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Abstract 

Reducing anthropogenic carbon dioxide emissions from coal-fired power plants is 

an important step in mitigating climate change.  To implement carbon dioxide capture 

technologies, materials capable of removing carbon dioxide efficiently are required.  

Currently, liquid amine technology is used for carbon dioxide capture.  However, the 

mechanism for carbon dioxide removal in liquid amine requires extraordinary amounts of 

energy input.  Alternatively, solid sorbents such as metal-organic frameworks (MOFs) 

show promising potentials as a type of material for carbon dioxide capture.  Due their 

varying structural properties, MOFs can be configured for specific purposes.  Certain 

MOFs carry a net charge on their frameworks, which may allow for increased 

interactions with carbon dioxide molecules.  In this work, charged MOFs were studied 

for their potential in carbon dioxide capture.  Due to the massive number of MOFs 

available, computational methods were employed for the study.   

This project includes three major components: (1) the development of novel 

computational methods to simulate the gas adsorption properties in charged materials, (2) 

a diverse database of 47,244 hypothetical charged MOFs was constructed to represent the 

capabilities of charged MOFs, and (3) screening of high performing charged MOFs for 

carbon capture application by combining the previous two portions of the project.  The 

methods developed in this work include fitting intermolecular interaction parameters to 

quantum mechanical calculations in periodic systems with net charges.  No methods have 

been reported in literature for such parameter fittings, even in well studied materials such 

as zeolites.  Therefore, the gas adsorption estimation method for charged materials 
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developed in this work is proprietary.  Also, databases of hypothetical MOFs with 

framework net charges have never been reported previously in literature. 

By screening the charged MOFs in the database with the methods developed, gas 

adsorption capabilities were evaluated.  The adsorption properties of a neutral group of 

hypothetical MOFs were also obtained for a baseline comparison.  Between the two 

groups of MOFs, charged MOFs were found to outperform neutral MOFs in three key 

aspects.  Firstly, charged MOFs were able to adsorb an average of three times as much 

carbon dioxide than the neutral group.  Secondly, charged MOFs were capable of 

removing twice the amount of carbon dioxide per adsorption/desorption cycle than the 

neutral MOFs.  Lastly, charged MOFs were able to selectively adsorb much more carbon 

dioxide over other gasses present in the carbon dioxide capture situations.  Specific 

structural features that resulted in the selectiveness of adsorption in charged MOFs were 

identified.  Also, positive correlations were found between the adsorption of carbon 

dioxide and the charge present in the MOFs. 

As seen in the results, charges present in MOFs can greatly increase their ability 

to remove carbon dioxide.  Charged MOFs in the hypothetical database not only 

outperformed neutral MOFs, certain top performers were also found to exceed the 

requirements for post-combustion carbon capture application.  Therefore, charged MOFs 

were shown to be a possible material for future carbon dioxide capture.  The proprietary 

methods developed in this work can not only be used to simulate gas adsorptions in 

charged MOFs, but also for other porous materials, regardless of net charges presented in 
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their systems.  Also, the database constructed in this work can be utilized in multiple 

ways.  Aside from carbon dioxide capture capabilities, the charged MOFs in the database 

can be screened for other gas separations and catalysis via high throughput screening.  

The database and the computational methods developed in this work pave the way for 

discovering the capabilities of charged materials. 
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1 Introduction 

1.1 Carbon Capture 

Climate change in recent history is undeniably affecting our lives on a global 

scale.  Issues such as the shortage of food and water, the increased frequency of extreme 

weather, and the rising sea levels are direct results of humanity’s impact on our 

environment
1–5

.  Anthropogenic carbon dioxide (CO2) is the main greenhouse gas emitted 

at ~32.3 giga tonnes per year
6
 and its reduction is a valid starting point to mitigate the 

environmental impact made by humans
2
.  Due to the low cost and abundance of coal, 

approximately 60% of carbon dioxide emissions are from coal-fired power plants
7
.  

Although renewable energy sources will be preferable long term solutions, coal-fired 

power plants will likely remain as our main source of electricity for the next century
5
.  

The short term solution is to decrease the pollution made by these power plants.  This 

will allow for continued use of fossil fuels with reduced environmental impact and have a 

smoother transition to a sustainable, low-carbon energy future. 

Carbon Capture and Sequestration (CCS) is a strategy to reduce CO2 emissions, it 

encompasses all technologies which aim to selectively filter carbon dioxide from 

emissions gasses for permanent storage
8,9

.  CO2 is typically proposed to be stored in deep 

saline reservoirs, and depleted oil and gas fields after compression
10–12

.  Alternatively, 

CO2 can be used to assist in oil and gas recovery by injection into nearly depleted wells
13–
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15
.  These storage methods are proven to be safe and cost efficient

16
.  Therefore, the main 

focus of improving CCS has been to develop materials and methods for CO2 capture
9
.   

The three main types of CCS consists of oxy-fuel combustion, pre-combustion 

capture, and post-combustion capture
9
.  In oxy-fuel combustion, pure O2 is separated 

from the ambient air for fuel combustions
17

.  The exhaust produced is a binary gas 

mixture composed of H2O and CO2 where the water is removed by condensation
7
.  This 

yields concentrated CO2 that can be easily purified or stored directly after 

compression
7,9,18

.  However, the efficiency of power production with oxy-fuel 

combustion will be up to 37% lower than coal-burning power plants without CO2 

capture
18

.  Pre-combustion capture involves the conversion of fuel into H2 and CO2 via 

gasification with the CO2 being captured from the mixture, leaving behind clean burning 

H2 fuel
9,18

.  Since pre-combustion capture requires the additional process of gasifying the 

fuel, it will require a power plant specifically built for pre-combustion carbon capture.  In 

addition, the power production in such plants would be 25% lower than coal-fired power 

plants with carbon capture
18

.  For post-combustion carbon capture, the power plant is 

operated as usual, up until the moment before the exhaust flue gas is vented into the 

atmosphere
8,16

.  With this method, CO2 is captured from the flue gas and existing power 

plants can be retrofitted with carbon dioxide scrubbers
9
.  Post-combustion capture will 

also reduce the efficiency of the power plant by 25-30%
18–20

.   

Of the three main types of CCS, pre-combustion capture has the most efficiency
18

.  

However, post-combustion capture is the most suitable for economical implementation 
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and existing power plants can be retrofitted
16

.  Instead of abolishing existing power plants, 

post-combusting capture technologies can be retrofitted to existing power plants and, 

therefore, reduce the initial costs
7,16

.  This type of retrofitting is proven to be effective 

and economical, as demonstrated by the addition of the flue gas desulfurization 

technologies in the 1990s
21

.  When scrubbers were added to remove SO2 from flue gas in 

power plants, little or no modification was required in the original plant; 98% or more of 

the SO2 was able to be removed by this method
22

. 

The existing post-combustion CCS technologies are capable of capturing 70-

99.9% of the CO2 using solvent separation
7,23–25

.  Following the separation, the CO2 is 

released from the materials by temperature differentials and stored, thereby regenerating 

the solvent to be reused
19,26

.  Figure 1-1 shows the general process of post-combustion 

CCS, and different setups may be engineered for each specific usage
7
.  In the figure, flue 

gas from power generation is fed into the system during the absorption step.  The CO2 is 

selectively captured by the solvent, and then the remaining exhaust with low CO2 content 

is vented into the atmosphere.  After the solvent has been saturated with CO2, it enters the 

desorption/regeneration step to release the captured CO2 gases
26

.  The CO2 can be stored 

after compression and the solvent can be reused for additional cycles of CO2 capture
27

. 
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Figure 1-1. General process of post-combustion CCS showing absorption and 

desorption/reneration steps. 

An example of solvent separation is demonstrated by aqueous amine absorption, 

which has been well established and used by the natural gas industry to separate CO2 

from methane over the past six decades
18

.  In fact, SaskPower of Saskatchewan, Canada, 

has the first commercial-scale 110 megawatt power plant fitted with amine absorption 

post-combustion CCS
28

.  The CCS technology fitted to this power plant is capable of 

reducing 90% of the CO2 emission, capturing approximately one million tonnes of CO2 

per year; this is equivalent to the emission of 250,000 vehicles
28

.  In the amine absorption 

process, 20-30% by weight monoethanolamine (MEA) is the most commonly used 

sorbent to selectively absorb CO2, as shown in Equation 1-1
29

.   

Equation 1-1. Equilibrium of chemical absorption between MEA and CO2. 

C2H4OHNH2 + H2O + CO2 ⇌ C2H4OHNH3
+
 + HCO3

- 
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After the capture, MEA saturated with CO2 can then be regenerated at high temperature 

for further use
27

.  However, the aqueous amine solutions can be unstable when heated, 

limiting the regeneration temperature and reducing the lifetime of the solutions
30

.  Also, 

the solutions tend to be corrosive towards the vessels, limiting their concentrations to 

below 40% by weight
26,27

.  As a result, a larger quantity of solutions is required
26

.  In 

addition, due to the high heat capacity of the solutions and the energy requirement of 

chemical absorption, the sorbent regeneration can use upwards of 30% of the energy 

generated from the power plant
20

.  Although highly concentrated CO2 (above 99%) can 

be separated by this method, the intense energy input required to regenerate the starting 

solvent render this method uneconomical
7
.   

Another common method of separating CO2 is through the use of solid porous 

sorbents
26,31

.  Two examples of sorbent materials available are zeolites and activated 

carbons
32

.  These highly porous materials have high internal surface areas and are capable 

of selectively adsorbing CO2 based on their pore sizes, shapes, and surface functional 

groups
26

.  Since physical adsorption is due to the intermolecular forces present, the 

interaction is weaker compared to chemical bonding in absorption
33

.  Therefore, the 

desorption process would require less energy and more favourable for CCS 

applications
7,26

.  Zeolite 13X is a prime example of a solid sorbent studied for CO2 

capture by physical adsorption, it is capable of capturing CO2 with 90% or higher purity
34

.  

However, the presence of water in post-combustions CCS conditions reduces the capacity 

of CO2 uptake
35

.  Another type of solid porous sorbent is activated carbon
32

.  Activated 

carbons are amorphous forms of carbon that are highly porous; their hydrophobic nature 
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can prevent decomposition due to the presence of water, unlike zeolites
36

.  Activated 

carbons can have even higher surface areas, upwards of 3,000 m
2
/g

37–39
, where zeolite 

13X only has 756 m
2
/g

40
.  The higher surface area allows for additional interaction 

surface and greater adsorption of CO2 at high pressures
26

.  However, the relatively 

uniform electric potential on its surface reduces favourable intermolecular interactions, 

hence a lower CO2 adsorption at low pressures in post-combustion CCS conditions
41

. 

For a direct comparison between different types of CCS technologies, the costs 

associated are used in this study.  The costs of CCS can be broken down into the CO2 

capture cost and the storage cost.  Storing CO2 underground is cost efficient and 

estimated at USD$3-10 per tonne of CO2 stored
9
.  However, the cost of capturing CO2 is 

much higher, estimated at between USD$49-57 per tonne of CO2 using the current 

materials and methods
20

.  In order to widely implement CCS technologies, it must be 

economically viable for power companies.  Currently, the major financial cost of emitting 

CO2 for power companies is the carbon tax, where industries are taxed by the government 

based on the amount of CO2 emitted.  The rates of carbon tax for electricity generation, 

range from a few dollars to CDN$30 per tonne of CO2 in British Columbia and Alberta, 

Canada
42–44

.  Even at the highest rate of CDN$30 per tonne of CO2, it will still be more 

economical for power companies to emit the CO2 and pay the carbon tax than to 

implement CCS.  In order to decrease the amount of CO2 pollution by power generation, 

reducing the cost of CCS has thus become the main concern.  Studies done by Ho et al.
20

 

show that the cost of CCS can be lowered to approximately USD$30 per tonne of CO2 if 

a sorbent material can be made to meet the following conditions: (1) the sorbent material 
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has to be able to selectively adsorb CO2 over N2 at a ratio of above 150, and (2) it must 

be capable of removing more than 4 mmol of CO2 per gram of material per 

adsorption/desorption cycle
20

.  The current material commonly used to separate CO2 from 

natural gas, zeolite 13X
18

, can only remove 2.2 mmol of CO2 per gram of material per 

cycle at selectivity of 54
20,34,45

.  To allow for economical and effective implementations 

of post-combustion CCS, new materials have to be discovered or designed. 

 

1.2 Finding the Ideal Materials for CCS Applications 

The ideal materials for post-combustion CCS applications must be able to 

selectively adsorb CO2 and capable of removing large amounts of CO2 per 

adsorption/desorption cycle
20

.  To satisfy the first requirement, the sorbent have to 

selectively separate CO2 from a mixture of gasses present in the exhaust gas of power 

plants
46

.  Typical post-combustion flue gas is composed of many different types of gases, 

as listed in Table 1-1.  Gases such as SOx and NOx are removed after desulfurization
21

, 

leaving a gaseous mixture of N2, CO2, and H2O
26

.  While most of the H2O can be 

removed via condensation, as practiced in oxy-combustions
7
, trace water vapour may still 

be present in the gas mixture
47–49

.  Therefore, the ideal materials for post-combustion 

CCS are require to separate the CO2 from the remaining N2/CO2 mixture in humid 

conditions.   
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Table 1-1. Typical post-combustion flue gas composition20,26. 

Molecule Concentration (by volume) 

N2 73-77% 

CO2 13-16% 

H2O 5-7% 

O2 3-5% 

SOx 200-800 ppm 

NOx 50-500 ppm 

 

The preferential adsorption of CO2 from the N2/CO2 mixture is defined by a 

normalized ratio between the uptake of CO2 and N2; this is called the selectivity
26,50

.  The 

gas adsorption selectivity factor is calculated by Equation 1-2, where the ratio of gas 

uptake between CO2 and N2 is normalized with their respective partial pressures
26,50

.  As 

the selectivity factor represents the ratio of gas uptakes, therefore it is unitless.  For 

efficient post-combustion CCS applications, the selectivity of a material for CO2 over N2 

would have to be above 150 to satisfy the first requirement of ideal materials used in 

post-combustion CCS
20

. 

Equation 1-2. Gas adsorption selectivity factor normalized with partial pressures. 

𝑆 =  
𝑥𝐶𝑂2

/𝑥𝑁2

𝑝𝐶𝑂2
/𝑝𝑁2

 

The second requirement of ideal materials used in post-combustion CCS in this 

study is their ability to remove at least 4 mmol/g of CO2 per adsorption/desorption cycle.  

The quantity of CO2 captured and released per each cycle is called the working capacity
26

.  

The working capacity can be determined experimentally by the amount of CO2 captured 
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and released in a adsorption/desorption cycle, typically measured in mmol/g, mol/kg, or 

weight percent
26,51

. Working capacities can also be calculated by subtracting the uptake 

of CO2 during adsorption by the amount of CO2 retained during desorption in 

simulations
26

. 

 

Figure 1-2. Calculation of working capacity from adsorption isotherms26. 

 

Figure 1-2 depicts adsorption isotherms which shows the quantity of gas adsorbed at 

different pressures and a given temperature.  In Figure 1-2, different adsorption and 

desorption conditions are shown on the two isotherms at different temperatures
52

.  The 

adsorption condition is marked with a solid circle and the desorption conditions are 

marked with empty circles.  Using different temperature and/or pressure between 

adsorption and desorption conditions, schemes such as Temperature Swing Adsorption 
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(TSA), Pressure Swing Adsorption (PSA), and Temperature and Pressure Swing 

Adsorption (TPSA) can be achieved
26

.  The difference in CO2 uptake between adsorption 

and desorption is calculated as the working capacity.  Working capacity can span a wide 

range depending on the conditions in which the adsorption and desorption processes are 

carried out.  Generally, the lower the temperature and the higher the pressure, the more 

CO2 that can be adsorbed onto the material
26

.  Therefore, adsorptions would ideally be 

carried out in low temperature and high pressure environment, with the opposite being 

true for desorptions
51

.   

When designing new materials, it is important to aim for high selectivities and 

working capacities, as these are the two main criteria for economical implementation of 

CCS.  High selectivity allows for the capture of purer CO2 and reduces the cost of 

purification and compression prior to storage, hence the reduction of cost
26

.  High 

working capacity reduces the number of cycles required to capture the same quantity of 

CO2, therefore reducing the cost as well
20

.   

