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ABSTRACT 

 

The likelihood of fossil fuel power plants being targeted for future CO2 emissions 

regulation creates a motivation for developing an alternative CO2 capture method that is 

more sustainable and less energy intensive than the current approach using amine solvent. 

A special class of metal-organic framework adsorbents known as elastic layered metal-

organic frameworks (or ELM) exhibits a step-like CO2 adsorption isotherm that offers 

intriguing advantages for CO2 capture applications in comparison to other proposed 

carbon capture adsorbents with Langmuir-like adsorption isotherms. Molecular 

simulations and experiments were therefore carried out to: 1) assess the suitability of 

ELM adsorbents for CO2 capture from flue gas and synthesis gas mixtures, in relation to  

CO2 selectivity, heat of adsorption, and adsorption capacity; 2) understand and explain 

the adsorption phenomena observed for this material; and 3) explore and develop 

structure-function relationships that could inform the future synthesis of ELM adsorbents 

or the reverse engineering of tailor-made ELM structures for CO2 capture applications. 

Grand canonical Monte Carlo (GCMC) simulations of gas adsorption on a rigid 

framework of Cu(BF4)2(bpy)2 (bpy=bipyridine) (ELM-11) were carried out to evaluate 

the potential applicability of this adsorbent for CO2 capture.  Pure- and mixed-gas 

adsorption was simulated at conditions relevant to synthesis gas separation of carbon 

dioxide and hydrogen in proposed integrated gasification combined cycle (IGCC) power 

plant designed to reduce the energy intensity of carbon capture.  Estimates of CO2 

adsorption capacity from GCMC simulations using a rigid framework were in good 

agreement with experimental measurements (165 mg CO2/g adsorbent at 273 K).  The 

predicted CO2 selectivity (600 at 4 MPa and 298 K) is higher than the observed 

selectivities (typically from 3 – 1000) of other microporous materials that have been 

proposed for use as carbon capture adsorbents.  Selectivity decreased by 30% when 

increasing gas pressure from 1 MPa to 4 MPa at 298 K.  Ideal adsorbed solution theory 



 

xi 
 

(IAST) estimates of CO2 selectivities at 473 K are in agreement with those obtained from 

GCMC simulation while at 298 K and 373 K the IAST estimates of CO2 selectivities 

deviate from those of GCMC simulation by 10-20%. 

To overcome the limitations of GCMC or molecular dynamics (MD) simulation 

in studying adsorption properties in flexible framework adsorbents, hybrid osmotic 

Monte Carlo (HOMC) simulation was implemented. The HOMC simulations for the first 

time provided atomistic insights into the adsorption mechanisms that lead to expansion of 

ELM-12 adsorbent as gas uptake occurs on.  The adsorption induced expansion was 

shown to depend on a CO2 orientation transition, and the interplay of the CO2-framework 

configuration, to increase CO2-CO2 interaction energy by 1.6 kJ/mol compared to the pre-

expansion state.  

Finally, to aid the development of reverse-engineered ELM structures for CO2 

capture applications, a systematic study, using data available from both molecular 

simulation and experiments, was carried out to establish structure-function relationships 

for this series of ELM adsorbents. These relationships show that structures with stronger 

metal-anion bonding and hydrogen bonding between layers will display higher gate 

pressure and lower CO2 adsorption capacity (e.g. when replacing BF4
-
 to CF3SO3

-
 as 

counter ion, the metal-anion force constant increase from 42.77 to 85 kcal/mol-Å2
, thus 

making gate pressure increases by four times and sorption capacity decreases by 20%).    

The gate pressure is therefore predicted to follow the metal vertex trend Cu
2+

 < Co
2+

 < 

Ni
2+

 from lowest to highest gate pressure for both ELM framework series investigated in 

this work, containing BF4
-
 and CF3SO3

-
 respectively as the anion species. 

