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Abstract 

 Microporous metal organic frameworks (MOFs) are a novel class of materials 

formed through self-assembly of inorganic and organic structural building units (SBUs). 

They show great promise for many applications thanks to record-breaking internal surface 

areas, high porosity as well as a wide variety of possible chemical compositions. Molecular 

simulation has been instrumental in the study of MOFs to date, and this thesis work aims to 

validate and expand upon these efforts through two distinct computational MOF 

investigations.  

 Current separation technologies used for CO2/N2 mixtures, found in the 

greenhouse gas-emitting flue gas generated by coal-burning power plants, could greatly 

benefit from the improved cost-effective separation MOF technology offers. MOFs have 

shown great potential for CO2 capture due to their low heat capacities and high, selective 

uptake of CO2. To ensure that simulation techniques effectively predict quantitative MOF 

gas uptakes and selectivities, it is important that the simulation parameters used, such as 

force fields, are adequate.  We show that in all cases explored, the force field in current 

widespread use for N2 adsorption over-predicts uptake by at least 50% of the experimental 

uptake in MOFs. We propose a new N2 model, NIMF (Nitrogen in MoFs), that has been 

parameterized using experimental N2 uptake data in a diverse range of MOFs found in 

literature. The NIMF force field yields high accuracy N2 uptakes and will allow for accurate 

simulated uptakes and selectivities in existing and hypothetical MOF materials and will 

facilitate accurate identification of promising materials for CO2 capture and storage as well 

as air separation for oxy-fuel combustion. 



vi 

 

 We also present the results of grand canonical and canonical Monte Carlo 

(GCMC and canonical MC), DFT and molecular dynamics (MD) simulations as well as 

charge density analyses, on both CO2 and N,N-dimethylformamide adsorbed in 

Ba2TMA(NO3) and MIL -68(In), two MOFs with non-equivalent inorganic structural 

building units. We demonstrate the excellent agreement found between our simulation 

results and the solid-state NMR (SSNMR) experiments carried out by Professor Yining 

Huang (Western University) on these two MOFs. Molecular simulation enables discoveries 

which complement SSNMR such as the number, distribution and dynamics of guest binding 

sites within a MOF. We show that the combination of SSNMR and molecular simulation 

forms a powerful analytical procedure for characterizing MOFs, and this novel set of 

microscopic characterization techniques allows for the optimization of new and existing 

MOFs. 
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1 ï  Introduction  

Metal organic frameworks, also known as MOFs or porous coordination polymers 

(PCPs), are an exciting new class of materials which have the potential to be applied to 

catalysis1ï3, gas capture and separations4,5, sensing6,7, photoluminescence8, electrical 

conductivity (porous electrodes)9, drug delivery10 and many other fields. These microporous 

crystalline materials, which are formed through self-assembly of inorganic and organic 

structural building units (SBUs), show great promise thanks to record-breaking internal 

surface areas, high porosity, a wide variety of possible chemical compositions and high 

tuneability. 

The work in this thesis is composed of two computational-based MOF-related projects. 

The first topic pertains to the study and development of a new N2 force field for improved 

uptake N2 predictions which leads to better gas mixture (CO2/N2 and O2/N2) selectivity 

predictions. The second topic relates the results of in depth studies of the interactions of both 

CO2 and N,N-dimethylformamide (DMF) adsorbed on the MOFs MIL-68(In) and 

Ba2TMA(NO3). This is done in order to better understand the interactions at play within 

these two MOFs, as well as to corroborate solid-state NMR (SSNMR) findings for these two 

MOFs as derived by Professor Yining Huangôs group (Western University). 

A more in-depth discussion of defining MOF characteristics and examples of MOFs 

from literature follows. Then, some of the MOF applications, in particular gas storage and 

separation, will be explored. Next, an overview of modern MOF characterization techniques 

shall be presented, with particular emphasis placed on use of SSNMR in this context. 

Finally, computational contributions to the area of MOFs will be reviewed. The objectives of 

the thesis will be given at the end of the chapter. 
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1.1 Metal Organic Frameworks (MOFs) 

Interest in MOFs reached an all-time high on the scientific scene in the early 2000s 

when Yaghi et al. published their seminal work on MOF-511, a now highly studied porous 

material, and introduced use of reticular chemistry to achieve unprecedented systematic and 

controlled design of new MOFs.12,13 Before the ñMOFò term being coined by Yaghi, porous 

coordination polymers (PCPs) had already been investigated for many years by pioneers 

such as S. Kitagawa.14 Since the discovery of this class of materials, hundreds of new MOF 

structures have been discovered and are being actively tested for a wide variety applications. 

MOFs have potential for application to a plethora of industrial problems (see section 1.2 for 

a more detailed account of these).15 

 

Figure 1-1. MOF-5, from its Zn4O tetrahedral SBU (a) and organic H2BDC SBU (b), a single MOF-

5 unit cell with yellow sphere to indicate pore space (c) and finally a slice through the {100} plane of 

the 3D MOF-5 material (d).11 

In terms of basic structure and function, MOFs can readily be compared to zeolites. 

Conventional zeolites are microporous aluminosilicate materials which can be naturally-

occuring or man-made, whereas MOFs are microporous materials which can be synthesized 

using an infinite combination of inorganic and organic structural building units (SBUs). 

With this unlimited number of possible SBUs, an enormous number of unique MOFs with 

different surface properties and chemistry have the potential to be made. Another major 
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difference is that zeolites are significantly more challenging to synthesize. A little over 200 

zeolite structures have been reported up until now16 and thousands of X-ray crystallographic 

MOF atomic coordinates have been deposited in the Cambridge Structural Database (CSD), 

with the number of 3D structures reported doubling on average every 4 years.17  

One property which makes MOFs unique is the presence of coordinatively 

unsaturated metal centers, which result in what is called an ñopen metal siteò MOF. These 

MOFs present certain advantages over their coordinatively saturated counterparts: the 

exposed metal cation site will interact preferentially with guest molecules, providing strong 

physisorption character while still remaining energetically well below the strength 

characteristic of a chemisorption (< 50 kJ/mol). This type of interaction is ideal for easy 

desorption of adsorbed guests, which is an important feature for many applications. Because 

of strong, localized binding provided by open metal sites, Mg-MOF-74, a MOF with 

unsaturated Mg sites and 2,5-dioxido-1,4-benzenedicarboxylate (DOBDC) linkers, 

demonstrates high and selective CO2 adsorption of 89 g per kg of MOF at conditions 

relevant for industrial gas separation and 87% of the captured CO2 can be released at room 

temperature.18,19 These open-metal site materials do present some disadvantages depending 

on the application at hand. For example, because of the ease of access to the metal center, 

open-metal site MOFs tend to be much more hydrophilic than many coordinatively saturated 

MOFs, and will therefore tend to bind water over other guests when humidity is present.20 

Although many coordinatively unsaturated MOFs like Mg-MOF-74 show relatively good 

stability when in the presence of water, water stability represents a major challenge for many 

MOFs used as industrial sorbents, as humidity is present in many typical adsorption 

problems.21,22 Other gas impurities found in industrial processes such as H2S, SOx and NOx 
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also have been shown to bind strongly and selectively to certain frameworks resulting in 

lowered adsorption capacity for another gas of interest.23ï25 Work on better understanding 

these stability problems is challenging, and it is of great interest based on current 

literature.22,26,27  

Recent synthetic advances have allowed MOFs with targeted pore sizes, internal 

surface areas, specific topologies and surface chemistry to be made and tested. MOFs can be 

made with essentially any metal center, ranging from explosive-detecting Li-centered 

MOFs28 to bio-compatible Fe-based frameworks29,30 and even luminescent/light-emitting 

lanthanide-organic frameworks.31 Pore sizes for these materials may range from mesoporous 

(between 20 and 500 Å) to microporous (between 2 and 20 Å). IRMOF-74-IX has pore 

space in the mesoporous regime (pore diameter = 61 Å) and retains its crystal structure after 

inclusion of green fluorescent protein (GFP) (barrel structure with diameter = 34 Å and 

length = 45 Å).32 NU-110 is a MOF with exceptional internal surface area (7140 m2/g) and 

holds the world record pore volume (4.40 cm3/g), which is over 4 times greater than that of 

average zeolites, silicas or porous carbons.33,34 At the other end of the pore-size spectrum are 

MOFs found in the microporous regime, which can be advantageous for gas separations 

when one guest is preferentially adsorbed thanks to a molecular sieving effect.35 In other 

cases, a MOF will structurally transform or ñbreatheò upon gas adsorption, which will enable 

pore sizes to change significantly and accommodate larger guest molecules.36  MOFs also 

can have unique topologies (the underlying geometry of a framework) and exist in a variety 

of forms. Traditionally, MOFs tend to be thought of as 3-dimensional, periodic, highly 

organized insoluble micron-sized crystals, but the MOFs being explored in recent years do 

not necessarily have all those qualities. The first rationally designed MOF nanotube was 
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recently reported and shows great promise as a semi-conductor37, composite materials in 

which MOFs are anchored on surfaces or particles are emerging as appealing industrial 

catalysts and as systems for chromatographic separations38 and around 30 amorphous MOF 

(aMOF) structures, MOFs which lack any long-range periodicity, have been reported to date 

and show higher mechanical stability compared to traditional MOFs, which could be very 

interesting for drug delivery, ion transport and other applications where the collapse of MOF 

around a guest is desirable.39 

The constant growing need for new technologies in areas such as power generation 

and storage, industrial chemical production and pharmaceutical drug delivery pushes 

synthetic discovery of novel, record-breaking MOF systems like the ones mentioned in this 

section.   

1.2 Applications 

Application of MOFs to industrial processes, although promising, is still in a 

relatively early stage of commercialization.15 Their potential for impact at a larger scale is 

certainly recognized, as BASF, arguably the largest chemical company in the world, is now 

producing MOFs (Basolite® C 300 {HKUST-1}, Basolite ® A100 {MIL-53(Al)} and 

Basolite® Z1200 {ZIF-8}) at kilogram scales. Their interesting host-guest chemistry offers 

opportunities in many areas of industrial processes, but for the sake of brevity and because 

of the nature of the research done for this thesis, only two shall be explored in this chapter: 

gas capture/storage and gas separation. 

1.2.1 Gas capture and storage 

Identifying and implementing renewable energy resources to replace rapidly 

decreasing fossil fuel reserves and to reduce the anthropogenic impact on climate change has 
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proven to be one of our centuryôs greatest challenges. Hydrogen and methane are promising 

replacements for traditional gasoline thanks to their cleaner combustion and superior energy 

payout. One major challenge associated with the use of these gases as fuels is their efficient 

and high-capacity storage, for example for use in automobiles.  MOFs are an excellent 

adsorbent choice for this application thanks to their particularly low desorption energy 

requirements as well as their ability to adsorb gas at very high capacity. They are seriously 

being explored to store alternative fuels, and competitive MOF candidates have been 

identified.40ï43 MOF-210 can store up to 15 weight percent H2 at 80 bar and 77K, whereas 

the U.S. Department of Energyôs 2017 target for H2 storage is 5.5 wt% and 45 g L-1 at 

temperatures between 233-333K and under a maximal delivery pressure of 100 bar.40,44 

Mercedez-Benz recently released a research vehicle, the F125, which makes use of a MOF 

reservoir to store H2 gas.45 BASF announced that they were conducting trials for storage of 

methane gas in MOF-filled vehicle tanks.46 Storage of fuels in MOFs is certainly an exciting 

area with a very real potential for application, but gas storage in MOFs is not limited to 

fuels.  

1.2.2 Gas separation 

CO2 is a greenhouse gas which is contributing to the depletion of the ozone layer, 

and about 80% of worldwide CO2 emissions are generated through fossil fuel combustion.47 

60% of worldwide carbon emissions originate from electricity generation, a stationary point 

source, which accounts for 28 billion tons of greenhouse gas released in 2004.48 Because of 

its stationary nature and massive CO2 production, a promising strategy to reduce CO2 

emissions is to make use of carbon capture and storage (CCS) to trap the gas directly at the 

source. The gas can then be transported and injected into a permanent storage site, such as 
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empty saline aquifers, depleted oil fields or even buried in the the deep ocean floor.49,50 At 

present, large scale CCS is not occurring, because current CO2 scrubbing technologies 

require too much energy and are not cost effective. One such technology is liquid amines, 

which are inefficient due to requiring high regeneration temperatures which arise from high 

heat capacity and to a lesser extent the chemisorptive nature of the adsorption process.51 A 

key advantage of MOFs is that their regeneration costs are comparably small thanks to their 

lower heat capacity. Because amine concentrations in solution must be low to prevent 

corrosion of the vessel which contains them, their heat capacities are very close to that of 

pure water (Cp = 4.18 J K-1 g-1) whereas a representative MOF like MOF-177 (Zn4O(BTB)2 , 

where BTB = 1,3,5-benzenetribenzoate) has a much lower heat capacity at ambient 

temperature (Cp ~ 0.5 J K-1 g-1) and even at higher temperatures (Cp ~ 1.6 J K-1 g-1 at 

498K).52 In addition to the significantly lowered desorption costs, MOFs have shown 

excellent capacity for CO2 with the current capacity record-holder being MOF-200 

(Zn4O(CO2)6[BBC], where BBC = 4,4ǋ,4ǌ-[benzene-1,3,5-triyl -tris(benzene-4,1-

diyl)]tribenzoate) with an exceptional CO2 capacity of 2347 mg/g of MOF (298K, 50 bar).44 

This translates to potential for storage of 17 times as much CO2 as an empty pressurized gas 

cylinder at 35 bar.17 

A major concern with CCS and other gas capture applications is separation of the 

target gas from a mixture. In the context of CCS, the separation process accounts for around 

70% of the cost of the operation.49 As an example, typically the gas produced from coal 

combustion contains 15% CO2 in addition to 73-77 % N2, 5-7% H2O and trace amounts of 

O2, SOx, NOx, CO and HCl which all must be separated from CO2 by the sorbent used.51 In 

the event that non-target gases are adsorbed, not only will efforts be wasted extracting and 
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storing non-greenhouse gases but it is possible that contaminant gases may irreversibly bind 

to the framework or even induce collapse of the framework, which may significantly reduce 

a MOFôs capacity for adsorbing carbon dioxide over time.     

 There are three CCS strategies to mitigate CO2 emissions generated by power 

plants.51 Two of these strategies can be used when building new power plants, and one 

strategy is to be used to retrofit existing plants. The first strategy to be used for new plants is 

called oxyfuel combustion. In this strategy, N2 is separated from air to provide a pure O2 

stream for higher efficiency coal or gas combustion. The final products of this combustion 

process are CO2 and H2O gases, which neednôt be separated from any other gases. In the 

second approach called pre-combustion separation, also aimed at new power plants, coal is 

first gasified at elevated temperature and high pressure in the presence of oxygen or air to 

produce syn gas, which is mainly composed of H2 and CO. The syn gas is then further 

reacted with steam at high pressure and moderate temperatures to form H2 and CO2, which 

together are known as ñshifted syn gasò. H2 is the fuel intended for combustion, and 

therefore must finally be separated from CO2. The third and final strategy which is of great 

interest because it can be directly applied to existing power plants is called post-combustion 

separation. This approach consists of separation of CO2 from the flue gas generated after 

combustion, which contains mostly N2 and CO2. Evidently, these three approaches involve 

separation of very different gas mixtures. In spite of the differences, MOFs have shown great 

promise for separation of the gas mixtures in these three cases as well as in many other areas 

including air separation (O2/N2), landfill gas separation and natural gas purification 

(CH4/CO2), hydrocarbon (alkane or olefin) separation53 and even separation of toxic carbon 

monoxide, ammonia or chlorine from other gases or air.35,54,55 
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In any of the three CCS strategies listed above, the MOF can be regenerated in a few 

different ways. The two main methods used are entitled Temperature Swing Adsorption 

(TSA), Pressure Swing Adsorption (PSA).51 TSA makes use of temperature increase for 

desorption, whereas PSA make use of a decrease in pressure. TSA in particular is promising 

because low-grade heat emitted by various functions within the power plant can be recycled 

for this process, reducing the cost of the operation. Although TSA is promising for post-

combustion CCS, PSA is showing more promise for pre-combustion CCS, because the gas 

stream is already pressurized in this process. Combinations of these methods (ie. TPSA) 

have also been shown to be effective for certain adsorbents.56 In any event, the regeneration 

method is another parameter to consider in the optimization of MOFs for CCS, as desorption 

will be ideal when the regeneration process conditions match those of the selected 

adsorbent.56 

 To date, many different reasons for why a MOF has the capacity to selectively adsorb 

certain gases over others have been identified.5 In certain cases, gases can be separated 

simply based on their difference in size or shape with respect to the MOFôs pore aperture. 

This is observed for CO2 (smallest dimension: 2.5 Å) and CH4 (smallest dimension: 3.8 Å) 

gases in the MOF MIL-96, Al12O(OH)18(H2O)3(Al 2(OH)4)[BTC]6Ā24H2O (pore aperture: 2.5 

ï 3.5 Å), which selectively captures CO2 due to pore aperture size constraints.57 Adsorbate-

surface interactions also tend to play an important role in separation of certain guests. Again, 

CO2 and CH4 can be compared in this context. CO2 has a strong quadrupole moment and it 

has been shown that interactions with the framework can heavily influence adsorption 

capacity.58 For other gases like CH4 which has no quadrupole moment, identifying high 

capacity materials is a ñspace-fillingò problem, meaning that a large pore volume as opposed 
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to optimal pore wall chemistry will provide optimal uptake.59 This difference in molecular 

properties can be exploited for many gas mixtures, as was done by Bae et al. to optimize 

CO2 uptake through design of the cavity surface of [Zn2(4,4ô,4ôô,4ôôô- benzene-1,2,4,5-

tetrayltetrabenzoate)(py-CF3)2]n, which selectively captures CO2 over N2 thanks to -CF3 

functionalization intended to interact favourably with carbon dioxide.58 More complex 

reasons for selective adsorption occur, such as framework ñbreathingò mentioned earlier 

where framework flexibility can play a role in selective gas capture36, structural 

rearrangements induced by surface-adsorbate interactions, or even adsorbate specific ñgate-

openingò pressures. It is worth noting however that these complex adsorption selectivity 

mechanisms may result in greater engineering challenges, so rigid MOFs will be more easily 

applied for most real-world problems. 