 

1.3 Metal-organic Frameworks (MOFs) 

Metal-organic frameworks (MOFs) are a relatively new type of porous material 

that only came into the researchers’ focus recently.  However, as many as 20,000 

different MOFs were reported and studied in the past decade alone
53

.  Figure 1-3 shows 

six MOFs structures with different shapes, sizes, and chemical compositions reported to 

the Cambridge Crystallographic Data Centre
54–59

. 
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Figure 1-3. A varity of MOFs reported to the Cambridge Crystallographic Data Centre, each with different 

structural properties. 

MOFs are structures formed by linking organic and inorganic building units into 

different topological networks
60,61

.  These building units are named secondary building 

units (SBUs), similar to the description of protein secondary structures
26

.  Figure 1-4 and 

Figure 1-5 show examples of SBUs of MOFs, the inorganic SBUs are defined as the 

building blocks containing metal atoms (Figure 1-5), whereas organic SBUs do not have 

metal atoms (Figure 1-4)
26

.  By varying the structures of the individual SBUs, the overall 

structures and properties of the MOF can be finely tuned to suit each specific 

application
62–64

.  In addition to their tunability, MOFs have extraordinary surface areas 
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and the capability to be scaled up for industrial use, this make them highly attractive to 

researchers for CO2 capture applications
65,66

. 

 

Figure 1-4. An organic SBU which 

contains no metal atoms. 

 

 

Figure 1-5. A metal SBU containing copper atoms. 

 

In post-combustion CCS applications, CO2 is to be separated from N2
26

.  Though 

neither CO2 nor N2 are formally charged or have a dipole moment, CO2 molecules have a 

larger quadrupole moment than N2 molecules
67

.  The intermolecular interactions between 

the gas and the MOF framework may be exploited for the gas capture and separation.  

However, if the interactions are too strong, the energy penalty for desorption may be too 

high; if too weak, the selectivity and CO2 uptake may be lowered
68

.  Therefore, selecting 

the materials for CO2 capture must take the energy penalty into consideration, in addition 

to having the highest possible selectivity and working capacity.   

MOFs are not always neutral, certain MOF carry a net charge on its framework 

balanced by extra-framework counter ions.  As an example, Wang et al.
69

 has synthesized 

a MOF with an inorganic SBU consisting of an In(III) atom chelated by four carboxylate 

groups, as shown in Figure 1-6.  The presence of the four carboxylate groups, each with a 

-1 charge, along with the +3 charge of the In(III) result in an overall -1 charge in the 
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inorganic SBU, hence the net charge on the framework.  Conversely, organic SBUs can 

also be charged by the addition of charged functional groups.  Goesten et al.
70

 has shown 

that poly-aromatic organic SBUs can be functionalized with sulfate groups (Figure 1-7), 

which can result in a -1 charge. 

 

 

 
 

Figure 1-6. Inorganic SBU of MOF synthesized 

by Wang et al.69, where the In(III) is chelated by 

four carboxylate groups, resulting in a -1 charge 
in the SBU. 

  

Figure 1-7. Organic SBU of MOF synthesized 

by Goesten et al.70, where the benzene has a 

sulfate functional group, resulting in a -1 
charge in the SBU. 

 

Since MOFs have such vast diversity in structural properties, it is hard to 

intuitively design the ideal material for post-combustion CCS directly.  Alternatively, 

high performing candidates can be selected from a diverse database of MOFs.  As 

hypothetical MOFs can be constructed by matching organic and inorganic SBUs to 

different topologies
71

, there is virtually no limit in terms of the number of MOF structures.   
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1.4 Computer Simulation 

Owing to the near infinite combinations of SBUs and topologies for building 

MOFs, it is impractical to experimentally determine the performance of each individual 

MOF.  Fortunately, advances in computational simulation allow us to not only accurately 

estimate the experimental results, but also to predict the properties of MOFs that have yet 

to be synthesized.   

1.4.1 Determination of Gas Adsorption Properties with Monte Carlo Simulations 

As the selectivities and working capacities of MOFs are calculated from the 

uptake of gasses, it is important to understand their adsorption properties.  To determine 

the gas adsorption properties, statistical mechanics methods such as Monte Carlo (MC) 

algorithms may be employed
72

.  As the Monte Carlo algorithms are based on probability 

and chance, they are named after the Monaco district on the French Riviera prominent for 

its casinos.  Such algorithms generate ensembles, which are copies of the system of 

interest each with different configurations of the atoms
73

.  By evaluating the energy of the 

systems due to intermolecular interactions, the probability of guest adsorptions at 

equilibrium can be predicted
72

.  In canonical ensembles, variables such as temperature, 

volume, and the number of guest molecules remain constant
74

.  Canonical ensembles can 

be useful when simulating extra-framework counter ions, as the number of ions is kept 

fixed to neutralize the charged frameworks.  On the other hand, Grand Canonical Monte 

Carlo (GCMC) ensemble allows the number of guest molecules to fluctuate, effectively 

simulating the uptake of guest molecules by the MOF framework
74

.   
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The adsorption data obtained from GCMC simulations can also be used to derive 

thermodynamic properties such as adsorption isotherms and heats of adsorptions
75

.  With 

the gas uptake at different pressures, adsorption isotherms can be plotted.  This allows for 

the visualization of the pressure dependency of gas uptakes.  Also, the isosteric heats of 

adsorption can be used as an indicator of the MOF’s affinity towards a guest molecule
76

.  

Finally, the guest locations can be plotted with a Radial Distribution Function (RDF), 

which helps visualize the density of guests at different distances surrounding a given 

origin
77

.  By identifying the binding locations of guests, specific structural features for 

guest binding can be determined.  With the thermodynamic properties and structural 

features, they can be correlated with one another for more intuitive design and screening. 

As MOFs are crystalline materials made up of infinitely repeating images of 

identical structures, simulations cannot be effectively performed on the whole system. 

Instead, simulations are performed on a single image of the structure to represent the 

entire system
78

.  Periodic boundary conditions are imposed during the simulations such 

that when a guest molecule leaves the simulation cell and enters the neighbouring cell, it 

re-enters the opposite end of the same cell
73

.  In Figure 1-8, a simulation cell in the centre 

and two neighbouring cells are shown with dots on the left and right.  In the simulation 

cell, the empty circles depict the original location of the molecule, their path of travel is 

shown by the black arrow to their new location.  As the molecule leaves the simulation 

cell and enters the neighbouring cell to the left, the molecule from the cell to the right 

enters the simulation cell.  To account for the intermolecular interactions in the 

simulation, interactions between molecules within half the cell length are considered.  
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Typically, a minimum cell length of 12.5 Å is used for to ensure that the same 

interactions would not be counted more than once.  As shown in Figure 1-8, the orange 

dotted line represents the interaction between the closest molecules, which is located in 

the periodic image to the right.  With the periodic boundary conditions, the simulation of 

the whole system can be effectively represented by only one unit cell in the middle. 

 

Figure 1-8. A depiction of simulation cells with periodic boundary conditions.  As a molecule moves to a 
neighbouring cell, it re-enters the opposite side of the same simulation cell.  The dotted molecules represent 

the original location of the molecule and they follow the path of the black arrow and arrive at their new 

locations.  The interactions between molecules at the minimum distance is shown by the orange dotted line. 

 

1.4.2 Partial Atomic Charge Derivation 

To represent the intermolecular interactions in GCMC simulations, accurate 

representations of the electrostatics are required.  Quantum Mechanical (QM) methods 

such as Density Function Theory (DFT) are often used for their ability to precisely 

describe the electronic structures in periodic systems
79

.  In addition, DFT calculations can 

determine the ground state properties using only the density of electrons, therefore it 

requires less computational effort than traditional wave function methods
80

.  The 

electrostatic potentials (ESPs) obtained from DFT calculations are located on fine grid 
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points around the atoms in the simulations.  The ESP at a point is defined as the work 

done to bring a unit of positive charge from infinitely far away to this point
73

.  The ESP 

reflects the electrostatics of both the nuclei and the electrons and is used to rationalize the 

guest-host interactions, for which electrostatic forces are the primary contributor to the 

long-range interactions
73,81

.  As a high number of fine grid points are used to represent 

the ESPs as a continuous electronic distribution, simulating the interactions using the 

ESP at all grid point results in high computational costs
82

.  To reduce the computational 

efforts, partial atomic charges are fitted to atomic centres to reproduce the quantum 

mechanical ESPs. 

Partial atomic charge derivation has a long history since accurate determination of 

electronic wave functions became available.  The CHELP method proposed by Chirlian 

and Francl
83

 in 1987 is a basic example of this method: first, the ESP is determined at a 

select set of grid points around the system of interest.  Then, a least square fit utilizing a 

Lagrangian multiplier, with the total molecular charge as the constraint, is used to solve 

for the charges at each atomic centre that gives the best representation of the quantum 

mechanical ESP at each point
83

.  Over the years, similar methods have been proposed by 

updating the choices of the ESP point selection in CHELPG
84

 and adding restraints to 

account for buried atoms in RESP
85

.  Although the parameters of charge fitting have 

evolved over the years, the basic principles of fitting charges to the ESP have remained 

largely unchanged.  However, these methods were only available for non-periodic 

molecular systems.   
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Since MOF simulations use infinitely repeating periodic cells, accurate charge 

derivation in periodic simulations are required.  As the absolute energy of atoms in 

infinite periodic systems is not an intrinsic property, the reference ESP in such systems is 

ill-defined
79

.  The baseline ESP resulting from quantum mechanical calculations for 

periodic systems are arbitrary; therefore, the methods designed for molecular systems are 

not valid for periodic calculations
79,86

.  This problem was overcome by Woo and co-

workers
79

 in 2009 with the introduction of the REPEAT method, which utilizes a new 

error functional that treats the relative differences in the ESP instead of the absolute 

values.   By considering only the relative differences in the potential, it ensures that the 

quality of the fit is entirely independent of the ill-defined references state of the ESP
79

.  

This approach allows for charge derivation from the ESP in periodic crystalline solids as 

well as molecular systems.  REPEAT was proven effective by Chen et al.
86

 and Manz 

and Sholl
87

 in 2010.  In addition, the REPEAT method has been shown to accurately 

reproduce the electronic structures in studies by Vaidhyanathan et al. in 2010 in the 

journal Science
88

.   

As seen previously, some MOFs have net charges on their frameworks, methods 

used to derive the partial atomic charge for these MOFs must take the framework net 

charge into consideration.  The current REPEAT method can only fit partial atomic 

charges to systems without an overall charge.  No charge fitting methods have been 

reported in literature for systems with a net charge.  To accurately represent the 

electrostatic interactions and obtain gas adsorption data in charged MOFs, it is necessary 

to develop methods to derive partial atomic charges for systems with a net charge. 
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1.5 Research Goals and Outline 

The goal of this research project is to investigate how net charges on MOFs’ 

frameworks can affect their ability in CO2 uptake, selectivity, and working capacity.  In 

addition, this project can point experimentalists towards specific synthetic targets, 

thereby drastically reducing the number of MOFs needed to be synthesized.  In order to 

accomplish these goals, methods to simulate gas uptake properties of charged porous 

materials were developed.  In addition to simulating the CO2 uptake for this project, the 

methods developed can also be used to understand properties in other charged materials.  

A database of vastly diverse charged hypothetical MOFs was built and the CO2 uptake 

properties of the charged MOFs were simulated.  The development and validation of the 

methods will be discussed in Chapter 2, and the database construction will be discussed 

in Chapter 3.  Chapter 4 will consist of the results and discussions in screening the 

database as well as the effects of charges on CCS.  The conclusions will be drawn in 

Chapter 5 and followed by the future direction of this project. 
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2 Computational Property Evaluations of Charged MOFs 

Abstract 

A novel computational method was developed for the determination of gas 

adsorption properties in charged periodic systems such as MOFs.  The automated series 

of programs use partial atomic charges to simulate the electrostatic interactions between 

the MOF host framework and gas molecules as guests.  The REPEAT method
1
 was 

incorporated to derive the partial atomic charges, which reproduces the ESPs of QM 

calculations.  In systems with net charges in their simulation cells, the periodic ESPs are 

calculated with DFT while a constant neutralizing background charge is applied.  

REPEAT is then used to derive partial atomic charges for the periodic systems with net 

charges.  The whole charge derivation process is performed without the use of ions to 

render the system neutral.  Though REPEAT has been proven to derive quality charges in 

neutral systems, using counter ions may cause polarization of the framework atoms and 

produce inaccurate charges. Following the charge determination, GCMC simulations are 

performed to obtain gas adsorption isotherms for the systems. 

We found that the REPEAT charges fitted to periodic ESPs from QM calculations 

performed on a charged framework were in excellent agreement with those neutralized 

with counter ions.  Furthermore, REPEAT charges were derived for a benzene-tris-

tetrazolate MOF synthesized by Dincă et al. which has a net charge of -3 in its unit cell 

and contains Mn
+2

 counter ions
2
.  By running a MC simulation with the REPEAT charges, 

the positions of the Mn
+2

 counter ions were determined and were in agreement with 
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experimental X-ray crystallography results.  By reproducing the counter ion locations, the 

method developed in this work was shown to accurately reproduce the electrostatic 

environment of charged MOFs, allowing the evaluation of gas uptake in charged periodic 

systems. 

 

2.1 Introduction 

Computer simulations of neutral MOFs have been well established, as described 

in the previous chapter.  However, as the study of MOFs with a net charge is a relatively 

new field, simulation methods for such charged systems have not yet matured.  For 

example, De Toni et al.
3
 attempted to derive partial atomic charges of a periodic system 

with cluster QM calculation, whereas the study done by Getman et al.
4
 resorted to force 

field parameters similar to those used for zeolites.  Zeolites have relatively low atomic 

diversity, consisting of only Al, Si, and O atoms which abides the Löwenstein’s rule
5,6

.  

Empirically derived partial atomic charges are commonly used to represent the 

electrostatic interactions in gas uptakes simulations
7–9

.  Although some sets of these 

generic charges have shown transferability for different zeolite topologies
10

, they are 

mostly limited to specific topologies and or compositions
9–11

.  In 2013, Fischer and Bell
12

 

attempted to develop generic charges semi-empirically, and they minimized the error of 

interaction energy between ones obtained with force field parameters and with DFT 

calculation.  However, their generic charges underestimate the interactions between the 

framework and guest molecules when compared to the results obtained with REPEAT 
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charges
1
, the underestimation were close to 30% in numerous cases

5,12
.  They concluded 

that it is important to use system-specific charges to produce the most accurate 

representation of electrostatic interactions
12

.  Charged systems, such as MOFs, have 

higher atomic diversity than zeolites
12,13

.  Therefore, they require system-specific 

calculations to accurately determine their partial atomic charges
12

.  

A series of modules to evaluate MOF properties have been developed in the Woo 

Lab.  However, these modules have only been applied to systems with an overall neutral 

charge.  Fortunately, the series of steps taken to evaluate MOF properties are similar for 

both neutral and charged systems.  First, the ESPs for each MOF are calculated quantum 

mechanically using DFT at the PBE level of theory
14

. Then, partial atomic charges are 

assigned with the REPEAT method to reproduce the quantum mechanically determined 

ESPs
1
.  Next, appropriate Lennard-Jones and Coulomb potentials are chosen for the 

framework and guest molecules.  The force field parameters dictate the intermolecular 

forces present during gas adsorption simulations which are performed using Grand 

Canonical Monte Carlo (GCMC).  Lastly, structural properties such as dimensions, pore 

sizes, and void spaces are calculated.  To investigate MOFs with net charges in this study, 

considerable modifications were required for each individual module outlined above.  

 

2.2 Partial Atomic Charge Derivations of Periodic Structures with Net Charges 

In order to evaluate the properties of charged MOFs, the electronic distribution is 

required to accurately model the intermolecular interactions.  As discussed in Chapter 1.4, 
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ESPs can accurately represent the electronic distribution of the system
1,15

.  However, 

ESPs on a high number of fine grid points were used to represent the continuous 

electronic distribution
1
, simulating the interactions with ESPs at all grid points would 

result in immense computational costs
16

.  To reduce the computational load, partial 

atomic charges fitted to reproduce the quantum mechanical ESPs of the system are used 

to represent the intermolecular interactions
1,17

. 

In this work, the REPEAT method
1
 was used to derive partial atomic charges fitted 

to reproduce the QM ESPs.  However, when performing periodic QM calculations in 

charged systems, the net charge in each of the infinite number of periodic images results 

in unphysical infinite charge and infinite energy
15

.  One could perform calculations on a 

neutral system where counter ions are incorporated to balance the framework charge.  