Results of the study show that ELM materials possess important features of an 

effective carbon capture adsorbent such as high CO2 selectivity, moderate CO2 heat of 

adsorption. Broadly speaking, the simulation results and experimental studies reported in 

this work support the conclusion that ELM adsorbents have the requisite material 

properties to merit further consideration as carbon capture adsorbents.    
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CHAPTER 1  

INTRODUCTION 

1.1 Why do we need to capture CO2? 

There is a growing consensus among many climate scientists that anthropogenic carbon 

dioxide (CO2) emissions is the principal controlling factor to the global climate change 

(1, 2). The Intergovernmental Panel on Climate Change (IPCC) further strengthened that 

consensus stating that “the present atmospheric CO2 increase is caused by anthropogenic 

emissions of CO2” (3). Actually, the annual global emission of CO2 has escalated by 

approximately 80% between the 1970s and the 2000s. That alarming escalation rate has 

been attributed to the increasing dependence on the burning of the fossil fuels (petroleum, 

natural gas, and coal) for energy. However, due to their low cost, low investment, 

availability of the fuels as well as the existing energy infrastructure, we will continue to 

depend on fossil fuels as our main energy source for decades to come and the CO2 

emissions between 2004 and 2030 are projected to increase by 50%, an annual average 

rate of increase of 1.7% (3, 4).  

The continuing reliance on fossil fuels in the face of the deteriorating global climate is a 

big concern. Therefore, any reasonable strategy for ameliorating climate change must 

reduce greenhouse gas (GHG) emissions without shutting down a fossil fuel-based 

energy infrastructure. In this regard, carbon capture and storage (CCS) technology can 

offer the flexibility in achieving greenhouse gas emission reductions while we are 

switching to an energy infrastructure based on less carbon-intensive fuels and renewable 

energies.  

CCS schemes, as depicted in Figure 1.1, consist a variety of technologies for CO2 capture 

from combustion sources (power plants), followed by compression, transport, and 

injected into geologic formations (deep saline formations, depleted oil and gas fields or 
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unmineable coal seams) (5). This approach would lock up the CO2 for thousands of years. 

Of all the steps in the CCS scheme, separation of CO2 from other coexisting gases is the 

step that consumes the most energy, results in the highest cost, and still needs more 

research and development (6, 7). Scaled-up examples showed that the CO2 capture step is 

responsible for 70% or more of the additional costs in a CCS scheme (6, 8). Therefore, 

CO2 being captured from large point sources would allow economies of scale in carbon 

separation and simplify the transportation to a storage site. Coal-fired electricity 

generation and some large fossil fuel burning industrial sources are therefore good 

candidates for carbon capture application.  

 

Figure 1.1 Department of Energy’s diagram of carbon sequestration (9). 

CO2 capture from large stationary emission sources can generally be achieved in two 

main modes: post-combustion (in conventional power plants) or pre-combustion (in 

integrated gasification combined cycle (IGCC) power plants) as presented in Figure 1.2. 
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In the post-combustion mode, CO2 is separated from combustion products containing N2, 

residual oxygen, water vapor, NOx and SO2. The capture process can happen anywhere 

along the combustion processing stream from the combustor to the exhaust, but ideally 

after the removal of acid gases like SOx and NOx (10, 11). The partial pressure of CO2 in 

the post-combustion will be low due to the low concentration of CO2 in the flue gas 

composition as well as the low pressure of the combustion product. 

 

Figure 1.2 Overview of carbon dioxide capture schemes and system. Adapted from Metz 

et al. (12). 

In the pre-combustion mode, the carbon content of the fuel in the form of CO2 is 

separated after the energy of the fossil resource is transformed into a carbon-free fuel 

(H2) (10). Fuels like coal or natural gas are first converted to a mixture of hydrogen (H2) 

and carbon monoxide (CO) through a reforming (natural gas) or gasification (coal) 

process. The water-gas-shift reaction (CO + H2O ↔ CO2 + H2) is used to convert CO in 

the syngas into H2 and CO2. After the separation of CO2 from the conversion product, the 

stream is essentially hydrogen, which can be used to generate electricity or as s 
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transportation fuel. This process is typical of an IGCC power plant and is currently the 

only efficient means to produce H2 gas for industrial purposes.  

