms 

leaving the simulation box on the right side, re-enter on the left side of the box as indicated 

by the arow. 

The potential energy of a microstate is calculated as the sum of atomic pairs. In order to 

ensure that the right interactions are taken into account, the idea of the minimum image 

convention (MIC) is applied and the atoms are allowed to interact only with the periodic 

image of the closest other atom in the system as shown by the dashed box in Figure 2.1. The 

minimum image convention also erases the artificial periodicity introduced to the system by 

the infinite replication of the simulation box. In order to avoid the interaction of an atom 

with itself or counting the interaction with a specific atom twice, the cut-off used for the 

truncation of LJ interactions must be shorter than half of the shortest edge of the simulation 

box.  
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Figure 2.1. Periodic boundary conditions are applied in 2D, with the central simulation box being 

replicated to mimic the bulk phase of a MOF. The minimum image convention idea is implemented 

when the green atom in the dashed box interacts with the image of the closer neighbour atoms.  

 

 Basics of Adsorption  

 

The aim of this section is to provide a brief summary on adsorption. For a more detailed 

description the book of Rouquerol et al. is suggested.15 Adsorption is a surface phenomenon 

that involves an adsorbate species and an adsorbent solid material. Adsorbents can adhere 

on the surface. When the surface area of the adsorbent material is large, the adsorbate uptake 

is amplified. The adsorption process may be distinguished to chemisorption and 

physisorption. The former one involves the creation of bonds between the adsorbate and the 

adsorbent material, while the latter one is dominated by van der Waals interactions.  

The adsorption phenomenon is an exothermic process that depends on temperature, the 

partial pressure of the vapour phase when the adsorbate is in the gas phase and the nature of 

the adsorbent material and the adsorbate. For constant temperature, the relation between 

adsorbate uptake and vapour pressure is called adsorption isotherm. For different adsorbate-

adsorbent systems, different adsorption isotherm shapes may be observed, described by 

various adsorption theories.   

An innovative theory for surface science was developed in the 20s by Langmuir. His theory 

was based on the idea that molecules will adsorb in a monolayer on a plane surface where 

one site can host only one adsorbed molecule. All sites are identical and their number is 

fixed. Multilayer adsorption is energetically prohibited and the energy of adsorption is 
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independent of the surface coverage. Also, Langmuir’s model did not consider physisorption 

or pores but it provided the starting point for the development of more complicated theories.  

While Langmuir’s theory considers a monolayer, BET theory considers multilayer 

adsorption including monolayer adsorption. The BET model accounts for multilayer 

adsorption relatively well but it is based on certain assumptions. It is assumed that the 

adsorption sites are energetically uniform. The molar heat of adsorption is assumed to be 

greater compared to the rest of the adsorbed layers which all have a constant value. 

Adsorption and desorption of molecules occurs solely from the outer layers. The BET theory 

is an oversimplification of the adsorption phenomenon however, it is widely used for the 

calculation of the specific surface area due to its simplicity.  

It should be noted that in experimental work, the excess number of molecules adsorbed is 

reported, while in computational work the absolute amount is calculated. For the estimation 

of the absolute amount, an additional term, the product of the pore volume with the density 

of the bulk gas is added. In this thesis, all the simulated isotherms report the absolute amount 

adsorbed. 

 

 GCMC Methodology 

 

In this section, the GCMC methodology followed for the calculation of the isotherms in 

Chapter 3 (Section 3.5.1 and Section 3.5.2), Chapter 4 (Section 4.4.1) and Chapter 5 (Section 

5.4) is presented. For the MOF structures (nanosheet and bulk CuBDC) DREIDING FF136 

(Section 2.5.1) was used, with the exemption of copper atoms, the parameters of which were 

taken from UFF FF (Section 2.5.2).153 Carbon dioxide and methane were modelled using 

EPM2155 (Section 2.5.3) and TraPPE158 force field (Section 2.5.4) respectively. Lorentz-

Berthelot mixing rules (Equation (2.29) and Equation (2.30)) were implemented. A cut-off 

of 15 Å and 14 Å was used for the nanosheet structure and the bulk MOF structure 

respectively for all non-bonded interactions. For the electrostatic interactions the Ewald 

summation technique150 was used for MOF-CO2 interactions and the Wolf method151 was 

used for the CO2-CO2 interactions. The number of MC steps used was 107 which was 

sufficient to reach equilibrium. For more time efficient calculations, potential energy maps 

of all the adsorbate-adsorbent material interactions were generated. These maps were 

utilized in order to avoid calculating the potential energy in every MC step. For pure 

component calculations the temperature was 273 K in order to compare directly with 

available experimental data, while for the equimolar CO2/CH4 gas mixture the temperature 
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was set at 298 K in order for the output to be used as input in MD simulations and compare 

to additional available experimental data. All MOF structures (nanosheet and bulk CuBDC) 

were assumed to be rigid for the isotherm calculation, hence the bonded potential energy 

was zero. Partial charges were used for both the bulk MOF structure and the nanosheet 

structure. Mulliken charges were used, which were generated with first principles methods 

(Section 2.10.3). Three independent simulations were run for every system and pressure 

chosen. The GCMC calculations were run with MuSiC software.164 

From GCMC calculations, the adsorption selectivity of a material can be calculated directly. 

For pure components, the adsorption selectivity of component i over j is named ideal 

adsorption selectivity, 𝑆𝑎𝑑𝑠,𝑖/𝑗
0   and is shown in Equation (2.32). ci and cj are the adsorbed 

amounts of the pure components i and j respectively. For gas mixture calculations, the 

adsorbed selectivity of the component i over j, 𝑆𝑎𝑑𝑠,𝑖/𝑗
𝑚𝑖𝑥  is shown in Equation (2.33). xi and xj 

are the molar fractions of the adsorbed gas molecules in the sorbent, while yi and yj are the 

molar fractions of the bulk gas mixture.  

 

 𝑆𝑎𝑑𝑠,𝑖/𝑗
0 =

𝑐𝑖

𝑐𝑗
 (2.32) 

 

 𝑆𝑎𝑑𝑠,𝑖/𝑗
𝑚𝑖𝑥 =

𝑥𝑖
𝑥𝑗

⁄

𝑦𝑖
𝑦𝑗

⁄
 (2.33) 

 

 Molecular Dynamics  

 

In comparison with MC, where property averages over the ensemble are calculated, in 

molecular dynamics the property averages are calculated over time. Thus, MD studies the 

dynamics and the evolution of a system in time. MD is a deterministic method in contrary to 

MC which is a stochastic method. Newton’s equation of motion is integrated to calculate the 

forces on the atoms and estimate their new position and velocity at each simulation time 

step. In Equation (2.34) Fi represents the force acting on atom i and is equal to the gradient 

of the potential, mi is the mass of the atom, ri(t) is the position vector of atom i in every 

moment, t. 𝑈(𝑟𝑖𝑗)
 is the potential energy which is calculated based on force fields 

(Section 2.4).  
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 𝐹𝑖 = 𝑚𝑖

𝑑2

𝑑𝑡2
𝑟𝑖(𝑡) = −

𝜕𝑈(𝑟𝑖𝑗)

𝜕𝑟
 (2.34) 

 

To solve Equation (2.34) different algorithms can be implemented such as Verlet, 

velocity-Verlet and leapfrog algorithm. These algorithms are based on Taylor series 

expansions of particle coordinates as a function of time. More details about these algorithms 

can be found in literature.142 The trajectories of the atoms are estimated for a specific time 

step Δt in the order of femtoseconds and the simulation length is typically in the order of 

tens of nanoseconds. The simulation length consists of an equilibration time and a production 

time. The equilibration time is important to be long enough to allow the properties of the 

system to reach stable values which are no longer dependent on the starting configuration. 

During the production time, property averages are calculated. The longer the simulation 

time, the higher the accuracy of the calculated properties.  

Similar to MC simulations, an ensemble needs to be used such as the NVT ensemble where 

the number of particles, the volume of the system and the temperature remain constant 

throughout the simulation. When the temperature needs to be constant, thermostats are 

used.142 Fluctuations of the temperature occur but the thermostats achieve constant average 

temperature. Different thermostats exist, such as Berendsen thermostat165 or Nosé–Hoover 

thermostat.166 More details on thermostats can be found in literature.142 

 

2.9.1 Equilibrium Molecular Dynamics 

 

Equilibrium molecular dynamics (EMD) can be used for the calculation of the self-diffusion 

coefficient, Ds which is a measure of Brownian motion. Ds is essentially the movement of a 

tagged molecule in a system filled with untagged molecules. For an isotropic 3D material, 

the Ds is related to the mean-squared displacement (MSD) of tagged particles from Einstein’s 

expression as shown in Equation (2.35). 

 

 𝐷𝑠 = lim
𝑡→∞

1

𝑑𝑁𝑡
< ∑[𝑟�⃗⃗� (𝑡)

𝑁

𝑗=1

− 𝑟�⃗⃗� (0)]2 > (2.35) 
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N is the number of particles. The dimensionality number for diffusion is represented by d 

and 𝑟�⃗⃗� (𝑡) is the position of the tagged particle at time t. 𝑟�⃗⃗� (0) is the initial position of the 

tagged molecule and the angular brackets represent the ensemble average. 

In this work, EMD was used for the calculation of self-diffusion coefficients for both pure 

components and equimolar CO2/CH4 gas mixture in bulk CuBDC. The methodology 

followed is described in Section 3.6.1. 

EMD can be used for the calculation of a material’s diffusion selectivity. For pure 

component calculations, the diffusion selectivity of component i over j, 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗
0  is named 

ideal diffusion selectivity and is shown in Equation (2.36). 𝐷𝑠,𝑖
0  and 𝐷𝑠,𝑗

0  are the self-diffusion 

coefficients for the pure component i and j respectively. The diffusion selectivity of 

component i over j, 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗
𝑚𝑖𝑥  for a gas mixture is shown in Equation (2.37). 𝐷𝑠,𝑖

𝑚𝑖𝑥and 𝐷𝑠,𝑗
𝑚𝑖𝑥are 

the self-diffusion coefficients of component i and j in the gas mixture. 

 

 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗
0 =

𝐷𝑠,𝑖
0

𝐷𝑠,𝑗
0  (2.36) 

 

 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗
𝑚𝑖𝑥 =

𝐷𝑠,𝑖
𝑚𝑖𝑥

𝐷𝑠,𝑗
𝑚𝑖𝑥

 (2.37) 

 

2.9.2 Non-Equilibrium Molecular Dynamics 

 

NEMD is a better suited method to study gas separations in MOF nanosheets than 

equilibrium methods. The advantage of this method is the implementation of a driving force, 

such as a pressure gradient across the nanosheet which mimics better the experimental 

setup.95-97 There are a series of different NEMD methods, such as external force NEMD (EF-

NEMD), the piston approach or moving walls, and the dual control volume grand canonical 

molecular dynamics (DCV-GCMD). All the aforementioned methods have been 

implemented on different applications in literature.167-169 It has been found that the moving 

walls method is more suitable for low pressure regions compared to EF-NEMD.170 Richard 

et al. compared the results of EF-NEMD simulations to the results of moving walls for water 

transport through a hydrophilic silica nanochannel and it was found that both methods 

generated similar results.170 Based on this finding, in this doctorate the NEMD method used 

was EF-NEMD due to the technical simplicity of implementing the method. 
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In EF-NEMD a force, fi is applied on every guest molecule in the system to drive them in a 

certain direction. A pressure drop, ∆𝑃 occurs across the structure and is calculated as shown 

in Equation (2.38). N is the number of molecules fi is applied on and Abox is the surface area 

of the simulation box. Richard et al. followed a similar approach for the calculation of the 

pressure drop.170 

 

 ∆𝑃 = 𝑁 
𝑓𝑖

𝐴𝑏𝑜𝑥
 (2.38) 

 

The flux of molecules of species i, Ji is calculated via Equation (2.39). 𝑁𝑖
𝐿𝑅  and 𝑁𝑖

𝑅𝐿  are the 

number of molecules of species i crossing the cross-sectional area, Acs (located in the centre 

of the structure) from left to right and from right to left respectively. t is the total simulation 

time for which the flux was calculated. 

 

 𝐽𝑖 =
𝑁𝑖

𝐿𝑅 − 𝑁𝑖
𝑅𝐿

𝑡 𝐴𝑐𝑠
 (2.39) 

 

After the calculation of flux, the permeability, Ki of species i can be calculated using 

Equation (2.40) which is Darcy’s law. L represents the thickness of the nanosheet. However, 

in order to utilize Equation (2.40), a linear relationship between the flux, Ji and the pressure 

drop, ∆𝑃 needs to be established. 

 

 𝐽𝑖 = 𝐾𝑖

∆𝑃

𝐿
 (2.40) 

 

The calculation of the selectivity, Si/j can be directly calculated as the ratio of permeabilities, 

Ki and Kj of the two species, i and j as shown in Equation (2.41). 

 

 𝑆𝑖/𝑗 =
𝐾𝑖

𝐾𝑗
 (2.41) 
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2.9.2.1 EF-NEMD Methodology 

 

The same methodology was followed for EF-NEMD simulations for an equimolar CO2/CH4 

gas mixture for the defect-free CuBDC nanosheet (Section 3.8.2), the bulk MOF CuBDC 

(Section 3.8.5), the CuBDC nanosheet with alternative surface saturations (Section 4.5.2) 

and the defective CuBDC nanosheet (Section 5.5). For the defect-free CuBDC nanosheet 

only, pure component simulations were also performed. For every simulation, the system 

was prepared following the same process. Initially, the guest molecules were randomly 

inserted into the simulation box which contained the framework. In the case of pure 

components (evaluated in the defect-free CuBDC nanosheet only), 90 gas molecules were 

added for the species of interest. For the equimolar gas mixture simulations, 90 carbon 

dioxide molecules and 90 methane molecules were inserted into the simulation box. In order 

to avoid gas molecules being added too close (infinite potential energy) to other atoms or 

molecules, energy minimization of the system was carried out with 100 kJ mol-1 nm-1 

maximum force allowed. After the energy minimization, a 500 ps NVT equilibration 

followed to saturate the structures and prepare the system for EF-NEMD. The timestep 

chosen was 1 fs. The temperature was set at 298 K, using the v-rescale thermostat171 with a 

coupling time constant of 1 ps. A 1.2 nm cut-off was used for the non-bonded interactions. 

Comparing the loading of the CuBDC nanosheet at the end of this equilibration step to 

GCMC calculations (Section 3.5.2), it was estimated that the pressure corresponded to 1.6 

bar. The same pressure was used to estimate the number of carbon dioxide molecules and 

methane molecules to insert in the bulk CuBDC structure, and energy minimization and 

NVT equilibration were performed with the same parameters. For the defective CuBDC 

nanosheet structures, the same number of molecules as the defect-free CuBDC nanosheet 

for the equimolar mixture was used, as it was found that up to 20% missing linker defects 

do not alter the nanosheet’s gas loading (Section 5.4). 

After the equilibration process, EF-NEMD simulations were run for 10 ns in the NVT 

ensemble with a timestep of 1 fs. The temperature was set at 298 K using the Nosé–Hoover 

thermostat166 with a coupling time constant of 1 ps. 1.5 nm cut-off was used for the non-

bonded interactions. The first 2 ns were used to reach the steady state and the last 8 ns were 

used for data analysis. For every simulation, three independent trajectories were generated. 

The external force, fi was applied on every guest molecule in the x-direction which was 

perpendicular in the stacking direction and parallel to the one-dimensional pore channels of 

the CuBDC structure (Section 3.2). fi ranged from 0.024-0.11 kJ mol-1 Å-1 for CuBDC 

nanosheet and from 0.017-0.077 kJ mol-1 Å-1 for the bulk MOF. The pressure drop, ∆𝑃 
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observed was from 4.5-20 bar. Periodic boundary conditions were applied in every direction 

and guest gas molecules were allowed to reflux e.g. if one molecule would leave the 

simulation box on the right side it would re-enter on the left side. Frentrup et al. followed a 

similar methodology.172 All structures were fully flexible and the force field implemented 

was UFF4MOF.154 All simulations were run with GROMACS software package.173 

OBGMX software was used to generate the topology file needed for GROMACS 

simulations.174 

 

 First Principle Methods 

 

Classical molecular methods are a powerful tool to handle 1000s of atoms. However, they 

strongly depend on the force fields used and they completely ignore the existence of 

electrons. In contrast with classical molecular methods, first principle methods do not 

depend on force fields and they do consider the electrons. In this work, first principle 

methods were used to generate partial charges for the structures used in order to calculate 

the electrostatic terms in the classical molecular simulations. The following subsections are 

an overview of first principle methods and more detailed sources are available in 

literature. 137, 175 

 

2.10.1 Quantum Mechanics 

 

Probably the most well-known equation of quantum mechanics (QM) is Schrödinger’s 

equation, which is shown below and is analytically solvable only for very simple systems 

e.g. particle in a box.176 

 

 ĤΨ = 𝐸Ψ (2.42) 

 

Ψ is the wavefunction which contains all the information of the system but cannot be 

measured experimentally and it is a function of the coordinates of all the atoms in the system 

and time. E is the total energy of the system. Ĥ is the Hamiltonian operator acting on the 

wavefunction and is presented in Equation (2.43) for a single particle. 
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 Ĥ = −
ℏ 2 

2𝑚
∇2 + 𝑉𝑡𝑜𝑡𝑎𝑙 (2.43) 

 

Where ℏ is Planck’s constant divided by 2π, m is the mass of the particle, ∇2 is the Laplacian 

operator and Vtotal is the potential energy of the system. The Hamiltonian depends on the 

nature of the system. For a many particle system, the expression of the Hamiltonian becomes 

more complicated (Equation (2.44)). 

 

 Ĥ = 𝐾𝑒 + 𝐾𝑛 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒 + 𝑉𝑛𝑛 (2.44) 

 

Ke and Kn correspond to the kinetic energy of the electrons and the nuclei respectively, while 

Vne, Vee and Vnn are the potential energy of the electrons interacting with the nuclei, the 

electron-electron potential energy and the nuclei-nuclei potential energy respectively. In 

order to simplify the Hamiltonian in Equation (2.44), the Born-Oppenheimer approximation 

is implemented, which is based on the fact that the nuclei are much heavier than the electrons 

and thus the kinetic energy of the nuclei is considered zero. Also, the nuclei-nuclei potential 

energy is constant as a result of the assumption that the nuclei are considered frozen (not 

moving). Thus, Equation (2.44) could be rewritten in the form of Equation (2.45).  