However, the interactions between the counter ions and the framework may affect the 

charge distribution and the charges produced may be polarized
15

.  Therefore, the QM 

calculations for the framework ESPs were performed with a compensating background 

charge was used
18–20

.  The calculations were performed with the Vienna Ab Initio 

Simulation Package (VASP) with projector augmented wave (PAW) method and plane 

wave basis sets
19,21

.  The net charge of the framework was inputted by adjusting the total 

number of valence electrons (NELECT) in VASP
22

.  The ESPs obtained can then be used 

to derive partial atomic charges using the REPEAT method
1
. 

The REPEAT method uses a Lagrange multiplier to impose a constraint so the 

sum of the partial atomic charges on the atoms equal to the net framework charge
1
.  In 

neutral periodic systems, the Lagrange multiplier ensures the sum of the partial atomic 

charges equals zero.  In charged systems, the sum of the partial atomic charges would 

equal the net charge of the periodic simulation cell, as well as the background charge 
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used in the DFT calculation
1,23

.  Thereby, the partial atomic charges in periodic systems 

with net charges can be derived. 

 

2.3 GCMC Gas Uptake Simulations in Charged Frameworks 

With partial atomic charges fit to reproduce the ESPs of systems with net charges, 

the electrostatic interactions between the framework and guests could be mimicked for 

gas uptake assessment.  As discussed in Chapter 1.4, GCMC simulations are able to 

accurately reproduce the gas uptake in neutral MOFs by relating the interaction energies 

to uptake
4,15,23

.   

FastMC is a program developed in the Woo Lab for simulating gas uptake in 

systems with GCMC
15

.  In the simulations, the frameworks are immobile while gas 

molecules can be introduced as a guest.  The simulations proceed in a stepwise fashion 

where an individual step includes moving a guest molecule and the evaluation of the 

resulting potential energy of the system.  FastMC is capable of applying moves such as 

translational movement, and rotation, to a randomly selected guest in canonical MC 

ensembles.  In GCMC ensembles, two additional moves, insertion and deletion are 

allowed.  Following each move set, the energy of the entire system is evaluated.   

The energy evaluation is dependant of the ensemble of the simulation.  In canonical 

MC ensemble, if the energy of the new configuration is lower than it was prior to the 

move, the new configuration is accepted.  If the new energy is higher, the new 

configuration would be accepted or rejected based on the probability of the Boltzmann 



2. Computer Simulation Methods 

 

 

 

 

 

34 

 

Jason Wai-Ho Lo 

distribution function
15

.  Equation 2-1 shows the probability of acceptance depending on 

the change in energy (ΔE) and the thermal energy of the system (kT), where k is the 

Boltzmann constant and T is the temperature.   

Equation 2-1. Boltzmann distribution function for acceptance probability. 

P =  e−(
∆E
kT

)
 

In GCMC ensembles, since guests can be inserted or deleted, the partial pressures 

of the guests are taken into consideration in the chemical potential (µ).  The energy 

evaluation in GCMC ensemble would take the chemical potential as well as the potential 

energy into account.  When a step is accepted, the new configuration is recorded for the 

ensemble average.  Also, the new configuration is used as a starting point for the next 

step.  When a step is rejected, the original configuration prior to the move is recorded and 

used to start the following step.  After the target number of MC steps has been reached, 

an average of all the accepted steps is taken and properties such as average number of 

guest molecules are determined.  In order to sample the ensemble effectively, two stages 

are used.  During the first stage, steps are run until equilibration is achieved.  

Equilibration steps are not used for the average of the gas adsorption results.  In the 

second stage, production steps are used to generate the results for the gas adsorption data.  

In gas uptake simulations, the potential energy of the systems can be calculated by 

the non-bonded interactions between the guests and the framework atoms, as well as 

between guest molecules.  In FastMC, these non-bonded interactions are evaluated with 

the Lennard-Jones and Coulomb interactions
4
.  The framework atoms use the Universal 
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Force Field for the Lennard-Jones parameters and the REPEAT partial atomic charges as 

the Coulomb potentials
1,24

.  As for the CO2 guest molecules, the TraPPE force field, 

designed for evaluating carbon dioxide adsorption in zeolites, is used
10

. 

As periodic systems are described with infinitely repeating simulation cells, 

systems with net charges are unphysical
23

.  The infinite number of periodic images with 

each having a net charge would result in an unbounded amount of energy in the system.  

Therefore, counter ions are used to balance the charges on the framework prior to the 

evaluation of gas uptakes.  

 

2.3.1 Counter Ion Insertion 

To balance the net charge on the framework, extra-framework counter ions are 

inserted into the simulation cells.  To insert counter ions, many different attempts were 

made.  Initially, the counter ions were fixed in locations where the lowest energy was 

achieved.  Incorporating the counter ions into the framework was desirable, since a set 

number of counter ions can be used to balance the charge on the framework.  However, 

as the counter ion was shown to be mobile in a multitude of cases
3,7,25–27

, fixing the 

locations of the counter ions may produce invalid results.   

In order to incorporate mobile counter ions, FastMC was modified so it is capable 

of performing GCMC where the positions of the counter ions were also sampled.  While 

the guest molecules are allowed move sets such as insertions and deletions in the GCMC 

ensemble, counter ions have fixed numbers in the canonical MC ensemble.  By setting 
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the number of counter ions, it ensures the system remain charge neutral.  To calculate the 

interactions between the counter ions and other atoms in the system, Universal Force 

Field parameters are used for the counter ions
28

. 

In this scheme, the mobile counter ions are first introduced in random locations in 

the simulation cell.  Following each insertion, an overlap check is performed in case the 

counter ion comes into proximity of any framework atoms or other ions.  The overlap 

check is necessary to avoid an infinite energy that halts the simulation.  The total number 

of ions used depends on the individual ion’s charge, as well as the overall charge on the 

framework; the net charge of the system must be zero with the counter ions included.  

 

2.3.2 Optimizing GCMC/MC move sets and sampling:  

While sampling the counter ion locations in an experimental benzene-tris-

tetrazolate MOF
2
, not all of the binding locations were identified in one simulation.  A 

simplified two dimensional system was used to illustrate the problem.  In the hypothetical 

two dimensional simulation box (Figure 2-1), there are two counter ions (shown in red) 

with four equally probable binding locations (A, B, C, and D).  For the sake of simplicity, 

the framework is not shown.  FastMC often acquires only two of the four binding 

locations within one simulation; the two sets of locations are shown in Figure 2-2 and 

Figure 2-3.  It is theorized that the counter ions repel each other due to long range 

electrostatic interactions
15

.  Because of the charge repulsion forces, the counter ions 

should optimally be positioned as far apart as possible.  In this case, the counter ions 
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should be placed in the equivalent binding sites A and D (Figure 2-2), or B and C (Figure 

2-3).  As the binding sites are equivalent, the energy of the system for either set of 

locations is equal.  Due to the nature of FastMC, where the energy of the system is 

evaluated after each move, it is difficult for all of the locations to be discovered in one 

simulation.  When one set of binding locations are found (Figure 2-2), both counter ions 

need to be moved at once in order to find the other locations (Figure 2-3) without 

drastically increasing the energy in the system.  As the previously implemented program 

performs an energy evaluation immediately following a move, the energy of the 

intermediate system (Figure 2-4) would always be higher and therefore the move would 

not likely be accepted.   

 

 

Figure 2-1. A simple 2D hypothetical simulation box with two counter ions and four binding sites.  The 

framework is not shown. 

A B 

C D 

Counter ions Binding Sites 
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Figure 2-2. Counter ions located in two 

out of four binding locations, A and D. 

 

Figure 2-3. Counter ions located in the 

other two out of four binding locations, 

B and C. 
 

 

Figure 2-4. Counter ions located in 

binding locations A and B.  As the ions 

are closer to each other than in Figure 

2-2 or Figure 2-3, the energy in this 

simulation cell is higher. 
 

In order to find all four binding locations, a special MC move was introduced to 

ensure proper sampling of the counter ion locations.  The double jump move was 

implemented such that two jump moves of two randomly selected counter ions were 

performed before the energy of the system is evaluated.  In this new scheme, the 

probabilities of the move sets are 25% for displacement, 45% for the jump move, and 

30% for the double jump move.  With the double jump move set implemented, all of the 

correct counter ion binding locations in the experimental benzene-tris-tetrazolate MOF
2
 

were found.  In addition to counter ions, the double jump move set can also be applied to 

other guests when many equivalent binding sites are available. 
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2.4 Determination of Structural Properties  

In order to associate structural properties with the gas uptakes of the MOFs, the 

Zeo++ software package was used to calculate the MOFs’ physical properties
29

.  The 

Zeo++ software can compute the surface areas and void volumes with specified probe 

sizes.  The Universal Force Field parameters were used for the van der Waals atomic 

radii of the framework atoms
24

.  Additional properties such as the number of channels, 

pore sizes, and charges within the simulation cell can be calculated with an in-house 

developed program.  The methods of determining the channels and pore sizes are similar 

to the Zeo++ methods
29

.  As the volume of simulation cells differ from one to another, 

charges per volume were used for the comparisons.  The charges within a specific 

volume is used to maintain consistency. 

 

2.5 Fully Automated Adsorption Analysis in Porous Solids  

To simulate the properties of MOFs, the modules described above are required to 

be run one after another.  In order to rapidly screen a large number of MOFs, an in-house 

program named Fully Automated Adsorption Analysis in Porous Solids (FA
3
PS) was 

used.  It is capable of performing calculations for each individual module, as well as 

collecting and organizing the results from the modules following the calculations.  The 

automated program creates input files for individual modules and passes results to 

subsequent modules’ input files.  Parameters such as the number of GCMC simulation 

steps or the adsorption guest molecule type can be specified.  In addition, FA
3
PS is 
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capable of performing the calculations with default values for unspecified parameters.  

With FA
3
PS, the analysis of adsorption properties of porous materials can be done 

computationally, even by individuals with little knowledge on the methods.   

As FA
3
PS was originally developed for neutral systems, significant amounts of 

modifications were made to allow for simulations of charged systems.  In order to 

perform calculations in FA
3
PS, the crystallographic information files (cif) of the 

structures in question are used as inputs.  In addition to the framework atom locations, the 

net charge on the framework is read from the input.  The ESPs of the framework were 

then determined with a QM calculation.  As charged systems are analyzed in this work, 

FA
3
PS calculates the number of valence electrons with the framework net charge taken 

into consideration.  When the QM ESP calculation is completed, FA
3
PS collects the 

result and creates the input files for the partial atomic charge derivation.  Since the ESPs 

were calculated with the framework’s net charge taken into consideration, the partial 

atomic charge is fitted such that the sum of the partial atomic charges is equal to the 

overall net charge. 

The partial atomic charges derived are used to mimic the intermolecular 

electrostatic interactions that occur in gas adsorption.  In charged systems, FA
3
PS inserts 

mobile counter ions to balance the framework net charge.  For each ion inserted, FA
3
PS 

performs an overlap check between the newly inserted ion with the framework atoms and 

other ions.  If a counter ion is inserted within 1.6 Å of another atom in the simulation cell, 

it is discarded and another ion will be inserted.  FA
3
PS will continue to perform insertion 
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and overlap check cycles until the correct number of ions is in the cell to balance the 

framework net charge.  Following the counter ion insertion, the GCMC and MC 

simulations are performed.  FA
3
PS includes the partial atomic charges derived in 

previous steps in the input files.  To maintain the neutral net charge within the simulation 

cell, FA
3
PS specifies the canonical MC ensemble for the mobile counter ions in the input 

files.  Unlike the counter ions, the other guests can adapt the GCMC ensemble. 

After the gas adsorption analysis, FA
3
PS performs the property calculations for 

the framework structure.  With the results from all of the modules, FA
3
PS then organizes 

and saves them into a log file for user analysis.  With FA
3
PS as the automated rapid 

screening method, a large number of adsorption analysis calculations can be carried out 

simultaneously.  The number of calculations that can be performed simultaneously is 

only limited by the computational resources available.  In the Woo Lab, upwards of 600 

MOFs can be analyzed at one time per user. 

 

2.6 Validation of the Property Evaluation Methods 

In order to validate the screening methods, modules such as partial atomic charge 

derivation as well as the gas uptake GCMC and MC simulations should be examined.  To 

show that the REPEAT charges fitted to periodic ESPs calculated with a background 

charge is valid, REPEAT ESP charges derived in systems with and without a net charge 

were examined.  First, the ESP fitted charges were derived in a neutral MOF with a large 

pore, IRMOF-16
30,31

.  Then, the ESP charges were revaluated with cobalt ions placed 
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within the centre of the pores of IRMOF-16.  Different oxidation states of the Co ions 

were used to introduce net charges of +3, +1, -1, and -3 into the simulation cell.  IRMOF-

16 was chosen for its large pore so the ions were ~14 Å to the nearest framework atom of 

the MOF, the distances were sufficient to minimize charge polarizations to the 

framework.   

Table 2-1 lists the mean absolute deviation and maximum deviation between the 

two sets of REPEAT ESP charges.  The mean absolute deviations in the charges were 

less than 0.031e and the maximum deviation at around 0.092e, indicating that the sets of 

REPEAT charges were nearly identical regardless of the net charge. The REPEAT ESP 

charges derived with different net charges in its simulation cells were also plotted the 

neutral REPEAT charges in Figure 2-5 to Figure 2-8.  The agreements for the sets of 

REPEAT charges were excellent in all cases. 

 

 

Table 2-1. Comparison of ESP fitted charges derived the neutral IRMOF-16 to ones calculated with ions 

inserted. 

net charge ion inserted Mean absolute 

deviation (e) 

Max deviation 

(e) 

-3 Co
-3 

0.031 0.092 

-1 Co
- 

0.018 0.065 

+1 Co
+
 0.014 0.056 

+3 Co
+3 

0.027 0.069 
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Figure 2-5. ESP charges of IRMOF-16 derived from a 

neutral framework compared to the ESP charges with a 

Co+3 ion inserted into the centre of the pore of IRMOF-16. 

 

 

 

Figure 2-6. ESP charges of IRMOF-16 derived from a 

neutral framework compared to the ESP charges with a 

Co+ ion inserted into the centre of the pore of IRMOF-

16. 
 

 

Figure 2-7. ESP charges of IRMOF-16 derived from a 

neutral framework compared to the ESP charges with a 
Co- ion inserted into the centre of the pore of IRMOF-16. 

 

 

Figure 2-8. ESP charges of IRMOF-16 derived from a 

neutral framework compared to the ESP charges with a 

Co-3 ion inserted into the centre of the pore of IRMOF-

16. 
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Another comparison was made between the REPEAT ESP charges derived from a 

charged framework and ones derived from the same framework with an ion to counter 

balance the net charge.  The charged MOF in question was POST-1 developed by Seo et 

al.
32

 which has large triangular pores with ~13.4 Å sides and a -4e net charge in its 

simulation cell.  In the MOF where the net charge was neutralized, a Ti
4+

 ion was inserted 

into the centre of the pore.  The differences between the two sets of ESP charges were 

minute where the mean absolute deviation was 0.027e and the maximum deviation was 

0.155e.  Figure 2-9 shows the REPEAT charges derived with and without the counter 

ions.  Once again, the agreement between the two sets of charges was superb. 

 

Figure 2-9. ESP charges of POST-1 derived from its charged framework plotted against the ESP charges 

derived from POST-1 neutralized with a Ti+4 ion in the centre of its pore. 

-2.0

-1.0

0.0

1.0

2.0

-2.0 -1.0 0.0 1.0 2.0

ch
ar

ge
d

 M
O

F 
ES

P
 c

h
ar

ge
s 

(e
) 

neutralized MOF ESP charges (e) 

H

C

N

O

Zn



2. Computer Simulation Methods 

 

 

 

 

 

45 

 

Jason Wai-Ho Lo 

 

As partial atomic charges are not physically observable, they cannot be measured 

and compared experimentally.  Fortunately, the counter ion binding locations can 

sometimes be determined experimentally
1
.  Since these locations are strongly dependent 

on electrostatic interactions within the framework of the charged MOF, counter ion 

locations found in simulations strongly reflect the electronic structure of the framework.  

By comparing the simulated counter ion locations with the experimentally determined 

locations, the module used to evaluate gas uptake as well as the charge fitting module can 

be validated.  This comparison serves as a good indicator of the accuracy of REPEAT 

charges and FastMC’s gas uptake simulations in systems with net charges. 