Each scheme has its own advantages and disadvantages for capturing CO2 because the 

differing properties and content of the gas streams make them amenable to different 

capture processes. Table 1.1 summarizes the advantages and disadvantages of each CO2 

capture mode for the application of the CCS scheme.  

Table 1.1 Advantages and disadvantages of different CO2 capture schemes (10, 13). 

Capture scheme Advantages    Disadvantages 

Post-combustion Applicable for retrofitting 

existing coal-fired power 

plants 

Ambient pressure (1 atm) and 

dilute CO2 concentration, thus 

requires big circulating volume 

and difficulty in scale up  

Pre-combustion Concentrated and high 

pressure CO2 thus gives 

more potential in reducing 

energy consumption 

Applicable only in new IGCC 

plants, high cost of equipment 

and supporting systems 

 

1.2 CO2 capture technology review 

Technology for CO2 capture does exist, although its development did not start from 

concern about the greenhouse effect, but as a potential economic benefit for enhanced oil 

recovery. Two highly notable industrial applications are in petroleum and ammonia 

production. However, due to the inherent concerns about solvent use and energy 

consumption in conventional carbon capture methods, substantial improvements and cost 

reductions could be realized with alternative innovative capture materials and processes 

(15).  
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Figure 1.3 CO2 capture technologies under development (14). 

 

Figure 1.3 presents various potential chemical and biochemical processes under 

consideration and development for separating CO2 from combustion gases, including 

chemical or physical absorption (or an association of both), adsorption onto solids, and 

separation by membranes. These processes are not all equivalent, nor at the same stage of 

development. Absorption is the most commonly used technology today for low CO2 

concentration capture. This chemical process operates mainly with monoethanolamine 

(MEA)-based solvent.  MEA-based solvent absorption has been used extensively and the 

technology is considered mature. However, the disadvantage of the absorption process is 

the large amount of heat required to regenerate the solvent. Since the chemical bond 

between the CO2 and the chemical solvent is energy intensive to break (e.g. steam 

removal requires 3900–4200 kJ/kg CO2), this energy is typically drawn from the steam 

cycle and significantly reduces the net efficiency of the power plant (8, 11, 14).  Post-

combustion CO2 capture by chemical absorption imposes an energy penalty up to 30% for 

natural gas plants and up to 60% for coal plants (8, 14, 15). Furthermore, degradation and 

oxidation of the solvents over time produces byproducts that are toxic and corrosive and 

may require handling as a hazardous material (13, 15, 16).  

In contrast to absorption, adsorption refers to the capture of CO2 on the surface of a 

physical adsorbent with a high surface area (e.g. activated carbon or a molecular sieve). 

Carbon Capture Technologies 

Absorption Adsorption Membranes Biological 

Amines 

Carbonates 

Ammonia 

Limestone 

Metal-Organic 
Framework 

Zeolites 

Activated carbon 

Fibers 

Microporous 

Algae 

Micro-algae 
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Adsorbents should have the ability to retain their adsorption capability upon releasing the 

adsorbed phase by changing the pressure or temperature. The application of adsorption in 

post-combustion capture of CO2 suffers by the low driving force due to the low partial 

pressure of CO2 in gas mixtures.  Therefore, the process requires more adsorbent per unit 

of CO2 capture. However, the central advantage of physical adsorption methods is the 

potentially lower energy requirement to regenerate the sorbent material and the shorter 

regeneration time. In addition, adsorption is a dry process, and so therefore this process 

does not have problems associated with corrosion, toxic byproducts, and water 

consumption. The future development of innovative adsorbents with high CO2 capture 

capacities and low energy requirements for regeneration makes adsorption processes 

attractive alternatives for CO2 capture.   

 

 

Figure 1.4 Development needs/time to commercialization. Adapted from Plasynski et al. 