 

 Ĥ = 𝐾𝑒 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒 (2.45) 

 

Equation (2.45) could be transformed in Equation (2.46) if atomic units are used. 

 

 Ĥ𝑒𝑙𝑒𝑐 = −∑
1

2

𝑁

𝑖=1

∇2 − ∑∑
𝑍𝑗

𝑟𝑖𝑗
+ ∑∑

1

𝑟𝑖𝑘

𝑁

𝑘>𝑖

𝑁

𝑖=1

𝑀

𝑗=1

𝑁

𝑖=1

 (2.46) 

 

M and N are the number of nuclei and electrons in the system respectively. Zj represents the 

atomic number of atom j, while rij and rik is the distance of nuclei j to electron i and the 

distance between two electrons respectively. Ĥ𝑒𝑙𝑒𝑐 is the electronic Hamiltonian. Ĥ𝑒𝑙𝑒𝑐 can 

be used as the operator in Schrödinger’s equation and Equation (2.47) is obtained to describe 

the electronic wave function, Ψ𝑒𝑙𝑒𝑐. 
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 Ĥ𝑒𝑙𝑒𝑐Ψ𝑒𝑙𝑒𝑐 = 𝐸𝑒𝑙𝑒𝑐Ψ𝑒𝑙𝑒𝑐 (2.47) 

 

The total energy of the system, 𝐸𝑒𝑙𝑒𝑐 is the sum of the electronic energy contribution and the 

potential energy between nuclei-nuclei. For more information, the textbook from Sholl and 

Stecked is an excellent source.176  

 

2.10.2  Density Functional Theory 

 

For the calculation of the energy of a many particle system, wavefunction techniques and 

density functional theory (DFT) can be utilized. The wavefunction techniques are highly 

demanding in computational power since the wavefunction is a function of 3N variables, 

where N is the number of electrons. DFT uses the electronic density, n(r) which depends on 

only 3 spatial coordinates and is shown in Equation (2.48). 

 

 𝑛(𝑟) = 2∑𝛹𝑖(𝑟)𝛹(𝑟) = 2∑|𝛹𝑖(𝑟)|
2

𝑁/2

𝑖=1𝑖

      (2.48) 

 

r is a particular point in space. Ψi(r) and Ψ(r) are complex conjugate wavefunctions. It is 

possible to use the electron density instead of the wavefunction in order to calculate the 

minimum energy of the system because of the implementation of two theorems, known as  

Hohenberg-Kohn (H-K) theorems.177 The first H-K theorem states that there is one to one 

correspondence between electron densities and external potentials and the second H-K 

theorem states that only the ground state density minimises the energy of the system.  

There are two types of DFT, orbital-free (or pure DFT) and Kohn-Sham DFT. The former 

one studies a system of interacting electrons which approximates the kinetic energy of the 

electrons and the latter one studies a system of non-interacting electrons where the 

wavefunction corresponds to a single electron molecular orbital where the kinetic energy of 

the electron is known and thus does not need to be approximated. The non-interacting 

Kohn-Sham system has the same electron density as the interacting system. Kohn-Sham 

DFT calculations are widely implemented.178  
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Equation (2.49) is the Kohn-Sham equation for a single non interacting electron. 𝜀𝑖 is the 

energy of the single electron wavefunction, 𝛷𝑖(𝑟). The first term is the kinetic energy for the 

electron, the second term Vne(r) is the Coulombic interaction between the electron and all of 

the nuclei, while the third term is the classical Coulombic interaction between electrons also 

known as Hartree energy and finally the exchange-correlation functional, EXC(r) which is the 

non-classical interaction between electrons. The number of Kohn-Sham equations is equal 

to the number of electrons in the system. 

 

 (
ℏ 2 

2𝑚
∇2 + 𝑉𝑛𝑒(𝑟) + ∫

𝑛(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ + 𝐸𝑋𝐶(𝑟))𝛷𝑖(𝑟) = 𝜀𝑖𝛷𝑖(𝑟) (2.49) 

 

Similar to Equation (2.48), the electronic density is shown in Equation (2.50) utilizing the 

single electron wavefunction (or molecular orbital). 𝛷𝑖(𝑟) is the conjugate of 𝛷(𝑟). 

 

 𝑛(𝑟) = 2∑𝛷𝑖(𝑟)𝛷(𝑟) = 2∑|𝛷𝑖(𝑟)|
2

𝑁/2

𝑖=1𝑖

  (2.50) 

 

If the Hamiltonian was known, the process would be straightforward to solve Equation 

(2.49). However, the Hamiltonian depends on the electronic density which depends on the 

molecular orbital (Equation (2.50)) and hence the solution is iterative. Below a step-by-step 

algorithm is provided for the solution of the Kohn-Sham equation: 

1. Guess the molecular orbital 𝛷(𝑟). 

2. Construct the Hamiltonian. 

3. Calculate the new molecular orbital and compare it to the last one. 

4. If the molecular orbital difference is within the desired tolerance, DFT calculation 

converged and all the properties of the system can be estimated such as the energy, 

the forces and the geometry of the structure. 

5. If the molecular orbital difference is not within the desired tolerance use the last 

calculated molecular orbital and return to step 2. 

The above procedure is called self-consistent field (SCF) and the same methodology needs 

to be followed for all the set of Kohn-Sham equations. More detailed information on DFT 

can be found in literature.176 
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2.10.2.1 Basis Sets 

 

A molecular orbital, Φ𝑖(𝑟) can be expressed as the linear sum of atomic orbitals, 𝐺𝑎(𝑟) as 

shown in Equation (2.51). 

 

 Φ𝑖(𝑟)  = ∑ 𝐺𝑎(𝑟)𝐶𝑎𝑖

𝑁𝐵𝐹

𝑎=1

      (2.51) 

 

The set of 𝐺𝑎(𝑟) is known as basis functions. NBF is the number of atomic orbitals consisting 

the basis functions. During the SCF cycle the 𝐶𝑎𝑖 coefficients are estimated. Basis functions 

can be of a Gaussian type orbital (GTO) or a Slater type orbital (STO). The latter ones are 

more accurate but harder to compute during integration. Hence, it is typical to use multiple 

GTOs to approach the accuracy of an STO. Multiple GTOs are called contracted Gaussian 

type orbitals (CGTOs) and are shown in Equation (2.52).  

 

 𝐺𝑎(𝑟) = ∑𝐶𝑙𝑔𝑙(𝑟)

𝑁𝑎

𝑙=1

 (2.52) 

 

CGTOs are consisted of primitive Gaussians, 𝑔𝑙(𝑟) and a set of coefficients, 𝐶𝑙. The 

molecular orbitals are calculated from the chosen basis functions and the set of coefficients. 

Increasing the number of functions, 𝑁𝑎 increases the accuracy of the calculations. Depending 

on the number of functions used, basis sets are known as double-zeta, triple-zeta, 

quadruple-zeta and so on. 

Plane waves can also be used as a basis set.179 Advantages of utilizing plane waves include 

the fact that they are independent of the atomic position and that the calculation of the 

Hartree potential is relatively simple. However, their usage is very demanding 

computationally. Combining and implementing Gaussians and plane waves in a single 

method (Gaussian plane wave) leads to more time efficient calculations.        
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2.10.2.2 Exchange-Correlation Functionals 

 

The Exc term counts for the non-classical electrostatic interaction of the electrons and 

difference in kinetic energy resulting from interactions between particles, which are not 

taken into account in a non-interacting system. In Equation (2.49), the first three terms of 

the Hamiltonian are known and can be calculated analytically.  However, the fourth term, 

Exc needs to be approximated. There are two main categories for approximating this term: 

the local density approximation method (LDA) and the generalised gradient approximation 

method (GGA). LDA is a simpler approach but not as accurate, since it assumes constant 

electron density throughout space. GGA methods include BLYP180-182, PBE183 and BP86.180, 

184 There is also a sub-method of the GGA approximation, the meta-GGA functionals.185 

Meta-GGA functionals can describe systems with transition metals more accurately.   

 

2.10.2.3 Pseudopotentials    

 

Equation (2.49) is solved iteratively for every electron in the system. In order to describe 

every electron from every atom in a large system such as MOFs, it would be extremely 

expensive computationally to take into account all electrons of the system. The valence 

electrons are more important since they are the ones responsible for bonded interactions, 

while the potential energy of inner core electrons can be described with pseudopotentials, 

also known as effective core potentials. A widely used pseudopotential is that of 

Goedecker-Teter-Hutter.186 

 

2.10.3 Charge Generation Methodology 

 

There is no unique method, scientifically accepted as the best method to generate charges.149 

Instead, there is a variety of charge generation methods based on different assumptions. In 

this thesis, Mulliken charges were generated for all MOF framework atoms (CuBDC bulk 

MOF, CuBDC nanosheet, defective structures and various surface saturation structures) 

utilized in following chapters. The aforementioned charge choice was based on a publication 

from Lukose et al.187 The researchers utilized Mulliken charges for CuBTC which in 

literature is perceived as the 3D version of CuBDC. Similar methodology to Lukose et al. 

was followed in this section. More specifically, the Gaussian plane wave method (GPW) 

was used.179 The GGA method and the PBE functional were implemented.183 The 

Goedecker-Teter-Hutter pseudopotential was applied.186 The basis set implemented was 
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DZVP-MOLOPT-SR-GTH.188 A cut-off energy of 600 Ry was used for the plane wave basis 

and PBC were applied in every direction to take into account the crystallinity of MOFs. The 

calculations were completed with the Quickstep code of CP2K software.189-190  

It has been found that the choice of partial atomic charges could potentially impact the 

adsorption properties.191 In order to test this dependence, the semi-empirical EQeq method 

was used to generate alternative partial atomic charges for defect-free CuBDC nanosheet 

and evaluate the impact on carbon dioxide/methane separation (Section 3.8.6). The method 

is an extension of the Qeq charge equilibration method192 and it estimates the partial atomic 

charges based on ionization energies.193 EQeq was validated on MOFs for carbon dioxide 

adsorption. It was compared to other first principles methods and a good agreement was 

observed, with EQeq method requiring significantly less time. The only input requirement 

for the method is the framework structure.  
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 CO2/CH4 Separation with Nanosheet and Bulk 

CuBDC 

 

 Preface 

 

In this chapter the separation of carbon dioxide from methane with CuBDC nanosheets and 

the bulk MOF is studied. The structure of CuBDC nanosheet is generated based on 

experimental data and the adsorption properties are studied for both bulk and nanosheet 

CuBDC. The diffusion properties of pure components and the binary mixture at equilibrium 

are studied. While the equilibrium properties provide a useful insight into the separation, 

EF-NEMD is a better suited method in order to mimic the experimental separation process. 

The separation mechanism is found and reported in this chapter. The importance of studying 

gas mixtures instead of the pure components for gas separations is underlined. The 

performance of the nanosheet and the bulk material under non-equilibrium conditions is 

assessed.  

 

 Background 

 

Copper 1,4-benzenedicarboxylate also known as copper terephthalate or simply CuBDC was 

first synthesized by Mori et al. in 1997, but no crystal structure was reported.194 In 2014, 

Carson et al. resynthesized the material and also provided a crystal structure195 which can be 

found in the Cambridge Structural Database (CSD).42 Other groups have also synthesized 

and characterized the material using different solvents and/or solvent exchange 

techniques.196-198  CuBDC possesses copper paddlewheels as metal nodes connected with 

1,4-benzenedicarboxylate (BDC) organic ligands forming a structure of stacked planes with 

1D pores perpendicular to the stacked planes as shown in Figure 3.1. The reported unit cell 

has the following lengths: a = 5.25 Å, b = 9.67 Å, c = 10.77 Å and angles: α = 90.29⁰, β = 

91.06⁰, γ = 92.41⁰. The pore diameter is 5.2 Å without including the atomic van der Waals 

radii. The aforementioned parameters were determined by x-ray powder diffraction data 

combined with ab initio quantum molecular calculations.195 
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Figure 3.1. 6 x 3 x 3 simulation cell representing bulk CuBDC. (a): view along the 1D pore (or 

x-direction). (b): View along the z-direction. (c): View along the y-direction. 

 

Because of its structure of 1D pore channels and the stacking planes, Carson et al. underlined 

that CuBDC may be desired in MMM.195 Indeed, in 2015, Rodenas et al. used a bottom up 

approach to produce CuBDC nanosheets.95 For the synthesis process the researchers made 

use of three liquid layers rendered upon each other according to their density. The liquid 

layer at the top consisted of a Cu(NO3)2 solution while the bottom solution consisted of 

1,4-benzenedicarboxylic acid (BDCA) and the middle layer consisted of N, N-dimethyl 

formamide (DMF) solvent. Cu2+ cations and BDCA linkers would diffuse and form CuBDC 

nanosheets in the middle layer. CuBDC MONs 5-25 nm thick and lamellae of micrometre 
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scale were synthesized. The MONs were dispersed in a polyimide (PI) matrix to form 

30-50 µm thin film membranes. Bulk CuBDC and CuBDC nanoparticles were also 

synthesized and dispersed into PI. The performance of all were tested for the separation of 

an equimolar CO2/CH4 gas mixture for a feed pressure of 3 bar and 298 K. The nanosheet 

dispersed into PI achieved a 30-80% higher selectivity (depending on the pressure drop 

under study) for carbon dioxide over methane when compared to the polymeric membrane, 

while an up to 8 times higher selectivity was observed when compared to the bulk CuBDC 

incorporated into the PI. An unexpected increase in selectivity was observed with increasing 

pressure drop which is opposite to the general trend of polymeric membranes and MMM.199 

This phenomenon was attributed to the swelling of the polymer due to the increased CO2 

uptake. Despite the selectivity values of up to 80 observed, the permeability values were 

very low (around 10 Barrer) and the overall performance of the CuBDC nanosheets in the 

PI in this study was below Robeson’s upper bound.  

In 2017, Yang et al. resynthesized CuBDC nanosheets following the same methodology as 

Rodenas et al. but they paired them with 6FDA-DAM and PIM-1 polymers for the formation 

of MMM.95-96 The thickness of the nanosheets was approximately 40 nm and the lateral 

dimensions 1-8 µm. 2-4 wt% CuBDC nanosheets were used as fillers into the polymers. The 

gas separation performance of the MMM produced was evaluated for an equimolar CO2/CH4 

gas mixture for a feed pressure of 1 bar and 298 K. For 2 wt% loading of CuBDC nanosheets 

in the 6FDA-DAM polymer, the selectivity increased from 30 to 37. At 4 %wt the selectivity 

increased to 43. When PIM-1 was used, 2 wt% of CuBDC nanosheets would increase the 

selectivity from 17 to 24. At 4 wt% CuBDC nanosheets as a filler no further enhancement 

was observed which was attributed to defects on the polymer-nanosheet interface. Overall, 

when the 2D nanosheets were dispersed into the polymers the performance was better than 

the incorporation of isotropic MOF crystals which showed no significant enhancement. 

Yang et al. observed a carbon dioxide permeability of around 10000 Barrer and an overall 

MMM performance which was above Robeson’s upper bound.96 The separation mechanism 

was concluded to be a molecular sieving effect where carbon dioxide molecules are able to 

diffuse in the polymer and in the nanosheets freely due to their small kinetic diameter (0.32 

nm) while methane molecules possess a larger kinetic diameter (0.38 nm) and they would 

follow a tortuous pathway in the polymer and around the nanosheets.  

Cheng et al. also synthesized CuBDC nanosheets using a spin coating method.97 The CuBDC 

nanosheets were incorporated in PIM-1 polymer for the synthesis of an 660 nm thick MMM. 

The performance of the MMM was evaluated based on the separating factor achieved for an 

equimolar CO2/CH4 gas mixture. The separating factor would range from 10.7 to 15.6 for 2 
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wt% to 10 wt% of CuBDC nanosheets respectively while the separating factor of pure PIM-

1 would not exceed the value of 6. The researchers observed a decrease in selectivity with 

increasing pressure drop which is in direct contrast with the work of Rodenas et al. on the 

same system (CuBDC nanosheets, different polymers) for the same gas separation but in 

agreement with the general trend observed in polymeric membranes and MMM.95 The 

researchers also observed a decrease in selectivity with increasing temperature. 

The properties of isotropic 3D MOF crystals grown as membranes/thin films or used as 

fillers in polymers forming MMM can be estimated computationally by combining GCMC 

simulations and EMD simulations. Initially, the adsorption capacity of the MOF for gases is 

evaluated with GCMC calculations where the calculated loading is used as input in EMD for 

the calculation of permeability and/or selectivity of the MOF membrane. Kadioglu and 

Keskin used this method to screen 139 MOF membranes for He/CH4 gas separation.200 It 

was found that He selectivity was lower when compared to polymeric membranes but the 

permeability was considerably higher. It was also found that the study of pure component 

gases instead of gas mixtures can significantly overestimate the selectivity. The same method 

was used by Altintas et al. who screened 4240 MOF membranes for equimolar H2/CH4 gas 

separation.201 More than 1500 MOF membranes were found to have high H2 selectivity 

and/or high H2 permeability. Pure and mixture component simulations were found to 

generate similar results in this study. The top 10 performing MOFs in this study have not 

been experimentally synthesized as membranes yet but good agreement between simulations 

and experiments had been observed with already synthesized MOF membranes. The 

aforementioned method is great for screening purposes and for guiding the experimental 

effort but it has some limitations. The structure of the bulk MOF crystal is used in the 

simulations and it is assumed that the MOF membrane is going to have the same properties 

and the surface effects are neglected. This can lead to artefacts, especially in the case of 

MOF nanosheets where the external surface area is higher than that of the bulk counterpart. 

Since this method is widely used for screening purposes, it neglects the framework flexibility 

which increases the computational cost when taken into account. It is proved that framework 

flexibility should be included when studying the diffusion of molecules that have kinetic 

diameter comparable to the pore diameter of the MOFs and that rigid frameworks might 

demonstrate higher permeability values than flexible frameworks.131, 202 The presence of 

defects is neglected since perfect crystals are modelled which could be a reason for poor 

agreement between computational and experimental data. The polymer contribution is not 

considered in the case of MMM where the MOF is used as a filler and direct comparison 
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with MMM experimental data is not applicable. Also, this method does not provide any 

information on the stability of the material.  