The benzene-tris-tetrazolate MOF, 1, is a charged MOF experimentally 

synthesized by Dincă et al.
2
.  In the reported X-ray crystal structure (Figure 2-10), each 

periodic unit cell contains a -3 charge on the framework and 24 binding sites for the 

counter ions (orange).  Due to symmetry, only 16 of the 24 probable locations in the unit 

cell are visible.  There are four binding sites in each of the six faces of the cube.  As 

shown in Figure 2-10, the four sites circled in red are in the a-b plane of the unit cell.  

The sites indicated by the green circles are located in the perpendicular planes.  Since the 

extra-framework counter ions used by the experimentalists were manganese(II) ions, two 

simulation cells were required to accommodate three Mn
2+

 ions whereas only one cell is 

shown in the figures.  
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Figure 2-10. One unit cell of 1 where the experimental counter ion binding locations are shown in orange.  

The red circles indicates the binding locations close to each face of the cube. 

In this method validation, the extra-framework counter ions’ binding locations in 1 

were determined and compared with experimental locations.  First, the REPEAT charges 

of the experimental structure were derived to reproduce the VASP ESPs with a 

background charge applied.  The sum of the REPEAT charges for all of the atoms on the 

framework was calculated and was found to be equal to the framework’s charge of -3.  

After obtaining the ESP-derived REPEAT charges for 1, a Monte Carlo simulation was 

performed with FastMC to obtain a probability distribution of the counter ion locations.  

In the simulations, a super cell formed by two simulation cells was used in conjunction 

with three Mn
2+

 counter ions.  The resulting counter ion binding locations (orange) for 1 

were shown in Figure 2-11.  In addition to the counter ion locations determined with 

b 

a 

c 
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REPEAT charges, binding locations were also simulated with charges derived with the 

charge equilibration (QEq) method
33

 (Figure 2-12).   

 

 

Figure 2-11. Counter ion locations (orange) found 

with REPEAT charges in FastMC simulations. 
 

 

 

Figure 2-12. Counter ion locations (orange) found 

with QEq charges in FastMC simulations 
 

 

As shown in Figure 2-11, the binding locations found with REPEAT and FastMC 

matched the experimental findings shown in Figure 2-10.  On the other hand, FastMC 

employing QEq charges (Figure 2-12) was not able to find the correct counter ion binding 

locations.  Since the counter ions carry a charge, their binding locations depend heavily 

on the framework’s ESPs.  Finding the correct binding locations with REPEAT and 

FastMC proves the accuracy of REPEAT charges in representing the electronic 
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distribution in a charged periodic system.  Therefore, this method is capable of modelling 

guest binding locations in charged periodic systems. 

In addition to the counter ion locations, properties of 1 were calculated and 

compared with experimental findings.  Table 2-2 lists the properties reported by Dincă et 

al.
2
, as well as ones calculated using the methods listed above.  Aside from the surface 

area, properties such as the cell dimensions, cell volume, and pore diameter are near 

identical.  The difference in surface areas was minute and could be attributed to the 

sampling methods.  The experimental setup cannot guarantee a complete evacuation of 

the solvents and adsorbed gases in the MOF.  As a result, the surface area measured 

experimentally may be less than the actual surface area. 

Table 2-2. Property comparisons between experimental MOF, 1, by Dincă et al.2 and calculated properties 

of 1. 

Properties Reported Calculated 

Cell dimensions (Å) a = 19.009 

b = 19.009 

c = 19.009 

a = 19.0086 

b = 19.0086 

c = 19.0086 

Cell volume (Å
3
) 6,868.3 6,868.32 

Pore diameter (Å) 10 10.27 

Surface area (m
2
/g) 2,100 2,293 

 

2.7 Summary 

The development of novel methods to derive partial atomic charges and to evaluate 

gas adsorption uptake in charged periodic systems were outlined in this chapter.  The 

ESPs of charged MOFs were calculated with VASP with a neutralizing background 

charge; partial atomic charges were then calculated with REPEAT to reproduce the QM 
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ESPs in systems with net charges.  Using the REPEAT charges, FastMC was able to 

mimic the intermolecular interactions for gas adsorption simulations.  FastMC was also 

modified to accommodate the addition of counter ions in charged systems.  The sampling 

of FastMC was subsequently improved with the addition of the special MC double jump 

move set.  To enable rapid screening of a large number of charged systems, FA
3
PS was 

modified to include all of the modules listed above. 

To validate the methods, REPEAT derived ESP fitted charges with and without a 

net charge in the simulation cell were compared.  In all cases, the REPEAT charges have 

excellent agreement regardless of the net charge in the system.  In addition, calculated 

properties of an experimentally synthesized charged MOF, 1, were compared with the 

reported figures.  The counter ion locations of 1 were successfully replicated with FA
3
PS, 

using the charge derivation and gas uptake simulation methods described above for 

charged systems.  In addition, structural properties were calculated and compared with 

the experimentally reported values.  The calculated and experimental properties were 

nearly identical to each other.  This proves the ability of FA
3
PS and its individual 

modules to correctly simulate guest uptake as well as the calculation of other physical 

properties for charged MOFs.  



2. Computer Simulation Methods 

 

 

 

 

 

50 

 

Jason Wai-Ho Lo 

2.8 References 

1. Campañá, C., Mussard, B., and Woo, T. K. Electrostatic Potential Derived Atomic 

Charges for Periodic Systems Using a Modified Error Functional. J. Chem. Theory 

Comput. 5, 2866–2878 (2009). 

2. Dinča, M., Dailly, A., Liu, Y., Brown, C., Neumann, D., and Long, J. Hydrogen 

Storage in a Microporous Metal-organic Framework with Exposed Mn2+ 

Coordination Sites. J. Am. Chem. Soc. 128, 16876–16883 (2006). 

3. De Toni, M., Coudert, F., Paranthaman, S., Pullumbi, P., Boutin, A., and Fuchs, A. 

Molecular Simulation of a Zn-triazamacrocyle Metal-organic Frameworks Family 

with Extraframework Anions. J. Phys. Chem. C 116, 2952–2959 (2012). 

4. Getman, R. B., Bae, Y.-S., Wilmer, C. E., and Snurr, R. Q. Review and Analysis 

of Molecular Simulations of Methane, Hydrogen, and Acetylene Storage in Metal-

organic Frameworks. Chem. Rev. 112, 703–23 (2012). 

5. Van Speybroeck, V., Hemelsoet, K., Joos, L., Waroquier, M., Bell, R., and Catlow, 

C. Advances in Theory and Their Application Within the Field of Zeolite 

Chemistry. Chem. Soc. Rev. (2015). doi:10.1039/c5cs00029g 

6. Loewenstein, W. The Distribution of Aluminum in the Tetrahedra of Silicates and 

Aluminates. Am. Mineral. 39, 92–96 (1954). 

7. Beerdsen, E., Dubbeldam, D., Smit, B., Vlugt, T. J. H., and Calero, S. Simulating 

the Effect of Nonframework Cations on the Adsorption of Alkanes in MFI-type 

Zeolites. J. Phys. Chem. B 107, 12088–12096 (2003). 

8. Beerdsen, E., Smit, B., and Calero, S. The Influence of Non-framework Sodium 

Cations on the Adsorption of Alkanes in MFI- and MOR-Type Zeolites. J. Phys. 

Chem. B 106, 10659–10667 (2002). 

9. Jaramillo, E. and Auerbach, S. M. New Force Field for Na Cations in Faujasite-

Type Zeolites. J. Phys. Chem. B 103, 9589–9594 (1999). 

10. García-Sánchez, A., Ania, C., Parra, J., Dubbeldam, D., Vlugt, T., Krishna, R., and 

Calero, S. Transferable Force Field for Carbon Dioxide Adsorption in Zeolites. J. 



2. Computer Simulation Methods 

 

 

 

 

 

51 

 

Jason Wai-Ho Lo 

Phys. Chem. C 113, 8814–8820 (2009). 

11. Hirotani, A., Mizukami, K., Miura, R., Takaba, H., Miya, T., Fahmi, A., Stirling, 

A., Kubo, M., and Miyamoto, A. Grand Canonical Monte Carlo Simulation of the 

Adsorption of CO2 on Silicalite and NaZSM-5. Appl. Surf. Sci. 120, 81–84 (1997). 

12. Fischer, M. and Bell, R. G. Modeling CO2 Adsorption in Zeolites Using DFT-

derived Charges: Comparing System-specific and Generic Models. J. Phys. Chem. 

C 117, 24446–24454 (2013). 

13. Sumida, K., Rogow, D., Mason, J., McDonald, T., Bloch, E., Herm, Z., Bae, T., 

and Long J. Carbon Dioxide Capture in Metal-Organic Frameworks. Chem. Rev. 

(Washington, DC, United States) 112, 724–781 (2012). 

14. Perdew, J. P., Burke, K., and Ernzerhof, M. Generalized Gradient Approximation 

Made Simple. Phys. Rev. Lett. 77, 3865–3868 (1996). 

15. Leach, A. R. Molecular Modelling: Principles and Applications. Prentice Hall 

Harlow UK 2nd, (2001). 

16. Watanabe, T., Manz, T. A., and Sholl, D. S. Accurate Treatment of Electrostatics 

during Molecular Adsorption in Nanoporous Crystals without Assigning Point 

Charges to Framework Atoms. J. Phys. Chem. C 115, 4824–4836 (2011). 

17. Sigfridsson, E. and Ryde, U. Comparison of Methods for Deriving Atomic 

Charges from the Electrostatic Potential and Moments. J. Comput. Chem. 19, 377–

395 (1998). 

18. Bruneval, F., Crocombette, J., Gonze, X., Dorado, B., Torrent, M., and Jollet, F. 

Consistent Treatment of Charged Systems Within Periodic Boundary Conditions: 

The Projector Augmented-wave and Pseudopotential Methods Revisited. Phys. 

Rev. B - Condens. Matter Mater. Phys. 89, (2014). 

19. Hafner, J. Ab-initio Simulations of Materials Using VASP: Density-functional 

Theory and Beyond. J. Comput. Chem. 29, 2044–2078 (2008). 

20. Paier, J., Hirschl, R., Marsman, M., and Kresse, G. The Perdew-Burke-Ernzerhof 

Exchange-correlation Functional Applied to the G2-1 test set Using a Plane-wave 



2. Computer Simulation Methods 

 

 

 

 

 

52 

 

Jason Wai-Ho Lo 

Basis set. J. Chem. Phys. 122, 234102 (2005). 

21. Blöchl, P. E. Projector Augmented-wave Method. Phys. Rev. B 50, 17953–17979 

(1994). 

22. Kresse, G. and Furthmuller, J. VASP the Guide. Comput. Physics, Fac. Physics, 

Univ. … (2012). 

23. Yang, Q., Liu, D., Zhong, C., and Li, J.-R. Development of Computational 

Methodologies for Metal-organic Frameworks and Their Application in gas 

Separations. Chem. Rev. 113, 8261–323 (2013). 

24. Rappe,  A. K., Casewit, C. J., Colwell, K. S., Goddard III, W. A., and Skiff, W. M. 

UFF, a full Periodic Table Force Field for Molecular Mechanics and Molecular 

Dynamics Simulations. J. Am. Chem. Soc. 114, 10024–10035 (1992). 

25. Herrero, C. P. and Ramhez, R. Cation Ordering in the Faujasite Framework: 

Monte Carlo Simulations. 2246–2253 (1992). 

26. Dubbeldam, D., Krishna, R., Smit, B., Vlugt, T., Denayer, J., Martens, J., Maesen, 

T., Ingenieurstechniek, C., Uni, V., Brussel, V., Brussel, B., Centrum, V., and 

Opper, V. Understanding the Role of Sodium during Adsorption: A Force Field for 

Alkanes in Sodium-Exchanged Faujasites. 11377–11386 (2004). 

27. Zhao, X., Bu, X., Wu, T., Zheng, S., Wang, L., and Feng, P. Selective Anion 

Exchange with Nanogated Isoreticular Positive Metal-organic Frameworks. Nat. 

Commun. 4, 2344 (2013). 

28. Casewit, C. J., Colwell, K. S., and Rappe,  A. K. Application of a Universal Force 

Field to Organic Molecules. J. Am. Chem. Soc. 114, 10035–10046 (1992). 

29. Willems, T. F., Rycroft, C. H., Kazi, M., Meza, J. C., and Haranczyk, M. 

Algorithms and Tools for High-throughput Geometry-based Analysis of 

Crystalline Porous Materials. Microporous Mesoporous Mater. 149, 134–141 

(2012). 

30. Eddaoudi, M., Kim, J., Rosi, N., Vodak, D., Wachter, J., O'Keeffe, M., and Yaghi, 

O. M.. Systematic Design of pore size and Functionality in Isoreticular MOFs and 



2. Computer Simulation Methods 

 

 

 

 

 

53 

 

Jason Wai-Ho Lo 

Their Application in Methane Storage. Science 295, 469–72 (2002). 

31. Li, H., Eddaoudi, M., O’Keeffe, M., and Yaghi, O. M. Design and Synthesis of an 

Exceptionally Stable and Highly Porous Metal-organic Framework. 402, 276–279 

(1999). 

32. Seo, J., Whang, D., Lee, H., Jun, S. I., Oh, J., and Jeon, Y. J. A Homochiral Metal-

organic Porous Material for Enantioselective Separation and Catalysis. Nature 404, 

982–6 (2000). 

33. Rappé, A. K. and Goddard III, W. A. Charge Equilibration for Molecular 

Dynamics Simulations. J. Phys. Chem. 95, 3358–3363 (1991). 

 

 



3. MOFs Database 

 

 

 

 

 

54 

 

Jason Wai-Ho Lo 

3 Hypothetical Charged MOFs Database Construction 

Abstract 

To explore the capability of charged MOFs, a diverse database of hypothetical charged 

MOFs was constructed.  In this study, 158 experimental MOFs were investigated to obtain 200 

organic SBUs and 54 inorganic SBUs
1
.  TOBASCCO

2
, a computer program previously 

developed in the Woo Lab was adapted to generate over 183,000 charged structures.  The 

generated structures were then geometrically optimized using the GROMACS package
3
 and 

universal force field parameters
4
.  Stringent constraints were used to exclude unreasonable 

structures following optimization.  The structural generation and optimization methods were 

validated by successfully reproducing a porous chiral In-MOF experimentally synthesized by 

Wang et al.
5
.  The resulting database contains 47,244 charged hypothetical structures diverse in 

topology, charge, pore structures, and surface area, all generated using SBUs obtained from 

experimentally synthesized MOFs
1
.  

 

3.1 Introduction 

There have been as many as 20,000 different MOFs reported and studied in the past 

decade alone
6
.  The various SBUs forming the MOFs give rise to a wide variety of pore sizes, 

shapes, and functional groups
6–8

.  Given the vast diversity of MOFs and their degrees of freedom, 

one cannot intuitively correlate the SBUs with the various structural properties effectively.  

Therefore, constructing the ideal material for CCS applications by rational design would be 

difficult
9,10

.  Considering all of the possible combinations of SBUs that can form MOFs, the 
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number of MOFs experimentally synthesized and tested is quite limited
6,7,9

.  Potential high 

performing MOFs can be determined by sampling a database of assorted hypothetical MOFs 

including those with charged frameworks.  Such databases already exist for some MOFs
1,10,11

, 

however, there has not been a diverse MOF database dedicated specifically for the study of 

charged MOFs.  The database by Wilmer and co-workers
9,10

 only encompasses 6 of the network 

topologies and the database by Martin et al.
11

 only has 1, whereas over 2,000 nets are found 

experimentally
12

.  Also, the CoRE database by Chung et al.
1
 only includes 4,764 experimental 

structures found in the CCDC, in which, only 501 contain a net charge.  Fortunately, the large 

number of existing MOFs can be used as template of which our hypothetical charged MOFs can 

based upon for the construction of our charged MOF database
1,7,10,13

.  It is worth noting that a 

diverse database is desirable in order to discover a larger number of potential materials for a 

variety of applications. 

As MOFs can be constructed by linking organic and inorganic SBUs to recreate different 

network topologies, a nearly unlimited number of hypothetical MOFs can be constructed.  For 

example, a vast number of combinations could be demonstrated using only one organic SBU and 

one inorganic SBU, as shown in Figure 3-1.  When the two SBUs are combined in all available 

topologies, approximately 200 unique structures can be generated.  When additional organic and 

inorganic SBUs are used, the potential number of MOFs generated increases exponentially.  
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Figure 3-1. An abundance of MOFs can be constructed with only two SBUs while accounting for a large number of 

network topologies.  With additional SBUs, virtually infinite number of MOFs can be created.  