 It is evident that microscopic guest-host interactions within MOFs must be studied in 

order to provide appropriate explanations for observed selectivities and uptake capacities. 

Experimental tools do exist to probe these phenomena (for more details on some of these 

techniques, see the introduction to Chapter 4), but calculations can provide insights not 

otherwise easily obtained through other means. The next chapter discusses some of the 

advances in experimental characterization carried out in MOFs.  

1.3 MOF Characterization 

Finding links between properties which arise from a MOFôs specific structural features 

and guest-host interactions is of great importance. Experimental characterization of MOFs is 

crucial for rational design of better materials as well as for improvement of existing MOFs. 

One of the techniques used most often for characterization of materials (including 

MOFs) is single-crystal X-ray Diffraction (XRD), also called x-ray crystallography. In this 
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method, a beam of X-rays are projected upon a crystalline material. The crystal will then 

diffract the incident beam, and this diffracted beamsô angle and intensity will provide 

information regarding the density of electrons within the structure. The electron density can 

in turn be correlated with more useful information such as atomic coordinates, chemical 

bonds and crystallographic disorder caused by multiple favourable configurations of the 

atomic positions. 

In practice, it can be difficult to obtain sufficient and/or high-quality MOF single 

crystals for X-ray crystallography experiments. In cases where MOF single crystals are 

available, they often have issues with excessive internal thermal motions, severe 

crystallographic disorder as well as the inability to provide information on trapped guest 

molecules. In cases where it is impossible to make use of a single crystal for XRD, it is also 

possible to perform x-ray experiments on a powder (powder x-ray diffraction or PXRD), but 

these provide more limited structural information for a material. Therefore, other 

characterization techniques which do not require single crystals are necessary to better 

understand MOF structure. 

Up to date, a large number of experimental tools have been used to characterize MOFs 

in different ways. These include (but are not limited to): Infrared spectroscopy60, low-

temperature X-ray and neutron diffraction61ï63, inelastic neutron scattering64, FTIR 

spectroscopy65 and Electron Paramagnetic Resonance (EPR) Spectroscopy66. Use of multiple 

characterization tools is also often performed to gain access to information not readily 

provided by either tool alone.60,61 The characterization tool of main interest for this thesis 

however is solid-state NMR (SSNMR). Use of SSNMR as a characterization technique for 

MOFs and gas adsorption in MOFs is a fairly recent development in the NMR field. 
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However, SSNMR has been used for some time for characterization of microporous 

materials on other related porous materials. In terms of zeolite structural characterization, 

SSNMR gained wide acceptance early in the 80s, and has since been applied to a wide array 

of macromolecules and materials, from proteins to polymers to porous carbons.67,68 SSNMR 

has also been used extensively to characterize hybrid organic-inorganic complexes (ie. 

Hybrid silicas, hybrid cationic/anionic clays, biomaterials and coordination polymers such as 

MOFs) for some time.69,70 The highly variable composition of MOFs has greatly extended 

the number of SSNMR-active nuclei under currently investigation for characterization of 

nanoporous materials.68 To better understand the choice of nuclei present in this thesis work, 

some background on the common MOF SSNMR nuclei will briefly be presented. Ideas in 

NMR crystallography, which forms a major basis for this work, shall also be reviewed. 

Recent reviews by Sutrisno and Huang71,72 and Brunner et al.73 more thoroughly outline the 

progress which has been made in MOF-based SSNMR over the last decade. 

SSNMR analyses in MOFs usually aim to accomplish one or both of two goals: 

characterization of the framework (1) and characterization of the interactions a framework 

has with guest molecules (2). SSNMR analyses using specific nuclei will accomplish goals 

related in some way to one of these two goals. An established technique used in the study of 

porous materials which is used solely for framework characterization is 129Xe SSNMR. 

Because of its low reactivity, it serves as an excellent probe to determine the porosity of a 

MOF as well as to identify binding locations within a MOF, as many studies have already 

shown.74ï77 129Xe SSNMR was even used to follow a phase transition in MIL-53(Al), a MOF 

well known for its breathing behaviour.78 Deuterium (2H) SSNMR is used regularly in the 

study of MOFs, as it can indicate the motion of organic SBUs as well as give information on 
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the dynamics of organic linkers.79ï84 Of course, SSNMR performed on the nuclei for 

elements included within the MOF structure are also performed. In particular, 1H and 13C, 

which are often performed together, are used extensively to confirm organic SBU identity 

within a framework, indicate the presence of functional groups after linker modification as 

well as to probe adsorption of guest molecules.82,83,85ï93 SSNMR studies using 13C and 1H 

nuclei to probe guest-host interactions have provided insight for a wide variety of potential 

MOF applications and problems, from testing MOFs for drug delivery92 to diffusion of 

hydrocarbons in MOFs93 to evaluating CO2 capture in open metal site MOFs.94,95 15N 

SSNMR is used in the same ways, but is comparatively less common that 1H and 13C due to 

low natural abundance of the isotope.85,87ï89 Studies on MOFs using 17O and 11B isotopes 

have also recently begun to emerge.66,96  

A category of nuclei which have contributed greatly to the study of MOFs are metal 

nuclei. The most common metal nuclei studied include 27Al, 71Ga and 45Sc, which have all 

been used successfully to directly probe the metal environment in Al, Ga and Sc-containing 

MOFs.86,90,91,97ï100 The three metals listed are however not the metal centers which are found 

in many important MOFs in literature. It is difficult to analyze MOFs containing Zn, Mg and 

Zr for example because the corresponding nuclei, 67Zn, 25Mg and 91Zr all have low natural 

abundances, low gyromagnetic ratios and large quadrupole moments in addition to being in a 

relatively low concentration in MOFs. This results in low-sensitivity and broad resonances, 

which makes peak assignment and identification challenging.71 Recent advances in SSNMR 

methods and instrumentation, such as ultra-high magnetic fields, has made studies on these 

nuclei possible, as evidenced by recent studies by Professor Huangôs group at Western with 

67Zn on ZIFs 7, 8, 4 and 14101 and 25Mg on MOFs Ŭ-Mg3(HCOO)6 (commercially known as 
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Basosive M050)102 and CPO-27-Mg.103 To the best of our knowledge, SSNMR studies on 

115In and 135/137Ba, which feature prominently in this work, have yet to be reported in 

literature.  

Although SSNMR spectroscopy can provide a great deal of information on a MOFôs 

structure and interaction with guest molecules, SSNMR experiments on MOFs and other 

microporous materials are often most useful when coupled with other structure probing 

tools. Several examples in the literature of combined SSNMR experiments and calculations 

(including DFT calculations, MD simulations and other simulation techniques) have been 

shown to provide information which cannot be acquired by either tool alone.77,88,101 NMR 

crystallography is an emerging field in which a combination of NMR studies, powder XRD 

and simulations are coupled to elucidate structural information.104,105 These types of multi-

component studies are being carried out presently in MOFs as well as other porous materials, 

and constitute an especially promising complement and supplement to pure diffraction 

studies.100ï102 

1.4 Molecular Simulation of MOFs 

As computational resources continue to increase in power and performance, 

computations are playing a more important role in many areas of research and development, 

particularly in materials chemistry.106,107 Computational chemistry is another 

characterization tool which is particularly well-suited for predictive analysis of MOFs, as 

these materials can be time consuming and challenging to synthesize. As these materials are 

unique, new computational methods are necessary to make accurate assessments regarding 

their chemistry. Efforts have been such in the area of  method development for simulations 

in MOFs that they have recently warranted a full review.108 Now that the framework 
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required for carrying out calculations in MOFs is relatively mature, the potential for 

computations to benefit MOF research presents itself in many ways. Studies of this nature 

include (but are not restricted to): testing the adsorption properties of hypothetical or real 

MOF structures to determine whether they are worthy of expensive experimental synthesis 

and testing, providing explanations for macroscopic phenomena (ie. Selectivity for one guest 

over another109, high uptake capacities110, chemical/mechanical stability111, etc.) from 

molecular insights and calculating quantities which are difficult to obtain experimentally, 

such as gas diffusion properties, guest binding sites and multi-component gas adsorption.112ï

119 

In the context of gas adsorption specifically, grand canonical Monte Carlo (GCMC) 

molecular simulation can give great insight into prediction and analysis of gas adsorption 

properties in MOFs. These calculations have been successful in quantitatively reproducing 

experimental adsorption data as well as providing atomistic-level information not easily 

obtainable through experimental means in MOFs.108,119,120 The reader is referred to Chapter 2 

for further information on computational techniques used throughout this thesis (including 

GCMC), all of which are commonly employed by MOF researchers. 

From the first real computational study on a MOF reported in 2004121 until now, much 

progress has been made in computational method development for simulations of MOF 

materials as well as in production of meaningful, quantitative results which can truly guide 

modern MOF chemistry. The work from this thesis contributes to both MOF method 

development and applied computational MOF research, as Chapter 3 addresses gas force 

field parameterization and Chapter 4 demonstrates computational ï experimental synergistic 

MOF research. The next chapter provides an outline of the entire thesis. 
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1.5 Thesis Goals and Outline 

We have observed that a popular force field used for collecting simulated N2 gas uptake 

isotherms in MOFs called N2-TraPPE typically shows overestimation in uptake compared to 

experiment. Therefore, the goal of the first part of this thesis will be to further study the 

performance of the N2-TraPPE force field for gas adsorption in MOFs and to develop an 

improved force field for high accuracy N2 adsorption in MOFs. To study the performance of 

the existing and new force fields, we will compare the simulated N2 uptake isotherms we 

derive with analogous experimental isotherms. The new force field will accurately reproduce 

experimental data by fitting the parameters directly to experimental N2 uptake isotherms in a 

wide variety of MOFs. 

In the second part of this thesis, we provide an in depth molecular simulation study of 

CO2 and DMF adsorption in the MOFs MIL-68(In)122 and Ba2TMA(NO3)
123. This is done to 

provide insight on the guest-host interactions within these MOFs as well as to complement 

the SSNMR experiments carried out by Professor Yining Huangôs group on MIL-68(In) and 

Ba2TMA(NO3). The broad aim of this part of the thesis is to contribute our findings to the 

growing field of NMR crystallography, and to validate combined use of SSNMR and 

molecular simulation for characterization of MOFs.  

The thesis is organized as follows. In Chapter 2, the general theory and methods used 

throughout this thesis project will be explored. This includes combined used of Density 

Functional Theory (DFT) electronic structure calculations, the REPEAT algorithm for 

charge calculation and finally the grand Canonical Monte Carlo (GCMC) algorithm for 

determining gas uptake in MOFs. The Automated Binding Site Localization codeôs function 

(ABSL) will also be outlined.  
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Although a general introduction is provided in this first chapter, this thesis project 

encompasses two distinct parts, each of which addresses a fairly different research interest 

related to MOFs. A more in-depth introduction and goals for each project shall be provided 

in Chapters 3 and 4. The first project, ñParameterization of N2 TraPPE Model for Improved 

Simulated CO2/N2 and O2/N2 Selectivity Predictions in Metal Organic Frameworksò, shall 

be presented in Chapter 3 and the second project, ñUsing Molecular Simulation to Aid in the 

Interpretation of Solid-State NMR spectra of Metal-Organic Frameworksò shall be presented 

in Chapter 4. In addition to the general methods and theory presented in Chapter 2, specific 

methods were used for each project. These will also be presented as sub-sections in Chapters 

3 and 4. 

Finally, in Chapter 5 conclusions shall be drawn for each part of the thesis work conducted 

and directions for future work shall be presented. Appendices are available at the end of the 

thesis (Chapter 6). 
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2 ï  Methods 

In this chapter, all major components involved in the calculation of gas adsorption 

isotherms and other simulation data in MOFs shall be highlighted, and the underlying theory 

shall be reviewed. All methods presented in this chapter are used throughout this thesis, in 

both projects presented in Chapter 3 and 4. This chapter does not contain an exhaustive list 

of all methods and theory used, as certain methods which are specifically used in for work in 

Chapter 3 or Chapter 4 shall be presented in detail in those chapters. 

2.1 Fully Automated Adsorption Analysis in Porous Solids (FA3PS) 

FA3PS is a software package designed and developed by the Woo group to streamline, 

automate and facilitate the process necessary for calculation of an uptake isotherm and other 

molecular-level data in nanoporous materials. Several steps are required to compute gas 

uptake isotherms and other gas sorption properties, and each step requires specialized input 

and instructions to run a calculation. Although each MOF is different, members of this class 

of materials share many similarities (ie. porosity, pore apertures below certain size 

thresholds, organic and inorganic components, etc.). Because of this, many simulation 

parameters can be set to in-house determined óMOF defaultô parameters.  A future goal of 

this software is to make gas adsorption calculations accessible to people completely 

unfamiliar with computational materials methods, as it intends to greatly simplify running 

basic calculations. A schematic for the FA3PS code is provided below in Figure 2-1, and 

each step shall be highlighted in sequential order in the following sections. The underlying 

theory for these methods shall also briefly be addressed. 
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Figure 2-1. FA3PS Schematic 

2.1.1 Periodic Density Functional Theory (DFT) 

DFT is a quantum mechanical (QM) method which is very popular in chemistry, and has 

made many important contributions to the area in the 30 or so years since its popularization.1 

With recent advances in computing resources and development of DFT implementation 

accuracy, simulations of several hundreds of atoms are now possible. DFTôs novelty 

compared to wave function methods is that the total electron density is used to calculate the 

total energy and to describe the complicated interactions between the electrons.2 In 

competing QM methods, such as Hartree-Fock or more expensive correlated methods, the 

electron-electron interactions are calculated by brute force from a complicated many-body 

wave function that grows in dimensionality as the system size increases and the number of 

electrons increase.  In DFT, the dimensionality of the total electronic density function does 

not increase with system size and apriori knowledge of how the electrons interact with one 

another based on the electron density is used, resulting in DFT typically offering significant 

compute time savings compared to wave function based methods. In modern DFT methods, 

there are many ways to evaluate the energy from the electron density, or different 
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approaches to express the energy as a functional of the electron density.  There is now quite 

a proliferation of so-called DFT exchange-correlation functionals, with many of the popular 

ones used in chemical research being parameterized to experimental results.  The so-called 

B3LYP DFT method, which incorporates a fraction of Hartree-Fock exchange energy into 

the calculation is by far the most popular functional used in the chemistry community as it 

offers a very favourable accuracy/cost balance for many organic and inorganic systems.3ï6  

DFT has not only proven its worth for molecular systems, but it has also provided 

valuable insight in solid state chemistry and physics. In fact, DFT has been widely 

recognized and accepted by the solid-state physics community for a longer time than by the 

quantum chemistry community.6,7 A major difference in the DFT calculations used to study 

solids compared to those used to study molecules, is the nature of the basis sets used to 

expand the orbitals and electron density.  For molecular systems, atom-centered basis 

functions are used, such as the popular Gaussian basis sets developed by Pople (i.e. 6-

311G(d,p)). In the solid state DFT calculations, delocalized and periodic plane wave basis 

functions are typically used.  These require the use of pseudopotentials, also called effective 

core potentials (ECPs) which are functions which treat core electrons (the core electrons do 

not generally participate in important chemical or physical interactions in solids, and using 

pseudopotentials instead of plane waves for their description significantly reduces 

computational cost). Additionally, it would be costly and near impossible to analyze infinite 

materials using DFT; therefore, the translational symmetry of these systems is exploited via 

periodic boundary conditions to simplify calculations. 

The use of periodic DFT as the first step of a FA3PS calculation serves two different 

purposes. First and foremost, it is a method used to compute the electrostatic potential (ESP), 
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which is needed for the REPEAT atomic charge calculation (see section 1.1.2 for further 

details regarding the ESP and this method).  The second objective is to refine the positions of 

the H atoms included as a part of the framework structure, as well as to relax other 

framework atoms if necessary. This is because light H atoms are generally not observed with 

X-ray crystallography, the most common method for characterizing the detailed structure of 

MOFs. Often the crystallographic information files (CIF) provided for MOF structures do 

not contain H atom positions at all, and their positions must therefore be inferred based on a 

combination of chemical intuition and information provided in the article in which X-ray 

structure data was published. With respect to relaxing framework atoms, this is often 

necessary when the CIF presents crystallographic disorder: that is, when a same atom or 

group of atoms has several possible positions within the structure. For all work carried out in 

this thesis, MOF frameworks are kept rigid for gas adsorption to reduce computational costs 

(this is shown to be a reasonable approximation for many MOFs).8 To insure a correctly 

relaxed, rigid framework for adsorption calculations, a favoured configuration is first 

selected based on occupancy in order to resolve the disorder, then only those positions which 

were selected are DFT-optimized to insure lowest framework energy. In certain cases where 

several different disorder-related configurations are equally favourable, all configurations are 

tested to identify the lowest energy one, and further gas adsorption studies are sometimes 

carried out on all relaxed structures to verify differences in binding locations and 

quantitative uptake results.  

The Vienna Ab Initio Software Package (VASP)9ï12 as well as the Spanish Initiative for 

Electronic Simulations with Thousands of Atoms (SIESTA)13 are two of the periodic DFT 

implementations included in the FA3PS package, both of which were used for the work 
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carried out in this thesis. For all work in VASP, the PBE exchange-correlation functional 

and the default projector augmented wave (PAW) pseudopotentials/projectors were used.14,15 

For SIESTA, the PBE exchange-correlation functional was also used alongside double zeta 

polarized basis sets, for which parameters were tuned to give the same accuracy as VASP. In 

terms of the difference between VASP and SIESTA, it was stated earlier in this section that 

plane wave basis sets are used for DFT calculations in the solid-state (VASP), however 

localized atom-centered basis sets can also be used for solid-state calculations (SIESTA). 