For a more detailed study of MONs, NEMD is a better choice. When NEMD is implemented 

a driving force such as a pressure gradient is applied across the nanosheet to imitate the 

experimental setup. This method makes use of an explicit MON structure representation 

which can utilize the anisotropic 2D nanosheets generated during the experimental 

synthesis.95, 97, 203 Because of the explicit MON structure usage in the simulation the mass 

transfer resistance can be observed as an accumulation of guest molecules on the surface of 

the nanosheet. This phenomenon is not possible to be observed and accounted for in the 

combined GCMC and EMD method since there is no surface. There is a gap in literature 

applying NEMD in MONs for gas separations since there are only a few publications. Gu et 

al. studied computationally the removal of heavy metals from water with MONs.133 More 

than 95% of the heavy metals present in water were successfully removed by a zirconium 

phosphonate based MON. Velioglu and Keskin studied the separation of an equimolar 

H2/CH4 gas mixture with MONs.204 The researchers applied an EF-NEMD method which 

then compared to the combined GCMC and EMD method and they found that the former 

agreed better with the experimental data. 

Neither the combined GCMC and EMD method nor the NEMD method can generate 

permeability and selectivity values that can directly compare to the experimental data for 

gas separations through MMM. However, both of them could estimate the nanosheet 

contribution into the separation, with the NEMD being a more suited method. In order to 

compare simulated and experimental permeability of a gas in MMM, one can insert the 

simulated permeability of the MOF which was calculated from the combined GCMC and 

EMD method or the NEMD method in a theoretical model such as Maxwell’s permeation 

theory.205 The experimental permeability in the polymer is then taken into account and the 

overall permeability of the MMM is calculated from the theoretical model and directly 

compared to the observed experimental permeability. Erucar and Keskin followed this 

method and showed a good agreement between the calculated permeability and the 

experimental permeability in a wide range of MMM and gas species.206 However, this 

method assumes perfect compatibility between the MOF filler and the polymer which 

sometimes leads to poor agreement of simulations and theoretical models to experiments. 

Simulation of the whole MOF/polymer system at the atomic level is also possible but these 

calculations are very demanding computationally and thus not widely used.207 In this 

doctorate the nanosheet contribution only is studied since the CuBDC nanosheets have been 

implemented experimentally as fillers in various polymers and a range of selectivity (10.7-
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80) and permeability (10-10000 Barrer) values have been observed95, 97, 203 and a key 

question arises: What is the contribution of the CuBDC nanosheets in the CO2/CH4 

separation?     

 

 Material Characterization 

 

In this section bulk CuBDC is characterized computationally.  The accessible surface area 

and the pore volume are reported. The computational values are then compared to 

experimental values from various publications and a good agreement is observed with the 

majority of the publications. Direct comparison between experiments and simulations is not 

always straightforward because there is a range of different types of surface areas based on 

different assumptions. For example, the experimental surface area is calculated from the 

nitrogen isotherm at 77 K and then the BET theory (multilayer adsorption) or the Langmuir 

adsorption mechanism (single layer adsorption) is applied. However, the surface area can 

also be calculated geometrically in different ways. For example, Connolly surface area is 

calculated from the bottom of a probe atom that is rolling on adsorbent atoms, while the 

accessible surface area is measured from the centre of the probe atom. Düren et al. have 

shown that the accessible surface area can directly compare to the experimental BET surface 

area.115  

 

3.3.1 Methodology 

 

The calculations were performed with Poreblazer software package.116 For the calculation 

of the accessible surface area a Monte Carlo algorithm is implemented by the software where 

a probe atom is used and checked whether it overlaps with another framework atom upon 

insertion. The UFF force field was utilized135 for all framework atoms. A nitrogen atom was 

used as the probe for the calculation of the accessible surface area, the collision diameter (σ) 

of which is shown in Table 3.1. However, for the calculation of the accessible surface area, 

the van der Waals diameter (σ 21/6) is used instead, following the work of Bae et al.208 A cut 

off distance of 1.28 nm was applied. Note that for nitrogen, no ε is provided in Table 3.1 

because the insertion of probe nitrogen atom depends solely on geometric characteristics.  

For the calculation of the pore volume the simulation box is divided in small bins and a 

Monte Carlo approach is again implemented in order to find the largest probe that can fit 

into a cavity without overlapping with framework atoms. The size of the bin was the default 
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value at 0.02 nm and the probe atom used was a helium atom (Lennard-Jones parameters 

shown in Table 3.1). 

 

Table 3.1. Lennard-Jones parameters of the probe atoms, used for the calculation of the accessible 

surface area and the pore volume. 

Lennard-Jones Parameters 

Atom σ (Å) ε (K) 

N 3.314  

He 2.58 10.22 

 

 

3.3.2 Results 

 

Table 3.2 shows the experimental BET surface area and the pore volume of bulk and 

nanosheet CuBDC, the values of which are found in literature. Empty cells indicate that no 

value was reported. The final row contains the simulated values resulting from this doctorate. 

There are several reported values for the bulk MOF but very few for the nanosheet. The 

simulated accessible surface area value is estimated at 505 m2/g for the bulk MOF and the 

best agreement was observed with Kubica et al.198 where the simulations overestimate the 

experimental value by 3%. The poorest agreement was observed with Rodenas et al.95 who 

reported BET surface areas very different to the rest of the reported values for both bulk and 

nanosheet CuBDC. The authors suspected incomplete activation process and/or inaccessible 

pores to nitrogen probe atoms. The second poorest agreement was observed with Carson et 

al.195 who calculated a value almost 79% higher than the simulated one. Differences between 

the values could be attributed to the quality of the experimental samples. For example, a 

lower experimental surface area could be attributed to a partially collapsed framework and/or 

inaccessible pore volume within the framework due to impurities. The simulated pore 

volume was estimated at 0.33 cm3/g. The best agreement was observed with Carson et al.195 

with the simulations overestimating the experimental value by 10% while the poorest 

agreement was observed with Kubica et al.198 where the simulations underestimate the 

experimental value by 35%. In the case of the pore volume, a partially collapsed structure 

would result into a greater value being reported. Molecular simulations are capable of 

evaluating the properties of the perfect crystal while the experimental samples most likely 

would contain defects.   
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Table 3.2. Experimental and simulated specific surface area and pore volume for the bulk and 

nanosheet CuBDC. 

 Specific Surface Area (m2/g) Pore Volume (cm3/g) 

 bulk nanosheet bulk nanosheet 

Seki et al.196 545  0.22  

Carson et al.197 625  0.28  

Carson et al.195 903  0.30  

Kubica et al.198  490  0.51  

Rodenas et al.95  11 55   

Yang et al.203   358   

Cheng et al.97  442 180 0.29 0.13 

Simulations 

(present work) 

505  0.33  

 

In the work of Carson et al. the researchers state that the pore limiting diameter (PLD) which 

is the smallest diameter that a guest molecule needs to go through in order to diffuse into the 

material, is equal to the largest pore diameter (LPD) which is the largest pore opening in the 

structure and it is equal to 0.52 nm.195 This is true because of the 1D pore channels of the 

framework. The calculated PLD in this work was 0.5 nm and 0.55 nm for the LPD. 

Poreblazer is not capable of calculating the properties of nanosheets. Because of the vacuum 

on either side of the structure the specific surface area and the pore volume would be 

significantly overestimated. However, in the work of Cheng et al. a decrease in the BET 

surface area was observed.97 This is in agreement with the general trend observed in 

literature when slicing the bulk material for the synthesis of the nanosheets.209-210 The PLD 

and the LPD of the nanosheet would be equal to the bulk material. This becomes apparent 

in Section 3.4.  

 

 CuBDC Nanosheet Structure Generation 

 

When Carson et al. first reported the structure of bulk CuBDC in 2014, they underlined the 

potential of the material for nanosheet synthesis because of its structure of stacked planes in 

one direction.195 Rodenas et al. managed to grow CuBDC crystals anisotropically in the 

stacking direction.95 This direction is identical to the x-direction of Figure 3.1. Following 

the experimental guidelines, CuBDC bulk crystals were grown computationally in the 

x-direction to generate nanosheets until the thickness matched the thinnest nanosheet 

experimentally synthesized, which was 5 nm. Once the desired thickness is achieved, 

unsaturated bonds on the nanosheet surface are saturated with hydrogen atoms forming 
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hydroxyl groups and phenyl rings on the nanosheet’s surface. 2 nm vacuum is added on 

either side of a simulation box which was sufficient to avoid finite effects (Section 3.6.3). 

The dimensions of the simulation box created were (9.5, 3.9, 3.2) in nm. Alternative surface 

saturations are explored in Chapter 4. The generated nanosheet structure can be seen in 

Figure 3.2. The view along the 1D pore channel remains unchanged and identical to Figure 

3.1 (a) of the bulk MOF. The nanosheet structure generation was completed with Mercury211 

and CrystalMaker212 software. 

 

 

Figure 3.2. Generated CuBDC nanosheet structure. 

 

 GCMC Simulations 

 

In this section the adsorption properties of pure carbon dioxide, pure methane and the 

equimolar gas mixture were studied in the bulk CuBDC and in the nanosheet. The 

methodology followed can be found in Chapter 2 (Section 2.8). 

 

3.5.1 Pure Component GCMC 

 

GCMC calculations were performed for pure components in bulk and nanosheet CuBDC. 

The simulated isotherms are compared to experimental isotherms from the work of Rodenas 

et al. and Cheng et al.95, 97 The calculations were performed for 273 K to match the 

experimental temperature. The isotherms of pure carbon dioxide and pure methane are 

shown in Figure 3.3 and Figure 3.4 respectively. The empty symbols and the asterisk 
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correspond to experimental data while the filled symbols correspond to simulations 

performed in this doctorate. 

 

 

Figure 3.3. Simulated and experimental isotherms for pure carbon dioxide in the bulk and nanosheet 

CuBDC structures. 

 

 

Figure 3.4. Simulated and experimental isotherms for pure methane in the bulk and nanosheet 

CuBDC structures. 



69 
 

A better agreement is observed with the work of Cheng et al. while Rodenas et al. observed 

a lower uptake for CO2 and CH4 in both bulk and nanosheet CuBDC possibly due to 

incomplete activation process as highlighted in Section 3.3.2.95, 97 However, simulations and 

all experimental data agree qualitatively that bulk and nanosheet CuBDC structures favour 

carbon dioxide adsorption and also that adsorption capacity for both components is higher 

in the bulk CuBDC. The ideal experimental selectivity from the work of Rodenas et al. is 

around 3.9 ± 0.5 for every pressure point reported while the simulated ideal selectivity for 

the nanosheet is 1.87 ± 0.15 and 2.17 ± 0.37 for the bulk structure averaged over the pressure 

range available.95 From the work of Cheng et al. the average ideal adsorption selectivity is 

3.24 ± 0.28 and 1.85 ± 0.13 for the bulk and nanosheet CuBDC respectively.97 Both 

experiments and simulations agree qualitatively that the bulk MOF presents a higher ideal 

adsorption selectivity than the nanosheet. The experimental ideal adsorption selectivity is 

plotted against the calculated value from the GCMC simulations of this work in Figure 3.5. 

 

Figure 3.5. Average ideal adsorption selectivity as reported in the work of Rodenas et al., Cheng et 

al. and GCMC simulations of this work. 

 

The two aforementioned independent experimental works on the same system resulted in 

different adsorption data (Figure 3.5). The difference could be attributed to defects and/or 

impurities. For example, partial collapse of the structure or incomplete activation of the 

material could lead into inaccessible pores and hence lower experimental isotherms observed 

(similar to Rodenas et al. work).95 In 2017, the Sholl group investigated the reproducibility 

of carbon dioxide isotherms reported in independent publications for 15 well studied 

MOFs.213 The researchers showed that 20% of the reported CO2 isotherms in literature for 
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the MOFs studies were outliers. Therefore, the accuracy of isotherms reported in literature, 

should be dealt with caution, especially if the number of independent reports is low. 

Molecular simulations model the perfect, defect-free and impurity-free system, which might 

not be the case in the laboratory. 

A limitation in this work is the modelling of the interaction of CO2 with open metal sites 

present only on the surface of the nanosheet (not in the bulk material) with generic force 

fields. Modelling open metal sites is challenging.214-216 The interaction of guest molecules 

with open metal sites cannot be described with van der Waals and electrostatic interactions 

solely. In MOFs with open metal sites it is common the experimental adsorption isotherm to 

be significantly higher than the simulated one,138 since generic force fields fail to accurately 

account for the strong interactions between guest molecules and the open metal sites. Hence 

the simulated isotherms predict a much lower uptake of the guest molecules. When the OMS-

guest molecule interaction is strong and dominates the van der Waals interactions, it is 

common to notice a steep uptake in the isotherm in Henry’s region in the experimental data. 

Such an example is the work of Campbell et al. for the adsorption of ethylene in PCN-16 

where the standard LJ model failed to predict the steep uptake but it was well represented by 

periodic DFT models.217  However, there are reports in literature where generic force fields 

are able to predict the isotherm with good agreement between simulations and experiments 

when the density of the OMS is relatively low.138 For example, Grajciar et al. showed that 

OMS have a significant impact when the ratio of OMS:CO2 is around 1:1.218 In this doctorate 

the same ratio was 1:3.7, thus the OMS-CO2 interaction is likely to be less influential than 

CO2-MOF, CO2-CO2 and CH4-CO2 interactions. Also, in the case of CuBDC nanosheets the 

simulated isotherm is higher than both the experimental isotherms reported in this work, 

indicating that the adsorption is not dominated by OMS-guest molecule interactions due to 

the low density of OMS just on the surface of the structure. Moreover, a steep uptake in the 

low-pressure region of the experimental data does not occur. Furthermore, a better 

agreement with the experimental isotherms for the non-polar methane molecules which do 

not interact strongly with the OMS is not observed and thus it is unlikely that the OMS have 

a significant impact in this case. Hence, we conclude that the presence of open metal sites 

on the surface of the nanosheet is not significantly affecting the adsorption properties of the 

material and we have not taken it into account in the modelling process. Nevertheless, an ab 

initio approach to account for OMS:CO2 interactions is suggested for future work. 

  

OMS://CO2
OMS://CO2
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3.5.2 Equimolar Mixture GCMC 

 

GCMC calculations were performed for the equimolar gas mixture of CO2/CH4 for both the 

bulk structure and the nanosheet. The temperature was 298 K. In Figure 3.6 the simulated 

isotherm is shown. The loading of bulk and nanosheet CuBDC at 1.6 bar is utilized for EF-

NEMD simulations later in Section 3.8. In order to compare the bulk and the nanosheet 

material at the same pressure with EF-NEMD, the exact number of molecules adsorbed in 

every structure per simulation box from GCMC calculations was utilized and can be found 

in Appendix A. 

 

 

Figure 3.6. Simulated isotherm for an equimolar CO2/CH4 gas mixture. 

 

In Figure 3.7, the simulated adsorption selectivity is shown. Both the bulk and the nanosheet 

CuBDC have very similar adsorption selectivity values that are calculated at 3.16 ± 0.67 for 

the nanosheet and 3.22 ± 0.9 for the bulk MOF when averaged over the whole pressure range 

shown. The adsorption selectivity for the equimolar gas mixture is higher than the previously 

calculated ideal adsorption selectivity for the pure components, which was estimated at 1.87 

± 0.15 for the nanosheet and at 2.17 ± 0.37 for the bulk structure. Larger error bars are 

observed at low pressures. Bulk and nanosheet material demonstrated very similar 

adsorption capacities for carbon dioxide and methane with favoured carbon dioxide 

adsorption. At 5 bar the nanosheet uptake is higher than that of the bulk MOF for both guest 
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molecules. This is the case because of the surface adsorption in the nanosheet as discussed 

in the following section. 

 

 

Figure 3.7. Simulated adsorption selectivity for an equimolar CO2/CH4 gas mixture. 

 

3.5.3 Adsorption Sites 

 

In Figure 3.8 the interaction energy of the guest molecules in bulk CuBDC is shown with a 

colorbar. The interaction energy includes the van der Waals interaction and the electrostatic 

interaction between the guest molecules and the MOF framework. Red beads correspond to 

lower interaction energy and hence a stronger interaction, while blue and white beads 

correspond to weak and intermediate strength of interaction respectively. Green colour 

corresponds to framework atoms and the blue rectangle represents the simulation box. The 

point of view is along the 1D pore channels. The interaction energy is estimated from the 

GCMC calculations performed in Section 3.5.2 for an equimolar CO2/CH4 gas mixture. 

Some adsorption sites seem to be partly outside of the simulation box but periodic boundary 

conditions are applied in every direction. 
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Figure 3.8. Adsorption sites in bulk CuBDC where the colour of the beads indicates the strength of 

the interaction energy between the guest and the framework. Red colour corresponds to strong 

interaction while white and blue correspond to intermediate and weak interaction respectively. 

Framework atoms are represented with green colour. 

 

Carbon dioxide interaction energy is more negative and the molecules are interacting 

strongly with the framework as it can be concluded from the presence of the red beads on 

the left side of Figure 3.8. Mostly white beads represent the adsorption sites of methane 

which indicate that methane molecules have a greater interaction energy and interact weakly 

with the framework when compared to carbon dioxide. As the pressure increases from 0.5 

bar to 5 bar there are more beads which indicate the occupancy of more adsorption sites by 

the guest molecules.  

In Figure 3.9 the interaction energy between carbon dioxide molecules and the CuBDC 

nanosheet is presented. There is a colorbar to indicate the strength of the interaction which 
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follows the same scheme as in the bulk MOF. The strong adsorption sites (red beads) are 

located within the framework. The adsorption mechanism estimated by GCMC calculations 

predicts that the adsorption sites within the framework are occupied first and then the carbon 

dioxide molecules adsorb on the surface. The same adsorption mechanism was observed for 

methane molecules too (Appendix B). The simulated MOF-guest molecule interaction 

energy on the surface is weaker compared to the inside of the structure. This is not a 

surprising result since the interaction energy is the sum of all molecular interactions and the 

nanosheet is atomically denser inside the framework than on the surface. 