 

 

3.2 Selecting Charged MOFs and SBUs 

Neutral MOFs have been studied in the Woo Lab for some time and there have been 200 

neutral SBUs recorded from those MOFs, 173 organic and 27 inorganic.  To construct charged 

MOFs for this database, charged SBUs must be added to the existing set of neutral SBUs.  158 

experimental charged MOFs
1,14–18

 were investigated and their charged SBUs were used.  As 
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shown in Figure 3-2, the connectivities of all SBUs were recorded so they can be used in the 

construction of charged hypothetical structures.  Although the method used to construct MOFs 

was different, the process of selecting SBUs was similar to the method used by Wilmer et al.
10

.  

Such techniques in SBU selections have been proven effective in generating valid structures
10

.  

In 2013, Woo Lab members Kadantsev et al.
19

 used approximately 1,000 hypothetical structures 

generated to study the charge equilibration method of generating MOF-optimized atomic charges.   

 

Figure 3-2. Recording SBU connectivities from MOFs. (a) Original MOF, (b) and (c) Parameterized SBUs. 

 

Figure 3-3 to Figure 3-11 show all of the organic and inorganic SBUs used for structure 

generation with labels given to each SBU.  Neutral organic SBUs o1 to o173 and inorganic 

(metal containing) SBUs m1 to m27 were previously parameterized by Woo Lab members and 

charged SBUs o195 to o200 and m28 to m54 were recorded in this work.  Furthermore, neutral 

(a) (b) 

(c) 
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SBUs o174 to o194 were also added to the group of existing neutral SBUs.  Of the charged 

SBUs parameterized, 11 are positively charged and 22 carry a negative charge. For the purpose 

of this study, only the SBUs contained in experimental MOFs were chosen for parameterization 

as opposed to designing hypothetical SBUs. 
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o1 o2 o3 o4 o5 

o6 o7 o8 o9 o10 

o11 o12 o13 o14 o15 

o16 o17 o18 o19 o20 

o21 o22 o23 o24 o25 

o26 o27 o28 o29 o30 

Figure 3-3. Organic SBUs used for structure generation (o1 to o30). 
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o31 o32 o33 o34 o35 

o36 o37 o38 o39 o40 

o41 o42 o43 o44 o45 

o46 o47 o48 o49 o50 

o51 o52 o53 o54 o55 

o56 o57 o58 o59 o60 

Figure 3-4. Organic SBUs used for structure generation (o31 to o60). 
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o61 o62 o63 o64 o65 

o66 o67 o68 o69 o70 

o71 o72 o73 o74 o75 

o76 o77 o78 o79 o80 

o81 o82 o83 o84 o85 

o86 o87 o88 o89 o90 

Figure 3-5. Organic SBUs used for structure generation (o61 to o90). 
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o91 o92 o93 o94 o95 

o96 o97 o98 o99 o100 

o101 o102 o103 o104 o105 

o106 o107 o108 o109 o110 

o111 o112 o113 o114 o115 

o116 o117 o118 o119 o120 

Figure 3-6. Organic SBUs used for structure generation (o91 to o120). 



3. MOFs Database 

 

 

 

 

 

63 

 

Jason Wai-Ho Lo 

o121 o122 o123 o124 o125 

o126 o127 o128 o129 o130 

o131 o132 o133 o134 o135 

o136 o137 o138 o139 o140 

o141 o142 o143 o144 o145 

o146 o147 o148 o149 o150 

Figure 3-7. Organic SBUs used for structure generation (o121 to o150). 
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o151 o152 o153 o154 o155 

o156 o157 o158 o159 o160 

o161 o162 o163 o164 o165 

o166 o167 o168 o169 o170 

o171 o172 o173 o174 o175 

o176 o177 o178 o179 o180 

Figure 3-8. Organic SBUs used for structure generation (o151 to o180). 
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o181 o182 o183 o184 o185 

o186 o187 o188 o189 o190 

o191 o192 o193 o194 o195 

o196 o197 o198 o199 o200 

Figure 3-9. Organic SBUs used for structure generation (o181 to o200). 
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m1 m2 m3 m4 m5 

m6 m7 m8 m9 m10 

m11 m12 m13 m14 m15 

m16 m17 m18 m19 m20 

m21 m22 m23 m24 m25 

m26 m27 m28 m29 m30 

Figure 3-10. Inorganic SBUs used for structure generation (m1 to m30). 

 



3. MOFs Database 

 

 

 

 

 

67 

 

Jason Wai-Ho Lo 

m31 m32 m33 m34 m35 

m36 m37 m38 m39 m40 

m41 m42 m43 m44 m45 

m46 m47 m48 m49 m50 

m51 m52 m53 m54  

Figure 3-11. Inorganic SBUs used for structure generation (m31 to m54). 
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3.3 Constructing Hypothetical Charged MOFs 

The previously described SBUs were used to construct hypothetical charged MOFs.  All of 

the SBUs shown above, including neutral, positively, and negatively charged SBUs, were used 

for structure generation.  In addition, geometry optimization is employed to adjust unstable and 

unphysical structures constructed.  Following the optimization, any neutral or unreasonable 

structures were excluded from this database.  The details of structure generation and database 

constructions are described in the following subsections. 

 

3.3.1 Generating MOFs Using TOBASCCO 

TOBASCCO
2
 is a program developed by members of the Woo Lab to construct MOFs 

using similar approach as the method by Martin and Haranczyk
20

.  This method matches the 

SBUs to the underlying network topology to form periodic structures.  As TOBASCCO was 

originally intended for generating neutral structures, modifications were necessary to generate 

charged structures. 

First, the underlying network topologies
12

 and combinations of organic and inorganic 

SBUs were chosen for the construction.  Due to the infinite combinations, the types of organic 

SBUs were limited to 2 per structure and 1 inorganic SBU per structure.  Then, according to the 

connectivity specified in the SBUs, they were connected to each other in attempts to reproduce 

the topology.   While creating structures with SBUs carrying net charges, TOBASCCO was 

modified to account for the charges on individual SBU used.  When a structure was successfully 

generated, the charges on the SBUs were summed up and recorded as the net charge on the 
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framework.  The generated structures were described in a ‘unit cell,’ in which would be the 

minimum amount of atoms required to define the periodic structure. 

The generated structures were labelled according to the SBUs incorporated within the 

MOF and its topology: str_m[i]_o[j](_o[k])_[l].  The indices of SBUs used were i for the 

inorganic SBU, j and k for the organic SBUs.  If only 1 organic SBU was involved, the k term in 

the round brackets would not be included.  Finally, l indicated the type of network topology for 

the MOF.  As shown in Figure 3-13, the MOF str_m31_o145_o141_fsg with a FSG topology 

was generated with SBUs m31, o145, and o141. 
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Figure 3-12. The construction of MOF str_m31_o145_o141_fsg. 

To limit computational cost and the generation of an unlimited number of structures, the 

‘edge count’ was another factor used in structure generating.  The edge count specified the total 

number of SBUs allowed to be used in each structure; in this case, a maximum of 100 SBUs 

were used in each hypothetical MOF generation. 
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3.3.2 Selecting and Optimizing Hypothetical Charged MOFs Structures 

Since the purpose of this study was to determine the effect of charges on MOFs, only 

charged MOFs were incorporated into the database.  If a MOF generated was charge neutral, it 

was discarded. 

 

Figure 3-13. The SBUs used to construct the hypothetical MOFs could be charge positive, negatively, or neutral.  

Neutral MOFs generated were removed. 

After the neutral MOFs were discarded, the geometries of the remaining hypothetical 

MOFs were optimized with the GROMACS package
3
.  During optimization, universal force field 

(UFF) parameters
4
 were assigned to the structures, molecular dynamics were performed, and all 

forces within the cells were minimized.  To ensure the quality of the MOFs generated, the 

optimized structures were checked for unphysical features such as atom overlaps, abnormal bond 
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lengths or angles, as well as high maximum forces anywhere within the structure (6.5 

kJ/mol/nm).  If any of the aforementioned defects were found, the structure was discarded.  As a 

result, only charged MOFs with reasonable structures were to enter the database.  From the 

excess of 183,000 MOFs generated, over 47,000 MOFs were included in the database. 

 

3.4 Validation of the Structure Generation Method  

TOBASCCO has already been proven its ability, by members in the Woo Lab, to generate 

neutral MOF by successfully reproducing MIL-101.  To validate TOBASCCO’s ability in 

constructing charged hypothetical MOFs, a charged experimental structure was reproduced.  A 

novel porous chiral In-MOF was first synthesized by Wang et al. in 2011
5
, containing a -4 

charge with SBUs m28 and o176 in a diamond topology.  To reproduce the In-MOF, 

str_m28_o176_dia was generated with TOBASCCO and optimized with GROMACS
3
.  The 

properties of the generated structure were evaluated with methods discussed in Chapter 2 and 

were compared with the experimental values. 
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Figure 3-14. (a) MOF crystal structure obtained from the Cambridge Crystallographic Data Centre (CCDC)5.  (b) 

MOF structure generated with TOBASCCO and optimized with GROMACS. 

 

As shown in Figure 3-14, the pores and features of the two structures have no 

distinguishable differences upon visual inspection.  The properties such as the cell dimensions, 

pore diameter, volume, and surface area, were calculated for the TOBASCCO structure.  The 

pore volume and surface areas were calculated with a probe size of 1.82 Å.  Listed in Table 3-1 

are the calculated properties and the experimentally reported ones.   

  

(a) (b) 
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Table 3-1. Property comparisons between experimentally reported values by Wang et al.5 and structure recreated by 

TOBASCCO. 

Properties Experimental Values TOBASCCO Structure 

Cell dimensions a = 13.8954 Å 

b = 13.8954 Å 

c = 17.7870 Å 

a = 13.9587 Å 

b = 13.9587 Å 

c = 17.7311 Å 

Cell volume 3,434.4 Å
3 

3,454.8 Å
3
 

Pore diameter 6.9 Å 7.06 Å 

Pore volume 0.132 cm
3
/g 0.178 cm

3
/g 

Surface area 607 m
2
/g 780 m

2
/g 

 

As shown above in Table 3-1, the cell dimensions and pore diameter are in excellent 

agreement considering the computational structure and cell were optimized with a force field 

based method.  The surface area and void volume of the recreated MOF differ slightly due to the 

sampling methods: the experimental setup cannot guarantee a complete evacuation of the MOF 

and the simulation does not discriminate whether a void space is accessible through the pores.  

The most definitive comparison was perhaps the differences in atomic positions between the two 

structures.  The root-mean-square error of the fractional coordinates was calculated to be 0.323 Å 

and the maximum deviation was 0.702 Å.  Considering the cell dimensions of 13.8954 Å x 

13.8954 Å x 17.7870 Å, the 171 atomic positions in each of the two structures were nearly 

identical.  In addition, the powder x-ray diffraction patterns between the two structures were 

generated using the “Reflex” module in Material Studio 6.0.  Once again, the results from both 

structures were close to each other as shown in Figure 3-15.  
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Figure 3-15. Simulated XRD patterns obtained from both the CCDC crystal structure and from the TOBASCCO 

generated and optimized structure. 

The comparison between the generated and experimental charged MOFs shows that 

TOBASCCO can generate charged structures similar to the experimental structures.  As 

str_m28_o176_dia was effectively the same as its experimental counterpart, it confirmed the 

validity of future hypothetical charged MOFs generated by TOBASCCO. 
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3.5 Database Contents 

With all of the parameterized SBUs shown in Chapter 3.2, 47,244 unique structures were 

generated, resulting in a database of diverse charged hypothetical MOFs.  This database contains 

15,213 positively charged MOFs and 32,031 with negative charges, reflecting the ratio of 

positively and negatively charged SBUs used.  The variety of properties not only includes the 

differences in structure and topology, but also the charge concentration, pore size, volume, and 

surface area. 

The structures in the database encompass 1,050 topologies where the database made by 

Wilmer et al.
9,10

 only included 6 topologies.  The charges and volumes in the unit cell of each 

structure span a wide range of between -100e to +50e, and up to 1,022,823 Å
3
, respectively.  Due 

to the differences in cell volumes, the concentrations of charges are normalized to 10,000 Å
3
 for 

easy comparisons.  Figure 3-16 show the distribution of charge per volume for this work as well 

as the CoRE database by Chung et al.
1
, the distribution data were normalized to the total number 

of MOFs in each database.  The MOFs’ charge per volume from this work has a fairly even 

spread as shown in Figure 3-16, whereas the majority of the MOFs in the Chung et al. database 

have low or no net charge.  The databases by Wilmer et al.
9
 was not shown in this figure since 

the MOFs in their database have no net charge on the framework. 

The MOFs in the database from this work have charges per volume ranging from -56.75 to 

+20.44 e/10,000 Å
3
.  To put the charges into perspective, faujasite zeolites can have charge 

concentrations range from 0 to -60 e/10,000 Å
3
 depending on their silica and alumina ratio; 

Zeolite 13X has a charge concentration of -53.75 e/10,000 Å
3 
resulted from its 1.24 Si/Al ratio

21
.  
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As zeolites consist of only aluminum and silicon oxides, this structural limitation results in only 

negatively charged frameworks whereas this MOF database has both
22

. 

 

Figure 3-16. Normalized distribution of charge per volumes in charged MOFs databases. 

 

In Figure 3-17, the normalized distribution of pore sizes are shown for the database built in 

this work as well as the existing databases.  The pore sizes taken are the largest continuous 

channel where the sphere of a given diameter can fit through.  The MOF with the largest 

continuous channel in this work has a diameter of 133.42 Å.  The MOFs in this database have up 

to 3 channels when measured with a probe size of 1.82 Å, the radii of N2 probes
23

.  When 

comparing to the other two databases, the new database has a much wider distribution in pore 
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sizes.  The pore size distributions for the new database are quite even up to 25 Å whereas very 

few MOFs in the other databases have pores larger than 15 Å. 

 

Figure 3-17. Normalized distribution of pore sizes of maximum continuous channel in MOF databases. 

Figure 3-18 summarizes the normalized spread of void volumes measured with 1.82 Å 

probes, where the maximum volume is 33.31 cm
3
/g.  Yet again, the MOFs in the new database 

has a much wider range in void volume, which has a fairly even distribution up to 5 cm
3
/g.  Most 

MOFs in the CoRE database by Chung et al.
1
 have void volumes below 1.0 cm

3
/g and the MOFs 

in the Wilmer et al.
9
 database have void volumes below 2.5 cm

3
/g. 
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Figure 3-18. Normalized distribution of void volumes (probe size 1.82 Å) in MOF databases. 

 

When comparing the range of gravimetric surface areas, Figure 3-19 shows a wide range 

of up to 9,756.24 m
2
/g for this work.  Once again, the range of surface areas from MOFs in this 

work span further than the other two.  The databases by Chung et al.
1
 and Wilmer et al.

9
 include 

few MOFs above the surface area of above 6,000 m
2
/g.  The surface areas were also measured 

with a probe size of 1.82 Å.  Another comparison can be made with these metrics to Yaghi and 

co-worker’s MOF-5, which is known for its large void volume and high surface area
24

.  The pore 

diameter of MOF-5 is 8.0 Å, its void volume is 1.04 cm
3
/g and surface area is 2,900 m

2
/g

24
.   
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Figure 3-19. Normalized distribution of gravimetric surface areas (probe size 1.8 Å) in MOF databases. 

As seen comparing with databases by Wilmer et al.
9
 as well as Chung et al.

1
, the database 

from this work has MOFs with a very wide range of pore and surface properties.  In addition, 

these MOFs have a much higher range of net charges on their frameworks. 

 

3.6 Summary 

Using 254 SBUs obtained from existing MOFs, in excess of 183,000 hypothetical 

structures were generated. The geometries of these MOFs were optimized and over 47,000 of the 

reasonable structures with charges were selected for this database.  More than 1,000 network 

topologies were used in the construction of the 47,000 MOFs in the database, much higher than 

other existing MOF databases
9–11

.  In addition, the charged MOFs database also includes a 
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diverse range in a multitude of structural properties such as charges, pores, and surface areas.  It 

is important to note that these charged frameworks generated were unfunctionalized.  With the 

addition of 259 functional groups currently studied in the Woo Lab, it is estimated that well over 

a billion structures can potentially be generated from these frameworks
10

. 