Comparable calculations using SIESTA are faster than those run in VASP, which can be 

especially useful if a MOFôs is very large and has a large unit cell. On the other hand, 

accurate pseudopotentials are available for nearly all elements of the periodic table in VASP, 

while the pseudopotentials in Siesta are quite limited, and less accurate.  Plane wave basis 

sets are also free of the basis set superposition errors which occur when using localized 

atomic basis sets.  For these reasons, the VASP code was used whenever possible for this 

thesis. 

2.1.2 REPEAT Charge Calculation 

The second step FA3PS takes towards calculating a gas adsorption isotherm is the 

calculation of atomic charges. REPEAT, the Repeating Electrostatic Potential Extracted 

Atomic charge method, was developed by the Woo group in 2009.16 This method derives 

charges for each atom in the solid based on a DFT-derived ESP grid located outside the Van 

der Waals radii-spheres centered on each atomic site. The electrostatic potential (ESP) is 

defined as the energy required to bring a unit charge from an infinite distance away from a 

point r. The REPEAT method was an important advance in derivation of atomic charges for 

periodic materials, as no one had ever before derived charges from the ESP of a periodic 
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DFT calculation citing the difficulty in defining the reference state for the ESP in an infinite 

periodic system.17 Many researchers have successfully used REPEAT to predict adsorption 

properties and other physical properties for periodic materials, especially MOFs.18ï22 Indeed, 

Watanabe et al. compared many different charge calculation methods to calculate 

thermodynamic properties of the MOF ZIF-8, and REPEAT showed the best agreement with 

experimental data.23 

2.1.3 GCMC 

Once hydrogen atom positions have been determined, framework atoms have been 

relaxed (if necessary) and atomic charges have been computed, the gas adsorption isotherm 

can be simulated using a grand canonical Monte Carlo (GCMC) simulation.  The ñgrand 

canonicalò portion of GCMC references the name of the statistical thermodynamic ensemble 

which one utilizes in the simulation. An ensemble is a collection of a large number of 

replicas of a system of interest, for example a collection of porous MOF unit cells containing 

adsorbed gas. In this ensemble, the chemical potential (ɛ), temperature (T) and the system 

volume (V) are kept constant. (The chemical potential is a fundamental thermodynamic 

property of a system, which shows how potential energy changes as a function of the number 

of particles in a given system.) In a GCMC simulation the number of particles (N) may 

change, meaning that the number of guests within a host can increase or decrease. Final 

simulation results which make use of the grand canonical ensemble will display thermal and 

chemical equilibrium because thermodynamic variables T and ɛ are held constant.  

As for the ñMonte Carloò portion of grand canonical Monte Carlo (GCMC), it makes 

reference to the propensity for visitors in Monte Carlo, Monaco to gamble. Most forms of 

gambling are both random and repetitive activities, and this is at the very core of the Monte 
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Carlo method. Monte Carlo methods have been applied to problems in mathematics, 

finances, physics, biology, chemistry and even as a means for artificial intelligence to beat 

world champions at games like chess.24ï27   

In Monte Carlo methods applied to chemical problems, a randomly selected atom or 

guest molecule is first perturbed in some way through different move types including 

rotation, translation or conformation change. Once the newly perturbed configuration is 

created, the potential energy of the entire system is calculated. Three possible scenarios may 

occur at this point: the potential energy of the new configuration can be lower, slightly 

higher or significantly higher than that of the configuration prior to the perturbation. If the 

energy of the new configuration is lower than that of the prior configuration, the 

configuration is automatically ñacceptedò and added to the ensemble average. (An ensemble 

average is the mean of a quantity, such as potential energy in this case, over all 

configurations accepted in the simulation.)  If the energy of the new configuration is slightly 

higher than that of the previous configuration, it has a chance of being accepted based on 

Boltzmann-type weighting criteria, which enables sampling to hop over potential energy 

barriers. Finally, if the potential energy of the new system configuration is much higher than 

that of the prior configuration, then the new configuration will usually be ñrejectedò, and the 

prior configuration will be re-added to the ensemble average. In this scenario, it is important 

for the prior configuration energy to be added to the ensemble average because a more 

heavily favoured configuration needs to be sampled more. It should be noted that even high 

energy configurations have a small, non-zero probability of being accepted and added to the 

ensemble average due to the Boltzmann-type weighting. The process of producing a 

perturbed configuration, evaluating its potential energy and adding it to the ensemble 
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average is repeated until the ensemble average has converged, where it is assumed that the 

macroscopic properties which depend on microstates will also be converged. 

 

Figure 2-2. Plots of the number of adsorbed guests in a MOF (top) and total energy (bottom) 

throughout the course of a GCMC simulation. Equilibration and production phases are indicated on 

both plots. 

When coupling the grand canonical ensemble with Monte Carlo, one has two additional 

perturbations that can be performed on the system to generate new configurations: particle 

insertion and deletion. In this way, inserted guest molecules which interact favourably with 

the host will produce a lower potential energy configuration, and have a higher chance of 

being accepted and used as the starting point for next configurations. This highlights one 
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major difference between GCMC and MC: in a pure MC scheme, acceptance of new 

configurations is based solely on potential energy, whereas for GCMC it is based on both 

potential energy and chemical potential (ɛ). This is why a lower energy configuration is not 

immediately added to the ensemble average in GCMC. Figure 2-2 above shows a typical plot 

for the change in the number of guests and the potential energy changes as a function of the 

number of GCMC steps taken. The two stages which are typical of GCMC adsorption are 

indicated on the figure: equilibration (1) and production (2). In the equilibration phase, it is 

more favourable for guest to be adsorbed than deleted, so a sharp increase in guest is noted, 

as seen until around 3.5 million GCMC steps in Figure 2-2. After many guest insertions are 

accepted, the MOF pores become more saturated with adsorbate and it is no longer as 

favourable to add guest to the pore. The rate of insertions becomes equal to that of deletions, 

as can be seen in Figure 2-2, when the number of guests fluctuates around an average value. 

This indicates that equilibrium has been reached. Once equilibrium is reached, the chemical 

potential of adsorbed molecules (ɛads) is equal to that of gaseous molecules (ɛgaseous). This is 

a key conceptual idea of GCMC: since ɛgaseous is known for ideal gases, ɛads is also known at 

equilibrium, and the expression for ideal gas can be used in the acceptance probability for 

GCMC simulations. This is why equilibrium phase data from GCMC can be used for 

calculation of adsorption equilibrium properties such as gas uptake isotherms, heats of 

adsorption, guest probability density, etc. Because of its ability to efficiently produce 

equilibrium adsorption properties and relative simplicity, GCMC forms a powerful 

procedure which has been pivotal in the study of gas adsorption in MOFs to date.8  

Our group maintains its own GCMC implementation, denoted FastMC. It can also be 

easily modified to work for other Monte Carlo ensembles, such as the canonical Monte Carlo 
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ensemble (which has constant number of particles (N), system volume (V) and temperature 

(T)). As a side-note, canonical Monte Carlo in particular is useful for simulations in which 

the number of guest molecules is known and does not change, such as might occur in a 

material containing trapped solvent molecules for example. After a GCMC simulation is 

completed in FA3PS, final post-processing scripts generate the desired output, notably gas 

uptake isotherm plots as well as guest probability density plots within the framework. Here, 

it is useful to introduce the idea of isosurfaces and isovalues. An isosurface is a 3-

dimensional contour plot representing points of a constant value, and produces a 

representation of the probability density. For our simulations, this representation shows the 

probability per Å3 associated with a guest being in a certain region of accessible MOF pore 

volume over the course of the simulation (see Figure 2-3 in section 2.2 for the appearance of 

a typical probability density plot for CO2 adsorbed in a MOF). In an isosurface plot, all 

points that make up the surface have the same value of the function. In this case, the higher 

the so-called isovalue, the higher the probability of finding the guest molecule. Given that 

the isosurface values represent probability in this work, they will always be between 0 (low 

probability) and 1 (high probability). High probability areas indicate probable binding sites. 

Our group maintains a post-processing package which automatically identifies binding sites 

from this probability density. Its general functionality will be highlighted in the next section.     

2.2 Automatic Binding Site Locator (ABSL) 

In addition to providing gas adsorption isotherms, GCMC simulations allow us to 

identify binding sites of guest molecules inside the MOF based on the probability 

distributions that are generated from the simulations. ABSL (Automatic Binding Site 

Locator) is another algorithm developed by the Woo group that is able to automatically 
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locate the binding sites from the probability distributions. This code interfaces with FA3PS 

and is intended to be run following a GCMC calculation. 

Although they may be disperse in some materials, the binding sites are generally well 

localized in most guest/MOF combinations due to electrostatic and dispersion interactions 

between the guest and the metal ions, functional groups or specific organic groups of the 

MOF. Finding these binding sites normally requires careful manual inspection of GCMC-

derived probability density distributions. This is a time-consuming and tedious process in 

most cases. ABSL is a robust algorithm which identifies the binding sites automatically from 

the noisy probability distributions using Gaussian filters to smooth the data. Figure 2-3 

shows what a typical, ñnoisyò probability density plot looks like, and the resulting, 

Gaussian-smoothed binding sites as identified by ABSL. ABSL also includes functionality 

for deriving the binding energy of each binding site. The binding site energy is also 

separated into its electrostatic and van der Waals components, providing further information 

to analyze the nature of the binding. 
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Figure 2-3. Overview of ABSL function and results. On the left, a probability distribution of CO2 in 

a MOF is plotted (y = probability of finding guest, x = angular distribution) with the original signal 

(blue), Gaussian smoothed signal (green) and finally ABSL-detected peaks (red). The image on the 

top right shows the original CO2 probability density (red = Oxygen atom probability, Grey = 

Carbon atom probability) which corresponds to the original unsmoothed signal as represented by the 

blue curve in the graphical plot. On the lower-right is the final, ABSL-detected distribution of CO2 

within the MOF, where distinct CO2 guests are seen instead of density distributions (red = Oxygen, 

blue = Carbon). 
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3 ï  Parameterization of N2 TraPPE Model for Improved 

Simulated CO2/N2 and O2/N2 Selectivity Predictions in Metal 

Organic Frameworks 

 
In this chapter, a parameterized N2 force field fit simultaneously to 28 experimental 

isotherms for high accuracy uptake isotherms in the pressure and temperature ranges relevant 

to CO2/N2 and O2/N2 gas separation is presented. This model, called NIMF (Nitrogen In 

MoFs), addresses issues we identify with the N2 TraPPE force field, in common use for 

generating simulated uptake isotherms in MOFs. We fit the NIMF force field parameters in 

conjunction with the UFF and ESP-derived charges to calculate electrostatic interactions for 

framework atoms, as the combination of UFF and ESP-derived charges is the most common 

strategy employed for MOF simulations.1 NIMF enables better predictions of N2 uptake in a 

wide range of MOFs, and by extension improves the accuracy of CO2/N2 and O2/N2 

adsorption selectivity predictions. The work presented in this chapter has been submitted for 

publication in Langmuir. 

3.1 Introduction  

Due to record-breaking selectivities, uptakes and relatively low cost, MOFs are being 

actively developed as solid sorbants for industrial carbon capture applications using 

temperature and pressure swing adsorption systems.2 For example, one MOF reported by 

Bae et al., Zn2(bttb)(CF3-py)2, was found to have flue gas CO2/N2 selectivity considerably 

higher (30-37) than that of the best commercial zeolites (19) and activated carbons (15).3 

Since post-combustion flue streams are 73-77% N2 and 15-16% CO2, high CO2/N2 

selectivity is an important property for carbon capture because adsorption of other gases will 

both reduce the MOFôs CO2 capacity and will result in a lower purity CO2 stream. The purity 
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of the post capture CO2 stream is important since it costs more energy to compress, 

transport, and store impure gases. Nitrogen adsorption selectivity is also important in other 

clean energy applications. For example, in oxy-fuel combustion4, fuel is burned in pure 

oxygen which generates a post-combustion flue stream which, following condensation of 

water, is primarily composed of CO2 which can then be prepared for storage.  In oxy-fuel 

systems, the gas separation occurs before the combustion where oxygen is removed from air 

to provide pure oxygen. Thus high O2/N2 selectivities are required, and MOFs have also 

shown promise for separating O2 from N2. For example, the MOF Cr3(BTC)2 exhibits an 

O2/N2 selectivity of 22 that is significantly higher than for many other porous sorbents.5 At 

present, expensive cryogenic air separation units are used to supply high purity oxygen for 

coal combustion, and their use accounts for most of the elevated cost of the oxy-fuel 

combustion process.6 Because of their great potential in separating O2 from N2, MOFs could 

provide greater efficiency and lower costs than current oxy-fuel combustion solutions.  

Molecular simulation and specifically grand canonical Monte Carlo calculations have 

been successful in quantitatively reproducing experimental adsorption data in MOFs as well 

as providing atomistic-level information not easily obtained through experimental means.1,7 

In order to reproduce experiment correctly, however, it is critical to select appropriate 

simulation parameters. For gas adsorption in MOFs, the force fields which are used to 

reproduce non-bonding interactions between guest molecules and framework atoms are of 

particular importance, as they dictate gas uptake and binding locations within the 

framework. Generalized force fields such as the Universal Force Field (UFF)8 aim to 

reproduce a wide variety of interactions for most of the periodic elements. More specialized 

force fields exist for certain gases, for which parameters are typically set to reproduce certain 
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specific physical properties of the bulk gas. For example, the CO2 and N2 TraPPE force 

fields are fit to reproduce liquid-vapour equilibria.9 These force fields, which are fit to bulk 

properties of the molecule, are not always appropriate for use in adsorption, as gas properties 

will change once adsorbed. In the context of MOFs, the CO2 force field used for simulating 

gas adsorption created by Calero et al.10 has been shown to accurately predict CO2 uptake in 

MOFs.11ï13 However, N2 TraPPE9, a force field commonly used to simulate adsorption in 

MOFs, over-predicts N2 uptake consistently in a series of UiO-66 MOF derivatives. This 

occurs in spite of the DREIDING force field, which was used to define the potential 

parameters for framework atoms, being rescaled specifically to improve uptake accuracy for 

a variety of gases.14 Use of N2 TraPPE for adsorption in MOFs can be problematic, as 

evidenced by other simulated N2 uptake isotherms not matching experimental uptake results 

when N2 TraPPE is used (see section 3.3 for further evidence of this).15ï17 For cases in which 

simulated gas uptake isotherms do not match experimental data, parameterization of the 

existing force field, for example, training it to reproduce experimental or high accuracy 

computational adsorption data, can be employed. In fact, adjustment of existing gas force 

field parameters for adsorption on porous materials is a procedure which has successfully 

been employed to improve accuracy of simulation in other sorbents10 as well as MOFs.18ï20  

In this work, we present a three-site N2 model fit simultaneously to 28 experimental 

isotherms for high accuracy uptake isotherms in the pressure and temperature ranges relevant 

to CO2/N2 and O2/N2 gas separation, henceforth called the NIMF (Nitrogen In MoFs) model. 

This model aims to address the systematic overestimation of N2 uptake obtained with the N2 

TraPPE model, which is in common use for generating simulated adsorption isotherms. The 

NIMF model is conceived for use in conjunction with UFF8 Lennard-Jones parameters and 



42 

 

ab initio derived electrostatic potential fitted partial atomic charges for the framework atoms, 

as this combination is most commonly employed for MOF simulations.1 NIMF enables 

better predictions of N2 uptake in a wide range of MOFs, and by extension will improve the 

accuracy of CO2/N2 and O2/N2 adsorption selectivity predictions.  

3.2 Theory 

3.2.1 Force Fields 

In Quantum mechanics (QM), various strategies are employed to solve the Schr dinger 

equation, thereby providing a full description of the chemical system (see Chapter 1 for a 

more in depth overview of QMôs underlying theory). High-level QM calculations are 

accurate at the expense of efficiency. Because of their elevated costs, only systems 

containing hundreds of atoms can be analyzed using high-level QM methods. Many 

chemical problems, for example enzyme chemistry, surface adsorption and polymer growth 

require treatment of thousands or even millions of atoms for a proper description of the 

chemistry at play. For many years, Molecular Mechanics (MM) or force field methods have 

been regularly applied to these large systems. The improved efficiency afforded by MM 

techniques is a result of opting not to solve the Schr dinger equation explicitly. Instead, 

parameters which have been fit to experimental data and/or high level computational data are 

used to describe the system. Another result which stems from not solving the Schr dinger 

equation is that the atom is the basic unit used for description of MM systems, in sharp 

contrast to QM systems in which electrons serve as the fundamental unit. The MM atom-

based approach relies on the assumption that structurally similar units in different molecules 

tend to be similar. An example of this would be to assume that an sp3 hybridized carbon 

should have approximately the same connecting bond lengths and angles in two different 
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organic compounds. An sp3 carbon is an example of an atom type which might be included 

in a force field, the container of all parameters and potential forms necessary for MM 

simulations. The atom type identity will depend on the atomôs periodic element as well as 

what the atom is bonded to. An important consequence of this is that bonding information 

must be provided explicitly to make use of MM methods, unlike in QM methods where 

bonding is determined from the calculation itself. Inclusion of atom typing based on 

connectivity justifies the CHARMM (Chemistry at HARvard Macromolecular Mechanics) 

force field having over 20 different carbon atom types.21 Parameters for each atom type in a 

force field will include both bonded terms (bond stretching, angle bending, rotational 

torsion) and non-bonded terms (van der Waals and electrostatic interactions) to describe 

interactions between different atom types. The force field energy is a sum of the 

contributions from each of these different components. 22 

An enormous variety of force fields exist today. Some aim to serve as general force 

fields which work for most chemical systems (UFF8 and DREIDING23 are examples) or a 

subset of chemical systems (MM3 for hydrocarbons24 or CHARMM for peptides and nucleic 

acids21) and contain many different atom types. Others aim to reproduce the behaviour of a 

few specific systems, for example many force fields exist specifically for modelling water, 

which has proven challenging to treat accurately due to its unusual chemistry.25 Force field 

parameterization is considered as a kind of art within science. Obtaining accurate parameters 

even for systems containing few atoms such as water is non-trivial, and more general force 

fields being used today such as UFF are the products of decades of research. 