In the case of CO2, it is possible that the adsorption energy near the surface is under-

estimated compared to reality because of the omission of any specific CO2-OMS interaction 

in the models used, especially at low pressures. It is possible to predict the isotherm with a 

good agreement with the experiments by using generic force fields and still fail to predict 

the correct adsorption mechanism. For example, the GCMC calculations of Getzschmann et 

al. predicted a simulated isotherm which was close to the experimental one for methane 

adsorption in CuBTC but failed to predict strong adsorption sites of methane close to OMS, 

the existence of which was confirmed by neutron diffraction experiments.  Grajciar et al. 

investigated carbon dioxide adsorption in CuBTC via DFT-ab initio calculations and 

excellent agreement was observed with microcalorimetry experiments.219 CuBTC is 

composed of copper paddlewheel metal nodes and benzene-1, 3, 5-tricarboxylate (BTC) 

organic linkers and it possesses three different pore cavities, one small and two larger 

ones.220 The structure contains OMS. The researchers found that CO2 molecules would 

preferentially adsorb close to the OMS at low pressures where the ratio of CO2 

molecules:(OMS) would not exceed the 1:1 ratio and only one CO2 molecule could interact 

with each OMS. Up to 20:12 = CO2:(OMS) ratio, carbon dioxide molecules would 

preferentially adsorb in the small pore volumes while for higher ratios the CO2 molecules 

would adsorb in the centre of the small and the large pore volumes. The interaction energy 

of the CO2 molecules with the OMS up to 1:1 ratio was found to be – (30-35) kJ/mol, while 

the same interaction energy of CO2 molecules with no OMS was around -23 kJ/mol. The 

CO2-OMS interaction is stronger than the CO2:(no OMS) interaction and it cannot be 

predicted by generic force fields as mentioned above, however the former seems to be 

important only up to 1:1 = CO2:(OMS) ratio. In this doctorate’s case the CO2:(OMS) ratio 

is 3.7:1 for the analysis presented in this section and for the EF-NEMD simulations in the 

following sections because of available experimental data in this region. 

 



75 
 

 

Figure 3.9. Interaction energy of carbon dioxide in CuBDC nanosheet. Red corresponds to strong 

interaction between guest molecule and framework, while white and blue beads correspond to 

intermediate and weak interaction. 

 

A histogram analysis of the interaction energy between the framework and the guest 

molecules is presented in Figure 3.10 for the bulk and the nanosheet CuBDC system for 

1.6 bar pressure of an equimolar CO2/CH4 gas mixture. For both the bulk and the nanosheet 

structure, carbon dioxide presents a stronger interaction energy with the framework 

compared to methane by demonstrating more negative values. For comparison purposes the 

histograms are normalized. 
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Figure 3.10. Normalized histogram of the interaction energy (including Lennard-Jones and 

Coulombic terms) for the bulk and the nanosheet CuBDC with the guest molecules. The graph is 

plotted for 1.6 bar pressure of an equimolar CO2/CH4 gas mixture. 

 

The average interaction energy for carbon dioxide at 1.6 bar was -19.83 ± 2.20 kJ/mol and -

16.62 ± 1.92 kJ/mol for methane in the bulk CuBDC. For the nanosheet the average 

interaction energy at the same pressure was -18.99 ± 3.40 kJ/mol and -15.82 ± 3.84 kJ/mol 

for carbon dioxide and methane respectively. As noted above, the interaction energy values 

presented in the histogram (Figure 3.10) for the nanosheet have potentially missed strong 

interaction sites between guest molecules and the OMS on the surface due to inability of the 

chosen force fields to account for such interactions.221  

In Figure 3.11 the interaction energy reported in Figure 3.10 is analysed into a van der Waals 

and a Coulombic term for carbon dioxide and methane adsorption in bulk and nanosheet 

CuBDC. The data presented are the results of equimolar CO2/CH4 gas mixture GCMC 

simulations of three independent runs. The van der Waals interaction is two orders of 

magnitude higher than the Coulombic interaction. For carbon dioxide the average van der 

Waals interaction with the bulk MOF is -20.14 ± 0.14 kJ/mol and the average Coulombic 

interaction is 0.35 ± 0.03 kJ/mol. The Coulombic terms involving methane are zero since the 

molecule is not polar. The average van der Waals term for methane interacting with the 

framework is -16.69 ± 0.17 kJ/mol. Very similar results were observed in the nanosheet 

(Figure 3.11 bottom). The average value for the van der Waals term in the nanosheet 

is -19.49 ± 0.06 kJ/mol for carbon dioxide-nanosheet interaction while a value of 0.27 ± 0.02 
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kJ/mol is observed for the electrostatic interaction. Methane-nanosheet van der Waals 

interaction is estimated at -15.79 ± 0.05 kJ/mol. The guest-framework interaction energy 

was calculated also at 0.5 and 5 bar. It was found that the guest-framework interaction energy 

is independent of the loading (Appendix C). 

The interaction energy between the guest molecules in the bulk CuBDC is presented in 

Figure 3.12. The most significant interaction is the van der Waals interaction between carbon 

dioxide molecules which is around -1.08 ± 0.04 kJ/mol. The electrostatic CO2-CO2 

interaction and the van der Waals CO2-CH4 and CH4-CH4 interactions are one order of 

magnitude lower than the CO2-CO2 van der Waals interaction. Despite the fact that CO2-

CO2 van der Waals interaction is the highest between guest molecules, it is one order of 

magnitude lower than the guest-framework van der Waals interaction observed in Figure 

3.11. Very similar results qualitatively and quantitively were observed for the case of 

nanosheet CuBDC (Appendix D). 

 

 

Figure 3.11. Guest-framework interaction energy analysed into van der Waals and Coulombic terms 

for the bulk (top) and nanosheet CuBDC (bottom). 
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Figure 3.12. Interaction energy between the guest molecules. 

 

In conclusion, pure components GCMC calculations show a good agreement of the 

calculated ideal adsorption selectivity for both the nanosheet and the bulk structure with the 

experimental work of Cheng et al.97 The GCMC results of an equimolar CO2/CH4 gas 

mixture result into higher adsorption selectivity towards carbon dioxide, which highlights 

the potential of the material to separate the aforementioned gas mixture. Interaction energy 

calculations showed that carbon dioxide molecules interact strongly with the MOF structures 

compared to methane molecules, the interaction of which was weaker. The GCMC 

calculations showed that the bulk material and the nanosheet performed very similarly but 

no information can be provided about the kinetics of the separation. Molecular dynamics 

simulations can provide that additional information. 

  

 Equilibrium MD Simulations 

 

In this section, the diffusion properties are studied via EMD. Both pure components and 

carbon dioxide/methane gas mixture are considered. The self-diffusion coefficient is 

calculated in every case. The calculation of the self-diffusion coefficient provides a useful 

insight into the diffusion properties of the CuBDC material for the carbon dioxide/methane 

separation. Only the bulk MOF CuBDC structure is considered in this section because the 

calculation of the self-diffusion coefficient is completed with the measurement of the mean 

squared displacement (MSD) of the guest molecules in the simulation box. The presence of 
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vacuum on either side of the nanosheet would mean that the MSD of the guest molecules 

would be calculated in the vacuum as well. In that case, direct comparison of the bulk and 

the nanosheet material would not be accurate, especially at higher pressures where the 

loading in the vacuum is higher.  

 

3.6.1 Methodology 

 

EMD simulations in the NVT ensemble were performed. 10 independent trajectories and at 

least 15 independent trajectories of up to 15 ns were run for the pure components and the 

CO2/CH4 binary mixture respectively. The timestep used was 1 fs. The temperature was 

298 K and the V-rescale thermostat was used with a time constant of 1 ps.165 The Lennard-

Jones potential was used to model the van der Waals interactions. The MOF structure was 

fully flexible and the parameters were taken from UFF4MOF force field.222 Flexibility of 

the framework is found to be especially important in cases where the kinetic diameter of the 

guest molecules is similar to the pore size of the framework.223-224 In this case, the pore 

window is 0.52 nm (both bulk CuBDC and CuBDC nanosheet) and the kinetic diameter of 

carbon dioxide and methane is 0.32 nm and 0.38 nm respectively. EPM2 and TraPPE force 

field were used for carbon dioxide and methane respectively.155, 158 Mulliken charges were 

assigned to the bulk MOF atoms as described in Chapter 2 (Section 2.10.3), generated at the 

quantum level. Ewald’s summation technique was used for electrostatics.225 1.4 nm was used 

as a cut-off for both electrostatic and van der Waals interactions. For the calculation of the 

self-diffusion coefficient the first 1 ns was used for equilibration and the remaining 14 ns 

were used for data analysis. All EMD simulations considered the loading at 1 bar where the 

number of methane molecules and carbon dioxide molecules for the pure component 

calculations were 26 and 52 respectively, while for the equimolar gas mixture the same 

numbers in the same order were 9 and 33. GROMACS software package was used for the 

simulations.173  

 

3.6.2 Pure Component EMD Simulations 

 

In Figure 3.13 the self-diffusion coefficient is shown for the pure components (filled bars) 

in bulk CuBDC at 298 K. The loading of the bulk CuBDC corresponds to the simulated 

loading from GCMC calculations at 1 bar and the same temperature. The self-diffusion 

coefficient of methane is calculated at (1.82 x 10-4 ± 6.08 x 10-5) cm2/s, while carbon dioxide 

demonstrates a lower value, estimated at (1.27 x 10-5 ± 3.88 x 10-6) cm2/s. The pure 
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components calculations show that the ideal diffusion selectivity which is the ratio of the 

self-diffusion coefficients, favours methane in contrast to the adsorption selectivity 

calculated in section 3.5.2 which favoured carbon dioxide. The ideal diffusion selectivity is 

calculated at 14.33 in favour of methane. While the pure components calculations can 

provide useful information, the study of the mixture is also needed when considering gas 

separation applications due to species diffusion competition. 

 

3.6.3 Gas Mixture EMD Simulations 

 

The self-diffusion coefficient was also calculated for the CO2/CH4 gas mixture at 298 K and 

presented in Figure 3.13 (empty bars). The loading of the bulk CuBDC was estimated from 

GCMC calculations at 1 bar, the details of which can be found in Section 2.8. The self-

diffusion coefficients of carbon dioxide and methane for the mixture were similar to the 

values observed for the pure components. A 76% increase was observed in the case of carbon 

dioxide where the average self-diffusion coefficient was (2.24 x 10-5 ± 8.76 x 10-6) cm2/s 

while a 37% decrease was observed in the case of methane where the self-diffusion 

coefficient value was found to be (1.14 x 10-4 ± 5.79 x 10-5) cm2/s. The diffusion properties 

in the CO2/CH4 gas mixture at equilibrium also favours methane, presenting a diffusion 

selectivity estimated at 5.09 which was a 64.5% decrease from the value calculated from the 

pure component calculations.  

 

Figure 3.13. Self-diffusion coefficient for CO2/CH4 gas mixture (empty bars) and pure gases (filled 

bars) in bulk CuBDC. 
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The same EMD simulation methodology implemented in this section, was used in order to 

ensure that the 2 nm vacuum space on either side of the nanosheet was sufficient to eliminate 

finite size effects, the density profile of carbon dioxide and methane in CuBDC nanosheet is 

shown in Figure 3.14. Three independent trajectories of NVT simulations, 500 ps long were 

combined for the reported density profiles. Methane density had a constant value, slightly 

higher than 1 molecule/nm3 in the vacuum space on either side of the nanosheet, indicating 

that 2 nm of vacuum space are sufficient. The inserted gas mixture in the simulation box is 

an equimolar gas mixture (equal number of carbon dioxide molecules to methane 

molecules). However, from Figure 3.14 it can be concluded that during the EMD simulation 

the bulk gas mixture on either side of the nanosheet does not correspond to an equimolar gas 

mixture. That is the case because on either side of the nanosheet (around 0-2 nm and 7-9 

nm) the density profile of methane and carbon dioxide gas are not equal. The same applies 

to Figure 3.19. 

 

 

Figure 3.14. Density profile of carbon dioxide and methane in CuBDC nanosheet after NVT 

equilibration simulations.  

 Overall Performance at Equilibrium 

 

In this section the combined GCMC and EMD method described in Section 3.2 is used in 

order to calculate the overall selectivity of CuBDC membrane. This method is widely used 

in literature to screen MOF structures in order to assess their potential as membranes. The 

authors of this method, Keskin and Sholl have pointed out that their method is directly 

applicable to membranes consisting purely of bulk MOF crystals, and that more meaningful 
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comparisons with MMM data need the implementation of theoretical models which utilize 

the properties of the polymer and the filler used.226 This methodology is followed in order 

to estimate whether it has the capacity to identify CuBDC MOF crystals as a good potential 

material to be synthesized as a membrane for the separation of carbon dioxide from methane 

in a gas mixture. The overall membrane selectivity of a gas mixture, 𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is shown in 

Equation (3.53), where 𝑆𝑎𝑑𝑠,𝑖/𝑗
𝑚𝑖𝑥  and 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗

𝑚𝑖𝑥  is the adsorption selectivity and diffusion 

selectivity of component i over j respectively. 

 

 𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑆𝑎𝑑𝑠,𝑖/𝑗
𝑚𝑖𝑥

 𝑆𝑑𝑖𝑓𝑓,𝑖/𝑗
𝑚𝑖𝑥

 (3.53) 

 

In order to calculate the overall mixture selectivity of carbon dioxide over methane the 

adsorption selectivity in Section 3.5.2 which was found to be 3.63 at 1 bar and 298 K will 

be multiplied by the diffusion selectivity of Section 3.6.3 which was 0.2 under the same 

conditions. The membrane selectivity is therefore calculated to be 0.71 which means that 

CuBDC membranes are methane selective and this method fails to predict the selectivity 

observed experimentally which favours carbon dioxide.95, 97, 203 The limitations of this 

method make it a useful tool for screening but good candidates might be missed. For the 

study of gas separations with MOF nanosheets, NEMD methods are suggested. NEMD 

simulations represent the experimental set up better, since they make use of a driving force 

such as a pressure gradient applied across the MOF nanosheet. 

 

 External Force-Non Equilibrium MD Simulations 

 

While in Section 3.7 the overall performance of the nanosheet was evaluated under 

equilibrium conditions, in this section the results of EF-NEMD simulations in CuBDC 

nanosheet and the bulk MOF are presented. Pure components and equimolar CO2/CH4 gas 

mixture simulations were carried out. The suitability of this method for the study of MOF 

nanosheets for gas separations is demonstrated. Details of the methodology followed can be 

found in Section 2.9.2.1.  
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3.8.1 Pure Components EF-NEMD 

 

A linear relation was observed for both carbon dioxide and methane in CuBDC nanosheet 

between flux and pressure drop with R2 values almost equal to 1 as shown in Figure 3.15. 

The establishment of a linear relationship between the flux of the component and the 

pressure drop across the nanosheet is a prerequisite for the calculation of the permeability. 

For both components the flux increases with increasing pressure drop. The pure component 

calculations show that methane has a higher flux than carbon dioxide, by almost one order 

of magnitude. For low pressure drop the difference in the flux is lower but it increases in the 

higher pressure drop range. 

 

 

Figure 3.15. Linear relation of flux and pressure drop for pure component calculations in CuBDC 

nanosheet. 

 

The permeability values of carbon dioxide and methane as pure components in CuBDC 

nanosheet are shown in Figure 3.16, utilizing Equation (2.40). Permeability is reported in 

Barrer. In SI 1 Barrer is equal to 3.35 10-16 mol m m-2 s-1 Pa-1. Six different pressure drop 

values were applied across the nanosheet, ranging from 4.5-20 bar. The permeability of 

methane was higher than that of carbon dioxide and it remained almost constant for the 

whole range of pressure drops applied. The permeability of carbon dioxide was also found 

to remain roughly constant with pressure drop. The average ideal selectivity of carbon 

dioxide over methane (equal to the ratio of the permeabilities) for the provided pressure drop 
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range is estimated at 0.36 which means that the CuBDC nanosheets are expected to be 

methane selective. This is in direct contradiction with the experiments where the selectivity 

of the PI polymer increased significantly by the addition of CuBDC nanosheets as fillers.95 

There have been reports in literature where the study of the pure components is misleading 

and the study of the mixture is needed. Keskin and Sholl have shown that study of pure 

components for the CO2/CH4 gas mixture separation with MOF-5 show high ideal selectivity 

for methane, while the mixture study predicts that MOF-5 is carbon dioxide selective. 

Kadioglu and Keskin have proved that the ideal selectivity might be an overestimation of 

the mixture selectivity for gas separations in MOFs.200 The generated results therefore need 

to be compared to mixture simulations.  

 

 

Figure 3.16. Methane and carbon dioxide permeabilities for the pure components in CuBDC 

nanosheet. 

 

3.8.2 Gas Mixture EF-NEMD Simulations 

 

EF-NEMD simulations were run for an equimolar CO2/CH4 gas mixture in CuBDC 

nanosheet. In Figure 3.17 the flux of carbon dioxide and methane are plotted against the 

pressure drop in CuBDC nanosheet for an equimolar gas mixture. A linear response is 

observed in the mixture too with R2 values close to 0.99. When the gas mixture is studied 

instead of the pure components, the results are inverted. The flux of carbon dioxide is greater 

than that of methane in the whole pressure drop range studied. The average flux of methane 
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dropped by 88% in the gas mixture compared to the pure components calculation while 

carbon dioxide also dropped by 44%. 

 

 

Figure 3.17. Flux plotted against pressure drop for an equimolar CO2/CH4 gas mixture in CuBDC 

nanosheet. 

 

In contrast to the pure component calculations, the permeability of carbon dioxide is higher 

than that of methane in the mixture (Figure 3.18) and the CuBDC nanosheet is carbon 

dioxide selective. The permeability of methane dropped by 86% in the mixture calculations 

compared to the pure component simulations. This work highlights the importance of 

studying the mixture properties instead of the pure components for more accurate 

conclusions on gas separations. The order of magnitude of the observed permeability values 

of carbon dioxide (for 4.5-7.5 bar pressure drop) is greater than the observed values from the 

experimental work done by Yang et al. (around 5 103 Barrer).203 But this could be attributed 

to the fact that the experimental measurements were conducted in the MMM, while the 

simulations considered only the CuBDC nanosheet.  
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Figure 3.18. Calculated permeability values for the equimolar CO2/CH4 gas mixture. 