TOBASCCO
2
, the method of charged structure generation was adapted and validated by 

constructing a charged In-MOF synthesized experimentally
5
.  It was found that the generated 

structure matches closely to the reported experimental crystal structure.  Various structural 

properties such as atom positions, optimized cell dimensions, pores, and surface areas were in 

excellent agreement.  The successful construction of the experimental In-MOF validated the 

method of structure generation.  As valid structures, the hypothetical charged MOFs in the new 

database were evaluated for their performances in CCS which is discussed in the following 

chapter. 
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4 High Throughput Screening of Charged MOF Database 

Abstract 

To explore the viability of using charged MOFs as post-combustion CCS materials, gas 

adsorption simulations were performed on the hypothetical charged MOFs database with the 

screening methods developed.  As there were a large number of charged MOFs in the database, it 

was impractical to perform the screening process on all 47,000 charged MOFs.  A representative 

group of 500 MOFs was chosen for the high throughput screening.  As a baseline comparison, 

500 hypothetical neutral MOFs from previous studies were used
1
.  Under the same simulation 

conditions, the charged MOFs outperformed the neutral group in CO2 uptakes, working 

capacities, and CO2/N2 selectivities.  It was found that charges on the counter ions strongly 

affected the uptakes of CO2.  Also, specific structural features which resulted in the highest 

selectivity were identified.  In the representative group of 500 charged MOFs, two probable 

candidates for post-combustion CCS applications were found.  By the same ratio, the charged 

MOFs database should have around 289 MOFs with similar or higher performance in such 

application.  The discovery of high performing candidates in hypothetical charged MOFs proved 

that charged MOFs may be a viable material in post-combustion CCS applications. 
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4.1 Introduction 

In the previous two chapters, a database of hypothetical charged MOFs and methods to 

simulate the gas adsorption properties were developed.  By simulating the gas adsorption 

properties of the hypothetical charged MOFs, the viability of using charged MOFs in post-

combustion CCS applications was tested.  To mimic the intermolecular interaction in gas 

adsorption simulations, partial atomic charges for each individual structure were required
2
.  As 

outlined in Chapter 2.2, the derivations of such charges require computationally costly periodic 

DFT calculations.  Many studies use charges parameterized for specific systems in order to 

reduce the time and computational resources required
1,3–8

.  However, generic charges are not 

capable of adequately represent the intermolecular interactions in charged MOFs.  For example, 

the generic charges developed by Fischer and Bell in 2013
9
 underestimate the interaction 

between the framework and guest molecules by close to 30% in many cases.  They concluded 

that it is important to use system-specific charges to produce the most accurate representation of 

electrostatic interactions
9
.  Also, shown in Chapter 2.6, QEq charges

10
 failed to mimic the 

electrostatics of a charged MOF and therefore cannot be used for the rapid screening.  To 

effectively obtain the properties of the hypothetical charged MOFs in the database, while 

limiting the computational cost, a representative group of MOFs can be chosen from the database.   

In gas adsorption simulations, temperature and pressure conditions affect the adsorption 

and desorption of gasses and they can be optimized to obtain the highest working capacity
11

.  

During adsorption, high pressure and low temperature conditions are ideal for high gas uptake.  

The opposite is true for desorption; low pressure and high temperature conditions allow the 

adsorbed gas to be driven from the sorbent
11,12

.  One would instinctively use the most extreme 



4. Results and Discussions 

 

 

 

 

 

87 

 

Jason Wai-Ho Lo 

temperatures and pressures for the highest working capacity in post-combustion CCS processes.  

However, temperature and pressure changes made to flue gas would also require the input of 

energy; consequently, the process conditions of post-combustion CCS would also need to be 

optimized for the lowest energy requirement and cost
13

.   

In this work, gas adsorption properties such as CO2 uptake, working capacity, and 

CO2/N2 selectivity were examined.  Comparisons were made between the charged MOFs from 

the database to a group of hypothetical neutral MOFs from a previous study
1
.  Structural 

properties between the two groups of MOFs were examined to ensure that the differences in 

adsorption properties were due to charges on the frameworks.  In addition to comparing the 

adsorption properties between the charged and uncharged MOFs, specific structural features of 

high performing MOFs as well as the effects of extra-framework counter ions in charged MOFs 

were studied.  Finally, the gas adsorption data were confirmed using structures of the high 

performing MOFs, where the geometries of those structures were re-optimized at the DFT level. 

 

4.2 Computational Details  

In this study, 500 charged MOFs were chosen from the charged MOFs database as a 

representative group.  The group of MOFs selected are referred to as the Database 

Representative Group (DRG).  The MOFs were selected to reflect the ratios of the SBUs present 

in the database.  The resulting DRG contains 161 positively charged MOFs and 339 negatively 

charged MOFs, this reflected the ratio between the positively and negatively charged MOFs in 

the database.  Comparisons were made between the 500 MOFs representing the hypothetical 
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charged MOFs database and 500 hypothetical neutral MOFs from a previous study
1
.  Although 

the MOFs in the neutral group includes different types of functional groups, their overall net 

charge remains neutral.  Also, the structural properties such as the surface areas, pore diameter, 

and pore volume of the two groups of MOFs were compared.  Figure 4-1 to Figure 4-3 show that 

the distribution of the structural properties between the DRG and neutral MOFs were largely 

similar.  Given the similar structural properties between the two groups of MOFs, the difference 

in gas adsorption properties would be attributed to the difference in framework net charge. 

 

 

Figure 4-1. Surface areas histograms of DRG charged MOFs and neutral MOFs. 
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Figure 4-2. Pore diameters histograms of DRG charged MOFs and neutral MOFs. 

 

Figure 4-3. Void volumes histograms of DRG charged MOFs and neutral MOFs. 
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As discussed in Chapter 1.1, mild PSA conditions were used to minimize the cost of post-

combustion CCS for implementation
13

.  For a valid comparison, adsorption conditions of 298 K 

with a binary mixture of 0.15 bar CO2 and 0.85 bar N2 were used
13,14

.  For desorption, CO2 at 

0.05 bar and the same temperature were used, 0.01 bar of N2 was included to mimic the minute 

amount of N2 adsorbed
13

.  Since the amounts of N2 adsorbed in each individual MOF differ, the 

pressure of N2 during desorption is arbitrary.  Four million equilibration steps and 32 million 

production steps were used in the charged MOFs’ GCMC simulations to obtain the detailed 

results of adsorption and desorption.  As for the neutral MOFs, 30,000 cycles were used for each 

equilibration and production steps since only the gas uptake quantity was needed.  A cycle 

consists of N steps where N was the number of guest molecules within the simulations cell
15

.  In 

charged MOFs, the framework net charges were neutralized with either Na
+
 or Cl

-
 as counter 

ions.  The locations of the counter ions were sampled with canonical MC ensemble during the 

simulations.  In addition to the gas adsorption simulations, other property calculations were 

performed in order to correlate structural features with gas uptakes.  Properties such as surface 

areas, pore sizes, and void volumes were calculated with a probe radius of 1.82 Å. 

4.3 The Effects of Charges in MOFs on CO2 Uptakes 

To understand the effects of charges in MOFs on CO2 uptakes, a comparison was made 

between the DRG MOFs with 500 hypothetical neutral MOFs used in a previous study
1
.  As seen 

in Figure 4-4, the CO2 uptakes by MOFs with net charges were generally higher than ones with 

neutral frameworks.  At flue gas conditions, the averages of the CO2 uptake of the two groups 

were 3.33 mmol/g for the charged MOFs and 1.17 mmol/g for the neutral MOFs.  These 

averages reflected the charged MOFs’ abilities in adsorbing more CO2.   
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Figure 4-4. Histogram of CO2 uptakes of the DRG charged MOFs and the neutral MOFs. 

The uptakes of charged MOFs were then plotted against charges in the systems.  As the 

unit cell of each MOF may have different sizes, the charges were normalized by volume.  In 

Figure 4-5, a trend is seen that the higher the charge per volume, the higher the CO2 uptake.  

Some outliers were present in the lower left and right hand corners of Figure 4-5; these charged 

MOFs with high charge per volume should be capable of adsorbing large quantity of CO2.  

However, when the uptake of CO2 was weighted against the pore volumes of the MOFs in Figure 

4-6, the outliers became much smaller and a distinct V shape was formed.  From Figure 4-6, it 

was clear that the lack of space in pores restricted the uptake of CO2 in those previous outliers.  

The limited CO2 uptake due to lack of available space was confirmed when the uptake was 

plotted against pore volume.  In Figure 4-7, MOFs with pore volumes above 0.2 cm
3
/g had an 
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even spread of CO2 uptake, however, the CO2 uptake in MOFs with less than 0.2 cm
3
/g pore 

volumes were limited. 

 

 

Figure 4-5. Uptakes of DRG MOFs plotted against their normalized charges. 
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Figure 4-6. Uptakes of the DRG MOFs plotted against their normalized charges.  The sizes of the data points were 

weighed by the pore volume of the MOF.  The outliers from Figure 4-5 are no longer visible due to the lack of pore 

volume. 

 

Figure 4-7. CO2 Uptakes of the DRG MOFs plotted against pore volume.  The uptakes were limited when MOFs 

have low pore volume. 
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To ensure that the high CO2 uptakes in charged MOFs were the results of charges, gas 

adsorption simulations were performed without the attractive portion of the Lennard-Jones 

interactions.  By using only the partial atomic charges to represent the attractive forces in 

intermolecular interactions, the CO2 uptakes would be the results of electrostatic interactions.  

Six randomly selected hypothetical charged MOFs were used for these simulations, three 

positively charged and three negatively charged.  Care was taken to ensure that the charge per 

volume of the MOFs were different, ranging from -12.95 to +11.74 e/10,000 Å
3
.  In Table 4-1, 

the CO2 uptakes were obtained in two sets of simulations.  In simulations not considering the 

attractive portion of the Lennard-Jones interaction, the CO2 uptake observed was similar to the 

CO2 uptake observed when all intermolecular interactions were taken into account.  Thus, the 

high uptakes of charged MOFs were due to the electrostatic interactions from the charges in the 

MOFs.  Given the non-negligible quadrupole moment of CO2 molecules, electrostatic 

interactions occur between CO2 and the charges on the MOFs’ frameworks and counter ions
16,17

.  

Such interactions allowed for higher uptakes of CO2 in charged MOFs than in neutral MOFs.   

Table 4-1. CO2 uptakes of six randomly chosen MOFs simulated with and without the attractive portion of the 
Lennard-Jones interaction. 

MOF name Charge per 

volume 

(e/10,000 Å
3
) 

Uptake with attractive 

Lennard-Jones 

interaction (mmol/g) 

Uptake without attractive 

Lennard-Jones interaction 

(mmol/g) 

str_m52_o67_dme -12.95 6.07 5.94 

str_m64_o88_xbv -4.09 3.30 3.27 

str_m66_o105_flu -10.04 6.02 6.01 

str_m56_o125_ant +4.48 1.86 1.86 

str_m57_o111_pha +11.74 5.81 5.78 

str_m75_o80_tbo +2.48 0.87 0.85 
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4.4 The Effects of Counter Ions on CO2 Uptakes 

As seen in the previous section, 4.3, the long range electrostatic interactions allowed for 

the increase in CO2 uptake in charged MOFs.  The charges in these systems were localized on 

both the frameworks and the counter ions.  As many different types of counter ions could be 

easily used in the same framework
18–20

, the effects of counter ions on CO2 uptakes were studied. 

A study was conducted to compare the CO2 uptakes of the charged MOFs when counter 

ions of different charges were used.  In the original simulations, Na
+
 and Cl

-
 were used to 

balance negatively and positively charged frameworks, respectively.  As real ions with +2 or -2 

charges may have significantly different properties than Na
+
 and Cl

-
, hypothetical counter ions 

Na
+2

 and Cl
-2

 were used.  Aside from carrying double the net charge, the hypothetical counter 

ions have the same Lennard-Jones parameters as Na
+
 and Cl

-
.  The differences in CO2 uptake 

observed should be due to the differences in ion charges.  Since doubly charged counter ions 

carry twice the charge, only half as many ions were required in each simulation cell to neutralize 

the net charge on the frameworks. 

The average CO2 uptakes of the original set and ones with doubly charged counter ions 

were 3.33 and 5.27 mmol/g, respectively, a 58.3% increase.  Shown in Figure 4-8, as the charge 

of the counter ions doubled, the resulting CO2 uptake increased, even though the number of 

counter ions were reduced by half.  The average heats of adsorptions for the original set and the 

ones with hypothetical counter ions were 33.76 kJ/mol and 44.22 kJ/mol, respectively.  The 

increase in heats of adsorptions in MOFs with doubly charged counter ions pointed to a rise in 

affinity of CO2 guests.  The change could be explained by the increase of electrostatic 
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interactions between the ions and the guest molecules due to a stronger charge on the ions.  Also, 

as the guest molecules were allowed to freely rotate and orient themselves, the increased 

interactions could occur on both the carbon and the oxygens of the CO2 molecules.  Therefore, 

doubling the charges on both positively and negatively charged ions resulted in increased uptake.  

 

Figure 4-8. CO2 uptakes of the DRG MOFs with original counter ions and with doubly charged hypothetical 

counter ions. 

Unlike the metal atoms in inorganic SBUs, the counter ions were exposed in pores and 

were readily accessible by guest CO2 molecules.  The charges on the ions increased electrostatic 

interactions with the guest molecules, which lead to increased uptakes.  To further understand the 

interactions between the counter ions and CO2 guest molecules, the average distances between 

the ions and the carbon atom of the CO2 molecules were taken from the DRG MOFs.  RDFs 

were then plotted in Figure 4-9 and Figure 4-10.  For systems with Cl
-
 counter ions, the RDF 

showed the guest CO2 most commonly locate at a distance of 3.065 Å to the counter ion (Figure 
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4-9).  For systems with Na
+
 counter ions, the RDF plot shows a maximum peak at 3.549 Å for 

the distance between the CO2 and Na
+
 (Figure 4-10).   

 

Figure 4-9. RDF plot of the average distances 

between Cl- and the C of CO2 guest molecules 

from all the DRG MOFs. 

 

 

Figure 4-10. RDF plot of the distances between 

Na+ and the C of CO2 guest molecules from all the 

DRG MOFs. 

 

Due to the partial positive charges on the C atoms and the partial negative charges on the 

O atoms, the CO2 guest molecules would be oriented differently depending on the type of 

counter ions present.  In the presence of the Cl
-
, the partial positive charge on C atom would 

attract the Cl
-
 and the partial negative charge on the O atoms would repel the Cl

-
 ion.  The 

opposite is true when Na
+
 counter ions are present as they carry the opposite formal charge.  

Figure 4-11 and Figure 4-12 show the configurations of the CO2 guest where the lowest possible 

energies were achieved when the two types of ions were present.  In the presence of each ion, the 

minimum energy distance between the C atom and the ion was calculated numerically; while 

both the electrostatic and van der Waal interactions of all the atoms present are taken into 

consideration.  The potential energy between the ions and the CO2 were determined for the 

distances from 2 Å to 5 Å between the C atom and the ion, the distance with the lowest potential 
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energy is the numerical solution for the minimum energy distances.  The force fields used here 

were the same as the ones used in the GCMC simulations: TraPPE force field designed for 

evaluating carbon dioxide adsorption in zeolites was used for CO2 guest molecules
5
; the 

Universal Force Field and the formal charges were used for the counter ions
21

.  Table 4-2 

compares the values of the minimum energy distances and the observed values.  The distances 

calculated numerically for the lowest energy was performed with both the Lennard-Jones and the 

electrostatic interactions taken into consideration.  The observed values concur with the 

numerically calculated values with a difference of less than 1.64%. 

 
Figure 4-11. CO2 and Cl- configuration 

to result in the lowest energy. 

  

 
Figure 4-12. CO2 and Na+ 

configuration to result in the lowest 

energy. 

 

 

Table 4-2. Calculated and observed distances between counter ions to C atoms of CO2 guests. 

 Calculated RDF peak Percent difference 

Cl
-
 to C distances 3.055 Å 3.065 Å 0.34% 

Na
+
 to C distances 3.610 Å 3.549 Å 1.64% 

 

Given the higher electronegativity of the oxygen atoms on the CO2 molecules, they carry partial 

negative charges.  Therefore, the oxygen atoms should be more attracted to the Na
+
 counter ions 

Cl
-

 

3.055 Å 

Na
+

 

3.610 Å 
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(Figure 4-12).  The RDF of the distance between the oxygen atoms and the Na
+
 ions was also 

plotted and illustrated in Figure 4-13.  In this figure, two distinct peaks were shown for the two 

oxygen atoms, O(1) refers to the oxygen atom closer to the Na
+
 ion and O(2) refers to the farther 

one.  In Figure 4-13, the distances between the oxygen atoms and Na
+
 were 2.463 Å and 4.613 Å, 

respectively.  These two peaks were similar to the calculated distances for the lowest energy: 

2.461 Å and 4.759 Å in Table 4-3.  The distance from the Na
+
 to the closer oxygen atom, O(1), 

was nearly identical to the calculated one (0.093%), whereas the second distance, O(2), had a 

higher difference (3.06%).  The larger discrepancy for O(2) could be explained by a slightly 

rotated orientation of the CO2 guest (Figure 4-14), where the O(2) is located closer to the Na
+
 ion.  