In all work carried out in this thesis (including work in Chapter 4), framework atoms are 

always fixed throughout simulations, and all adsorbed guest molecules, although free to 
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move within the framework, are rigid models. For small guests like N2 and CO2, in situations 

where dispersion forces and weak electrostatic interactions dictate adsorption binding sites, 

accounting for internal flexibility of the guest is more expensive and cumbersome for small 

guest molecules as it will mostly account for small guest vibrational motions.26 For this 

reason, the work carried out in this chapter places particular emphasis on non-bonded 

energetic contributions (van der Waals and electrostatic interactions). 

3.2.2 Non-bonded interactions 

As stated previously, non-bonded interactions included in force fields can be broadly 

separated into two categories: electrostatic interactions and van der Waals interactions. 

Generally, these interactions will be calculated for atom pairs which are connected through 

no less than 2 atoms and are called 1,4 interactions. 

Electrostatic interactions represent the effect of internal redistribution of electrons. 

These effects can be quite strong and can also occur over long distances. They can be 

separated into four different categories: ion-ion interactions, ion-dipole interactions, dipole-

dipole interactions and higher multipole moment interactions (these include quadrupolar and 

octapolar interactions). The total electrostatic energy will be composed of a sum of all 

distinct interactions in a system. In order to calculate the interaction energy between ions 

and/or dipoles, partial atomic charges are assigned to all atoms in the system. For smaller 

systems, the charges are assigned to correctly reproduce a moleculeôs net charge or 

permanent dipole. In larger more complex systems, the atomic charges are typically derived 

through fitting to the ESP, in an analogous way to the atomic charges derived with the 

REPEAT method for periodic materials (see Chapter 2).27 In any event, partial atomic charge 

is not a physical observable like a permanent dipole or a magnetic moment for example, so 
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there are several other existing methods to assign charges to atoms, for example Mulliken 

charges, which are very easy to calculate thanks to their dependence on convenient nuclei-

centered basis functions.28 In cases where partial atomic charges cannot correctly reproduce 

multipole moments, it is also possible to place charges upon the system which are not 

centered on atoms (see Figure 3-3, where charges are place on a ñdummyò atom for N2). The 

electrostatic interactions are especially important in reproducing permanent molecular 

multipole moments, which are paramount in the description of non-bonded interactions such 

as hydrogen bonding. 

Van der Waals interactions represent the short-range steric repulsions and mid-range 

dispersive attractions between atoms which are not bonded directly to each other. These are 

very important, as they serve to capture induced dipole-dipole interactions and London 

dispersion forces. It is the main interaction between non-polar molecules (eg. Alkanes) and it 

is the only possible interaction between rare gas atoms. Unlike with electrostatic interactions 

involving partial atomic charges, there isnôt a single, unique parameter which governs this 

behaviour. To accurately capture these effects, it is only necessary to select a function which 

presents certain characteristics, including: 

¶ At long interatomic distances (rij), Evdw tends towards zero (no van der Waals 

interaction between two very distant particles); 

¶ At short rij, Evdw should become very positive (due to highly repulsive 

energy); 

¶ At intermediate rij, Evdw should achieve a slightly negative minimum. This 

represents the lowest energy distance which separates two particles at 

equilibrium.  
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The most popular function which obeys the general requirements for van der Waals 

interaction is the Lennard-Jones potential. Others exist, such as the Buckingham potential for 

example, but the Lennard-Jones form is favoured by many as it only has two parameters and 

is computationally quite efficient.29 The latter reason derives directly from the Lennard-

Jones equationôs form, and will be further discussed in the next section. 

3.2.3 Lennard-Jones Potential 

Lennard-Jones models reproduce non-bonded interactions using a pairwise-additive 

Lennard-Jones 12-6 potential function: 

Ὗὶ τ‐       (1) 

Where rij is the distance between the two interacting particles, Ůij is the potential well 

depth and ůij is the separation between the two particles when the potential (U(rij)) is zero. 

The reason the Lennard-Jones potential is more computationally efficient than other 

potential forms is because of its 12-6 functional form. In computing, calculating exponential 

functions (needed for the Buckingham potential form) or square roots is around 5 times more 

expensive than multiplication and additions. In the Lennard-Jones 12-6 form, a 6th power 

calculation is required, and because of this calculation the 12th power calculation (the square 

of the 6th power) is not very much more effort. However, with other potentials, such as a 

higher accuracy Lennard-Jones 12-10 form, calculation of both a 10th and 12th power 

becomes significantly more expensive.29  

Interactions between different atom types are calculated using the Lorentz-Berthelot 

mixing rules, which are: 

      „      (2) 
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                                             ‐  ‐‐      (3) 

In this way, Lennard-Jones parameters can be calculated for all atom pairs in any 

system, so long as parameters are defined for every individual atom type. An example of 

Lorentz-Berthelot mixing as well as the shape of the Lennard-Jones potential is shown in 

Figure 3-1 below. 

 

 

Figure 3-1. The Lennard-Jones potentials for UFF-derived H---H (blue), He---He (green), and 

Lorentz-Berthelot mixed H---He (red) van der Waals interactions are shown. The left region of the 

plot shows the behavior of the potential when the atoms are brought very close together (increase in 

energy) while the right part of the plot shows the behavior of the potential when the atoms are 

brought very far apart (the energy tends towards 0).The units for sigma (ů) are ¡, the units for 

epsilon (Ů) are kcal/mol. 

 



48 

 

3.3 Literature Review 

Before beginning to describe any kind of parameterization effort, it is useful to more 

deeply explore the literature relevant to simulated adsorption of nitrogen gas. In this section, 

we aim to describe what current models exist for N2 and other efforts in parameterization.   

Previous studies have been performed to compare the accuracy of different N2 

models for adsorption in porous media, which demonstrate that in different sorbents and 

circumstances, certain nitrogen force fields will be more appropriate.15,30 In certain cases, 

MOF scientists have even taken existing N2 force fields and, due to poor performance, 

parameterized them for their specific experiment.31 In fact, a force field for N2 for adsorption 

in coordinatively unsaturated MOFs has already been created by Dzubak et al.19, and another 

for adsorption in ZIFs.20,32 PHAST-N2, a polarizable five-site N2 force field parameterized to 

reproduce high-level electronic structure calculations, was recently developed by Cioce et al. 

for general material sorption and separation processes.33 However, a force field for N2 

created using the simple Lennard-Jones potential parameters for specific use in 

coordinatively saturated MOFs, which compose a major part of the scope of MOFs 

examined today, has never been explored. 

Force fields produced through parameterization fall into two major categories: so-

called ab initio-based models which are fit to reproduce expensive high level quantum 

calculations and empirical models, which are fit to reproduce experimental data. Both 

methods have advantages and disadvantages, and neither approach is better than the other 

because both will contain approximations.34  Several ab initio force fields have been derived 

for small gases in specific MOFs (CO2, N2 and H2O in open-metal site MOF-74 for different 

metal SBUs {Mg, Zn and Fe}18,19,35,36, CH4 in open-metal site Cu-BTC18, H2 in 5 different 
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MOFs37 and CO2 in a variety of MOFs and ZIFs38). Other first principles force fields are 

meant for gas adsorption in adsorbents more generally, such as the recent N2-PHAST33 and 

CO2-PHAST39 models. The polarizable ab initio CO2 and N2 force fields derived by 

Schmidt et al., although not meant explicitly for use in adsorption and with extra 

parameterization for adsorbate-adsorbent parameters, have been used successfully to model 

adsorption in ZIFs.20,40 In terms of experimentally-derived force fields, many exist which 

reproduce physical properties of the bulk molecule, such as the N2, CO2 and alkane TraPPE 

models, which reproduce experimental liquid-vapor equilibria.9 However, these gas force 

fields may be problematic for use in adsorption, as their properties may change once 

adsorbed. Although experimentally-derived force fields have not been explored much for 

MOFs specifically, a force field fit to experimental zeolite uptake isotherm inflexion points 

was developed recently by Garcia-Sanchez et al.10 In a similar vein, several researchers have 

re-parameterized the force field parameters which characterize interactions between zeolite 

framework atoms and gas molecules (the parameters which would normally be determined 

from mixing rules).41ï43 We are unaware of any N2 force field which has been fit to 

reproduce experimental isotherm data, much less to reproduce experimental MOF isotherm 

data.   

The N2 TraPPE model9, which is parameterized to reproduce pure gas liquid-vapour 

equilibria, is frequently used in the literature for simulating nitrogen gas uptake in 

MOFs14,16,17,44ï49 and in certain related porous sorbents.50 We find that the TraPPE nitrogen 

force field overestimates the amount of N2 adsorbed for all coordinatively saturated MOFs 

tested, as shown in Figure 3-2 for two MOFs. We also find that although there is always 

overestimation of uptake of nitrogen gas in MOFs, the proportion by which adsorption is 
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overestimated is not constant: as can be seen in Figure 3-2, in certain cases, overestimation is 

around 50% the corresponding experimental value (MOF-17751 in Figure 3-2) but in other 

cases, it is well over 100% (TIF-A152 in Figure 3-2). It should however be noted that these 

estimation errors appear only when N2 is adsorbed at temperatures higher than 77K. This is 

because N2-TraPPE was originally designed for liquid simulations, and its boiling point is 

77.355K. Therefore, simulated uptake isotherms used for BET method calculations, which 

makes use of 77K N2 gas adsorbed at pressures up to 1 bar, should be accurate.33,48,53  

 

Figure 3-2. Test isotherms for performance of N2-TraPPE model (red triangles) in MOFs TIF-A1 

and MOF-177 at 298K show overestimation of experimental N2 uptake (blue squares). Experimental 

isotherm data is obtained from references 34 and 33 respectively. 

The atomic and COM charges found on N2 TraPPE were not subjected to the 

parameterization carried out in this work. Prior computational studies by Liu and Smit16 as 

well as by Karra and Walton45 on coordinatively saturated MOFs, namely MIL-47(V) and 

IRMOFs-1, 3, 11, 12, 13 and 14 show that the effect of electrostatic interactions on N2 

adsorption in the MOFs tested was negligible. Indeed, single-component adsorption of gases 

in MOFs can in certain cases be accurately modelled using a force field without charge, as is 

sometimes done with the model developed by Murthy et al.54ï56 Although the charges on N2 

TraPPE donôt significantly affect gas uptake, the quadrupole-derived charge sites are 
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important and should be maintained for a general N2 force field destined for adsorption in 

MOFs, especially if binary gas adsorption studies with CO2 or O2 are to be performed. As 

experimental multi-component gas adsorption is rather challenging, the effect of gas co-

adsorption is often calculated based on experimental single component adsorption using the 

Ideal Adsorbed Solution Theory (IAST) method, for example.57 It is relatively simple to 

model multi-component gas adsorption, therefore simulations can provide very valuable data 

on the effect of adsorbing gas in the presence of other guests. For this reason, N2 charges 

were maintained in our force field.   

Initial testing of the Lennard-Jones parameters (ů and Ů) showed that a change in the 

N2 parameters yielded different changes in the simulated isotherms for different MOFs. This 

is shown for MOFs CALF-1512,58 and UMCM-159 in Figure 3-3 below. Models in which the 

TraPPE Lennard-Jones ů and Ů parameters were modified either by adding or subtracting 

10% of their value were tested to observe the effect of changing parameters on uptake. In 

Figure 3-3 below, this is particularly obvious in the case of the TraPPE parameters in which 

the ů value is 10% higher and the Ů value is 10% lower: the excess uptake (see section 3.5.1 

for an explanation of excess/non-excess uptake) becomes lower than that predicted by 

TraPPE for CALF-15 and higher than that predicted by TraPPE for UMCM-1. This is 

evidence that the search space for parameters is complex, which is why search space 

optimization must be performed to identify a better parameterization set.  

The normalized least squares grid search approach was taken to identify the best set 

of Lennard-Jones parameters for our N2 force field. Other search space methods exist such as 

the genetic algorithm (GA), inspired by natural evolution, which has been used to determine 

the ideal force field parameters for MOF framework atom force fields and for gas models 
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meant for adsorption in MOFs.18,60 We chose the normalized least squares approach over 

others for several reasons. Namely, it was important to find the best possible solution to our 

problem, while other techniques will identify a ñgoodò solution, but not necessarily the best; 

because of the weighting factors for each MOF included in the parameterization (see section 

3.4.3 for details), it was necessary to select an optimization technique for which it wouldnôt 

be necessary to repeat calculations each time the weighting was changed; finally, although 

the search space is quite large, it is not impossible to explore a great deal of it using ñbrute 

forceò, meaning that optimization techniques which are made to explore large portions of 

space very quickly are unwarranted.   

 

Figure 3-3. Effect of change in sigma and epsilon parameters upon adsorption isotherms for CALF-

15(273K, up to 1 bar) and UMCM-1 (298K, up to 25 bar). These tests show that the same change in 

Lennard-Jones parameters do not have the same effect on how the isotherm changes with respect to 

the TraPPE isotherm, for example when using the modified version of TraPPE with (1.10ů, 0.9Ů), for 

CALF-15 excess uptake decreases with respect to TraPPE uptake but increases with respect to 

TraPPE uptake for UMCM-1. 
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3.4 Methods 

3.4.1 N2 TraPPE Model 

The existing TraPPE N2 force field, which is frequently employed for simulated 

nitrogen adsorption in MOFs14,17,44ï49, was used as a starting point for our parameterization.9 

This model has three charge sites, two of which are centered on each N atom and one of 

which is found on the COM. The two N atom sites each have a charge of -0.482 and the 

COM site has a charge of +0.964, which account for N2ôs experimental quadrupole moment 

(Q = -1.4 x 10-26 esu).61 It is important that the nitrogen model we produce retain its 

quadrupole moment, as it has been shown that important interactions between the gas can be 

attributed to electrostatics.12,62 We use the experimental nitrogen ï nitrogen bond length of 

1.10 Å, which is the same as that of TraPPE N2.
9 A schematic diagram including details of 

the N2 TraPPE model is shown below in Figure 3-4. 

 

Figure 3-4. Characteristics and relevant values for the N2-TraPPE force field, in common use for 

simulating N2 uptake isotherms in MOFs 
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3.4.2 Parameterization Procedure 

Parameterization is performed to improve the N2 TraPPE potential parameters by 

fitting simulated GCMC isotherms to experimental isotherms. This is achieved by testing a 

large number of Lennard-Jones parameter combinations. To evaluate how well given 

Lennard-Jones parameter sets perform, a normalized least squares fitting approach was 

employed. Every ů and Ů combination for the search space is tested, allowing for 

identification of the best Lennard-Jones parameter set.  In this work, for each isotherm and 

for each Ů and ů combination we calculate the average squared residual to determine how 

closely the simulated isotherm matches the experimental isotherm. The following equation 

describes how this single number, Save, is generated: 

Ὓ
ȟȟ ȟ

В         (4) 

Where Usim is the simulated uptake at a given pressure, Uexp is the experimentally determined 

uptake at a given pressure, n is the number of points (or different pressures) selected on the 

isotherm and Save, the average squared residual, serves as a metric for a given set of LJ 

parametersô (ůi, Ůi) performance for that isotherm. In addition to the Lennard-Jones 

parameters, Save also depends on MOF identity and isotherm temperature. The closer Save is 

to 0, the better the performance of the given LJ parameters for a specific isotherm.  

Performance for a given set of ůk and Ůk values is determined by summing up over all 

isotherms for a MOF at a given temperature and all MOFs in the parameterization set. To 

avoid over accounting for similar features (structural, metal center type and temperatures) or 

less relevant features (very high or low temperature isotherms, very high pressures), 
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weighting factors (‫ ) were used in the summation. The following equation expresses 

evaluation of fitness: 

ὪὭὸὲὩίί„ȟ‐ В В ‫ Ὓ „ȟ‐   (5) 

For details regarding the weighting scheme used for parameterization, see the next section 

(3.4.3). 

Simulation was only performed at points for which there is an experimental value, 

i.e. there is no interpolation. 10 pressure points (n in equation 4) were selected from the data 

provided for each experimental isotherm. In cases where fewer experimental isotherm data 

points were collected, 7 or 8 points were selected for parameterization. The pressure points 

are selected above 0.1 bar. Due to the shape of the isotherm curve being fairly different 

below 0.1 bar, inclusion of these points would have made obtaining an optimal 

parameterization very challenging. Points were selected to give slightly better coverage 

within the 0.75 ï 0.8 bar range. This is done to account for the need for highly accurate 

uptake in this region, as it is the pressure region used for separation of CO2 (carbon capture) 

or O2 (oxy-fuel separation) from a flue stream containing mostly N2.
63 A series of Python 

scripts were written to perform data generation, collection and analysis in a mostly 

automated fashion for the large amounts of data generated. The group-owned Wooki cluster 

as well as the Shared Hierarchical Academic Research Computing Network (SHARCNET) 

were both used to run the large number of calculations necessary for this work. A scheme 

showing the name, purpose and run order each of these codes is available in Appendix A.  

20 ů values (1.64 ¡ Ò ů Ò 3.73 ¡) and 20 Ů values (6.04 K Ò Ů Ò 51.33 K) were used 

for a total of 400 parameter combinations as initial search space. Once the 400 Save were 

obtained for each isotherm, fitness was calculated for each parameter set using the weighting 
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factors discussed in the next section (3.4.3). Once this initial search had been performed and 

a minimum fitness was identified (i.e. the best parameter set), a refined parameter set with 

another 400 ů and Ů (2.393 ¡ Ò ů Ò 2.629 ¡ and 36.00 K Ò Ů Ò 41.79 K) weighted 

combinations was used to identify a high precision best parameter set. 

3.4.3 Parameterization Weighting Scheme 

A rationally determined weighting scheme for the parameterization set was created so as not 

to over-account for common features (see Appendix B for a summary of the numerical 

weighing factors). In the weighting scheme used, five factors are used to determine the 

overall weight for each isotherm in the parameterization set: 

Metal Center Type (1 in Table 2) 

This factor is used in order to account for the different metal center types present in MOFs 

equally. For example, many MOFs are made with Zn secondary building units and our 

parameterization set reflects this, as it contains isotherm data for several Zn containing 

MOFs. For this reason, the contribution of Zn-containing MOFs to the final parameterization 

was reduced slightly from a factor of 1 (fully contributing) to 0.75 for all MOFs. 