 

3.8.3 Separation Mechanism 
 

In the experimental work of Cheng et al. on CuBDC nanosheets the separation mechanism 

of CO2 from CH4 was concluded to be a sieving effect where CO2 molecules were able to 

penetrate the nanosheets while CH4 molecules would follow a tortuous pathway around the 

nanosheets.97 However, this is only an assumption based on the experimental data and in this 

section a more detailed separation mechanism is described based on the analysis of the EF-

NEMD simulations outlined in Section 3.8.2. In Figure 3.19, the density profile of the guest 

molecules is shown for 6, 12 and 20 bar pressure drop, as calculated from the data analysis 

of 8 ns EF-NEMD and taking into account 3 independent trajectories. A high peak in the 

methane density profile, in the entrance of the nanosheet (around 2 nm) is observed and it is 

due to the mass resistance effect which cannot be observed in the previously described 

combined GCMC and EMD method (Figure 3.14) but it can be observed with the EF-NEMD 

method and the explicit representation of the nanosheet. A higher density is observed for 

methane molecules with increasing pressure drop applied as it can be seen in Figure 3.19. 

Methane molecules accumulate at the entrance of the nanosheet and some enter the 

nanosheet but a lower density is observed when compared to the density profile of carbon 

dioxide molecules in the nanosheet. Almost all carbon dioxide molecules in the simulation 

box get adsorbed in the nanosheet and on the surface of the nanosheet and have an 

approximately zero density value away from the nanosheet. The majority of the adsorption 

sites are occupied by carbon dioxide molecules which present a peak every approximately 

0.5 nm. The density profile for both carbon dioxide and methane presented in this section is 

consistent with the GCMC calculations of Section 3.5.1 and 3.5.2,  where carbon dioxide 

adsorption was favoured over methane adsorption.  
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Figure 3.19. Density profile of carbon dioxide and methane in the simulation box. The faded 

nanosheet framework is for guidance of the reader and it indicates the position of the nanosheet in 

the simulation box. Top, middle and bottom graph correspond to 6, 12 and 20 bar pressure drop 

respectively. 
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The accuracy of the density profile on the surface of the nanosheet has been compromised 

in our model since we make use of a generic force field222. However, there are no OMS 

inside the nanosheet and in the bulk MOF but there are OMS on the surface of the nanosheet, 

which are expected to attract more guest molecules around them and the density profiles of 

both guest molecules are expected to be higher. However, because of the low density of 

OMS overall in the structure, favourable adsorption of carbon dioxide over methane occurs 

and that is observed experimentally95, 97 and confirmed computationally in this section and 

in Section 3.5.1 and Section 3.5.2.   

In Figure 3.20, a single snapshot of the system in the final step of a 10 ns EF-NEMD 

simulation run for the equimolar CO2/CH4 gas mixture in the CuBDC nanosheet is shown. 

Figure 3.19 and Figure 3.20 cannot be compared directly, since the former is averaged over 

10 ns and multiple independent trajectories while the latter one is a single snapshot. 

However, Figure 3.20 can highlight visually the conclusions drawn in Figure 3.19. It can be 

observed that almost all carbon dioxide molecules are preferentially adsorbed in the 

nanosheet (top image) while methane molecules are inside but also outside the nanosheet 

and a higher density is observed in the entrance of the nanosheet (left side). The bottom 

image provides a view along the 1D pore channels which is the diffusion pathway followed 

by the guest molecules. Since the structures are flexible, the atoms of the framework are 

allowed to move from their crystallographic positions and hence the organic linkers and 

metal nodes are not perfectly aligned.    
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Figure 3.20. Representation of an equimolar CO2/CH4 gas mixture in a CuBDC nanosheet in the 

final step of an EF-NEMD simulation. Red colour corresponds to methane molecules, while grey 

and green correspond to MON atoms and carbon dioxide molecules respectively. Top: View along 

the x-direction. Bottom: View along the 1D pore channel. 

 

In Figure 3.21, the average velocity in the x-direction of the guest molecules inside the 

CuBDC nanosheet is presented (i.e. excluding molecules in the vacuum space either side of 

the nanosheet). Three independent trajectories were considered and a data analysis of 8 ns 

simulations were performed. As the pressure drop increases the average x-velocity increases 

for both guest molecules, but the increase is more evident in the case of methane. The 

average x-velocity is higher for methane for every pressure drop presented which means that 

methane molecules diffuse faster than carbon dioxide molecules in the nanosheet. This result 
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is consisted with the EMD simulations performed in Section 3.6.3 where it was found that 

the self-diffusion coefficient for methane is higher than that of carbon dioxide.  

From the density profile (Figure 3.19) and the velocity profile (Figure 3.21) it can be 

concluded that a pore blocking effect is the separation mechanism. Carbon dioxide 

molecules occupy the majority of the adsorption sites. Methane molecules are able to diffuse 

faster inside the nanosheet, but the presence of CO2 in the MON significantly reduces the 

penetration of methane into the nanosheet. Prefential CO2 adsorption combined with lower 

CO2 velocities in the x-direction result in lower permeability values observed for CH4 

compared to CO2, as already presented  in Section 3.8.2.  

 

 

Figure 3.21. Average velocity in the x-direction (along the pore direction) of the guest molecules in 

the nanosheet. 

 

3.8.4 Simulated Selectivity for CO2/CH4 Separation with CuBDC Nanosheets 

 

In Figure 3.22, the selectivity of carbon dioxide over methane is presented for CuBDC 

nanosheets. The calculations are based on the permeability values presented in Figure 3.18. 

The equimolar mixture selectivity of carbon dioxide over methane is estimated at 1.88 when 

averaged over the pressure drop range provided. The observed experimental values ranged 

from 10.7-80 for the MMM.95, 97, 203 The wide range of selectivity values observed 

experimentally could be attributed to many factors such as the nature of the polymer paired 

with the CuBDC nanosheets, the weight percentage of the nanosheets added as fillers for the 
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formation of MMM and the experimental conditions such as pressure drop range studied, 

the temperature and the gas loading in the MMM. This doctorate evaluates the separation 

performance of the CuBDC nanosheets only and hence the selectivity presented in this 

section is due to the nanosheet. Direct comparison is not applicable. However, the selectivity 

values calculated from the molecular simulations are useful in order to understand the impact 

of the CuBDC nanosheets as fillers in MMM.  

 

 

Figure 3.22. Selectivity of CuBDC nanosheets for carbon dioxide over methane. 

 

3.8.5 Performance Comparison of the Nanosheet to the Bulk Material 

 

In order to compare the performance of the CuBDC nanosheet to the bulk CuBDC structure, 

EF-NEMD simulations following the methodology described in Section 2.9.2.1 were also 

performed for the bulk material. Comparison of the nanosheet to the bulk material was 

completed by calculating the ratio of the flux of carbon dioxide over the flux of methane for 

both structures under the same conditions as it may be seen in Figure 3.23.  The average 

value of the ratio in the pressure drop range reported for the nanosheet was 1.88 while that 

of the bulk CuBDC was 1.27. The slightly better performance of the nanosheet can be 

attributed to the surface effect and the surface resistance faced by the guest molecules. In the 

case of the nanosheets the external surface area is significantly higher compared to that of 

the bulk material.87 This result is qualitatively in agreement with the experimental work 

conducted on this system but with a higher difference observed quantitatively.95, 203 
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Figure 3.23. Ratio of fluxes for the CuBDC nanosheet and bulk material. 

 

3.8.6 Influence of Partial Charge Calculation Method on Adsorption Simulations 

 

It has been proven that the choice of atomic partial charges may have an impact on the 

material’s gas uptake and therefore in gas separation applications.191, 227 In this section, the 

performance of CuBDC nanosheet for CO2/CH4 gas separation when Mulliken charges228 

are used is compared to the performance of the nanosheet when EQeq charges193 are used. 

While Mulliken charges are derived from quantum mechanics calculations, EQeq charges 

are derived from a semi-empirical approach based on ionization energies as described in 

Section 2.10.3. 

While there is no one best method to estimate charges, it has been proven that inclusion of 

charges and calculation of the Coulombic term is vital. For example, Walton et al. modelled 

carbon dioxide adsorption in MOF-5 with and without electrostatic interactions.229 It was 

found that the Coulombic interactions were essential to capture the gas uptake and predict 

the shape of the isotherm in a good agreement with the experimental data.  

In Figure 3.24, the permeability values for carbon dioxide and methane are reported as 

calculated from EF-NEMD simulations for the equimolar gas mixture at 298 K and 20 bar 

pressure drop, utilizing Mulliken charges and EQeq charges. The detailed methodology can 

be found in Section 2.9.2.1. Both charge sets used predict permeability values within margin 

of an error from each other, with carbon dioxide showing greater permeability than methane.  
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Figure 3.24. Permeability values for an equimolar CO2/CH4 gas mixture in CuBDC nanosheet at 298 

K and 20 bar pressure drop using Mulliken and EQeq charges. 

 

Utilizing the permeability values reported in Figure 3.24, the selectivity of carbon dioxide 

over methane is presented in Figure 3.25, where Mulliken charges and EQeq charges are 

implemented. As with the permeability values, the selectivity values also differ from each 

other within the margin of error. Since two very different in principle charge generation 

methods result into very similar findings, it is likely that the initial choice of Mulliken 

charges did not limit the predictability power of the gas separation simulation model.  

 

 

Figure 3.25. Selectivity of carbon dioxide over methane for CuBDC nanosheet for an equimolar 

CO2/CH4 gas mixture as calculated from EF-NEMD using Mulliken and EQeq charges at 298 K and 

20 bar pressure drop. 
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 Conclusions 

 

In conclusion, in this chapter the performance of CuBDC nanosheet and bulk CuBDC was 

evaluated for the separation of carbon dioxide from methane, with equilibrium and non-

equilibrium methods. The adsorption studies performed showed a preferential adsorption for 

carbon dioxide over methane in both bulk and nanosheet CuBDC. The results were 

compared to two independent experimental studies with good agreement observed with 

Cheng et al. while Rodenas et al. predicted a lower capacity for both carbon dioxide and 

methane in the nanosheet and bulk CuBDC probably due to incomplete activation process.95, 

97 Pure component calculations showed that the bulk material has a higher capacity for 

carbon dioxide and methane compared to the nanosheet, which agrees qualitatively with both 

the experimental studies reported. The binary mixture calculations showed that the gas 

uptake is lower than the pure components calculations for both carbon dioxide and methane 

in the nanosheet and in the bulk MOF. Modelling efforts should not focus on matching the 

simulation results to the experimental data at any cost since simulations model the perfect 

defect-free and impurity-free crystals, while this is very difficult to achieve in the lab. In 

Chapter 5 the impact of defects on the separation is studied.  

The diffusion studies at equilibrium show that methane diffusion is favored in the bulk 

material. The self-diffusion coefficient of methane is higher than that of carbon dioxide in 

the pure components calculations but it drops by 37% in the binary mixture study while a 

76% increase is observed in the case of carbon dioxide. However, the self-diffusion 

coeffcient of methane was still higher when the binary gas mixture was considered and 

showed a value of 1.14 x 10-4 cm2/s compared to 2.24 x 10-5 cm2/s for carbon dioxide.  

While the calculated adsorption and diffusion properties at equilibrium are helpful in 

understanding the separation process, a better suited method in order to imitate the 

experimental setup is that of NEMD. In this work, EF-NEMD was applied to study the 

separation of CO2 from CH4 in the bulk and nanosheet CuBDC. Pure component calculations 

showed that methane has a higher permeability than carbon dioxide. However, pure 

component calculations can be misleading for gas separation studies. The equimolar gas 

mixture calculations showed that methane permeability dropped by 86% when the binary 

mixture was considered and the nanosheets were carbon dioxide selective which is in 

agreement with the experimental studies. The simulated permeability values tend to be 

higher than the experimental values but it should be noted that this doctorate considered only 

the bulk MOF and nanosheet MOF effect in the separation while the experimental work 

included also polymeric materials. The separation mechanism is found to be a pore blocking 
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effect, where the carbon dioxide molecules occupy the majority of the adsorption sites and 

they diffuse slower than methane within the nanosheet. Some methane molecules penetrate 

the nanosheet and once they are inside the structure they diffuse faster than carbon dioxide 

molecules. Overall, CuBDC nanosheets presented a simulated mixture selectivity value of 

1.88 in favour of carbon dioxide. A range of experimental selectivity values were observed 

ranging from 10.7-80. We conclude that CuBDC nanosheets only cannot account for this 

high experimental selectivity values observed which are attributed to the nanosheet-polymer 

combination.  

In order to compare the performance of the nanosheets to the bulk MOF material, the ratio 

of the carbon dioxide flux over methane flux was calculated inside the structures. CuBDC 

nanosheet was found to perform better than bulk CuBDC, presenting a ratio value of 1.88 

while the bulk material presented a value of 1.27. The difference can be attributed to the 

higher external surface area of the nanosheet and the mass resistance faced by the guest 

molecules on the nanosheet surface. Finally, the charge dependence of the system was 

evaluated. In addition to Mulliken charges, EQeq charges were generated and tested. The 

permeability and selectivity values observed were within margin of error for the two charge 

sets, indicating that the charge choice did not introduce any artefacts.  
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 Impact of Different CuBDC Nanosheet Surface 

Saturations on CO2/CH4 Gas Separation 

 

 Preface 

 

In this chapter, alternative surface saturations are considered for CuBDC nanosheets. The 

performance of the generated MONs is studied for the gas separation of CO2/CH4 gas 

mixture and the results are compared to the MON with the phenyl rings and hydroxyl groups 

saturation generated in Chapter 3. Percentage differences between alternative surface 

saturations and the saturation of Chapter 3 are presented for guest molecules-MON 

interaction energy, selectivity of carbon dioxide over methane and permeability values. 

 

 Background 

 

Molecular simulations on MOFs typically consider the properties of the bulk MOF and 

ignore the surface effects. In several cases this is a realistic approach when considering 

isotropic 3D MOF crystals.230-231 However, the external surface area of MONs is larger 

compared to bulk MOFs and thus more likely to have an impact on the structure’s properties. 

For example, as demonstrated in Chapter 3, the surface of 2D CuBDC nanosheets played an 

important role in the CO2/CH4 gas separation. Depending on the synthesis conditions, MOFs 

can have different termination groups on their external surface.232 For instance, the 

benchmark MOF-5 has been synthesized by Homan et al. using triethylamine, 

diisopropylethylamine, triphenylacetic acid, diphenylacetic acid, trimethylacetic acid and 

acetic acid as modulators.233 However, it has also been synthesized by Zacher et al. using 4-

decylbenzoic acid.232 Usage of different solvents and/or modulators during the synthesis 

process of a MOF can result in various chemical groups being present on their external 

surface. In 2019, Li et al. implemented a low-dose high-resolution transmission electron 

microscopy (HRTEM) to directly image the crystal surface of MOF MIL-101.234 The 

researchers synthesized MIL-101 in three ways: using hydrogen fluoride or acetic acid as 

modulators or using no modulator at all. They concluded that different surface structures 

were generated each time depending on the modulator used. This was the first time that 

modulators were found to have a significant impact on the surface structure of a MOF.235 In 

2020, Snurr’s group investigated computationally whether the internal and external surface 

of two different MOFs (MOF-5 and CAU-10) have the same hydrophobicity.236 For the 

external surface study, the researchers saturated the cut bonds with either hydrogen atoms or 
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carboxylic acid groups, forming phenyl and benzoic acid surface groups. The internal 

surface of the MOFs was maintained unchanged. The researchers concluded that the contact 

angle and spreading of water molecules on the external MOF surface can be very different 

to that observed for the internal surface and thus internal and external MOF surface 

hydrophobicity need to be distinguished. In catalysis applications, the existence of different 

saturation groups on the external MOF surface may play a significant role. For example, 

Chizallet et al. studied the transesterification of vegetable oil utilizing ZIF-8.237 The large 

triglyceride molecules contained in rapeseed oil are not able to penetrate inside the ZIF-8 

framework which possesses 0.3 nm pore openings and hence the catalytic reaction occurs 

solely on the external surface of the material. Defects on the external surface of the 

framework allow the coexistence of different termination groups such as OH groups, NH 

groups, N--moieties and undercoordinated Zn metal atoms. The role of OH groups proved to 

be important for methanol activation which needs to occur for ester production from 

vegetable oil. In this study ZIF-8 outperformed state of the art materials such as ZnAl2O4 

used for the same application. In 2017, Semino et al. studied computationally the 

incorporation of ZIF-8 in two polymeric materials, PIM-1 and PIM-EA-TB.238 The 

researchers investigated the impact of different saturation groups on the MOF/polymer 

interface. The first termination choice was to add both hydroxyl groups and hydrogen atoms 

to saturate the ZIF-8 surface while the second choice included leaving Zn atoms 

undercoordinated in the form of defects. It was found that the coverage and conformation of 

the polymer as well as the voids created between the MOF surface and the polymer remain 

practically unchanged for both terminating decisions. 

A statement of Zacher et al. in 2011 from a review article is quoted: “There is currently 

nothing to review on the theoretical investigation of MOF surfaces, interfaces, or growth 

mechanisms, which is clearly a missing piece in the puzzle.”239 The aforementioned research 

work and this chapter fill in some of those missing pieces in the puzzle. Understanding the 

nature of the external surface of MOFs is experimentally a challenging task but molecular 

simulations have the ability to enrich our knowledge on the matter. It is possible to generate 

and test different external surfaces with various chemical compositions while maintaining 

all other variables (e.g. internal structure of the MOF, no sample defects) unchanged and 

thus isolating the influence of the external surface on a given application. In Chapter 3 it was 

found that the CuBDC nanosheet’s surface played an important role in CO2/CH4 gas 

separation. In this chapter the impact of different capping groups on the surface of CuBDC 

MON for CO2/CH4 gas separation is tested. 
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 Multiple Surface Saturations Applied 

 

It has already been discussed that bulk MOF CuBDC and nanosheet CuBDC have been 

synthesized experimentally by various research groups using different techniques 

(solvothermal method and three-layered liquid synthesis strategy) and solvents (DMF and 

methanol).95-97, 194-195 In Chapter 3, the unsaturated bonds were saturated with hydrogen 

atoms, resulting in phenyl rings and hydroxyl groups being present on the surface. However, 

it is very likely that there will be carboxyl groups present on the surface of the CuBDC 

nanosheets and also on the external surface of bulk MOF CuBDC since in all the available 

experimental studies, 1,4-benzenedicarboxylic acid was used to build the CuBDC structures. 