The close proximity between counter ions and guest CO2 molecules was also verified visually.  

When viewing the probability distributions of the counter ions and adsorbed CO2 atoms in all 

500 DRG MOFs, the CO2 molecules were located close to a counter ion. 

 

Figure 4-13. RDF plot of the average distances between Na+ and the O atoms of CO2 guest molecules from all of 
the DRG MOFs. 
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Table 4-3. Calculated and observed distances between Na+ counter ions to O atoms of CO2 guests. 

 Calculated RDF peak Percent difference 

Na
+
 to O(1) distances 2.461 Å 2.463 Å 0.093% 

Na
+
 to O(2) distances 4.759 Å 4.613 Å 3.06% 

 

 

 

As shown in chapter 4.2, CO2 adsorption heavily depended on the charges present in the 

MOF.  It was determined that the counter ion charges have the most effect on the uptake when 

counter ions with different charges were used.  Since the counter ions resided in the pores of the 

MOFs, they were more accessible to the guest molecules than the framework atoms.  As shown 

in the RDF graphs, the CO2 guest molecules adsorbed were located close to the counter ions 

present.  In addition, the distances between the CO2 and the ions were ideal distances that allows 

for minimum potential energy.  The interactions between CO2 guests and counter ions, along 

with the changes in uptakes when different ions were used, showed that counter ions have 

significant effects on CO2 gas adsorptions. 

 

Figure 4-14. Alternative orientation of CO2 and Na+ where 

the CO2 molecule is slightly rotated, resulting in the lowest 

energy. 
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4.5 Working Capacity 

To ensure economical implementation of CCS, MOFs with high working capacity are 

desired.  As discussed in Chapter 1.1, new materials used for post-combustion CCS applications 

would require working capacities of 4 mmol/g or higher to be economically viable.  The average 

working capacity of the DRG MOFs was 1.20 mmol/g, with the highest being 4.18 mmol/g.  The 

working capacities of the 500 neutral MOFs had an average of 0.585 mmol/g and a maximum of 

2.12 mmol/g.  Between the two groups of MOFs, the charged MOFs outperformed the neutral 

ones by an average of over 200%.  As shown in Figure 4-15, the working capacities of the 

charged MOFs were generally higher than those of the neutral MOFs. 

 

Figure 4-15. Histogram of CO2 working capacities of the DRG charged MOFs and the neutral MOFs. 

Similar to the observation in the previous section where charged MOFs have much higher 

uptakes than neutral ones, the working capacity of charged MOFs were also higher.  From the 

DRG, two charged MOFs were identified with working capacities above 4 mmol/g.  MOFs 
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str_m57_o80_fso and str_m58_o160_o145_fsc had working capacities of 4.18 and 4.05 mmol/g, 

respectively.  The two high performers accounted for 0.4% of the 500 DRG MOFs.  As the DRG 

was chosen for an accurate depiction of the whole database, theoretically around 189 

hypothetical charged MOFs in the database of 47,000 should have working capacities higher 

than 4 mmol/g.  These MOFs would be possible candidates for post-combustion CCS 

applications.  

 

4.6 CO2/N2 Selectivity  

As flue gas contains approximately 85% N2, MOFs capable of selectively adsorbing CO2 

over N2 are preferable for CCS applications.  The CO2/N2 selectivity ratio required for efficient 

post-combustion CCS application should be 150 or higher
13

.  While the average selectivity of the 

neutral group was 39.7, the average selectivity shown by the DRG MOFs was 593.5.  The high 

selectivities exhibited by charged MOFs can be explained by their affinities towards CO2 and N2 

molecules.  Since neither CO2 nor N2 are formally charged or have a dipole moment, their 

interactions with the framework are dictated by their quadrupole moments and polarizability.  In 

this study, the non-polarizable TraPPE force field
5
 was used, therefore, only the quadrupole 

moment is considered.  As CO2 has a stronger quadrupole moment than N2
17

, the charges in 

MOFs would attract CO2 guests more than N2 guests.  In charged MOFs, the average heat of 

adsorption for CO2 was 33.76 kJ/mol, while it was only 12.26 kJ/mol for N2 guests.  The 21.50 

kJ/mol difference in average heats of adsorption pointed to charged MOFs having much stronger 

affinities towards CO2 than N2.  In neutral MOFs, the average heat of adsorption for CO2 and N2 
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were 24.52 kJ/mol and 13.14 kJ/mol, respectively.  The difference in heats of adsorption was 

only 11.38 kJ/mol.  While the average heats of adsorption for N2 guests were similar between the 

two sets of MOFs, the charged MOFs had a higher average CO2 heat of adsorption.  As the heats 

of adsorption indicate the affinities toward a guest molecule, it showed that charged MOFs had 

higher affinities toward CO2 than neutral MOFs, hence the higher CO2/N2 selectivities shown in 

Figure 4-16.   

 

 

Figure 4-16. Histogram of selectivities in DRG charged MOFs and neutral MOFs. 

 

Seeing that charged MOFs have higher selectivities than neutral MOFs, the correlation 
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selectivities plotted against the normalized charges of the DRG MOFs.  The distinct V shape 

present in Figure 4-17 was seen previously in Chapter 4.3, where MOFs with stronger charges 

had higher uptakes.  This demonstrates that charge has a positive correlation with the CO2/N2 

selectivity as it had with CO2 uptake.  The outliers in Figure 4-17 were insignificant once the 

selectivities were weighed by the pore volumes (Figure 4-18).  This is similar to earlier 

observations that low pore volume resulted in low CO2 uptake (Figure 4-6).  As the outlier 

MOFs lack pore volume, it restricted the uptakes of both CO2 and N2 guests and rendered their 

selectivities irrelevant.   

 

 

Figure 4-17. Selectivities of the DRG MOFs plotted against their normalized charges. 
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Figure 4-18. Selectivities of the DRG MOFs plotted against their normalized charges.  The sizes of the data points 

were weighed by the pore volume of the MOF.  The outliers from Figure 4-17 are no longer visible due to the lack 

of pore volume. 

As discussed previously, flue gas may contain chemical species such as water, SOx, and 

NOx
13,22

. Even though these species would be removed prior to the post-combustion CCS 

process, trace water vapour may still be present in practice
13,23

.  Due to its high polarity, water 

may interact with charges in the MOFs; it was feared that the MOF may be disrupted and 

selectivity may be reduced
24–26

.  Simulations were performed on the DRG under flue gas 

condition with 0.01 bar of H2O to simulate the presence of water at 33% relative humidity
22,27

.  

The average CO2/N2 selectivity with presence of water dropped from 593.5 to 233.7.  However, 

despite the drop in average selectivity, 17 of the DRG MOFs still exhibited selectivities over 150 

with the presence of water (Table 4-4).  These 17 charged MOFs were examined to further 

understand the high selectivities with the presence of water.  It should be noted that MOFs with 
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CO2 uptakes less than 0.5 mmol/g were not considered, as these MOFs would not be suitable for 

post-combustion CCS applications.  It was found that all 17 of the highly selective MOFs had 

minimal N2 uptake, averaging at 0.129 mmol/g.  The DRG and the neutral group had average N2 

uptakes of 0.232 mmol/g and 0.257 mmol/g, respectively.  The higher ratio of CO2/N2 selectivity 

in the group of 17 highly selective MOFs was the result of the extremely low N2 uptake.  Since 

the high CO2/N2 selectivities observed in Table 4-4 were due to extremely low N2 uptake, the 

actual selectivity may fluctuate and result in the high error within the ensemble. 

Table 4-4. Highly selective MOFs with CO2/N2 selectivities above 150 with and without the presence of water. 

MOF 
Dry CO2/N2 Selectivity and 

Error 

CO2/N2 Selectivity and Error 

With the Presence of Water 

str_m57_o88_fsg 1435 ± 995 708 ± 3582 

str_m52_o143_nab 670 ± 228 605 ± 533 

str_m58_o158_o145_fsf 594 ± 229 1230 ± 2852 

str_m81_o102_fsd 493 ± 204 525 ± 682 

str_m66_o105_flu 426 ± 156 257 ± 155 

str_m81_o102_fso 311 ± 78 169 ± 86 

str_m81_o41_fsi 292 ± 72 333 ± 205 

str_m79_o86_csq 284 ± 57 158 ± 78 

str_m82_o100_ptt 280 ± 95 197 ± 103 

str_m58_o117_fsh 256 ± 103 172 ± 121 

str_m68_o107_fsg 207 ± 54 193 ± 121 

str_m83_o106_o102_xbv 205 ± 71 183 ± 94 

str_m68_o105_xat 182 ± 44 180 ± 99 

str_m52_o153_o143_bal 174 ± 28 157 ± 78 

str_m68_o76_sit 122 ± 25 162 ± 91 

str_m83_o41_scu 112 ± 18 187 ± 89 

str_m85_o109_uoc 106 ± 16 178 ± 100 

 

Specific types of structural features were identified in the 17 highly selective MOFs.  

Figure 4-19 shows the histogram of pore diameters of the high selectivity MOFs compared 
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against the DRG, where the frequencies shown are normalized as percentages within each group.  

The pore diameters of the DRG MOFs were diverse, averaging 13.09 Å; however, the highly 

selective MOFs had a narrow range of pore diameters, averaging 6.59 Å.   

 

 

Figure 4-19. Pore diameter histograms of the DRG MOFs and high selectivity charged MOFs, where the 

frequencies were normalized to the bin with the highest frequency. 

Similar to the pore diameters, the pore volumes of the highly selective MOFs also had a 

specific range.  Figure 4-20 shows the pore volumes of the high selectivity MOFs and the DRG; 

once again the frequencies were normalized as percentages.  The range of pore volumes of the 17 

highly selective MOFs was very narrow compared to the DRG.  More specifically, the high 

selectivity MOFs had a small average pore volume of 0.216 cm
3
/g while the DRG had an 

average of 1.18 cm
3
/g. 
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Figure 4-20. Pore volume histograms of the DRG MOFs and high selectivity charged MOFs, where the frequencies 
were normalized to the bin with the highest frequency. 

The high selectivity resulting from the small pore diameters and volumes could be 

explained by the quadrupole moments of CO2 and N2.  Since CO2 has a higher quadrupole 

moment than N2
17

, CO2 molecules introduced into the pores were more likely to have stronger 

interactions with the counter ion and bind favourably.  A closer look at the heats of adsorptions 

for the guests revealed the differences in affinity towards CO2 and N2 guests.  The average heats 

of adsorption for CO2 and N2 in the highly selective MOFs were 53.64 kJ/mol and 20.55 kJ/mol, 

respectively, a 33.09 kJ/mol difference.  The CO2 and N2 averages for the entire DRG were 

33.76 kJ/mol and 12.26 kJ/mol, respectively; the differences in heats of adsorption was only 

11.50 kJ/mol.  Between the two groups of charged MOFs, the group with small pore dimensions 
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had the higher difference in heats of adsorptions; therefore, their stronger affinity towards CO2 

than N2 resulted in higher selectivities. 

A hypothesis is put forward to explain the correlation between small pore volume and 

increased selectivity.  Figure 4-21 and Figure 4-22 are hypothetical charged MOFs with two 

different pore sizes, the small pore size in Figure 4-21 limits the accessible pore volume to guests 

and counter ions.  Consequently, most of the pore space is charged.  Due to the higher 

quadrupole moment of CO2, charges in MOFs have higher affinity towards CO2 than N2 

molecules.  As the CO2 guests occupy space in the small pores, the lack of space results in a low 

N2 uptake.  In the larger pore shown in Figure 4-22, N2 adsorptions are not restricted by the lack 

of space.   

 

Figure 4-21. Hypothetical MOF with small pore 

diameter and volume where the charged area is 

highlighted.  The lack of uncharged space reduces 
N2 uptake.   

 

 

Figure 4-22. Hypothetical MOF with large pore 

diameter and volume where the charged area is 

highlighted.  The large pore allows for N2 uptake, 

in addition to the CO2 adsorbed. 

 

In addition to finding specific structural features that resulted in high selectivity in MOFs, 

top performers were found.  The 17 highly selective MOFs identified previously (Table 4-4) 

account for 4.2% of the DRG.  By the same percentage, the hypothetical charged MOFs database 

CO2 

Counter ion 

N2 

Framework 

Pore 
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should contain approximately 1,984 MOFs capable of selectively adsorbing CO2 over N2 at a 

ratio above 150.  These highly selective MOFs would be possible candidates for post-combustion 

CCS applications. 

 

4.7 Studies on DFT Optimized Structures 

In order to have the most accurate results, geometry optimization was performed at the 

DFT level on 19 top performing MOFs with fixed lattice parameters.  The MOFs that were re-

optimized included the two MOFs with working capacities above 4 mmol/g in Chapter 4.5, as 

well as the group of 17 charged MOFs with CO2/N2 selectivities above 150 in the presence of 

water from Chapter 4.6.   

Table 4-5 lists the selectivities and working capacities of the selected MOFs with and 

without DFT optimization.  With only the force field optimization, the selected MOFs had an 

average CO2/N2 selectivity of 339.1.  The average selectivity of the DFT optimized structures 

was 354.7, a negligible difference when the associated error is taken into consideration.  As the 

selectivities depend highly on the low uptake of the N2 guests, they could easily fluctuate, hence 

the large error shown in Table 4-5.  The average working capacities of the selected MOFs with 

and without DFT optimization were 1.893 mmol/g and 1.746 mmol/g respectively.  As the gas 

adsorption uptakes are averages of the ensembles, the differences are also within the error range.  

In addition, the same top performers were identified as having the highest working capacities. 
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Table 4-5. Selectivities and working capacities of selected charged MOFs with and without DFT optimization.  The 

table was sorted by the working capacity of the DFT optimized structure. 

MOF Name 

Original 

Selectivity 

and Error 

DFT Optimized 

Structure 

Selectivity and 

Error 

Original Working 

Capacity and Error 

(mmol/g) 

DFT Optimized 

Structure Working 

Capacity and Error 

(mmol/g) 

Average 339 ± 132 355 ± 102 1.9 ± 0.4 1.7 ± 0.4 

str_m58_o160_o145_fsc 128 ± 16 152 ± 13 4.1 ± 0.6 4.3 ± 0.6 

str_m57_o80_fso 166 ± 27 166 ± 18 4.2 ± 0.7 3.7 ± 0.5 

str_m85_o109_uoc 106 ± 16 108 ± 12 3.5 ± 0.6 3.1 ± 0.5 

str_m68_o76_sit 122 ± 25 111 ± 16 3.1 ± 0.6 2.9 ± 0.5 

str_m68_o107_fsg 207 ± 54 236 ± 50 2.6 ± 0.6 2.4 ± 0.6 

str_m68_o105_xat 182 ± 44 169 ± 29 2.3 ± 0.4 2.4 ± 0.4 

str_m81_o102_fso 311 ± 78 307 ± 52 2.4 ± 0.4 2.1 ± 0.4 

str_m52_o153_o143_bal 174 ± 28 171 ± 20 2.4 ± 0.6 2.0 ± 0.4 

str_m83_o41_scu 112 ± 18 115 ± 13 1.5 ± 0.4 1.6 ± 0.3 

str_m58_o158_o145_fsf 594 ± 229 608 ± 161 1.1 ± 0.4 1.2 ± 0.3 

str_m81_o41_fsi 292 ± 72 293 ± 52 1.2 ± 0.2 1.1 ± 0.3 

str_m79_o86_csq 284 ± 57 273 ± 45 0.8 ± 0.3 0.9 ± 0.3 

str_m83_o106_o102_xbv 205 ± 71 228 ± 66 0.8 ± 0.2 0.8 ± 0.3 

str_m58_o117_fsh 256 ± 103 266 ± 79 1.1 ± 0.3 0.8 ± 0.4 

str_m66_o105_flu 426 ± 156 436 ± 114 1.3 ± 0.3 0.8 ± 0.3 

str_m52_o143_nab 670 ± 228 722 ± 168 0.9 ± 0.3 0.8 ± 0.2 

str_m82_o100_ptt 280 ± 95 302 ± 80 0.9 ± 0.2 0.8 ± 0.2 

str_m81_o102_fsd 493 ± 204 588 ± 174 0.9 ± 0.4 0.8 ± 0.3 

str_m57_o88_fsg 1435 ± 995 1490 ± 772 0.7 ± 0.3 0.6 ± 0.3 

 

From the DFT optimized structures, the MOF str_m58_o160_o145_fsc was found to be 

the top performer.  It had a CO2/N2 selectivity of 152.2 and working capacity of 4.317 mmol/g, 

both of which satisfy the criteria of post-combustion CCS applications.  In addition, MOF 

str_m57_o80_fso was found to have high selectivity and working capacity close to the post-

combustion CCS application requirement. 
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4.8 Summary 

In order to explore whether charged MOFs are viable materials for post-combustion CCS 

applications, a database of 47,000 hypothetical charged MOFs was constructed and screened 

using methods outlined in the two previous chapters.  Due to the high number of MOFs present 

in the database and the high computational cost of DFT calculations, a DRG of 500 hypothetical 

charged MOFs was chosen.  The adsorption properties of the DRG were compared against 500 

hypothetical neutral MOFs with similar structural properties.  It was found that the average 

adsorption of CO2 in charged MOFs was almost three times the amount of neutral MOFs.  Also, 

the average working capacity of the DRG MOFs was more than double the average of the neutral 

group.  It was found that the electrostatic interactions between the CO2 guests and the charges in 

the MOFs resulted in the high uptake of CO2; the higher charge per volume lead to more CO2 

adsorbed. 