Organic Secondary Building Unit (SBU) Type (2 in Table 2) 

If different MOFs had similar or the same organic SBUs, their organic SBU weighting factor 

was reduced. 

MOF Similarity (3 in Table 2)  

In several cases, we received experimental N2 uptake isotherms at different 

temperatures/pressures for a same MOF. It was important not to over-account for a MOF 

because it had several data sets, as this would skew the best parameterization in favour of 
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that MOF. As an example, we used 4 different data sets for ZIF-8 in the parameterization, 

and for this reason we reduced its MOF Similarity factor to 0.45 from unity.  

Temperature (4 in Table 2) 

Uptake temperatures significantly higher or lower than 298 K were penalized, as they are of 

lesser relevance to CO2 capture from a flue stream. 

Pressure Range (5 in Table 2) 

Adsorption of N2 from a flue gas stream takes place at around 0.8 bar. For this reason, all 

data sets in which uptake of N2 was measured up to 1 bar were accounted for fully. Data sets 

where adsorption takes place at much higher pressures (for example, up to 20 bar) were 

accounted for to a lesser extent. 

The final weighting factor ɤij consists of a multiplication of all five weighting factors. For 

our parameterization set, the final weighting factors range from low (0.135) to high (0.8) 

depending on the MOF and relevance of uptake conditions. It should be stressed here that 

the weighting scheme aims not to over-account for any features so the force field which is 

generated, although preferentially fit to highly accurately reproduce experimental data at 

0.75 bar and 298K, is still widely applicable (Note: Generally, post-combustion CO2 capture 

will occur at around 313-333 K, so ideally the range fit for highest accuracy should be 1bar, 

323K.63 A limitation of this work is that most experimental N2 isotherms are measured at 

273K ï 298K, near room temperature. We find that it is a reasonable approximation to 

parameterize according to these limits instead, as air separation (O2/N2 separation) necessary 

for oxy-fuel combustion takes place closer to room temperature. Therefore, this compromise 

is necessary and reasonable).  Isotherms included in the parameterization range from 

temperatures of 195K ï 350K and pressures of 0.1 bar ï 40 bar.   
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3.4.4 Molecular Simulation 

Underlying theory and selected implementations of the molecular simulation 

techniques used throughout this thesis (including periodic DFT, the REPEAT charge 

calculation method, GCMC and ABSL) have been presented in detail in Chapter 2. Section 

3.4.4 serves only to present certain details specific to the project which were omitted from 

that chapter. 

The interaction potential between N2 molecules and the MOF framework was 

modelled using UFF Lennard-Jones parameters and partial atomic charges for the framework 

atoms.8 Lennard-Jones parameters for the framework atoms were taken from the UFF force 

field, using the Lorentz-Berthelot combination rules. A full list of the Lennard-Jones 

parameters used for simulation is given below in Table 3-1. 
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Table 3-1.UFF Lennard-Jones parameters for all MOF atom types used in parameterization set 

Atom Type Ů/kb (K)  ů (¡) 

Zn 62.4 2.4616 

Cr 7.5 2.6932 

Mo 28.2 2.719 

Ni 7.5 2.5248 

Cu 2.5 3.1137 

Co 7.0 2.5587 

H 22.1 2.5711 

C 52.8 3.4309 

O 30.2 3.1181 

N 34.7 3.2607 

Si 202.3 3.8264 

F 25.2 2.997 

 

 GCMC simulations were performed with the in-house code FastMC, in which all 

framework atoms were kept rigid for simulations. GCMC-cycles were employed (a cycle 

consists of N number of trial steps, where N is the number of guest molecules present at any 

given time). This is a useful strategy for determining equilibration and production phases of 

GCMC simulations on a wide range of different MOFs without resorting to imposing a strict 

number of steps for each phase. This strategy has been employed successfully by others for 

gas adsorption in MOFs.64,65 For the refined screening, 25,000 cycles for equilibration and 

25,000 cycles for production were used for each MOF.  
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3.5 Parameterization Results 

3.5.1 Parameters 

14 distinct experimentally observed MOFs were used in the Lennard-Jones 

parameterization set: CALF-1512,58, [Co(HL)]2H2O
66, CPF-667, CROFOUR-1-Ni68, 

Ð[Cu(Me-4py-trz-ia)]69, Cu(bpy-1)2(SiF6)
70, Cu(bpy-2)2(SiF6)

70,  MOF-17751, MOOFOUR-

1-Ni68, NiDABCO71, NJU-Bai372, PCN-2647, TIF-A152 and ZIF-873. (See Figure 3-5 below 

for structures and linkers used in these MOFs). This set contains 6 different metal centers, 

most of them commonly found in experimental MOFs (Zn, Cu, Cr, Ni, Mo, and Co). Figure 

2 depicts several MOFs and their organic SBUs that we used to parameterize the force field. 

Nitrogen adsorption had been measured experimentally at multiple temperatures of interest 

for several of the 14 MOFs. Isotherms collected at very different temperatures were also 

used in the parameterization giving a total of 28 experimental isotherms. 
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Figure 3-5. Parameterization set MOF names & chemical formulae, corresponding topology and 

organic SBUs. 
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Almost all adsorption data obtained was for low nitrogen uptake at ambient 

temperatures. This arises because the gas separation applications involving N2 (i.e. air 

separation for oxyfuel combustion and carbon capture) require that MOFs capture little 

nitrogen gas compared to the other gas of interest (CO2 or O2), meaning MOFs with low N2 

uptake are considered more promising and therefore most common in the literature. We 

were, however, fortunate to obtain data at higher pressures (and therefore with comparatively 

high N2 uptakes), which improved the diversity of our parameterization set.  

To properly treat the experimental data, it is important to distinguish between excess 

and absolute adsorption. Excess adsorption represents the fraction of guest molecules in the 

pore which are in excess of those which would be present at a given pressure without 

adsorption at the density of the bulk gas. When no corrections are applied, GCMC measures 

absolute adsorption, whereas modern instrumentation (usually volumetric instruments) will 

measure excess adsorption by default.74 Experimentalists can directly measure absolute 

adsorption using more expensive gravimetric instruments, which monitor the change in mass 

of a sample under isobaric conditions. The buoyancy effect incurred by the gravimetric 

experimental setup requires correction of absolute adsorption by He gas adsorption, resulting 

in an ñexcessò adsorption. Although use of this He-derived correction appears to be 

relatively standard procedure when working with gravimetric instruments in the literature, 

there has been discussion regarding the validity of using He as a non-adsorbing gas.75,76 In 

any event, a correction must be applied theoretically when comparing with experimental 

volumetric excess adsorption (or He-corrected gravimetric adsorption) in order to accurately 

compare simulated and experimentally-derived ñexcessò isotherms. At low pressures and in 

situations in which pore volumes are negligible compared to the adsorption second virial 
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coefficient, the difference between excess and absolute adsorption is usually not very 

significant, but for the purposes of this study, these small differences become significant for 

the calculation of Save.
74 We observed that even the small change generated from the 

correction applied could make an important difference for the Save even at low pressures. For 

this reason, we were careful to convert our calculated absolute uptakes to excess uptakes 

(using either a N2 or He probe depending on the experimental data collection technique to 

calculate void volume in the pore) in order to make accurate comparisons with experimental 

excess uptake. Conversely, in cases where gravimetric absolute adsorption was measured 

experimentally, we compared with our own uncorrected absolute uptakes. Table 3-2 below 

gives information about the type of isotherm data collected based on the instrument used for 

collection as well as communication with the researchers. 
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Table 3-2. Parameterization Set MOFs, Isotherm Experiment Instruments and Corresponding 

Isotherm Types (Gravimetric/Volumetric, Excess/Non-Excess) 

MOF name Apparatus Used Isotherm Type Excess? Probe Type 

Used 

CALF-15 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

CPF-6 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

CROFOUR-1-Ni Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

MOF-177 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

MOOFOUR-1-Ni Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

NJU-Bai3 IGA-003 gravimetric 

adsorption 

instrument (Hiden-

Isochema, UK) 

Gravimetric No N2 

PCN-26 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

TIF-A1 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

CoHLH2O2 Belsorp-max 

volumetric gas 

instrument 

Volumetric Yes 

 

N2 

Cubpy1-SiF6 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

Cubpy2-SiF6 Micromeritics ASAP 

2020 

Volumetric Yes 

 

N2 

NiDABCO Rubotherm Magnetic 

Suspension Balance 

Gravimetric 

with He Excess 

Correction 

Yes He 

Cu-1,2,4-triazolyl-

isophthalate 

Rubotherm Magnetic 

Suspension Balance 

Gravimetric 

with He Excess 

Correction 

Yes He 

ZIF-8 Rubotherm Magnetic 

Suspension Balance 

Gravimetric 

with He Excess 

Correction 

Yes He 
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Using the procedure described in the Methods section, the parameter scan was 

performed for the 28 isotherms in the parameterization set. The results of the scans used to 

identify the overall best parameter set are shown in Figure 3-6. It is found that for both the 

coarse and refined scans (both included in Figure 3-6), the area in which the global 

minimum occurs is very flat, meaning that ů and Ů values close to those corresponding to the 

global minimum will produce similarly accurate uptake results. Also of particular note in the 

coarse screening graphical plot (top of Figure 3-6) are the red regions, which indicate Save 

values much greater than 10. Although the area where the minimum is found is quite flat, the 

areas searched immediately adjacent to the flat region quickly have very high Save values, 

and near the limits of the parameter sets tested, Save values become increasingly large, 

indicating undesirable parameter sets for reproduction of uptake isotherms.  
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Figure 3-6. Graphical result of least squares analysis of an initial coarse screening (a) and final refined screening (b) of 400 sigma and epsilon 

combinations for 28 isotherms. The arrows on the figure indicate the performance of NIMF and TraPPE parameter sets. Green areas indicate low 

Save values, which translates to good parameter performance. In the case of the coarse screening performed, the worst results shown in this figure 

are capped at a value of Save =10. This was done in order to provide a clearer picture of the good parameter sets, as many parameter sets (those in 

the dark red region) have a Save >> 10. For example, the Save for the TraPPE model parameters is 42.2. 

(a) (b) 
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The final parameters obtained from this work for an N2 model for specialized use in 

MOFs, NIMF, are shown below in Table 3-3, along with the parameters for the original 

force field used for parameterization, N2 TraPPE. As can be seen, the Ů value is larger and 

the ů value is smaller compared to the N2 TraPPE model. When compared to the force field 

parameters derived from N2 TraPPE for specific use in CuBTC by Calero et al, for both 

NIMF and their parameters, Ů increases and ů decreases compared to the TraPPE value.31 A 

comparison of NIMF and Caleroôs parameters show the NIMF value for Ů is larger and that 

identified for ů much smaller, however it should be noted that Caleroôs parameters were to 

be applied to a single open metal site MOF, in which N2 may behave differently than for 

coordinatively saturated MOFs, which were exclusively used for this parameterization set. 

Table 3-3. Lennard-Jones Parameters, Bond Distances and Charges of Nitrogen and Center of Mass 

(COM) for Various Parameterized N2 models Used for Adsorption in MOFs  

Model Name Ů/kb  

[K]  

ů  

[Å]  

N-N bond 

distance 

(Å) 

Charge (e) refs 

N COM 

This work (NIMF)  40.000 2.450 1.10 -0.482 +0.964 - 

N2 TraPPE 36.000 3.310 1.10 -0.482 +0.964 9 

N2 (in CuBTC) 38.298 3.306 1.10 -0.405 +0.810 31 

 

3.5.2 Parameterization Set MOF Uptakes 

Figure 3-7 shows experimental and simulated isotherms for a variety of MOFs in the 

parameterization set. The comparison of TraPPE and NIMF simulated isotherms are shown, 

and in all instances, the NIMF force field better reproduces experimental uptake. For certain 

MOFs, the NIMF force field does a better job of reproducing the isotherm than for other 

MOFs. This arises because it is being fitted to all isotherms simultaneously and due to the 

use of the weighting scheme for the parameterization set. As an example, the experimental 

data provided for adsorption in ZIF-8 was measured at high pressure (up to 25 bar), a 
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pressure range which is not truly representative of oxyfuel or carbon capture applications. In 

addition, three experimental isotherms at different temperatures were available for ZIF-8, 

which translates to a decrease in weighting of each isotherm for this MOF. Finally, ZIF-8 

has Zn metal centers, which are very common in this workôs parameterization set (and in 

MOFs in general), so a weighting factor for metal center type further reduces the 

contribution of this specific isotherm to the determination of an overall best parameter set. 

Overall, the NIMF force field is successful at reproducing the parameterization set 

experimental isotherms. 
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Figure 3-7. Comparison of experimental uptake isotherms (blue), N2 TraPPE-simulated isotherms 

(red triangles) and NIMF uptake (green circles) for four MOFs in the parameterization set. 

Experimental data for ZIF-8, [Co(HL)]2H2O, PCN-26 and CROFOUR-1-Ni is taken from references 

73, 66, 47 and 68 respectively. ñHe Excess Uptake (mmol/g)ò reflects use of a He probe to determine 

void volume for excess calculations, as a gravimetric instrument with He buoyancy correction was 

used for collection of the ZIF-8 N2 isotherm data. In all other cases, a N2 probe was used to 

determine void volume. 

3.5.3 Beyond Selected Parameterization Region 

Near the lower limit of sigma and upper limit of epsilon parameters shown in the 

coarse screening plot in Figure 3-6 (this corresponds to ů = 2.35 ¡ and Ů/kb = 51.33 K), 

where the minimum occurs, it appears as though the calculated Save may continue to decrease 

as the ů and Ů values become more distant (i.e. ů decreases while Ů increases). In fact, the 

overall weighted surface attains a global minimum at the indicated point, and the Save 
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becomes larger as ů decreases/Ů increases. The following is an account of work carried out to 

confirm that a global minimum was attained where the NIMF parameters were determined to 

lie. 

For the initial coarse screening (results shown graphically in Figure 3-6 in section 

3.5.1) we selected a 400 combination parameter space which roughly placed the N2 TraPPE 

parameters in the center of our search area. Coarse screening analysis of Save values across 

all MOFs showed certain interesting trends. First, Save increases with increasing ů value 

(while Ů is kept constant). When exploring Save values along a diagonal line in the search 

space (ie. Increasing Ů while decreasing ů) are approximately constant. One of these 

ñdiagonal linesò has the lowest Save values, even up to very low ů and very high Ů values in 

our coarse parameterization search space. For this reason, we searched a separate, extended 

space with ultra-low ů and ultra-high Ů values for four equally weighted isotherms from the 

parameterization set (CALF-15 at 293K {up to 1 bar}, TIF-A1 at 273K {up to 1 bar}, TIF-

A1 at 298K {up to 1 bar} and Ð[Cu(Me-4py-trz-ia)] at 298K {up to 40 bar}). The results 

from this screening are shown in Figure 3-8 below. 
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Figure 3-8. Result of exploration of parameter search beyond that of the coarse screening search space. The search was performed for 500 

parameter sets (20 sigma and 25 epsilon values) for 4 equally weighted isotherms (3 different MOFs). The threshold value of ů = 1.469 Å is 

indicated in the figure by a dotted white line (see text for discussion of this limit). 
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From this search, we can make certain observations regarding screening at ultra-high 

Ů and ultra-low ů. First, below values of ů = 1.46, Save values become extremely large. It is 

interesting to note that our search presents no such threshold value for Ů). Second, when ů is 

kept constant, Save increases as a function of increasing Ů. From screening ultra-high Ů and 

ultra-low ů parameter combinations, the overall lowest Save value is identified at (ů, Ů) = 

(2.56889, 43.9). 

The best parameter set selected from our refined scan (NIMF) was identified to be (ů, 

Ů) = (2.45, 40.0). The NIMF Lennard-Jones parameters (ů=2.45, Ů=40.0) are similar to the 

best parameter set identified from the extended search (ů=2.56889, Ů=43.9). It is preferable 

to select a parameter set which more closely resembles the N2 TraPPE force field parameters, 

as do the NIMF parameters compared to this extended-search parameter set. This is because 

N2 TraPPE is fit to reproduce physical properties of N2, and the new force field we generate 

should preferably be able to reproduce those physical properties. In fact, in the future we 

hope to test the NIMF modelôs performance against nitrogen force fields fit to reproduce 

bulk phase nitrogen properties. (see Chapter 5 for more on these future directions). 

For these reasons, a refined scan was performed on the top performing parameter set from 

the coarse screening and not from this extended screening. 

3.5.4 Experimental MOF Data not Used in Parameterization 

A significantly larger amount of data than that used in the parameterization set for 

this work was obtained. The 10 MOFs (20 isotherms, see Table 3-4 below for further details 

regarding temperature and pressure conditions) for which data was obtained but not used in 

parameterization are as follow: bio-MOF-1177, FIR-278, MOF-579, ZIF-6780, TIF-A1-NH2
81, 
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CoHLDMFH2O
66, {[Ni(L)2]4H2O}n and {[Co(L)2]4H2O}n82, MIL-53(Al) (Basolite ® 

A100)69 and CuDABCO71. In all these cases, the corresponding numerical data was not 

included in the parameterization set because it was not possible to modify the original N2 

TraPPE parameters in such a way to reproduce this experimental data with high accuracy. In 

other words, in order to correctly reproduce these experimental uptake isotherms, it would 

have been necessary to make a much greater change to the original N2 TraPPE parameters 

than the change made in this work. As it is important for the NIMF parameters to remain 

somewhat close to the TraPPE parameters in order for the force field to correctly reproduce 

interactions between N2 molecules as well as with the adsorbent, large changes to the 

TraPPE parameters are not desirable. 