While the benzoic acid group is the most favourable to be present on the MOF surface, 

different modulators could be used during the synthesis process to saturate the dangling 

bonds and hence alternative saturations (acetate and hydroxyl groups) – resulting from other 

commonly used solvents and modulators – are also tested in this chapter. The same 

methodology described in Section 3.4 for the generation of MON CuBDC is applied in all 

the different surface saturations generated in this section. In all the following surface 

saturations, hydroxyl groups are always present. It is very possible that a combination of 

termination groups coexist simultaneously on the surface of the MON, rather than solely one 

type of saturation group. The MD simulations of this thesis consider the flexibility of all the 

structures (both bulk and nanosheet). Hence, the NEMD simulations of this chapter that 

consider different surface saturations of CuBDC nanosheet account for atom relaxation.   

 

4.3.1 Phenyl Rings Saturation 

 

In this section the phenyl rings saturation applied in Section 3.4 is revisited. In Chapter 3, 

the cut bonds on the surface of CuBDC nanosheet were saturated with hydrogen atoms, 

forming hydroxyl groups and phenyl rings on the surface of the MON. In Figure 4.1 the 

CuBDC nanosheet structure is shown and the surface with hydroxyl groups and phenyl rings 

is enlarged.  
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Figure 4.1. CuBDC nanosheet structure with hydroxyl groups and phenyl rings present on the 

surface. Red colour corresponds to oxygen atoms, while orange, grey and black correspond to copper, 

carbon and hydrogen atoms respectively.  

 

4.3.2 Benzoic Acid Groups Saturation 

 

The carboxyl groups presence on the surface of the MON (and also on the external surface 

of the bulk MOF) is the most likely because of the synthetic conditions. Terephthalic acid 

(shown in Figure 4.2) also known as benzene 1,4-dicarboxylic acid (BDCA) is used during 

the synthesis process of both bulk CuBDC and MON CuBDC.95-97, 194-195 

 

Figure 4.2. The structure of terephthalic acid is demonstrated. Grey spheres correspond to carbon 

atoms, red and black spheres correspond to oxygen atoms and hydrogen atoms respectively. 
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In Figure 4.3 (a) CuBDC nanosheet is shown with carboxyl groups and hydroxyl groups 

present on the surface. In Figure 4.3 (b) the view along the 1D pore channels of the structure 

is shown. The carboxyl groups are highlighted with yellow circles. Despite the fact that 

carboxylic acid linkers are longer than the previous hydrogen saturation, they do not extend 

into the pore window and are unlikely to present a significantly increased barrier to diffusion 

into the channel.  

 

 

Figure 4.3. (a) CuBDC nanosheet structure with hydroxyl groups and carboxyl groups present on 

the surface. (b) View along the x-axis of the structure. Red colour corresponds to oxygen atoms, 

while orange, grey and black correspond to copper, carbon and hydrogen atoms respectively. 
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4.3.3 Acetate Groups Saturation 

 

In Figure 4.4, the CuBDC nanosheet structure has acetate groups and hydroxyl groups on its 

surface. The presence of these groups on the surface is not a direct consequence of the 

aforementioned synthetic processes,95-97 however it is possible for these groups to exist on 

the MON surface with potential alterations of the synthetic process such as the usage of 

various solvents and/or modulators. For example, in 2020 Chen et al. used copper acetate as 

the metal containing solution to synthesize CuBDC MOF which was then utilized for a 

sensing application of S2- ions in water.240 Under these conditions, the presence of acetate 

groups on the MON’s surface is possible. 

 

 

Figure 4.4. CuBDC nanosheet structure with hydroxyl groups and acetate groups present on the 

surface. Red colour corresponds to oxygen atoms, while orange, grey and black correspond to copper, 

carbon and hydrogen atoms respectively. 

 

4.3.4 Hydroxyl Groups Saturation 

 

The last saturation groups present on the MON surface considered in this chapter are 

hydroxyl groups. This type of saturation is less likely to occur when compared to the 
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carboxyl groups due to synthetic conditions. However, terephthalic acid is sometimes 

dissolved in NaOH solutions which can be a source of hydroxyl groups.240-241 In Figure 4.5 

the CuBDC nanosheet is shown with solely hydroxyl groups on its surface. 

 

Figure 4.5. CuBDC nanosheet structure with hydroxyl groups present on the surface. Red colour 

corresponds to oxygen atoms, while orange, grey and black correspond to copper, carbon and 

hydrogen atoms respectively. 

 

4.3.5 Structural Differences of the Surface Saturations 

 

In order to define structural differences among the different structures generated with various 

surface saturations, the molecular weight of every structure and the number of atoms is 

presented in Table 4.1. The structure with the highest number of atoms and the highest 

molecular weight is that of carboxyl group surface saturation, while the structure with the 

lowest number of atoms and the lowest molecular weight is the hydroxyl group surface 

saturation. For all different structures compared, the same simulation box is used and the 

dimensions correspond to the ones of Section 3.4. 
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Table 4.1. Molecular weight and number of atoms in every structure for all the different surface 

saturations. 

Saturation 

groups 

Molecular 

weight 

(g/mol) 

Number 

of 

atoms 

Phenyl 

rings 

54530.85 4104 

COOH 55038.97 4140 

Acetate 53786.06 4020 

OH 53485.73 3984 

 

 

 GCMC Simulations 

 

In this section the adsorption properties of CuBDC nanosheets with different surface 

saturations presented in Section 4.3 are estimated. GCMC simulations were performed for 

an equimolar CO2/CH4 gas mixture. Whether the surface saturations change the adsorption 

capacity of the CuBDC nanosheet is investigated and a guest molecule-framework 

interaction energy analysis follows, which explores the impact of different surface 

saturations on the strength of the adsorption sites present on the CuBDC nanosheet surface. 

 

4.4.1 Adsorption Capacity 

 

The simulated isotherm for an equimolar carbon dioxide/methane gas mixture is presented 

in Figure 4.6 for CuBDC nanosheet with the surface saturations presented in Section 4.3. 

The methodology of Section 2.8 was followed. For all different structures and for both gas 

species, the uptake is almost unchanged. The adsorption capacity of the material does not 

depend on the surface saturations applied. Where the error bars are not visible, they are 

smaller than the markers.  
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Figure 4.6. Simulated adsorption capacity of CuBDC nanosheet with various surface saturations, for 

an equimolar CO2/CH4 gas mixture. Carbon dioxide uptake is represented by circles and methane 

uptake is represented by squares.  

 

4.4.2 Interaction Energy 

 

In Figure 4.7, the interaction energy of CO2 molecules-MON is represented with colourful 

beads in the CuBDC nanosheet structure.  The intensity of the interaction energy is 

demonstrated via a colourbar where weak interactions are represented by blue beads while 

white and red beads represent intermediate and strong interactions. The interaction energy 

ranges from -0.01 kJ/mol (weak interaction) to -24.5 kJ/mol (strong interaction) and it is 

consisted of Lennard-Jones and Coulombic terms. Various surface saturations were 

considered, including phenyl rings, carboxyl groups, acetate and hydroxyl groups. With the 

exception of the surface, the MONs’ structure is otherwise identical. The adsorption sites on 

the surface of the MONs for every surface saturation considered are weak as indicated by 

the blue beads. The COOH (carboxylic acid), acetate and OH saturations generate very 

similar interaction energies on the MONs’ surface to the initial phenyl rings saturation 

followed in Chapter 3. Similar results are observed for CH4 molecules-MON interaction 

energy (Appendix E). 
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Figure 4.7. Interaction energy of carbon dioxide with CuBDC nanosheet for various surface 

saturations at 1.6 bar pressure for an equimolar CO2/CH4 gas mixture. Red corresponds to strong 

interaction between guest molecule and framework, while white and blue beads correspond to 

average and weak interaction respectively as per colourbar values. 

 

In Figure 4.8, a normalized histogram of the guest molecules-MON interaction energy is 

shown for different surface saturations. The y-axis represents the relative probability of an 

interaction energy to occur. For all saturations tested the results are very similar. Carbon 

dioxide molecules can interact stronger with the MON as indicated by the presence of blue 
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bars in the more negative energy region (to the left of the graph) while methane molecules 

are unlikely to occupy adsorption sites in that region.  

 

 

Figure 4.8. Normalized histogram of the interaction energy (including Lennard-Jones and 

Coulombic terms) of guest molecules with CuBDC nanosheet for different surface saturations. The 

graph is plotted for 1.6 bar pressure of an equimolar CO2/CH4 gas mixture. 

 

In order to measure the similarity of the histograms in Figure 4.8 for the same species and 

different saturations, the sum of squared residuals (SSR) is calculated. The lowest the SSR 

value is the most similar the histograms are. For example, a value of zero for SSR would 

indicate that two histograms are identical. In Table 4.2, the SSR of the interaction energy 

between the guest molecules and the MON is presented. For the calculation of the SSR, the 

initial saturation of phenyl rings used in Chapter 3 is paired with an alternative possible 
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saturation (COOH or acetate or OH) considered in this chapter. The SSR is close to zero for 

both species, indicating that the interaction energy distribution is very similar for all surface 

saturations. Carbon dioxide presents values closer to zero than methane (0.007 for carbon 

dioxide and 0.023 for methane on average), it is speculated that this is because of the 

material’s adsorption preference to CO2 (average adsorption selectivity of carbon dioxide 

over methane was calculated around 3 in Section 3.5.2). This is confirmed in Appendix F, 

where the interaction energy is calculated for the pure components and the average SSR 

value for carbon dioxide was 0.014 and for methane 0.010. 

 

Table 4.2. Sum of squared residuals (SSR) of the interaction energy of guest molecules-MON for 

surface saturation pairs. 

 SSR 

 CO2 CH4 

Phenyl rings-COOH 0.008 0.023 

Phenyl rings-Acetate 0.009 0.028 

Phenyl rings-OH 0.006 0.018 

 

The average interaction energy for carbon dioxide and methane molecules in the MON for 

all saturation groups is shown in Table 4.3. In every case the average interaction energy does 

not differ more than 1.2% for CO2 and 8.5% for CH4 from the initial phenyl ring saturation 

used in Chapter 3. Also, in Section 4.4.1 it was shown that the isotherm for all surface 

saturations considered was essentially identical. Thus, it is concluded that the choice of 

different saturation groups on the surface of the CuBDC nanosheet does not significantly 

alter the equilibrium adsorption properties of the MON.  

 

Table 4.3. Average interaction energy of guest molecules-MON CuBDC at 1.6 bar pressure for an 

equimolar CO2/CH4 gas mixture. 

 CO2 CH4 

 Average 

interaction 

energy (kJ/mol) 

Standard 

deviation 

(kJ/mol) 

Average 

interaction 

energy (kJ/mol) 

Standard 

deviation 

(kJ/mol) 

Phenyl rings -18.99 3.40 -15.82 3.84 

COOH -19.22 3.54 -15.27 4.89 

Acetate -19.26 3.52 -14.48 5.06 

OH -19.08 3.68 -15.10 5.06 
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 External Force-Non Equilibrium MD Simulations 

 

In this section the impact of different MON CuBDC surface saturations on CO2/CH4 gas 

mixture separation is assessed. In Chapter 3, it was concluded that the MON surface is 

important for the CO2/CH4 separation because of the mass resistance the guest molecules 

face on the surface. Hence, the question arises: does the modelling decision of surface 

saturations or the modulators used during the experimental MON synthesis process have an 

impact on the separation? The results of EF-NEMD simulations prove that the presence of 

different chemical groups on the MON surface does not change drastically the separation 

performance of CuBDC nanosheet for CO2/CH4 separation. All MON structures considered 

were flexible and the methodology of Section 2.9.2.1 was followed.  

 

4.5.1 Flux-Pressure Drop Linear Relationship 

 

A linear relationship between the flux of a species and the pressure drop along the MON was 

established during the EF-NEMD simulations as it can be seen in Figure 4.9. The 

establishment of a linear relationship is a prerequisite for the calculation of the permeability.  

 

 

Figure 4.9. Linear relationship between flux and pressure drop established for all surface saturations 

for EF-NEMD simulations. 
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All R2 values were equal or greater than 0.97 for a linear fitting and where error bars are not 

visible, they are smaller than the marker. For the pressure region of 6-12 bar the differences 

in flux of a species among various saturations are almost indistinguishable. At 20 bar 

pressure drop there is a change of -4.7+3.3% for carbon dioxide and a change 

of -18.7+10.8% for methane when comparing the flux of the phenyl rings saturation to the 

rest of the surface saturations. 

 

4.5.2 CO2/CH4 Gas Mixture Separation Performance with Various Surface Saturations 

 

In Figure 4.10, the selectivity of CuBDC nanosheet with different surface saturations is 

shown for an equimolar CO2/CH4 gas mixture. Three pressure drops were considered, 6, 12 

and 20 bar. For 12 and 20 bar the selectivity for all surface saturations is similar with a 

percentage difference of -8.0 to +15.7% when comparing the acetate, COOH and OH 

saturation to the initial phenyl rings saturation applied in Chapter 3. For this pressure drop 

points there is no significant difference between the various surface saturations since the 

markers cannot be distinguished. For 6 bar pressure drop, the acetate saturation presents the 

higher selectivity (2.97 ± 0.36) and the OH saturation presents the lowest, with a value of 

1.74 ± 0.18. However, for 6 bar pressure drop there are larger error bars compared to higher 

pressure drop values with the phenyl ring and the COOH saturation within a margin of an 

error.  For this pressure drop (6 bar) the percentage difference of the selectivity of CuBDC 

nanosheet with acetate and COOH and OH saturations to the selectivity of CuBDC 

nanosheet with phenyl rings saturation varies from -24.1 to +29.8%. Overall, the 

incorporation of different chemical groups on the surface of the MON does not have a 

significant effect on the nanosheet’s selectivity. 
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Figure 4.10. Simulated selectivity of carbon dioxide over methane for different surface saturations 

considered for CuBDC nanosheet. 

Selectivity is defined as the ratio of permeabilities of the components of the binary gas 

mixture (Equation (2.41)). The selectivity presented in Figure 4.10 is analysed in its 

individual gas component permeability values for methane and carbon dioxide in Figure 

4.11. The surface saturations presented in Section 4.3 are considered for three different 

pressure drops, 6, 12 and 20 bar. The results of EF-NEMD for an equimolar CO2/CH4 gas 

mixture in CuBDC nanosheet show that the permeability of carbon dioxide with acetate or 

COOH or OH saturation differs from the permeability of carbon dioxide with phenyl rings 

saturation by -8.9 to +3.3% for all pressure drops studied. The same percentage change 

is -23.3 to +32.8% for methane. In every case the permeability of carbon dioxide is higher 

than the permeability of methane and the results do not change qualitatively but they do 

change quantitively within the presented percentage differences. It is concluded that for all 

alternative surface saturations studied (acetate, OH and COOH), no significant change to the 

permeability values observed for the initial saturation of Chapter 3 (phenyl rings) is 

observed. 

With increasing pressure drop, the permeability of the individual gas components also 

increases, but with a higher ratio for methane than carbon dioxide, which is the reason of the 

selectivity values dropping with pressure drop in Figure 4.10. The average permeability 

across all surface saturations at 6 bar pressure drop for methane and carbon dioxide is 44197 

Barrer and 96521 Barrer respectively. At 20 bar pressure drop the same average is 73632 

Barrer for methane and 116097 Barrer for carbon dioxide. The ratio of the permeability of 

carbon dioxide at 20 bar pressure drop over its permeability at 6 bar pressure drop is 1.2 

while the same ratio for methane is 1.7. 
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Figure 4.11. Permeability values of each species for an equimolar CO2/CH4 gas mixture in CuBDC 

nanosheet for various surface saturations and for 6, 12 and 20 bar pressure drop.  
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4.5.3 Density Profile and Velocity Profile 

 

From Section 3.8.3 the density profile of the individual components of an equimolar 

CO2/CH4 gas mixture in CuBDC nanosheet with phenyl rings is already known. In this 

section, the density profile of carbon dioxide and methane in CuBDC nanosheet with acetate, 

COOH and OH is compared to the phenyl ring saturations, as shown in Figure 4.12. The 

structure of CuBDC nanosheet with phenyl ring saturations is placed on Figure 4.12 to guide 

the reader. The pressure drop along the nanosheet was set at 20 bar. Methane molecules 

accumulate at the entrance (surface on the left) of the nanosheet and their density drops 

inside the MONs, until it increases at the exit (right side of the MONs) of the nanosheets. 

An enlarged image of the density profile of methane with standard deviations on the 

nanosheet’s surface is provided at the top right corner. As it can be seen from the enlarged 

image, methane molecules present density peaks at around 2.1 nm due to mass resistance on 

the surface (left side) of the MONs. The maximum density value is 2.58 molecules/nm3 for 

phenyl rings saturation and the minimum value is 2.26 molecules/nm3 for COOH saturation. 

Comparing the phenyl rings saturation to the other saturations the density peak is lower by 

4-14%. For the acetate saturation a second higher peak occurs further inside the nanosheet 

but it is still of relatively similar value to the phenyl peak. Carbon dioxide molecules occupy 

adsorption sites mainly within the MON and hence it is unlikely that different surface 

saturations would lead into changed density profile. As with methane an enlarged image of 

the density profile of carbon dioxide with calculated standard deviations at the entrance of 

the nanosheet is provided. Direct comparison of the density peaks for carbon dioxide is not 

straightforward because of their occurrence at different depths in the nanosheet. For 6 bar 

pressure drop, the density profile of methane molecules at the entrance of the MON is lower 

for all surface saturations and the density peaks of carbon dioxide molecules are located 

towards the centre of the nanosheet (Appendix G). Direct comparison of the density profiles 

is challenging and might not always be meaningful due to the calculation of averages over 

several trajectories that may “flatten” density peaks for specific surface saturations. In any 

case, no significant differences are observed in the performance of the nanosheet 

(selectivity/permeability - section 4.5.2)  considering different surface saturations. 
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Figure 4.12. Density profile of methane (top) and carbon dioxide (bottom) in CuBDC nanosheet for 

various surface saturations and 20 bar pressure drop. 

 

The velocity profile of the guest molecules in the simulation box is shown in Figure 4.13. 