The charges on the MOFs’ frameworks were neutralized by counter ions in the pores.  As 

the counter ions were more exposed and easily accessible by guest molecules, interactions 

between the charged ions and the guests drastically affected the adsorption.  With the low CO2 

partial pressure under flue gas conditions, RDF plots showed that CO2 guests were absorbed 

close to the counter ions.  This was observed regardless of the charge on the counter ion.  In 

addition, the distances between the CO2 guests and counter ions observed in the RDF plots 

matched the calculated distances where the lowest potential energy resulted.  Therefore, 

interactions between counter ions and CO2 guests had the most significant effect on the 

adsorption of the CO2 guests.  
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As CO2 molecules have higher quadrupole moments than N2 molecules
17

, charged MOFs 

have a stronger affinity towards CO2 than N2 guests.  The average CO2/N2 selectivity of the DRG 

MOFs was 593.5, whereas the neutral group only had an average selectivity of 39.7.  Similar to 

the CO2 uptake, CO2/N2 selectivities also had a dependency on charge; stronger charges lead to 

higher selectivities of the MOFs.  As the charges in MOFs may interact with water molecules, 

due to their dipole moments, the presence of water reduced the average selectivity.  However, 17 

of the DRG MOFs were capable of maintaining CO2/N2 selectivities of 150 or higher.  All 17 

highly selective MOFs were found to have small pore diameters and volumes.  Due to the limited 

uncharged pore space and their higher affinity towards CO2 than N2, the uptake of N2 in these 

MOFs were extremely low.  As a result, the CO2/N2 selectivities were very high.   

19 MOFs with the highest selectivities and working capacities were optimized with DFT to 

obtain the most accurate adsorption properties.  Adsorption properties obtained from structures 

optimized with either force field or DFT were similar.  Also, two of the same top performers 

were identified with adsorption properties similar to or higher than the requirement for post-

combustion CCS applications. 

By comparing groups of diverse charged MOFs and neutral MOFs, it was found that charged 

MOFs have much higher working capacities and CO2/N2 selectivities.  Due to their superior 

performance, charged MOFs were proven to be viable materials for post-combustion CCS 

applications. 
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5 Conclusions and Future Work 

5.1 Summary of Results and Findings 

Motivated by the need to reduce CO2 emissions, the viability of using charged MOFs as a 

material for capturing CO2 was examined in this work.  To explore the capabilities of charged 

MOFs, a novel computational method for the determination of gas adsorption properties in 

charged periodic systems was developed.  The automated series of programs, FA
3
PS, overcame 

the challenge of simulating periodic systems with a net charge.  In charged periodic systems, 

infinitely repeating periodic images, each with a net charge, represent an unphysical system with 

infinite energy.  However, FA
3
PS is capable of rendering the system neutral by applying a 

background charge or inserting counter ions when appropriate.  To acquire gas adsorption 

properties, FA
3
PS simulate the electrostatic interactions in the simulation cell using partial 

atomic charges derived using VASP and REPEAT
1,2

.  A background charge is applied for 

neutralization charge derivation, while avoiding the possible polarization effects of the 

framework atoms by counter ions. 

As the REPEAT method has been proven effective at representing the electronic structure 

in neutral systems
1,3,4

, partial atomic charges derived in systems with a net charge was tested.  

The QM ESP was calculated with VASP in MOFs with large pores with and without ions for 

neutralization.  Partial atomic charges were then fitted to reproduce the ESP using the REPEAT 

method.  In the case when ions were included, the ions were inserted into the centre of the large 

pores to avoid possible polarization effects.  Regardless of the overall net charge in the 

simulation cell, the partial atomic charges were in excellent agreement with the charges derived 
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from a neutral system.  Therefore, REPEAT is capable of deriving partial atomic charges in 

systems with an overall net charge. 

Using partial atomic charges to represent the ESP of the charged MOF frameworks, 

FastMC simulations were performed to obtain gas adsorption isotherms for the systems.  In 

FastMC, counter ions are used to balance the charged systems in order to simulate the 

interactions between the ions and the rest of the system.  The GCMC ensemble is used for guest 

molecules, as the number of those molecules fluctuates in order to simulate adsorption and 

desorption of the gas.  The locations of the counter ions are also sampled with the canonical MC 

ensemble in the simulations.  

To test the accuracy of the above methods, REPEAT charges were derived for a benzene-

tris-tetrazolate MOF synthesized by Dincă et al., which has a net charge of -3 in its unit cell and 

contains Mn
+2

 counter ions
5
.  FastMC simulations were then performed to determine the 

positions of the Mn
+2

 counter ions.  All of the experimentally determined counter ion locations 

were found using FastMC, showing that FA
3
PS was capable of reproducing the electrostatic 

environments of charged MOFs.  In addition, it was capable of mimicking the intermolecular 

interactions between the framework and guests, allowing for the evaluation of gas adsorption in 

charged periodic systems.  FA
3
PS also calculated the structural properties of the benzene-tris-

tetrazolate MOF, such as pore dimensions and surface areas.  The calculated values were in 

excellent agreement with the reported experimental values. 

In order to adequately represent charged MOFs’ gas adsorption capabilities, a diverse 

database of over 47,000 hypothetical charged MOFs was constructed.  TOBASCCO, an 
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algorithm developed by the Woo Lab, was adapted to generate the charged MOFs.  A total of 

over 183,000 structures were generated using 200 organic SBUs and 54 inorganic SBUs, where 

33 of the SBUs were charged.  Geometric optimizations using the GROMACS package
6
 and 

universal force field parameters
7
 were performed on the 183,000 charged structures generated.  If 

the optimized structure presented any structural defects such as atomic overlaps, unphysical bond 

length, angle, or high internal force, the structure was excluded.  The resulting database includes 

47,244 hypothetical charged MOFs with diverse structural properties.  When compared against 

other existing databases
8,9

, the database constructed in this work is much more diverse in terms 

of charge concentration, pore size, volume, surface area, and topology.   

To ensure that the structural generation and optimization methods were valid, an 

experimentally synthesized MOF was reproduced computationally.  A porous chiral In-MOF 

reported by Wang et al. in 2011
10

 was used for the validation.  The generated structure 

successfully reproduced the 171 atomic positions of the experimentally reported structure.  In 

addition, it also matched the reported cell dimensions, pore structures, and surface area.  The 

successful reproduction of an experimentally synthesized MOF confirmed the legitimacy of the 

MOFs within the hypothetical charged MOFs database created in this work.   

Using the methods developed to simulate the gas adsorption properties, as well as the 

hypothetical charged MOFs database, the feasibility of charged MOFs in post-combustion CCS 

application was explored.  The simulation conditions were chosen for the most economical CCS 

implementation.  The adsorption simulations were performed at 298 K with 0.15 bar of CO2 and 

0.85 bar of N2.  The desorption conditions were 0.05 bar of CO2 with 0.01 bar of N2 at 298 K.  
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To lower computational cost, a diverse group of 500 hypothetical charged MOFs was selected to 

represent the charged MOFs database, noted DRG MOFs.  The adsorption properties of 500 

hypothetical neutral MOFs
11

 were also computed under the same simulation conditions for a 

baseline comparison.  Although the neutral MOFs includes functional groups in their structures, 

the overall framework remains neutral.  Also, it was found that the structural properties, such as 

the pore dimensions and surface areas, were similar between the two groups of MOFs.  

Therefore, the difference in gas adsorption properties between the neutral MOFs and the charged 

DRG MOFs would be attributed to the differences in framework net charge. 

When comparing CO2 uptake, working capacity, and CO2/N2 selectivity, charged MOFs 

outperformed neutral MOFs.  Both the CO2 uptake and working capacity were much higher in 

charged MOFs than in neutral ones.  The average CO2 uptake of the charged MOFs and neutral 

MOFs were 3.33 mmol/g and 1.17 mmol/g, respectively.  The average working capacity of the 

charged MOFs was 1.20 mmol/g, while the average was only 0.585 mmol/g for the neutral group.  

When the same gas adsorption simulations were performed without the attractive portion of the 

Lennard-Jones interaction, the uptake in CO2 barely diminished.  Therefore, the higher CO2 

uptake and working capacities in charged MOFs were the result of the charges in MOFs.  Due to 

the quadrupole moment of CO2 molecules
12

, charges on the counter ions were found to have the 

most effects on the adsorption of CO2.  In the presence of both positively and negatively charged 

ions, most of the adsorbed CO2 guest molecules were located in regions where the lowest 

interaction energy between the CO2 and counter ions was achieved.  In addition, when using half 

as many counter ions with double the charge, the average CO2 uptake increased by 58.3%.  Once 

again, both positively and negatively charged ions with higher charges resulted in an increase in 
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uptake.  The difference in uptake due to counter ions shows the significant effect of counter ions 

on the CO2 adsorption. 

Similar to CO2 uptake, CO2/N2 selectivity also had a positive correlation with the 

magnitude of charges in MOFs.  With both positive and negative charges, stronger charges lead 

to higher CO2/N2 selectivity.  While the 500 neutral MOFs had an average selectivity of 39.7, the 

average selectivity was 593.5 for the charged MOFs.  Due to the dipole moment of water 

molecules, they may interact with charges on MOFs’ frameworks and reduce their selectivity.  

However, 17 charged MOFs were found to have CO2/N2 selectivities above 150 despite the 

presence of water vapour.  Structural features common amongst the group of 17 highly selective 

MOFs were identified.  The pore diameters and volumes of these MOFs were found to be much 

smaller than the average of the 500 DRG MOFs.  The lack of uncharged pore volume resulted in 

extremely low N2, as a result, the CO2/N2 selectivities of this group of MOFs remained high even 

in the presence of water. 

To ensure the accuracy of the above findings, 19 of the top performing MOF structures 

were re-optimized at the DFT level before obtaining their gas adsorption properties.  The 

adsorption data obtained were almost identical before and after the re-optimization; both the 

average selectivity and working capacity fell within 8% of the original data.  Also, the same top 

performers were identified between the two sets of structures.  As similar gas adsorption data 

were obtained from structures with either optimization method, it can be concluded that the 

earlier findings using force field optimized structures were valid.  Therefore, for the purpose of 
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high throughput screening of these materials in the future, the force field optimization should 

provide adequate accuracy.   

By examining the gas adsorption capabilities of charged MOFs, they were found to 

outperform their neutral counterparts.  In order to implement post-combustion CCS economically, 

carbon capture materials are required to have working capacities above 4 mmol/g and 

selectivities above 150
13

.  In the DRG of 500 hypothetical charged MOFs examined, two of them 

were probable candidates with working capacities and selectivities similar to or higher than the 

requirements.  The discovery of high performing candidates in hypothetical charged MOFs 

proved that they may be a viable material in post-combustion CCS applications.  In addition, 

charged MOFs are shown to be superior to neutral MOFs in post-combustion CCS applications. 

 

5.2 Author’s Contributions 

In this project, the three major components are: (1) developing the novel computational 

methods to simulate the gas adsorption properties in charged materials, (2) constructing a diverse 

database of hypothetical charged MOFs to represent their capabilities, and (3) screening the 

database of hypothetical charged MOFs to determine high performers for carbon capture with the 

developed computational method.  As neither the simulation method nor a diverse database of 

hypothetical charged MOFs have been reported in literature, the author was responsible for 

completing both.  Since both the simulation method and database construction method in neutral 

materials have been previously developed in the Woo Lab, the author made adaptations to these 

computer programs to process charged MOFs.   



5. Conclusions and Future Work 

 

 

 

 

 

123 

 

Jason Wai-Ho Lo 

The programs written by former members of the Woo Lab modified by the author include: 

FAPS, FastMC, and TOBASCCO
14

.  FAPS is the group’s code that fully automates the 

evaluation of gas adsorption properties of materials when given a structure.  FAPS was modified 

to account for the MOF’s net charge in determine the partial atomic charges of the system.  In 

addition, FAPS was modified to calculate the appropriate number of counter ions, insert them 

into the simulation cells as mobile guests in the GCMC simulation.  FastMC, which is the 

group’s core GCMC code, was modified by the author to accept counter ions as mobile guests in 

order to balance the framework net charge.  Additionally, with significant help from Peter Boyd 

(former Ph.D. student) the location sampling of FastMC was improved by introducing the multi-

jump move into the GCMC algorithm.  In order to construct a database of hypothetical charged 

MOFs, the author modified part of the TOBASCCO
14

 code to account for the charges on the 

SBUs.  The author performed necessary test calculations in order to validate the methods 

developed in this work. 

For constructing the hypothetical charged MOFs database, the author was responsible for 

the generation, optimization, and selection of all the MOF structures.  Following the database 

construction, the author validated the generated structures by comparing them to experimental 

structures.  All of the calculations in this project were performed by the author, which includes 

the partial atomic charge derivations and gas adsorption simulations.  Additional calculations to 

verify the effects of charges, counter ions, and DFT optimized structures were also performed by 

the author. 

 



5. Conclusions and Future Work 

 

 

 

 

 

124 

 

Jason Wai-Ho Lo 

5.3 Future Work 

As the objective of this project was to demonstrate the possibility of using charged MOFs 

as materials for post-combustion CCS applications, the discovery of additional high performing 

materials is an on-going process.  The most direct approach is to screen the entire database of 

charged MOFs for their gas adsorption properties.  To reduce the computational effort, partial 

atomic charge fitting methods with less computational cost may be used for a preliminary 

screening.  The hypothetical charged MOFs database may also be expanded to increase the 

sample population.  Firstly, MOFs may be constructed with additional SBUs such as those from 

other experimental MOFs.  As the current database was only made up of SBUs from 

experimentally synthesized MOFs, constructing MOFs with hypothetical SBUs may greatly 

increase the size and diversity of the database.  Secondly, charged MOFs generated in this work 

were limited to no more than 100 SBUs per structure due to computational cost; increasing the 

number of SBUs used can also generate additional structures.  Thirdly, to ensure the quality of 

the charged MOFs generated, very stringent conditions were used to exclude approximately three 

quarters of the optimized structures.  Less stringent constraints may be used while optimizing 

and eliminating generated structures to increase the diversity of the database.  Finally and most 

importantly, the charged MOFs in this database can be functionalized to greatly increase the 

sample size of hypothetical charged MOFs.  The 47,000 MOFs generated in the study were base 

structures without functionalization; by including the 259 functional groups currently studied by 

the Woo group, well over a billion structures may be generated.  By increasing the size and 

diversity of the hypothetical charged MOFs database, additional sample populations can show 
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reliable trends to aid the design of post-combustion CCS material and may yield the ideal MOF 

structure for post-combustion CCS.   

In this work, only Cl
-
 and Na

+
 were used as extra-framework counter ions; another future 

direction may be to examine the gas adsorption properties with other types of counter ions.  As 

seen in the results, counter ions have the most significant effect on gas adsorptions.  Lastly, the 

high performing candidates discovered in this work can be passed onto experimentalists for 

synthesis and analysis.  As the computational studies narrow down the search field and help 

guide experimental chemists in designing materials, collaborations with experimental chemists 

are required to confirm the validity and capability of the actual material.   
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