The reasons why this occur are varied, but a few of the common reasons shall be 

covered here. The first relates to experimental measurement of the N2 isotherm. As has been 

discussed earlier, in the overwhelming majority of the data acquired in this study, N2 uptake 

is quite low. This is due to the fact that CO2/N2 and O2/N2 selectivity should be as high as 

possible for real applications, because N2 is not a harmful gas and should be released into the 

atmosphere, not captured by a sorbent. It follows that research groups would only publish 

data which demonstrates this. Unfortunately, because very low N2 uptake occurs, if all 

solvent or other impurities present in the MOF are not degassed properly prior to adsorption 

of a new gas, this may have a more important impact on the uptake than if the target gas 

interacts strongly with the framework being studied. An example of this is shown in Figure 

3-9 below, which shows the experimental N2 isotherm at 273K up to 1 bar for bio-MOF-11, 

which we received from Rosi et al.77 As can be seen from the plot, negative uptake occurs at 

low pressures up until 0.15 bar. Using this to fit the Lennard-Jones force field parameters 
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results in errors, as it is impossible to obtain negative uptake. The initial shape of the curve 

suggest that something else may have been adsorbed on the framework prior to exposing 

bio-MOF-11 to N2, and that the amount of gas adsorbed at higher pressures may in reality be 

higher than what was registered by the instrument due to the initial negative adsorption. 

Another problem which may affect the isothermôs quality is the crystallinity of the 

synthesized sorbent. Liu et al. published an article in 2007 which demonstrated that open 

metal site MOF Cu-BTC could display differences in uptake of 100% depending on the 

synthetic route employed to synthesize the same material.62 A related issue has to do with 

the model chosen for simulation: a perfect, infinite repeating unit cell MOF model is used 

but in reality MOFs will contain defects and imperfections, and will possibly even have 

some amorphous character. In order to insure that this was not the main reason for N2 

TraPPE overestimating uptake in the MOFs used in our parameterization set, we compared 

the experimental BET surface areas, a technique for surface characterization which has been 

validated for use in MOFs, and calculated accessible internal surface area (using a 1.8 Å N2 

probe radius) for parameterization set MOFs.48 As can be seen from the data in Table 3-5, 

these surface areas are very similar, indicating that there is little disorder in the MOF crystal, 

and that using a perfect, infinite model is a reasonable approximation. Further evidence that 

the data we acquired from many different groups is accurate is demonstrated in the near 

identical uptake isotherms for MOF-177 which were sent to us separately by Deng et al.79 

and Long et al.51.  
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Table 3-4. Collected Experimental Isotherms which were not included in parameterization set along 

with temperatures and maximum pressures of adsorption experiments. 

MOF Name T (K) Max P (bar) Ref 

Bio-MOF-11 273 1 77 

Bio-MOF-11 298 1 77 

FIR-2 273 1 78 

FIR-2 298 1 78 

MOF-5 298 1.07 79 

ZIF-67 273 1 80 

TIF-A1-NH2 273 1 81 

TIF-A1-NH2 298 1 81 

CoHLDMFH2O 273 1 66 

CoHLDMFH2O 298 1 66 

{[Ni(L)2]4H2O}n 273 1 82 

{[Ni(L)2]4H2O}n 298 1 82 

{[Co(L)24H2O}n 273 1 82 

{[Co(L)24H2O}n 298 1 82 

MIL-53-Al  273 50 69 

MIL-53-Al  298 50 69 

MIL-53-Al  323 50 69 

CuDABCO 294 25 71 

CuDABCO 314 25 71 

CuDABCO 350 25 71 

  



76 

 

 

Figure 3-9. Experimental isotherm data collected by Rosi et al. for N2 adsorption on bio-MOF-11 at 

298K up to 1 bar (data presented in reference 77). Problematic negative uptake is indicated by 

yellow circles. 

Table 3-5. Experimental BET and calculated Internal Surface Areas for MOFs in Parameterization 

set 

MOF Name BET Surface Area (m2 g-1) Calculated Surface Area (m2 g-1) 

NiDABCO 190471 1925 

Cubpy2SiF6 271870 2627 

ZIF-8 127383 1336 

TIF-A1 49352 436 

MOF-177 469051 4761 
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Finally, a comment should be made regarding the number of isotherms used in the 

parameterization set. In section 3.3, a comparison of experimental data for the MOF 

UMCM-1 (at 298K, up to 25 bar) was shown, however this data does not appear in the 

parameterization set or in the rejected data set presented in this section. This is because 

numerical data was not received for a large amount of MOFs which were identified as 

promising for parameterization. This includes several well-known MOFs which are of 

interest in the literature for their interesting sorption properties: UMCM-159; NJU-Bai7, 

NJU-Bai8 and SYSU84; CAU-185 and a large number of ZIFs, including ZIF-68-70,78,79,81 

and 82.86 It is unfortunate that data was not received for these MOFs, as it would have 

contributed to better performace of NIMF in accounting for a wider variety of MOFs 

(namely, ZIFs would have had better representation in the parameterization set). In spite of 

this, especially because the amount of experimental data existing for N2 uptake in MOFs 

ranging from 273-400K is not very common in the literature, the 28 isotherms we were able 

to obtain for our parameterization still form an excellent basis for fitting. 
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3.6 Validation of Parameterization 

3.6.1 NIMF Uptake Predictions 

 
Figure 3-10. Topologies and organic linkers for MOFs in NIMF Validation Set 

It was important to include as much experimental isotherm data in the 

parameterization set as possible to obtain a highly transferable set of parameters. It is also 

important to verify how well this parameter set predicts N2 isotherms for a set of MOFs not 

used for parameterization of the force field. The NIMF force field was used to evaluate N2 

uptake predictions on a test set of four structurally distinct MOFs not included in the 

parameterization set: ZIF-6886, [Zn2(atz)2(oba)]87, CdSDB (SDB = 4,4ô-

sulfonyldibenzoate)88 and Ni4-PyC89. As is shown in Figure 5, the NIMF force field 

predictions are much closer to the experimental uptakes than the N2-TraPPE simulated 
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uptake predictions. Table 2 shows the uptake overprediction errors associated with use of N2 

TraPPE, as well as the higher accuracy prediction afforded using the model developed in this 

work. In particular, for the MOF CdSDB, the improvement in uptake prediction using NIMF 

is of around 700%. This is accomplished in spite of the MOF containing Cd, which is not a 

metal center which was included in the parameterization set. In addition, CdSDB has a V-

shaped bent organic SBU, which does not resemble any of the organic linkers used in the 

parameterization set. From computational study with N2 TraPPE alone, it is likely that this 

MOF would have been identified as a low performer due to lowered selectivity. Indeed, 

calculated simulated selectivities for the three test set MOFs show that use of TraPPE will 

lead to underprediction of selectivity by factors ranging from 3 to 6. Table 3-7 in section 

3.6.2 shows the difference in simulated selectivity using both TraPPE and NIMF force 

fields. 
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Figure 3-11. Comparison of experimental uptake isotherms (blue squares), N2-TraPPE simulation 

isotherms (red triangles) and new N2 FF (green circles) for MOFs not contained in the 

parameterization set. Experimental data for ZIF-68, [Zn2(atz)2(oba)], CdSDB and NiPyC is taken 

from references 86, 87, 88 and 89 respectively. In all other cases, a N2 probe was used to determine 

void volume for excess calculations. 

Table 3-6. Error in uptake for TraPPE and NIMF Nitrogen force fields compared to experimental 

data at 0.8 bar for the four MOFs included in the test set. 

 

MOF Name 

Absolute Error in Uptake 

Prediction using TraPPE  

(mmol/g (%)) 

Absolute Error in Uptake 

Prediction using NIMF 

(mmol/g (%)) 

ZIF-68 0.157 (160) 0.006 (-7) 

[Zn2(atz)2(oba)] 0.538 (437) 0.095 (77) 

CdSDB 0.535 (721) 0.026 (34) 

Ni4-PyC 2.485 (106) 0.643 (28) 
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3.6.2 NIMF Selectivity Predictions 

To estimate selectivity from single component GCMC isotherms, the following 

relationship can be used: 

ὛὩὰὩὧὸὭὺὭὸώ    (6) 

Where ὴ  and ὴ  are the partial pressures of CO2 and N2 respectively, and ή  

and ή  are the uptakes of CO2 and N2 at their respective partial pressure conditions. As we 

wish to identify the improvement in selectivity afforded when using NIMF instead of 

TraPPE (Overestimation Selectivity Ratio), the following equation can be used:  

ὕὺὩὶὩίὸὭάὥὸὭέὲ ὛὩὰὩὧὸὭὺὭὸώ ὙὥὸὭέ    (7) 

In equation 7, the uptake and partial pressure for CO2 can be removed entirely (these 

will be the same, ideal CO2 uptakes for both TraPPE and NIMF cases). Additionally, the 

partial pressure for N2 will be the same, as we aim to compare selectivity at the same 

conditions for TraPPE and NIMF. Expression 2 therefore reduces to equation 3 below: 

ὕὺὩὶὩίὸὭάὥὸὭέὲ ὛὩὰὩὧὸὭὺὭὸώ ὙὥὸὭέ    (8) 

Equation 8 directly shows the effect of N2 force field type on selectivity. In all cases shown 

in Table 3-7 below, selectivity is underpredicted using the TraPPE model and better 

predictions are afforded using the NIMF force field.   
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Table 3-7. Overestimation Selectivity Ratios for CO2/N2 selectivity in three test set MOFs when using 

the N2 TraPPE force field against the NIMF force field (all N2 simulation uptake data taken at 0.8 

bar) 

 

 

MOF Name 

 

TraPPE N2 

Uptake 

(mmol/g) 

 

NIMF N 2 

Uptake  

(mmol/g) 

 

Overestimation 

Selectivity Ratio 

(Eq.3) 

ZIF-68 0.255317 0.091767 2.8 

[Zn2(atz)2(oba)] 0.661507 0.218336 3.0 

CdSDB 0.609548 0.100163 6.1 

Ni4-PyC 4.820493 1.692508 2.8 

3.7 Summary 

We have developed a force field for simulated adsorption of N2 in coordinatively 

saturated MOFs, the Nitrogen In MoFs (NIMF) model. We used the N2-TraPPE force field 

parameters designed to reproduce liquid vapour equilibria for pure N2 gas as the starting 

point for modification. This force field, combined with UFF and ESP charges for the 

framework atoms, is in current widespread use for simulating gas adsorption in MOFs, and 

we have found that it significantly overestimates experimental N2 uptake. The NIMF force 

field parameters are fitted to a wide variety of experimental isotherm data from literature, 

and further validated with experimental isotherm data. Our tests show this force field to be 

transferable for any coordinatively saturated MOF, and its use results in much higher 

accuracy uptake isotherms. This force field can therefore be used to predict uptake in MOFs 

which have not yet been synthesized. This work will enable computational studies to more 

accurately predict CO2/N2 and O2/N2 selectivities, which will greatly benefit the 

development of emerging carbon capture and oxyfuel-combustion technologies. 
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4 ï  Using Molecular Simulation to Aid in the Interpretation of 

Solid-State NMR spectra of Metal-Organic Frameworks 

Through prior collaborative work1, we have found that coupling molecular simulation 

with solid-state nuclear magnetic resonance (SSNMR) results in deep insight into behaviour 

of guest molecules in MOFs. Our simulations enable findings that complement the SSNMR 

results such as charge transfer interactions, the number and distribution of guest binding sites 

within a MOF, guest binding energies and dynamic behaviour of guest molecules within 

MOF pores. The techniques we have successfully used include force field-based molecular 

dynamics (MD) coupled with a spatial distribution function1, grand canonical Monte Carlo 

simulation, energy decomposition, DFT studies, ab initio MD and Bader charge analysis. In 

addition to an overview of how the simulations are used to elucidate sometimes complex or 

unusual spectral data, we present the results we derive in support of 13C, 115In and 137Ba 

SSNMR spectra measured for a variety of MOFs. In this Chapter, we examine the guest-host 

interactions in two MOFs, Ba2TMA(NO3) and MIL-68(In) in collaboration with Professor 

Huangôs group.* 

4.1 Introduction  

The use and development of analytical tools to characterize microporous materials is 

important, as finding links between desirable performance for a given application and 

structure is crucial to the development of new materials as well as the optimization of 

existing materials.  

NMR crystallography is an emerging field in which a combination of NMR studies, 

powder XRD and simulations are coupled to elucidate structural information.2,3 These types 

                                                 
* Two manuscripts are in preparation in collaboration with Professor Huangôs group for the two MOFs 
explored in this work, Ba2TMA(NO3) and MIL-68(In). 
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of multi-component studies are being carried out presently in MOFs as well as other porous 

materials, and constitute an especially promising complement and supplement to pure 

diffraction studies.1,4,5 For a full review of experimental techniques used in the study of 

MOFs (including SSNMR), the reader is referred to section 1.3 of Chapter 1. 

The work carried out in this chapter represents two distinct efforts in the NMR 

crystallography realm aimed at better understanding host-guest interactions in MOFs. Our 

molecular simulation studies on MOFs MIL-68(In) and Ba2TMA(NO3) aim to shed light on 

the interactions of CO2 and N,N-dimethylformamide (DMF) with these two frameworks, as 

well as to supplement experimental SSNMR studies carried out by Professor Yining Huang 

(Western University).  

4.2 Theory 

4.2.1 Solid-state NMR Theory 

This section aims to familiarize the reader with some fundamental concepts of SSNMR, 

as well as background necessary for understanding the spectral data presented in this work. It 

is not intended to be a thorough review of SSNMR theory or practical considerations. 

Several comprehensive resources which outline practical considerations, underlying theory 

and detailed background have been produced, and should be consulted for further knowledge 

on this analytical technique.6,7 As well, some reviews exist which outline the SSNMR 

techniques used specifically for study of microporous materials including MOFs.8 

Nuclear Magnetic Resonance (NMR) spectroscopy is a type of analytical tool which 

probes interactions between spin, an intrinsic property of atomic nuclei, and an external 

oscillating magnetic field (B0). It finds application in many areas and there are many 

different ñflavoursò such as one-dimensional techniques (traditional spectra which give 
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insight on structure), two-dimensional techniques (correlation diagrams which are used in 

the study of complex molecular systems), time domain NMR (studies the dynamics of probe 

molecules in solution) and solid-state NMR (SSNMR), the main focus of this section, which 

is used in the study of the molecular structure of solids. In all cases, the chemical shift (ŭ) 

obtained will be characteristic of the NMR-active nucleus within a given system, and will 

provide information on molecular structure. 

SSNMR gained a steady following over the last forty years, and took much longer to 

gain wide use compared to solution-state NMR because of the comparatively low spectral 

resolution it affords. The broad spectral lines which are characteristic of unaltered or static 

SSNMR analysis arise due to orientation-specific (anisotropic) NMR interactions, which 

include chemical shift anisotropy (CSA), dipole-dipole coupling and quadrupole coupling. In 

solution-state NMR, these effects are rarely present due to rapid random tumbling of 

molecules, which averages all these interactions to 0. However, in solids such as crystals, 

powders and molecular aggregates, Brownian motion is not present, which is why 

orientation-dependant interactions have a strong influence on the spectrum.  

SSNMR has distinct advantages over other popular characterization techniques (for 

example, XRD is limited to the study of crystalline lattices whereas SSNMR can provide 

analogous information for amorphous or inhomogeneous systems), and because of this 

significant efforts have been invested in the development of methods to provide improved 

spectral resolution. One such technique called Magic Angle Spinning (MAS), where 

artificial motions are introduced to the solid by spinning the sample about a ñmagic angleò 

axis of 54.74o with respect to the external magnetic field, is now routinely used. Other 

enhancement techniques exist and are frequently used, such as cross-polarization (CP), in 
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which systems containing protons will transfer the magnetization associated with the protons 

to a dilute (isotopically or chemically) nucleus X (X=13C) during a contact time to enhance 

signal. Different resolution enhancement approaches can also be used in combination, as is 

done in cross-polarization magic angle spinning (CPMAS) SSNMR. It is important to note 

however that experiments conducted without techniques for improved spectral resolution are 

also valuable, as this very broadness can provide information on molecular/electronic 

structure not easily provided by other means. For example, dipole-dipole coupling can be 

used to determine internuclear distances with relatively high accuracy. 

In addition to chemical shift (ŭ), there are other parameters which are important in 

characterization of all SSNMR spectral data. Because chemical shielding is anisotropic, one 

of the parameters called the Chemical Shift Anisotropy (CSA), is a diagonalized chemical 

shift tensor with principal components ŭ11, ŭ22 and ŭ33. From these principal components, 

three parameters are derived and often used to describe SSNMR spectra. These are the 

isotropic chemical shift (ŭiso) which is the average of the three principal compoents; the skew 

(ə) which represents the asymmetry of the powder pattern and the span (ɋ) which defines 

the breadth of the CSA powder pattern. 

This particular work includes spectral data acquired using quadrupolar nuclei, meaning 

atomic nuclei having spin greater than ½. (The nuclei present in this work are 115In (spin 

9/2), 135/137Ba (spin 3/2) and 13C which is a spin ½ nucleus.) Compared to spin ½ nuclei, they 

have non-spherical distribution of positive electric charge. There are two additional 

parameters used to characterize quadrupolar coupling, which are the nuclear quadrupole 

coupling constant (CQ) which defines the magnitude of the quadrupolar interaction and the 

asymmetry parameter (ɖ). Quadrupolar nuclei are more challenging to treat than spin ½ 
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nuclei, and the effect of changing CQ and ɖ upon data can depend significantly upon the 

system. Research on systems containing quadrupolar nuclei is ongoing, and advanced 

technology is being actively developed to better deconvolute broad, complex lineshapes.   

4.2.2 Molecular Dynamics (MD) 

Molecular Dynamics (MD) is a simulation technique which is able to probe the 

dynamic (i.e. Time-dependant) behaviour of systems at the atomistic level. This technique, 

based on classical Newtonian mechanics, evaluates how positions, velocities and forces upon 

a collection of particles changes through time. A trajectory refers to the positions, velocities 

and forces of all particles of interest over time. 