The CuBDC nanosheet structure extends from 2.3 nm to 7.3 nm. The velocity-x of carbon 

dioxide and methane molecules can be seen in Figure 4.13 as a function of the x-coordinate. 
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Filled symbols and empty symbols correspond to carbon dioxide and methane molecules 

respectively. Blue color corresponds to phenyl rings saturation on the MON’s surface, while 

red, orange and green correspond to COOH, OH and acetate surface saturation respectively. 

The velocity-x of carbon dioxide molecules on the surface for different surface saturations 

is marked by dashed circles (region around 2.3 nm and 7.3 nm) where it can be noted that 

the surface saturations applied do not alter the velocity profile of carbon dioxide molecules 

on the surface. More specifically, carbon dioxide molecules diffuse with relatively high 

velocity-x from 0 nm to around 2 nm (vacuum space) until they reach the MON’s surface, 

where they slow down and move inside the framework with relatively constant velocity-x 

until they reach the other end of the nanosheet where they pose positive acceleration and 

move with high velocity-x again. The velocity-x of methane molecules (bottom graph of 

Figure 4.13) is re-plotted for clarity for different surface saturations and is undistinguishable. 

However, peaks are observed for methane molecules at the exit of the CuBDC nanosheet. 
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Figure 4.13. Top graph: Velocity-x of carbon dioxide and methane molecules as a function of the x 

coordinate in the simulation box. Filled symbols correspond to carbon dioxide molecules and empty 

symbols correspond to methane molecules. Different surface saturations are represented with 

different colours as per legend. The dashed circles highlight the velocity-x of carbon dioxide 

molecules in the MON surface region. Bottom graph: Velocity-x of methane molecules re-plotted 

separately for clarity. 
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In Figure 4.14, the average velocity-x of methane and carbon dioxide molecules within the 

CuBDC nanosheet is presented. The different surface saturations have no significant impact 

on the average velocity-x with which the guest molecules travel within the nanosheet 

structure. Methane molecules travel faster than carbon dioxide molecules in CuBDC 

nanosheet for all surface saturations considered and the average values for COOH, OH and 

acetate are within margin of error from the initial phenyl rings saturation applied in 

Chapter 3.  

 

Figure 4.14. Average velocity in the x-direction of the guest molecules in the CuBDC nanosheet for 

phenyl rings, COOH, OH and acetate surface saturation. 

 

 Conclusions 

 

Classical molecular simulations have focused primarily on simulations of isotropic 3D MOF 

crystals, ignoring surface effects. However, 2D MONs have a significant larger external 

surface, the properties of which cannot be ignored for gas adsorption and separation 

applications. The impact of different surface saturations in CuBDC nanosheet was 

investigated for the separation of an equimolar CO2/CH4 gas mixture. Carboxyl groups, 

acetate and hydroxyl groups were tested and compared to phenyl rings saturation applied in 

Chapter 3. It was found that surface saturation with the aforementioned chemical groups 

does not alter significantly the performance of CuBDC nanosheet for CO2/CH4 separation. 

More specifically, the interaction energy of guest molecules-MON for COOH, OH and 

acetate surface saturation does not differ more than 1.2% for carbon dioxide and 8.5% for 
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methane from the phenyl rings saturation. For pressure drops from 12-20 bar the selectivity 

of CuBDC nanosheet with alternative surface saturations considered in this chapter, did not 

differ more than -8.0+15.7% from the phenyl rings saturation followed in Chapter 3. For 6 

bar pressure drop, larger error bars exist and the same difference was between -24.1+29.8%. 

The permeability of carbon dioxide molecules through CuBDC nanosheet with COOH, OH 

and acetate surface saturations varied by -8.9+3.3% compared to the phenyl rings saturation. 

For methane molecules this percentage was between -23.3+32.8% for the full pressure range 

of 6-20 bar. The density profile and the velocity profile of carbon dioxide and methane 

molecules in the MON are similar for all surface saturations explored. To conclude, the 

different surface saturation tested for CuBDC nanosheet generate qualitatively and 

quantitively similar results to the initial phenyl rings surface saturation followed in 

Chapter 3. Hence, the usage of different solutions and modulators during the experimental 

work is not likely to alter the MON performance significantly for carbon dioxide/methane 

separation. 
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 Defective CuBDC Nanosheets for CO2/CH4 Gas 

Separation 

 

 Preface 

 

In this chapter, the impact of defects in CuBDC nanosheet for the separation of an equimolar 

CO2/CH4 gas mixture is assessed. Firstly, the adsorption capacity of the defective structures 

is evaluated and compared to the pristine MON. The ability of the defective MONs to 

separate the gas mixture is tested with NEMD simulations and the simulated selectivity and 

permeability values are presented. The separation mechanism of the gas mixture in the 

defective CuBDC nanosheets is reported. Finally, the impact of the location of the defects 

in the MONs for the gas separation is assessed. 

 

 Background 

 

There are no perfect crystals. All laboratory synthesized MOF crystals are likely to contain 

defects to some extent. Structural deviations from the perfect crystallinity might be 

favourable or not for a specific application. For example, Assaad et al. studied arsenate 

removal from drinking water with defective (missing linker) UiO-66 MOF nanoparticles.242 

The researchers controlled the defect concentration with the addition of acidic modulators. 

The higher the concentration of the modulators, the higher the percentage of defects in the 

framework. This occurred due to competition of the modulators with the organic linkers to 

bind on the metal nodes. Introducing defects resulted in a more than 100% increase in 

arsenate uptake for the highest defect concentration sample (2.5/12 missing linkers on 

average in every cluster) when compared to almost defect free UiO-66. The reported 

adsorption capacity of around 200 mg/g is the highest uptake reported for all arsenate 

adsorbent materials at neutral pH. The aforementioned research work is a typical example 

where missing linkers can enhance the adsorption capacity of MOFs and are desirable. In 

2017, Chong et al. screened CoRE MOF database243 (11558 structures) and identified the 13 

top performing MOFs for methane adsorption.244 Missing linker defects were then 

introduced. The defective structures showed an increased uptake for methane ranging from 

15-56% higher than the defect-free structures at 65 bar. Jiang et al. synthesized MOF USTC-

253 with the incorporation of trifluoroacetic acid as a modulator in order to generate defects 

in its structure.245 The defective structure demonstrated 167% higher CO2 adsorption 

capacity compared to its defect-free counterpart. However, introducing defects (missing 
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linkers) does not always lead to enhanced gas storage capacity. For instance, Barin et al. 

synthesized defective (missing linker or cluster) MOF NU-125 and HKUST-1. Increased 

surface area and pore volume were observed when compared to the parent material. 

However, the adsorption capacity of CO2, CH4 and H2 decreased in HKUST-1 and only 

increased slightly in the case of NU-125. Hence, missing linkers or clusters do not 

necessarily lead to increased guest uptake. Other parameters such as the pressure range under 

study, temperature and the MOF’s structure may have an impact. 

There are reports where defects can clearly have a negative impact. For example, ZIF-8 is a 

hydrophobic MOF capable of separating ethanol from water.246 However, due to defects in 

its structure hydrophilic adsorption sites may be created, decreasing the material’s separation 

efficiency because of the occurrence of competitive adsorption. In addition, defects might 

cause  mechanical instability in MOF structures.247 In 2019, Kim et al. assessed 

computationally the performance of 838 MOF membranes for H2/CH4 gas separation and 

identified the top five candidates.248 The researchers introduced 10% missing linker defects 

in every structure and compared their performance to the pristine MOF membranes. It was 

found that the missing linkers would reduce the material’s ability to separate the gas mixture 

in every case. Pan et al. studied experimentally propylene/propane separation with ZIF-8 

membranes and tested the reproducibility of their results by considering five samples.249 The 

propylene and propane permeance showed a deviation of 150-300% among the experiments, 

which resulted in a deviation of up to 160% in the membrane’s selectivity. The researchers 

attributed these differences to defects in the membrane’s structure. It is therefore important 

to study, control and engineer defects.250 Understanding the impact of defects in MOFs for 

a given application could be a powerful weapon in the researchers’ arsenal and molecular 

simulations can help towards that goal. 

Scientists have mainly modelled MOFs as defect-free crystals. There are only a limited 

number of studies simulating defects in MOFs. However, defects may alter the adsorption 

properties of MOFs and in some cases they might be the reason for discrepancy between 

computational and experimental work. For example, Iacomi et al. investigated numerically 

and experimentally the separation of propylene from propane with pristine and defective 

MOF-801.251 The researchers noted that the experimental isotherms were in better agreement 

with predicted isotherms for structures where 1 in 8 metal nodes of the MOF were missing. 

Choi et al. investigated computationally water adsorption in MOF-801.252 The simulated 

isotherm for the defect-free material was significantly lower than the experimental one. 

However, when missing linker defects were introduced in the structure (4 missing linkers 

per unit cell), a better agreement was observed as the hydrophilicity of the MOF increased. 
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Molecular simulations can provide a useful insight on the occurring atomic level phenomena, 

including the impact of defects on gas adsorption and gas separation. This chapter addresses 

the influence of missing linkers in the structure of CuBDC nanosheet for CO2/CH4 gas 

mixture separation. 

 

 Defective CuBDC Nanosheet Structures Generation 

 

The CuBDC nanosheet structure presented in Section 3.4 was used as the starting point for 

the creation of the defective structures. Missing linker defects were introduced into the 

CuBDC nanosheet as shown in Figure 5.1. BDC organic ligands were removed from CuBDC 

nanosheet and replaced by hydroxyl groups, following the methodology of Ghosh et al.253 

Three structures were generated with 5%, 10% and 20% missing linkers. 2 nm of vacuum 

space was in place on either side of the nanosheets of 5 nm thickness. The location of the 

defects may have an impact on the separation performance of the nanosheets for CO2/CH4 

gas mixture. This matter is investigated in Section 5.5. Every BDC ligand was replaced by 

four hydroxyl groups. DFT calculations followed for the charge estimation of the defective 

structure, as described in Section 2.10.3. An energy minimization and an NVT equilibration 

would follow prior to NEMD simulations and after the guest molecule insertion as described 

in Section 2.9.2.1.  
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Figure 5.1. Missing linker defects introduced in CuBDC nanosheet. 5.1 (a), 5.1 (b) and 5.1 (c) 

correspond to 5%, 10% and 20% missing linker structures respectively. The colour scheme is as 

follows, red: oxygen atoms, orange: copper atoms, grey: carbon atoms, black: hydrogen 

atoms. 
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 Adsorption Capacity of Defective CuBDC Nanosheets 

 

The adsorption capacity of the defective CuBDC nanosheets was tested and compared to the 

defect-free nanosheet. GCMC simulations for an equimolar CO2/CH4 gas mixture were 

completed, following the methodology in Section 2.8. In Figure 5.2 , the isotherm of carbon 

dioxide and methane in ideal and defective CuBDC nanosheets is shown. Square symbols 

correspond to methane isotherm, while circles correspond to carbon dioxide isotherm. The 

colours blue, green, red and orange correspond to ideal structure, 5% defects, 10% defects 

and 20% defects respectively. Where error bars are not visible, they are smaller than the 

symbols. 

 

 

Figure 5.2. Isotherm of carbon dioxide and methane in pristine and defective CuBDC nanosheet as 

calculated from GCMC simulations for an equimolar CO2/CH4 gas mixture. 

 

As it can be seen in Figure 5.2, introducing missing linker defects up to 20% does not alter 

the isotherms significantly. For methane the isotherms are indistinguishable, while for 

carbon dioxide the difference in percentage of uptake of the 20% defective structure is not 

more than 16% when compared to the ideal structure up to 30 bar. The influence on CO2 

adsorption becomes greater as the pressure is increased as the bulkier BDC ligand was 

replaced by the smaller in size hydroxyl groups, creating more available adsorption sites. 

This effect is pronounced for carbon dioxide and not for methane due to the material’s 

adsorption preference towards CO2. Similar results were observed by Sarkisov, for argon 
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adsorption in defective IRMOF-1 structures, where the adsorption capacity was mainly 

unchanged for missing linker defects up to 20%.254   

 

 Performance of Defective CuBDC Nanosheets for CO2/CH4 Separation 

 

EF-NEMD simulations were completed for the evaluation of the performance of defective 

CuBDC nanosheets for CO2/CH4 gas mixture separation. The methodology followed can be 

found in Section 2.9.2.1. A linear relationship between the flux of every species and the 

pressure drop was established during the EF-NEMD simulations for the separation of an 

equimolar CO2/CH4 gas mixture for all the defective structures generated, as shown in Figure 

5.3. In every case the R2 value is equal or greater than 0.98. 

 

Figure 5.3. Linear response between the flux and the pressure drop achieved for an equimolar 

CO2/CH4 mixture in the defective nanosheet structures. 

 

The results of EF-NEMD for defective CuBDC nanosheets for the equimolar CO2/CH4 gas 

mixture show that missing linker defects reduce the capability of the MONs to separate the 

gas mixture. In Figure 5.4, the selectivity of defective and defect-free CuBDC nanosheets is 

demonstrated. The highest selectivity is observed for the ideal structure containing no 

defects, while introducing missing linker defects in the structure reduced the selectivity of 

carbon dioxide over methane. For 10% defects, the selectivity approaches the value of 1 and 

for 20% defects the nanosheet becomes selective towards methane instead of carbon dioxide. 
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A similar reversal in selectivity was observed by Iacomi et al. when studying the separation 

of the propylene/propane gas mixture with defective and ideal MOF-801.251 

 

 

Figure 5.4. Selectivity of carbon dioxide over methane for defective and pristine CuBDC nanosheets. 

 

The permeability values of carbon dioxide and methane are shown in Figure 5.5 for 20 bar 

pressure drop. The permeability of carbon dioxide was higher than the permeability of 

methane in the case of the ideal CuBDC nanosheet structure but it dropped with the 

introduction of defects. For 10% defects the permeability of both species was similar and 

thus the nanosheet was not selective towards any of the species. For 20% defects, the 

permeability of methane became greater than that of carbon dioxide and the nanosheet was 

selective towards methane. Similar results are observed for 6 and 12 bar pressure drop in 

Appendix H. 
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Figure 5.5. Permeability of carbon dioxide and methane for pristine and defective CuBDC 

nanosheets at 20 bar pressure drop.  

 

 CO2/CH4 Separation Mechanism in Defective CuBDC Nanosheets 

 

In Chapter 3, it was proved that the separation mechanism of a pristine CuBDC nanosheet 

for the equimolar CO2/CH4 gas mixture is a pore blocking effect where the carbon dioxide 

molecules preferentially adsorb in the material and methane molecules struggle to penetrate. 

In Section 5.5, it was shown that the selectivity of carbon dioxide over methane is reduced 

with the introduction of missing linker defects. The reason for the decrease in selectivity was 

the increase of methane permeability in the presence of defects.  

In order to understand further what happens at the atomic level when missing linker defects 

are present in the nanosheet’s structure, the density and the velocity profile of the guest 

species are presented in this section. In Figure 5.6, the density profile of carbon dioxide and 

methane in defect-free and defective CuBDC nanosheets is presented. The top graph 

corresponds to defect-free CuBDC and is labelled with the Latin number i. For the defective 

structures the Latin numbers (ii)-(iv) correspond to 5-20% missing linker defects 

respectively as per caption. All graphs presented in this section are for 20 bar pressure drop. 

The density profile of carbon dioxide molecules presents peaks at the location of the defects, 

indicating an accumulation of molecules at those positions. For example, 1, 2 and 4 peaks 

are observed at the density profile of carbon dioxide which correspond to 5%, 10% and 20% 

missing linker defects. These peaks are not present in the case of defect-free CuBDC 

nanosheet (top graph). For methane molecules the same peak as in the case of the ideal 

structure is observed (top graph) at the entrance of the nanosheet at around 2 nm.  
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Figure 5.6. Density profile of CO2 and CH4 in CuBDC nanosheets. Defect-free (i), 5% defects (ii), 

10% (iii) and 20% defective structures (iv) are shown. A faded image of the defective structure is 

placed on the graph for assistance. 20 bar pressure drop. 
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Methane molecules diffuse faster than carbon dioxide molecules in the nanosheets as shown 

in Figure 5.7, where the average velocity in the x-direction of methane molecules is higher 

than that of carbon dioxide molecules. The velocity of the carbon dioxide molecules is 

similar in all cases but for methane molecules at 20% defects there is a significant increase, 

which contributes towards the reduction in selectivity of the nanosheets for carbon dioxide 

and an increase in methane’s permeability. 

In the presence of missing linker defects, the pore blocking mechanism in place is reduced. 

Due to the missing linkers, additional voids are created in the structure, allowing methane 

molecules to penetrate more easily in the defective CuBDC nanosheets compared to the 

defect free structure. While the missing linker defects have a significant impact on methane 

penetration, carbon dioxide molecules adsorb more strongly in the structure and they diffuse 

slower within the nanosheet compared to methane and the missing linker defects do not have 

a significant impact on CO2 diffusion. 

 

 

Figure 5.7. Average velocity in the x-direction for carbon dioxide and methane in the ideal and 

defective nanosheets for 20 bar pressure drop.  

 

 Influence of Spatial Distribution of Defects 

 

In this section, the impact of the location of the defects on the presented results of selectivity 

and permeability is assessed. Alternative structures with the same percentage of defects but 

different defect distributions were generated following the methodology described in 

0

5

10

15

20

0 5 10 20

A
ve

ra
ge

 v
e

lo
ci

ty
 in

 t
h

e
 

x-
d

ir
e

ct
io

n
 (

m
/s

)

% of defects

Methane Carbon dioxide



128 
 

Section 5.3. One additional structure with 5% missing linker defects placed in the centre of 

the nanosheet was generated and labelled 5B (Figure 5.8 top). Two additional structures for 

10% defects were generated and shown in Figure 5.8 as 10B (middle) and 10C (bottom). 

Ideally, the defects should be generated randomly in the nanosheet but this was not possible 

because of the computational cost of generating partial charges via DFT calculations. In 

order to make partial charge generation computationally feasible via DFT, the defects are 

introduced in a small slab of the CuBDC nanosheet, on which quantum mechanical 

calculations are performed. The defective CuBDC nanosheet structures used in NEMD 

simulations are then generated as repetitions of the slab, preventing the truly random 

distribution of defects within the supercell. 

 

 

 

 

Figure 5.8. Defective CuBDC nanosheet structures with different missing linker location. Top: 5B 

structure with 5% defects, middle: 10B structure with 10% defects, bottom: 10C structure with 10% 

defects. The atom colours follow the legend provided. 
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In Figure 5.9, the selectivity of carbon dioxide over methane for the additional defective 

CuBDC nanosheets is presented and compared to the initial defective structures. For 5% 

defects, the alternative structure tested (5B) presents a selectivity 8.7% lower than the initial 

structure. For 10% defects, 10B and 10C structures present a selectivity which is 11.1% and 

13.1% lower than the initial structure respectively with 10B and 10C within a margin of an 

error difference. Additional simulations would be required to draw clear conclusions on the 

impact of the defects’ location. 

 

 

Figure 5.9. Selectivity of carbon dioxide over methane for the equimolar gas mixture with alternative 

CuBDC nanosheet defective structures.  

 

In Figure 5.10, the permeability values of carbon dioxide and methane in the alternative 

defective CuBDC nanosheet structures (5B, 10B and 10C) are compared to the initial 

defective structures (5% and 10%). For 5% defects, carbon dioxide and methane presented 

14% and 6% lower permeability for the 5B defective structure when compared to the initial 

5% defective structure respectively. For this defect percentage and methane the permeability 

values are within margin of an error however. For 10% defects and carbon dioxide there was 

a 2-3% increase in the permeability for the 10B and 10C defective structures when compared 

to the initial 10% defects structure. However, for the aforementioned comparison all results 

are within margin of an error due to the standard deviation calculations. For methane the 

same comparison was 16-20% increase in the permeability values from 10% to 10B and 10C 

respectively. However, 10B and 10C permeabilities are also within margin of an error. 
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Figure 5.10. Permeability of carbon dioxide and methane in the pristine and defective CuBDC 

nanosheets. 

 

Overall, from both the selectivity graph (Figure 5.9) and the permeability graph (Figure 5.10) 

no significant differences are observed, suggesting that the percentage of the defects is more 

important than the location itself. 

 

 Conclusions 

 

Defects in MOFs can alter their properties and their capability to separate gas mixtures. 

Understanding and engineering defects is a challenge towards the commercialization of 

MOFs. Researchers in the past have mainly modelled defect-free crystals and there is a 

limited amount of work on defects. This chapter is the first study to evaluate the impact of 

defects in MONs for gas separations with NEMD simulations. It was found that up to 20% 

missing linker defects do not have an impact on the adsorption capacity of the material. 

However, there is a decrease in the selectivity of carbon dioxide over methane with 

increasing missing linker defects. 10% defects are enough to drop the selectivity to a value 

of one (i.e. the material is no longer able to separate the two components), while 20% defects 

cause a reverse in selectivity, favouring methane. Thus, the need for defect-free synthetic 

methods for MONs for gas separations where the separation mechanism is a pore blocking 

effect is underlined. Finally, the impact of the location of the defects was assessed and it was 

found that the missing linker defect concentration is more important than the location itself. 
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In conclusion, defects in MOFs is far from a well understood topic. While this chapter helps 

to enrich the knowledge of the impact of defects on MONs for gas separations, additional 

work needs to be undertaken for a better understanding. For example, different types of 

defects need to be studied apart from missing linkers, more structures could be considered 

where the defect location impact is further analysed and different capping groups may be 

tested to replace the missing linkers. The aforementioned topics are suggested for future 

work. 
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 Summary and Further Work 

 

Carbon dioxide/methane gas sequestration is an important industrial separation, especially 

for biogas and natural gas energy upgrade. The commercially available technologies for the 

aforementioned gas separation, presented in Chapter 1, are energetically demanding and 

alternative methods are necessary. For example, the separation could potentially be achieved 

with lower energetic demands based on the adsorption phenomenon in microporous 

adsorbent materials. Such a class of adsorbent materials are MOFs. Over the past two 

decades, MOFs have received an increasing research interest. While MOFs are crystalline, 

isotropic 3D nanomaterials, growing them in 2D structures as MONs has showed promise 

for gas separation applications. Gas separations with MONs is a field in its infancy with 

unanswered questions such as: Are MONs better than MOFs for gas separations? What are 

the separation mechanisms? How do defects affect the capability of MONs to separate gas 

mixtures? This thesis addressed these questions via a wide range of computational 

techniques.  

In Chapter 3, CO2/CH4 gas separation in CuBDC MONs and bulk CuBDC was studied. The 

most likely structure of CuBDC nanosheet was generated computationally and the 

adsorption capacity of the material was assessed for both pure component and the equimolar 

gas mixture. Compared to available pure component experimental data, simulations 

overpredicted the experimental isotherms but agree qualitatively with the experiments that 

the bulk material has a higher capacity compared to the nanosheet for both gas species. The 

results of GCMC calculations show that carbon dioxide molecules interact more strongly 

with bulk CuBDC and CuBDC nanosheet in comparison with methane molecules. While 

GCMC calculations are useful in order to understand the adsorption properties of a material, 

they do not provide information about the kinetics of the guest molecules within the 

nanomaterial. The results of EMD show that methane diffuses faster than carbon dioxide 

molecules in bulk CuBDC. It was also found that reliance on pure component self-diffusion 

coefficients for the prediction of selectivity for binary mixtures resulted in over-predictions 

and thus multicomponent calculations are suggested instead for the study of gas separations. 

The combination of GCMC and EMD calculations is able to provide information about the 

equilibrium properties of the system. However, at equilibrium, external driving forces such 

as a pressure drop across the material are ignored. The use of NEMD simulations allowed 

the pressure driving force present in experiments to be captured in simulation. Previous 

experimental work hypothesised a molecular sieving effect being responsible for the 
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separation. However, the results of NEMD simulations show a pore blocking mechanism 

effect in place, in which carbon dioxide interacts strongly with CuBDC nanosheet and does 

not diffuse fast in the material, blocking the adsorption and diffusion of methane into the 

adsorbent. The pure component calculations of the permeability were found to be 

misleading, underlining the recommendation to study multicomponent mixtures whenever 

possible. The selectivity of CuBDC nanosheet for carbon dioxide over methane was found 

to be higher than bulk CuBDC, in agreement with experimental data. The nanosheet surface 

was found to be responsible for the enhanced performance due to mass resistance on the 

surface. The overall gain in performance from using an MON rather than bulk MOF is 

therefore a result of an increased surface to volume ratio in the MON. 

As additional work, the study of impurities is suggested. Natural gas and biogas are not 

composed only of carbon dioxide and methane, other species are also present. Possible 

impurities in the gas stream and/or incomplete solvent activation might have an effect on the 

gas separation efficiency. In particular, polar species such as water and H2S – which may 

provide strong competition to CO2 for adsorption sites – should be considered. In this thesis, 

only the impact of the CuBDC nanosheet was assessed for the separation of carbon dioxide 

from methane, ignoring the polymer contribution in the MMM material. Simulating the 

polymer as well would be very demanding computationally but a very interesting study. 

Modelling the polymer separately and utilizing a theoretical model such as Maxwell’s 

permeation theory255 to estimate the MMM properties and directly compare them to 

experimental data is also possible. It has been discussed that OMS are unlikely to 

significantly influence the carbon dioxide/methane gas separation due to their low density 

in the structure. However, it would be beneficial to test this utilizing a force field that is 

adjusted for the CuBDC system studied in this thesis, especially if potentially coordinating 

impurity species are to be studied. 

In Chapter 3, it was found that the MON surface is important for the CO2/CH4 gas separation, 

leading to more efficient separation achieved by the CuBDC nanosheet when compared to 

the bulk MOF. Hence, the research question arises: Do different capping groups on the 

surface of the MON impact the gas separation? In Chapter 4, three additional CuBDC 

structures were generated with different capping groups to Chapter 3 where phenyl rings 

were present on the MON’s surface. Carboxyl groups, acetate groups and hydroxyl groups 

were tested in Chapter 4. All the aforementioned groups could be present on the nanosheet’s 

surface, originating from different modulators used during the experimental synthesis 

process. The different capping groups tested did not alter the nanosheet’s gas uptake 

capability and the adsorption properties of the material. The NEMD simulations showed that 
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the different capping groups on the MON’s surface do not alter significantly the nanosheet’s 

behaviour for the CO2/CH4 gas separation. Thus, it is unlikely that different modulators and 

solvents used during the experimental synthesis process would have a serious impact on the 

gas separation. 

However, as future work bulkier groups than the ones tested could be utilized, that could 

potentially limit the entrance of methane molecules in the nanosheet structure and a better 

separation could be achieved. Larger groups were not tested in this work due to 

computational limitation for the charge generation at the DFT level. It would be interesting 

to use capping groups that interact strongly with the guest molecules on the surface. For 

example, it has been shown that carbon dioxide molecules interact strongly with amine 

groups or other nitrogen containing groups, which further increased the selectivity of carbon 

dioxide over other gas species.256 Addition of the polymer in the simulations will be a key 

topic to investigate in future studies. The computational challenge of these types of studies 

means that there are very few publications studying the MOF/polymer interface,162, 238, 257-

258 but the MOF/polymer compatibility and the polymer depth penetration in the MOF would 

be of great interest. The effect that the MOF/polymer interface could have on the separation 

should be studied. The result of such a study could provide guidance to experimental groups 

on the polymer choice for the formation of MMM, as well as whether surface groups on the 

MOF play a role in enhancing or hindering MOF-polymer compatibility.  

It is almost impossible to synthesize defect-free MOFs in the laboratory. All MOF crystals 

are expected to contain some sort of defect. While there are advancements to engineer and 

control defects experimentally, this is quite hard and evaluating the impact of defects solely 

without any other experimental variable changing is practically unfeasible. However, 

molecular simulations are an ideal way to test the impact of defects in MOFs for various 

applications such as gas storage and gas separations. Through molecular simulations the type 

of defect can be controlled, and the impact of defects can be isolated and studied. 

Nevertheless, there is a very limited range of computational work in literature evaluating the 

impact of defects in the MOF field. In Chapter 5 of this thesis, the impact of missing linker 

defects is studied for the CO2/CH4 gas separation with CuBDC nanosheets. Firstly, defective 

CuBDC nanosheet structures were generated with 5%, 10% and 20% missing linker defects. 

The adsorption capacity of the defective material was studied and compared to the defect-

free structure. It was found that up to 20% defects the storage capacity of the material does 

not change considerably. The influence of missing linker defects on CO2/CH4 gas separation 

performance with CuBDC nanosheets was assessed with NEMD simulations. The results 

showed that the system is extremely sensitive to missing linker defects and the pore blocking 
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mechanism in place for the separation is cancelled at 10% defects. Methane molecules are 

able to penetrate the nanosheet due to voids created by the missing linker defects and the 

selectivity for carbon dioxide drops. For systems in which the separation mechanism is a 

pore blocking mechanism, a low defect synthetic approach needs to be followed by 

experimental groups.  

Amongst the limited number of publications considering defects, the majority of them study 

missing linker defects. The defect studies need to be extended to more defect types such as 

missing metal clusters or partially collapsed frameworks. Application of the methodology 

followed in Chapter 5 of this thesis could extend the study of defects to more MOF systems 

and provide further knowledge on structures with different chemistry and topology. It is 

necessary to develop and implement a random defect distribution. In this thesis the defect 

distribution methodology followed a sequential removal of organic linkers from the structure 

starting from one surface of the MON and ending on the opposite surface. Alternative 

defective structures with the same number of defects but different location were also tested 

but the study was not exhaustive and a more random approach could be beneficial to ensure 

that human bias is eliminated. Hence, more MON structures with the same percentage of 

defects but different locations could be generated and studied in order to confirm that the 

missing linker defect percentage is more important than the location itself. 

In conclusion, while MONs have shown great promise – mostly experimentally – in 

literature for gas separations, where the nanosheets are integrated in a polymer to form 

MMM, this topic has not been studied thoroughly computationally. The experimental data 

are encouraging that this field may provide an efficient solution for gas separations in 

industry, but our understanding of why MONs outperform MOFs in some areas is lacking, 

compounded by limited fundamental simulation work. This thesis has outlined the first steps 

in filling in those knowledge gaps. The presented research work was the source of the first 

publication in literature to study the impact of defects in MONs with NEMD simulations 

and has been able to make clear recommendations in the further experimental study of this 

system. The same methodology could be followed and implemented to evaluate the gas 

separation performance of different MON materials. The output of such computational 

studies can provide guidance for experimental synthesis or work as an extra tool to fully 

understand the physical phenomena occurring at the atomic level. An important finding of 

this thesis was the determination of the gas separation mechanism for CO2/CH4 occurring in 

the CuBDC nanosheet. In Chapter 4, while the implementation of different saturation groups 

on the surface of the nanosheet did not generate results with significant differences might 

seem initially as an unexciting scientific result, experimental groups will benefit from these 
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results, by being aware that utilizing different modulators as surface capping groups is 

unlikely to affect the nanosheet’s gas separation performance. Finally, the realization that 

synthesizing perfect defect-free crystals in the laboratory is not possible is more and more 

evident. Understanding and engineering defects in MOFs is a topic that has recently gained 

attention and the knowledge of the scientific community is limited. Chapter 5, in this thesis 

has contributed towards the understanding of the impact of defects on MOF nanosheet’s 

ability to separate gas mixtures. Overall, the research work conducted and presented in this 

thesis has not only answered a number of previously open questions pertaining to this 

specific MON system, but has established a clear computational methodology which is likely 

to be capable of providing significant insight into other MON-gas systems. 
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Appendix A: CO2/CH4 Gas Mixture Adsorption in Nanosheet 

and Bulk CuBDC 

 

In this section are presented the isotherms for an equimolar mixture of CO2/CH4 gas mixture 

in nanosheet and bulk CuBDC reported in number of molecules per simulation box. The 

dimensions of the CuBDC nanosheet simulation box are (9.45, 3.87, 3.23) in nm. The 

dimensions of the bulk CuBDC simulation box are (3.23, 2.90, 3.15) in nm. The temperature 

is set at 298 K. For the EF-NEMD simulations of the main text in Chapter 3, the loading of 

the structures at 1.6 bar is utilized. The number of molecules in the CuBDC nanosheet at that 

pressure is 89 carbon dioxide molecules and 28 methane molecules while in the bulk CuBDC 

MOF at 1.6 bar, 45 carbon dioxide molecules and 12 methane molecules are adsorbed.  

 

 

Figure 0.1. Isotherm for an equimolar CO2/CH4 gas mixture in CuBDC nanosheet. 
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Figure 0.2. Isotherm for an equimolar CO2/CH4 gas mixture in bulk CuBDC. 
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Appendix B: Methane Adsorption Mechanism in CuBDC 

Nanosheet 
 

In Figure 0.3 the interaction energy of methane molecules with the CuBDC nanosheet is 

shown utilizing a colorbar. Red colour corresponds to strong interaction while blue and white 

beads correspond to weak and average strength of interaction.  The same adsorption 

mechanism is observed as in the main text in the case of carbon dioxide. Adsorption sites 

within the framework are occupied first for pressure below one and as the pressure increases, 

more adsorption sites in the pores and on the surface are occupied. Because of our model’s 

limitation to simulate OMS-guest interactions it is likely that strong adsorption sites on the 

surface that are occupied first at low pressures are missed. However, because of the lack of 

OMS within the structure and because the overall pressure of interest is above 1 bar, it is 

expected that realistic adsorption properties are calculated. 

 

Figure 0.3. Interaction energy of methane in CuBDC nanosheet. Red corresponds to strong 

interaction between guest molecule and framework, while white and blue beads correspond to 

average and weak interaction. 
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Appendix C: Guest-Framework Interaction Energy 
 

 

Figure 0.4. Guest-framework interaction energy at 0.5 bar in bulk CuBDC. 

 

 

Figure 0.5. Guest-framework interaction energy at 5 bar in bulk CuBDC. 
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Figure 0.6. Guest-framework interaction energy in the CuBDC nanosheet at 0.5 bar. 

 

 

Figure 0.7. Guest-framework interaction energy in the CuBDC nanosheet at 5 bar. 
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Appendix D: Guest-Guest Interaction Energy 
 

 

 

Figure 0.8. Guest-guest interaction energy for the bulk CuBDC at 0.5 bar. 

 

 

Figure 0.9. Guest-guest interaction energy for the bulk CuBDC at 5 bar. 
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Figure 0.10. Guest-guest interaction energy at 0.5 bar. 

 

 

Figure 0.11. Guest-Guest interaction energy at 1.6 bar. 
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Figure 0.12. Guest-guest interaction energy at 5 bar. 
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Appendix E: Methane-CuBDC MON Interaction Energy with 

Varying Surface Saturations 
 

 

Figure 0.13. Interaction energy of methane in CuBDC nanosheet for various surface saturations. 

Red corresponds to strong interaction between guest molecule and framework, while white and 

blue beads correspond to average and weak interaction respectively. 
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Appendix F: Interaction Energy for Pure Components 
 

 

Figure 0.14. Normalized histogram of the guest-framework interaction energy for pure component 

simulations in CuBDC nanosheet with various surface saturations. For bulk gas pressure set at 1.6 

bar. 

 

Table 0.1. SSR of the interaction energy of guest molecules-MON for surface saturation pairs for 

pure component calculations. 

 SSR 

 CO2 CH4 

Phenyl rings-COOH 0.009                                                    0.011 

Phenyl rings-Acetate 0.019 0.012 

Phenyl rings-OH 0.013 0.008 
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The average SSR for carbon dioxide is 0.014, while for methane is 0.010. These values 

confirm that the lower SSR value (by one order of magnitude) observed for carbon dioxide 

in the main text is indeed due to the material’s preference for carbon dioxide adsorption. 
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Appendix G: Density Profile of Guest Molecules in CuBDC 

Nanosheet with Various Surface Saturations at 6 bar Pressure 

Drop 
 

 

 

Figure 0.15. Density profile of methane (top) and carbon dioxide (bottom) in CuBDC nanosheet 

for various surface saturations and 6 bar pressure drop. 
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Appendix H: Permeability Values of CO2 and CH4 in Defective 

CuBDC Nanosheets at Various Pressure Drops 
 

 

Figure 0.16. Permeability of carbon dioxide and methane for pristine and defective CuBDC 

nanosheets at 6 bar pressure drop.  

 

 

Figure 0.17. Permeability of carbon dioxide and methane for pristine and defective CuBDC 

nanosheets at 12 bar pressure drop. 
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