To run an MD calculation, a configuration of initial positions must be generated. The 

forces upon the particles in the system are then calculated. Based on the forces, the velocities 

and accelerations can be determined. Once the velocity and acceleration have been 

determined, the system can be propagated through time using classical equations of motion 

for one user-defined timestep (ȹt). At the end of the timestep, the forces acting upon the 

particles are re-evaluated and resulting velocities and accelerations are computed. With these 

new results, the system is once again propagated through time for another ȹt timestep. This 

cycle continues as long as desired, but in order to determine meaningful thermodynamic 

data, the simulation should continue until the thermodynamic values of interest have 

converged. This is but an overview of the general procedure in existing MD simulation 

codes. Modern MD simulation software will contain other components, such as for example 

the application of thermostats and barostats for temperature and pressure control of the 

system. 
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To run MD simulations, we have made use of the DL_POLY code.9 The chosen 

timestep for simulations was 1 femtosecond. It is important to select a timestep which is 

short enough to observe molecular motion, but not so short that computational expense goes 

to waste. NVT dynamics, described as MD run with a constant number of particles, constant 

volume (achieved through use of a rigid framework) and constant temperature (achieved 

through use of a thermostat), were used exclusively throughout this thesis. In terms of the 

force fields used for simulation, they are identical to those used for the GCMC simulations. 

More information on force fields used are available in Chapter 2. 

 

4.2.3 Binding energy calculation 

Calculation of binding energy and decomposition of binding energy into its dispersive 

and electrostatic components for GCMC-determined binding sites is included within the 

ABSL code which is included within FA3PS (See chapter 2 for descriptions of ABSL and 

FA3PS). The GCMC-based energy calculation and decomposition functionality is provided 

by the DL_POLY code.9   

After having obtained the binding sites and energies from the GCMC simulation, we 

can gain new insight on these binding sites using DFT calculations (the electronic structure 

code VASP is used for all DFT calculations throughout this thesis, see Chapter 2 for details). 

This is not to say that studying binding sites using GCMC is less valid or somehow 

incorrect: both approaches have their advantages and disadvantages in this context. With 

GCMC, temperature effects are taken into account, whereas in DFT, the optimized geometry 

obtained will resemble a zero temperature structure. As well, DFT is able to capture strong 

charge transfer interactions, whereas GCMC simulations with the classical force fields used 

will not feature this type of interaction. 
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In any event, the underlying principle used to calculate binding energy is similar in 

both GCMC and DFT. Binding energy of a guest to a host should include only the 

interaction between these two entities. It is not possible to evaluate this quantity 

independently, therefore three different configurations must be evaluated separately in order 

to calculate the energy associated with binding. The first configuration which must be 

evaluated is the guest within a void volume with comparable dimensions to that of the host 

(Note: throughout this work, there were cases in which the host void volume allows 

interaction of the guest with its own periodic image which leads to an erroneous energy 

value. In such cases, it is necessary to make use of different cell dimensions for guest 

optimization.). The second configuration is that of the host which does not contain the guest 

of interest. The final third configuration which must be evaluated is the host and bound guest 

configuration for which binding energy is desired. Once energy is evaluated for all three 

configurations, binding site energy (BSE) can be evaluated according to the following 

equation: 

ὄὛὉ Ὁ Ὁ Ὁ  

By subtracting the energy of the host and the energy of the guest from the combined 

energy calculated for guest and host, all that should remain is the energy associated with the 

interaction between the host and guest.  

4.3 MIL -68(In) 

In this section, GCMC and MD simulations in addition to DFT calculations are 

performed to better understand the interactions of CO2 and N,N-dimethylformamide (DMF) 

with MIL -68(In) (chemical formula: In(OH)(O2C-C6H4-CO2)), a MOF with non-equivalent 

octahedral In units and two different channel types. Temperature-dependant canonical MC 
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simulations are also performed to understand the effect of temperature on CO2 binding sites.  

The CO2 binding sites in MIL -68(In) are compared to those of an isostructural MOF, MIL-

68(Al)10. Throughout this section, simulation results are compared to the SSNMR spectral 

data acquired by the Huang group when possible. 

4.3.1 Structure and SSNMR Analysis 

 

MIL -68(In) (chemical formula: In(OH)(O2C-C6H4-CO2), built up from infinite chains 

of octahedral metal units {MO4(OH)2} linked through terephthalate or benzenedicarboxylate 

(BDC) linkers) is a three-dimensional MOF first made and characterized by a group at the 

Insitut Lavoisier Porous Solids Group responsible for the MIL (Materials Insitute Lavoisier) 

MOF series.11 It has a Kagomé-type lattice, which presents two different types of one-

dimensional channels: larger hexagonal channels (aperture diameter: ~ 17 Å) as well as 

smaller triangular channels (aperture diameter: ~ 6 Å). MIL-68(In) presents a respectable 

BET surface area of 746 m2 g-1, can be fully evacuated of solvent by heating up to 150oC 

under vacuum and shows reversible H2 uptake of 1.98 wt% at 77K and 40 bar pressure. 

Additionally, a study was carried out more recently in which MIL-68(In) was functionalized 

with amino groups, and this provided some improvement of H2 and CO2 uptake capacity in 

the MOF.12  

The different channel-types, which run parallel to infinite chains of the inorganic 

units, arise due to the existence of non-equivalent metal SBUs, which we will refer to 

throughout this work as In1 and In2. The octahedral In SBU of In1 and In2 differ in their 

different In-O bond lengths (as seen from the XRD determined structure): in the case of In1, 

In-O bond lengths may be 2.10 Å and 2.16 Å for In-O and In-OH bonds, respectively, 

whereas In2 lengths are 2.02 Å and 2.15 Å for In-O and In-OH bonds, respectively. This is 
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confirmed through unpublished 115In SSNMR performed by Professor Huangôs group. 

Figures 4-1 and 4-2b) below show the different InO4(OH)2 octahedral arrangements in the 

lattice, resulting MOF lattice and SSNMR spectra for the activated MOF. 115In SSNMR 

experiments were also carried out on the solvent-loaded and CO2-loaded MOF (see Figure 4-

2a) and c)). The results of these studies show that CO2 loading has little impact on the 115In 

signal, but the solvent, DMF, has a significant impact on the 115In NMR signal, specifically 

on the In1 signal. 

 

Figure 4-1. View of the MIL-68(In) MOF 3D lattice along the c axis showing both triangular (red) 

and hexagonal (blue) channels formed (a). A view of the MIL-68(In) MOF 3D lattice along the a axis 

shows the infinite chains on the metal SBU (b). The two InO4(OH)2 octahedral units In1 and In2 are 

shown and distinguished (c). Finally, the organic SBU, BDC (benzenedicarboxylate) is shown (d). 

In1 and In2 centers are indicated within the 3D structures. 
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Figure 4-2. 115In SSNMR spectra for MIL-68(In) loaded with CO2 (a), activated MIL-68(In) (b) and 

as-made MIL-68(In), which retains some of the DMF solvent (c). For each series of spectra, 

simulated spectra are indicated in black for In1 signal, In2 signal as well the combination of both 

In1 and In2 signals. In colour, the experimental 115In SSNMR spectra are shown. The assignment of 

In1 and In2 signals can be made based on the higher symmetry of the In1 octahedron, which presents 

sharper peaks. Simulated and experimental spectra acquired and provided by Professor Yining 

Huang (Western University) 

In addition to 115In SSNMR, Professorôs Huang group inspected CO2 adsorption in 

MIL -68(In) using 13C SSNMR. These results showed the following: first, in SSNMR 13C 
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experiments with a low loading of CO2 (0.1 CO2/In), static SSNMR results showed there 

were at least two different CO2 binding environments; second, in SSNMR 13C experiments 

with a higher loading of CO2 (0.4 CO2/In), SSNMR results showed there were three different 

CO2 binding environments. Figure 4-3 below depicts the 13C SSNMR spectra acquired by 

Professor Huangôs group.  The SSNMR experiments provide some very interesting 

information about CO2 binding sites, such as the number of unique binding sites and their 

influence on the metal atom environment, but other information which would be of interest 

is not available using this technique. For example, the exact location of the binding sites 

within the MOF (whether binding sites are found in the hexagonal space or triangular space), 

whether certain channels are preferred for different gas loadings, and how binding sites 

change as a function of temperature (although temperature dependant SSNMR spectra were 

acquired, they are not a simple tool for ascertaining the effect it has on number of 

localization of binding sites. See section 4.3.2 and Figure 4-8 for information about 

temperature dependant spectra).  
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Figure 4-3. Spectral data in a) shows static 13C SSNMR data for low CO2 loading in MIL-68(In) (0.1 

CO2/In). The static spectrum in a) shows at least two binding sites. 13C SSNMR static (b) and MAS 

(c) data for high loading of CO2 adsorbed in MIL-68(In) are also shown (0.4 CO2/In). Deconvolution 

of the NMR peak shown in green in c) shows that the peak is in reality the sum of three overlapping 

peaks, indicating three different binding environments for CO2. Note: 13C signal is not shown for 

organic SBU contributions. 13C-enriched CO2 gas was loaded into the activated framework to 

increase the CO2 signal. Data acquired and provided by Professor Yining Huang (Western 

University). 
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In addition to analysis of the interactions of CO2 with the framework, it can also be 

of interest to study how other gases interact with the framework. Not only can this provide 

insight on the interaction of different guest molecules with the same framework, but our 

conclusions can further validate the combined use of SSNMR and calculations for 

investigation of the behaviour of gases within MOFs. N,N-dimethylformamide (DMF) is an 

interesting molecule to study in this context, as it is used as a solvent for the published 

synthesis of MIL-68(In).11 Often, traces of solvent can be found even within evacuated 

MOFs, so it is relevant to discover where the DMF coordination sites are within the MOF, 

including how the DMF interacts with the two In centers. In order to validate the combined 

use of theory and SSNMR as a tool for analysis of gas adsorbed in MOF, we carried out 

calculations to probe binding of DMF within MIL-68(In). 

Our computational investigation of MIL -68(In) aims to elucidate the following:  

¶ The number and localization of CO2 binding sites within MIL-68(In); 

¶ The temperature dependence of CO2 binding site number and localization within 

MIL -68(In); 

¶ The number and localization of DMF binding sites within MIL -68(In); 

¶ A comparison of our binding site analysis and that obtained for an isostructural 

MOF10; 

¶ A qualitative picture of the dynamic behaviour of CO2 binding sites within MIL-

68(In).  
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4.3.2 CO2 Results 

4.3.2.1 Binding site analysis 

Figure 4-4 presents the probability distributions resulting from the GCMC simulation 

of CO2 in MIL -68(In) at 298 K and 1 bar. Four general binding sites are identified. Tables 4-

1 and 4-2 show all relevant binding distances and binding energies for these binding sites. In 

this section, the four binding sites will be discussed individually in order of decreasing 

binding energy (from strongest to weakest). 
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Figure 4-4. Isosurface plots of the probability density showing CO2 binding sites in activated MIL-

68(In) at higher probability isovalue (0.02) (a) and slightly lower isovalue (0.01) (b). T = 298 K, P = 

1.0 bar.Black: CO2 - C, Red: O, Pink: In, Light blue: MOF C, White: H. In2 are indicated on the 

figure, and all other unmarked pink In atoms are In1.   
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The first and second binding sites (B1-CO2 and B2-CO2) are found within the 

triangular channel, and are shown in Figure 4-5. Before proceeding with analysis of these 

binding sites, it should be noted that these binding sites are better described as ñbinding 

regionsò. As will be discussed, although there are two distinct ñregionsò of binding, a few 

favourable CO2 orientations can be identified within the regions. 

 In Figure 4-5, a side-view of the triangular channel shows that B2-CO2 (yellow) is found in 

the interstices formed by the linkers, whereas B1-CO2 (purple) is found directly under the 

linkers. All DFT-optimized binding sites within binding regions B1-CO2 (1.1 and 1.2) and 

B2-CO2 (2.1 and 2.2) are shown. For both binding regions, the closest atoms to the CO2 

binding site are the benzene ring (from the BDC linker) hydrogens. The DFT-optimized 

binding site energy values are all close, except binding site 2.2 which appears to be distinctly 

more favourable, likely due to the H-bonding taking place between the CO2 oxygen and In2-

OH along with the aforementioned interaction with benzene H atoms. 
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Figure 4-5. Front view of GCMC-derived binding sites B1-CO2 (purple) and B2-CO2 (yellow) in 

activated MIL-68(In) (left), and side view of GCMC-derived binding sites 1.1 and 1.2 (purple) and 

2.1 and 2.2 (yellow) (right), showing how the binding sites are different in their localization with 

respect to the linkers. T = 298 K, P = 1.0 bar. Black: CO2 - C, Red: O, Green: In, Light blue: MOF 

C, White: H. In2 are indicated on the figure, and all other unmarked In atoms are In1. 

The next strongest binding site, B3-CO2, appears within the hexagonal channel nearest to 

In2. As shown in an enhanced view in Figure 4-6, the CO2 binding site is well localized, and 

is oriented parallel to the In2-OH-In2 chains. A few interactions contribute to the binding 

strength: notably, an H-bond from CO2 oxygen to the In2-OH, H-bonds from CO2 oxygen to 

the benzene-H atoms (from the BDC linkers) and CO2-carbon interactions with the BDC 

linker carboxylate-O atoms. (Note: throughout this text, underlined atoms indicate the atom 

with which that in question is interacting. The reason this nomenclature is used is because 

there are several unique O, H and C species within the MOF, and underlining the atom 

involved in the interaction as a part of its immediate connecting atoms allows for easier 

understanding of the interacting species.) 
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The final binding site, B4-CO2, is the weakest of all binding sites identified within 

MIL -68-In. It is located within the hexagonal channel closest to In1 centers (see Figure 4-7). 

The key interaction involved in this binding site is the H-bond formed between a CO2 

oxygen and an In1-OH. Because this binding site is weaker, it will only appear at higher 

pressures (ie. Higher CO2 loading) compared to the other three binding sites. 

 

Figure 4-6. DFT optimized B3-CO2 in MIL-68(In) with the In2-CO2 distance noted (all other 

relevant interatomic distances are given in Table 4-2). T = 298 K, P = 1.0 bar. Black: CO2 - C, Red: 

O, Green: In, Light blue: MOF C, White: H. In2 is indicated on the figure, and all other unmarked In 

atoms are In1. 
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Figure 4-7. DFT optimized B4-CO2 in MIL-68(In) with the OH-CO2 distance noted (all other 

relevant interatomic distances are given in Table 4-2). T = 298 K, P = 1.0 bar. Black: CO2 - C, Red: 

O, Green: In, Light blue: MOF C, White: H. In2 are indicated on the figure, and all other unmarked 

In atoms are In1.  

Table 4-1 shows relevant binding distances and energies for B1-CO2 and B2-CO2, 

and Table 4-2 shows analogous information for binding sites B3-CO2 and B4-CO2. It is of 

interest to note the difference in the composition of binding energy between different 

binding sites. For B1-CO2 and B2-CO2 found in the triangular pore, the electrostatic 

component of the total binding energy is less than 10%, meaning physisorption is mostly 

dictated by dispersion interactions. However, in the case of B3-CO2 and especially B4-CO2, 

the electrostatic component accounts for 10% and 13% of total binding energy respectively. 

(Note: it was only possible to obtain energy decomposition for GCMC-derived binding sites, 

meaning that the binding energy electrostatic/noncovalent contributions will change after 

DFT optimization.) In terms of comparison with the SSNMR results obtained for 115In and 
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13C in Figures 4-2a) and 4-3, our results agree well with the experimental finding that CO2 

does not interact directly with the In centers. Indeed, adsorption of CO2 has little effect on 

the 115In spectrum as shown in Figure 4-2a) compared to the 115In NMR spectrum obtained 

for the activated framework (Figure 4-2b)) because we find that all CO2 binding sites 

identified interact mainly with nearby hydrogen atoms, whether from the BDC linker or the 

hydroxy groups connecting the infinite In1 or In2 chains. 

Table 4-1. Binding energy and distances to framework atoms for CO2 binding sites found in MIL-

68(In). Note that In1-OH is not accessible to CO2 in the triangular pore. * Energy decomposition 

values from non-optimized GCMC results. 
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Table 4-2. Binding energy and distances to framework atoms for CO2 binding sites found in MIL-

68(In). 

 

4.3.2.2 Temperature dependant binding site analysis 

Variable-temperature (VT) 13C SSNMR experiments were carried out by the Huang 

group to study the temperature-dependance of CO2 binding in MIL-68(In) (spectral data 

shown in Figure 4-8 below). VT SSNMR experiments are used to detect dynamic processes 

occurring on the NMR timescale. The experimental results show that with increasing 

temperature, the breadth (ɋ) decreases gradually owing to enhanced motional averaging 

effects. The spectral data also show that at higher temperature such as 403 K (see Figure 4-

8(c)), a peak which closely resembles that of free CO2 (see Figure 4-8(d) for free CO2 
13C 
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SSNMR spectrum) dominates the spectrum, but the broad lineshape observed at lower 

temperatures (see Figure 4-8(a)) still shows a contribution to the full spectrum. To validate 

and shed further light on these observations, we carried out canonical MC simulations for 

CO2 in MIL -68(In) at three different temperatures. For details on the canonical MC 

technique and MC techniques more generally, the reader is referred to section 2.1.3 found in 

Chapter 2. 

The canonical MC-derived probability density plots shown in Figure 4-8 agree well 

with the findings provided by the VT 13C SSNMR spectra for CO2 adsorbed in MIL -68(In). 

At 150K, the spectral peak corresponding to CO2 least resembles that of free CO2 gas (also 

shown in Figure 4-8). This suggests that very little or no CO2 is ñfreeò within the pore, and 

that essentially all CO2 molecules within the channel are in a bound state. We observe highly 

localized CO2 probability densities at 150K (shown in Figure 4-8(a)) which indicates that 

CO2 is in a free or mobile state over the course of the simulation at 150K. At 403K, a sharp 

13C peak demonstrates that with higher temperature, the CO2 within the MOF has become 

essentially the same as that within the pure gas phase. In the corresponding canonical MC 

simulation at 403K, we observe almost entirely unrestricted CO2 movement, as indicated by 

the diffuse probability density distribution. At 294K, a situation somewhere between that at 

150K and 403K occurs for the NMR data as well as the canonical MC density plots.  
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Figure 4-8. 13C static SSNMR spectra for 13CO2 in MIL-68(In) (left) and canonical MC isosurface 

plots of the probability density of the CO2 center of mass (right) are shown here for simulations run 

at 150K (a), 294K (b) and 403K (c). The 13C static spectrum for free CO2 is shown for comparison in 

(d). All SSNMR and canonical MC data is based on the low loading of CO2 in MIL-68(In) (1:0.1 

In:CO2). The same isovalue was used in order to compare the probability density plots on equal 

footing. All SSNMR and simulation data is collected at 1 bar. 
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It should be noted here that, strictly speaking, although the SSNMR experiments 

were run with a fixed CO2 loading for the different temperatures (0.1 CO2/In), the quantity 

of CO2 within the framework is in reality not fixed. Although the amount of CO2 supplied to 

the MOF environment is the same at all temperatures, at lower temperatures (150K) gas 

uptake will be higher and at higher temperatures (403K) gas uptake will be lower. Indeed, 

GCMC simulations carried out at 150K, 293K and 403K predict loadings of 470, 125 and 24 

CO2 molecules respectively for the same 2x2x2 MIL-68(In) supercell. However, all our 

canonical MC simulations were run using the same number of CO2 molecules (125 

molecules in all cases). This is due to the fact that using a different loading for every 

different temperature MC simulation, although in accordance with the reality of the 

experimental conditions, will affect the probability density not only through greater freedom 

for CO2 movement within the pores but also simply through differing concentration of CO2 

within the MOF. As an example, although at 403K CO2 moves much more freely throughout 

the MOF channels, there is also nearly 20 times less CO2 contained within the supercell 

compared to the 150K case, which will strongly affect the relative intensity of the probability 

distribution. In other words, the loading-dependant change in the probability distribution 

would overshadow the motion-dependant changes produced. This is the reason why the same 

number of CO2 molecules was used for each one of the canonical MC simulations carried 

out.  

4.3.2.3 Comparison with MIL-68(Al) CO2 results 

A combined experimental-computational study of MIL-68(Al) was conducted by 

Yang et al. in which they investigate CO2 uptake and binding site localization (among other 

things) in this MOF, which is isostructural to MIL-68(In).10  Because these two MOFs differ 
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essentially only in their metal center type and the analyses performed by Yang are similar to 

our own, we can draw some insightful comparisons. 

The first interesting comparison relates to the position of hydrogens facing inside the 

hexagonal pore (which are those on the In1-OH-In1 infinite chain). Because hydrogens do 

not appear in the crystallographic files obtained from XRD, they must be added in before 

simulation and optimized using DFT. Yang et al. added the hydrogens on the Al1-O-Al1 and 

performed DFT optimization. They state that ñ[é] For the inorganic part, the hydrogen 

atoms were included such that the OïH bonds were completely perpendicular to the AlïOï

Al linkages.ò10 Although this is a chemically intuitive starting point for optimization of the 

hydrogen positions, with respect to the MIL-68(In) system it turns out not to be the most 

favourable hydrogen configuration. Optimization of the hydrogen positions at a starting 

point not entirely perpendicular to the In-O-In linkage provides a different DFT-optimized 

structure around 6 kJ/mol lower in energy than when the Hs are perpendicular to the In-O-In 

chain. This tells us that a local minimum energy appears when the hydroxy groups are 

perpendicular to the In-O-In chain, but the global minimum exists elsewhere. It should be 

noted that these conclusions were found for the MIL-68(In) system, and so it is possible they 

are not applicable to the MIL-68(Al) system. However, the authors state that they chose the 

perpendicular position for H atoms as their starting point, indicating that the most favourable 

configuration of the framework H atoms was not thoroughly investigated. The difference in 

energy between the perpendicular and more favourable non-perpendicular configuration of 

framework H suggests that the H can oscillate relatively easily between these two 

conformations (and potentially others). Because our calculations require the use of a rigid 

host, this is not an effect we could include in our simulation. It is likely that any movement 
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of H does not significantly affect guest adsorption behaviour (see next paragraph), and we 

are confident that we have selected the lowest energy, best possible configuration for our 

static model.    

The second observation of interest relates to the different binding observed near M1 

and M2 (where M=In, Al) in both MOFs. In the paper by Yang et al., little or no distinction 

is made between non-equivalent sites Al1 and Al2. There is undoubtedly a difference 

between the two binding sites, as evidenced by the probability distribution shown in Figure 

4-9 (taken from reference 43), which they do not comment on in the paper. One can 

distinguish the probability density of CO2 center of mass (COM) whether at Al2 (in the 

center of the figure) or Al1. It appears from Figure 4-9 that CO2 has a lower probability 

density near Al2 than near Al1. It is interesting to note that MIL-68(In) shows the opposite 

trend, as shown in Figure 4-9. We ran a GCMC simulation with a hydrogen DFT-optimized 

MIL -68(In) where the Hs are perpendicular to the In-O-In chains, and found that the GCMC 

probability density distribution remains the same. In other words, the perpendicular 

hydrogens do not significantly affect the probability density distribution of CO2 in MIL -

68(In), and are not the cause for the differences observed between probability density 

distributions in MIL-68(In) and MIL-68(Al). The difference is therefore likely attributable to 

the different metal centers in MIL-68(Al) and MIL-68(In). Nonetheless, it is an interesting 

difference to highlight. 
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Figure 4-9. GCMC-derived probability density plots for CO2-COM adsorption in MIL-68(In) (a) and 

MIL-68(Al) (b). Both results are obtained at 1 bar, but a) was simulated at 298K and b) was 

simulated at 303K. Plot b) was taken from the SI of reference 43. 

4.3.2.4 Molecular Dynamics 

The dynamical aspects of CO2 binding within MIL-68(In) was studied using 

molecular dynamics (MD). GCMC simulations provide information on binding site location 

and strength within the host, but they do not give any information on how the binding sites 

interact with the host through time, as they only give equilibrium averaged information. Of 

particular interest for this MOF would be whether a single CO2 can switch between binding 

sites B1-CO2 and B2-CO2 in the triangular channel, and similarly whether another CO2 

binding site can switch between binding sites B3-CO2 and B4-CO2 within the larger 

hexagonal channel.  

MD studies were carried out for 40 ns at 293K constant temperature and constant 

volume (see section 4.2.3 for the default parameters used for all MD simulations throughout 

this chapter). The loading of CO2 used for the MD simulation was the loading as determined 

from an equilibrated GCMC simulation at 293K, 1 bar for the same system (124 molecules 
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for a 2x2x2 unit cell MD simulation cell size, which corresponds to around 16 CO2 

molecules/unit cell, or 4.36 mmol CO2/g MIL-68(In)). 

Select results from the MD simulation are shown in Figures 4-10,11 and 12. Of note 

is that when tracking a single CO2 throughout the course of the simulation, both binding sites 

B1-CO2 and B2-CO2 (triangular channel) and binding sites B3-CO2 and B4-CO2 

(hexagonal pore) respectively are visited frequently by the same molecule. (Note: there are 

no connective channels between the triangular and hexagonal channels, so a single CO2 will 

be restricted to either one of the two channel spaces). Here, an analysis of trajectories over 

2.5 ns for three CO2 molecules in the triangular channel (B1-CO2 and B2-CO2) and three 

CO2 molecules in the hexagonal channel (B3-CO2 and B4-CO2) for a total of six CO2 

molecule trajectories will be provided. 

In the case of the triangular channel, DFT binding energies as calculated from section 

4.3.2.1 show that the binding energy for binding pockets B1-CO2 and B2-CO2 can vary up 

to ~ 5 kJ/mol depending on the orientation of the molecule within the pocket. However the 

ranges for binding pockets B1-CO2 (22.4 to 25.1 kJ/mol) and B2-CO2 (22.7 to 29.2 kJ/mol) 

are similar, showing that there is likely not to be a clear preference for one binding pocket 

over the other. The longest residence time for a CO2 molecule in B1-CO2 was ~ 638.5 ps 

and ~ 721.5 ps for B2-CO2 (residence times illustrated in Figure 4-10). For both B1-CO2 

and B2-CO2, the shortest residence time for a CO2 molecules was somewhere between 2.5 ï 

5 ps, and in such cases the CO2 is just ñpassing throughò either pocket B1-CO2 or B2-CO2 

to jump from a site B2-CO2 to another site B2-CO2/site B1-CO2 to another site B1-CO2. 

For two of the three trajectories which were tracked, the CO2 molecule regularly spent > 500 

ps at either B1-CO2 or B2-CO2, but for the other CO2 molecule which was tracked, the 
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longest time spent in either binding site is only ~ 66.5 ps. As shown in Figure 4-11, this has 

to do with the initial loading configuration as determined from GCMC run at 293K and 1 bar 

of the triangular pore. In the case of the triangular channels with long residence times, the 

triangular pore loading equals one molecule per site within the simulation cell size used (for 

the 2x2x2 simulation cell, there are 8 sites per channel,-see Figure 4-11), however in the 

short residence time-channel, the loading is less than one molecule per site (only 6 molecules 

loaded). This demonstrates that the loading of the triangular pore has a significant impact on 

the residence time for a molecule within either B1-CO2 or B2-CO2. Incomplete CO2 loading 

results in unoccupied sites, which facilitate hopping between different sites for a same CO2 

molecule. It should also be noted that the MD trajectories show no more than one molecule 

occupying one binding site at one time. In any event, an average over the three trajectories 

still yields an average residence time of ~84 ps and ~120 ps for B1-CO2 and B2-CO2 

respectively. Given that a more energetically favourable binding conformation was identified 

for B2-CO2 (BE = 29.2 kJ/mol), it is not surprising to find a slightly higher average 

residence time for B2-CO2, while identifying relatively similar average residence times is 

also a reasonable finding since a configuration within B1-CO2 as well as B2-CO2 are very 

close in energy. 
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Figure 4-10. For B1-CO2 and B2-CO2, a front view of the triangular channel is shown in a1) and 

a2) respectively. Within the triangular pore, a portion of the trajectory for a single CO2 molecule 

(shown every 0.5 ps) for the longest residence time seen is shown. This corresponds to 638.5 ps for 

B1-CO2 (a1) and 721.5 ps for B2-CO2 (a2). b1) and b2) show a side-view of the triangular channel 

including the same portion of the trajectory shown in a1) and a2) for B1-CO2 and B2-CO2, 

respectively. As was found through GCMC binding site analysis, B1-CO2 (b1) remains under the 

linkers, whereas B2-CO2 (b2) remains within the interstice formed by the linkers. 
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Figure 4-11. In a), an ab plane representation of MIL-68(In) containing the trajectories of two 

different CO2 molecules within two different triangular channels over the same 500 ps period (ie. The 

MD simulation results shown for both CO2 molecules are from 0 Ą 500 ps) is shown. An image of 

the CO2 moleculeôs position is shown every 0.5 ps. In b), the same representation of the framework is 

shown but with the loading of each triangular channel corresponding to the representation shown in 

a). Orange CO2 molecules in b) indicate the same CO2 molecules which were tracked in a) at some 

point throughout the total 2.5 ns trajectory.  

Analysis of the dynamic behaviour of the CO2 molecules in binding regions B3-CO2 

and B4-CO2 of the hexagonal channel shows a different behaviour compared to B1-CO2 and 

B2-CO2.  The hopping from one binding site to another was so frequent, only the first 250 ps 

needed to be characterized to provide a representative sample of the dynamics within the 

channel. The binding energies for B3-CO2 (22.2 kJ/mol) and B4-CO2 (19.9 kJ/mol) are 

lower compared to the range of binding energies found for pockets B1-CO2 and B2-CO2 

(differences range from 0.2 to 9.3 kJ/mol), and residence times are shorter for B3-CO2 and 

B4-CO2 than for B1-CO2 and B2-CO2. The longest residence time for B3-CO2 is ~ 45.5 ps 

and shortest residence time is ~ 2 ps. The average residence time over all three trajectories is 

~ 17 ps (with a mode of ~ 5 ps). The longest residence time for B4-CO2 is ~ 28.5 ps and the 

shortest residence time observed was < 1 ps. The average residence time over all three 

trajectories is ~ 8 ps (with a most repeated value (mode) of ~ 5 ps). Since B3-CO2 has a 
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stronger binding energy than B4-CO2, it is no surprise to see the trend in residence times 

observed here. See Figure 4-12 for an illustration of residence times for B3-CO2 and B4-

CO2. From the longest residence time observed for B4-CO2 (Figure 4-12 c)), the binding is 

evidently weaker compared to that of B3-CO2 (Figure 4-12 b)), as it tends easily to ñrockò 

from the neighbouring B4-CO2 to the neighbouring B3-CO2 while still remaining within the 

B4-CO2. B3-CO2 on the other hand remains much more localized throughout the longest 

residence time observed. 
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Figure 4-12. In a), a view of a MIL-68(In) hexagonal channel along the c axis shows a trajectory for 

a single CO2 molecule over the course of the first 250 ps of simulation. Snapshots of the CO2 

molecule are taken every 0.5 ps. The partial trajectories corresponding to the longest residence time 

for B3-CO2 (45.5 ps) (b) and B4-CO2 (28.5 ps) (c) are also shown, where snapshots of CO2 are taken 

every 0.5 ps. 

This study demonstrates preliminary findings regarding the dynamics of CO2 in MIL -

68(In). Especially since the effect of dynamics are capture by 13C SSNMR spectra, we wish 

to carry out more rigorous quantitative studies on the dynamics of guests in the framework. 

This includes study of the mean angle of CO2 with respect to the binding sites, mean and 

average residence times, switching rates and possibly even studies of the mobility of CO2 
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throughout the different channels (ie. Diffusion) in order for a thorough analysis to be 

carried out. Details on future work to be carried out on this system are offered in Chapter 5. 

4.3.3 DMF Binding Site Analysis 

GCMC simulation results are shown for DMF in MIL-68(In) in Figures 4-13 and 4-

14. There are three distinguishable binding sites (referred to as B1-DMF , B2-DMF  and B3-

DMF  in this section). Two are found in the hexagonal channel (B1-DMF  and B3-DMF ) and 

another in the triangular channel (B2-DMF ). Of the hexagonal channel binding sites, one is 

found near the In1 SBU (B1-DMF ) and another is found near the In2 SBU (B3-DMF ). Of 

the three binding sites, B1-DMF  and B2-DMF  have a significantly higher probability 

density. In terms of B3-DMF , it can be seen from Figure 4-13 that the highest probability 

density is associated with the grey carbons, which are the CH3 carbons on DMF. The 

position of the CH3 carbons suggest that there is an interaction with the In2-OH-In2 portion 

of the framework. For all DMF binding sites (as for all CO2 binding sites), there is no strong 

interaction with the metal center. 
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Figure 4-13. GCMC-derived isosurface plot of the DMF probability density in activated MIL-68(In). 

Isovalue = 0.02, T = 298 K, P = 1.0 bar. Blue: DMF-N, Red: O, Black: DMF-C (from C=O), Grey: 

DMF-C (from CH3), Pink: In, Light blue: framework C, White: H. In2 are indicated on the figure, 

and all other unmarked In atoms are In1.   

The probability density persists at higher isovalues for DMF in the triangular channel 

(B2-DMF ) compared to that of DMF in the hexagonal pore (B1-DMF  and B3-DMF ). This 

could mean it is more likely for these binding sites to be occupied first (at lower pressures) 

than binding sites found in the hexagonal pore. In Figure 4-14, a possible configuration of 

DMF in site B2-DMF  is shown in the triangular channel. Like with CO2 binding sites, the 

so-called ñsitesò should more so be considered binding pockets, in which the DMF molecule 

can be found in several favourable binding configurations within this binding region. The 
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orientations in Figure 4-14 are of high probability. In it, a DMF oxygen interacts with a 

linker-benzene H atom.  

 

Figure 4-14. DFT optimized DMF binding sites B1-DMF , B2-DMF  and B3-DMF  found in MIL-

68(In). Blue: DMF-N, Red: O, Pink: In, Light blue: C, White: H. In2 are indicated on the figure, and 

all other unmarked In atoms are In1.   

For the hexagonal channel binding site near In1 (B1-DMF ), a hydrogen bond forms 

between the DMF oxygen and the hydrogen from the In1-OH-In1 chains. This corresponds 

well with findings related to CO2, as it is also the behaviour observed when CO2 is found 

near the In1 SBU (B4-CO2). This binding site turns out to be the strongest among all the 

DMF binding sites found. 
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The weakest DMF binding site, B3-DMF , is located near In2 in the hexagonal channel. 

Once again, analogous to B3-CO2 which also binds near In2, several weak interactions 

contribute to binding. Notably, the DMF-methyl group hydrogens interact with a BDC linker 

carboxylate oxygen as well as the In2-OH depending on their spatial orientation, and the 

DMF-N interacts with another BDC linker carboxylate oxygen. Figure 4-15 depicts the way 

in which DMF interacts with surrounding atoms for all three binding sites. Table 4-3 

contains all relevant interatomic distances for the DMF binding sites found within MIL-

68(In), as well as binding site energies. For B2-DMF , the binding site found in the triangular 

channel, the electrostatic contribution to the binding energy is negative (-2.9%). This 

indicates a binding site which is highly favoured through dispersion interactions but non-

binding through electrostatic interactions. 
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Figure 4-15. Enhanced views of DFT optimized DMF binding sites B1-DMF (a), B2-DMF  (b) and 

B3-DMF  (c) found in MIL-68(In). Blue: DMF-N, Red: O, Pink: In, Light blue: C, White: H. In2 are 

indicated on the figure, and all other unmarked In atoms are In1. 
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Table 4-3. Binding energy and distances to framework atoms for DMF binding sites found in MIL-

68(In). 

 
* Percentages included in parentheses next to the GCMC-derived binding energies are the 

binding energy decomposition results for the electrostatic contribution to binding, and are 

given in %. 

 

Comparisons between the different CO2 and DMF binding sites found in MIL-68(In) 

can provide valuable insight. Although the locations of the binding sites were similar for 

both guests, the binding energies found for CO2 binding sites (Tables 4-1 and 4-2) were all 

significantly lower than the binding energies found for DMF (Table 4-3).  From the DMF 

and CO2 probability density plots (Figures 4-13 and 4-4 respectively), the strongest DMF 

binding site (B1-DMF  shown in Figure 4-15a)) has a higher probability density near In1 

than In2 while the strongest hexagonal channel CO2 binding site (B3-CO2 shown in Figure 


































































