(17). PBI = polybenzimidiazole; ITM = ion transport membrane; MOF = metal organic 

framework; CAR = ceramic autothermal recovery; OTM = oxygen transport membrane. 
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The United States Department of Energy (DOE) has set an overall goal of developing a 

CO2 capture technology that achieves 90% CO2 capture with no more than a 20% 

increase in the cost of electricity for a coal power plant and a 10% increase for a IGCC 

power plant (13, 18). In order to meet that goal, any viable capture scheme, whether 

using solvent absorption, physical adsorption, or a membrane process, will need to lower 

the energy required for regeneration of the capture medium, while maximizing the 

separation efficiency of the given capture method. Therefore, there is a serious need for 

research on new innovative materials that offer the desired properties for CO2 capture. 

There is a strong argument to be made that metal-organic framework (MOF) adsorbents 

can prospectively provide better carbon capture cost reduction benefits than separation 

processes that rely upon solvent-based capture or conventional adsorbents (13).   

MOFs are a class of crystalline porous materials whose pore structure as well as the 

chemistry of the functional group can be tuned by combining different linkers, counter 

ions, and metal centers. As a material class, MOFs have many promising applications 

including catalysis, gas storage, and gas separation. Some MOFs moreover have features 

that are particularly attractive for carbon capture, such as good structural stability (19, 

21); high surface area (up to 5000 m
2
/g) (19); high CO2 storage capability (20);  and low 

density (from 0.21 to 1.00 g/cm
-3

) (21). Since an ideal adsorbent in a CCS scheme would 

simultaneously provide high adsorption capacity, high CO2 selectivity, and low energy 

requirement for sorbent regeneration, MOFs are considered highly promising candidate 

materials for future adsorption-based carbon capture schemes. With the diversity of the 

MOF building units available, there is the hope and expectation that a synthetic MOF 

material can be tailor-made with predefined, optimized properties for a particular 

industrial application such as CO2 separation. 

One type of MOF structures that has captured the attention of researchers recently are 

elastic layer metal-organic frameworks (ELM), whose framework is structurally flexible 

during the adsorption of gas molecules (22-29). When guest molecules are adsorbed, the 

material exhibits a step-like isotherm and the expansion of its stacked layers at a specific 

loading of adsorbed molecules corresponding to a “gate pressure” in the bulk gaseous 

phase (23, 26, 30, 31). Upon the release of the adsorbed molecules, the ELM structure 
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reverts to its pre-adsorbed shrunken state, again with a characteristically sharp transition 

from a filled to an empty pore state over a narrow range of adsorption and desorption gate 

pressures. The gated adsorption pattern of this type is consistent over a wide range of 

temperatures, as shown for one representative ELM adsorbent, ELM-11, in Figure 1.5 

(32). The isotherm has a sharp vertical step, which does not correspond to any category 

of isotherm from the International Union of Pure and Applied Chemistry (IUPAC) 

designation (23, 32). In addition, the adsorption capacity, as well as the gate pressure, can 

change with different metal centers and counter ions, thus allowing the possibility of 

crafting the material to a particular application (23). 

 

Figure 1.5 CO2 adsorption (filled symbols) and desorption (open symbols) isotherms for 

ELM-11. Blue circle: 248 K, red square: 258 K, green triangle: 273 K, and brown 

diamond: 298 K. Adapted from Kondo et al. (32). 

 

The adsorption properties of ELM materials such as the one shown in Figure 1.5 are 

potentially well suited for design strategies for CO2 capture from flue gas or IGCC 

syngas. Gated adsorption and desorption behavior prospectively lowers regeneration 
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costs by reducing the pressure or temperature swing required to capture and recover CO2 

compared with other CO2-affine capture adsorbents that manifest the more common 

Langmuir-type adsorption isotherm (33). As an illustration, a pressure swing or 

temperature swing that achieves a CO2 release of 85% to 95% from an ELM adsorbent 

will yield a corresponding release of only 40 to 50% of the carbon dioxide adsorbed to a 

conventional activated carbon (32). Furthermore, the CO2 heat of adsorption on an ELM 

adsorbent is often more moderate (~26 kJ/mol) than the 30-40 kJ/mol range commonly 

measured for other MOFs or porous carbon capture adsorbents (34, 35).  The rare 

combination of a low CO2 sorption enthalpy and a high CO2 selectivity make ELM 

adsorbents an intriguing prospective material for use in CO2 capture operations.  

The type of ELM material that is the focus of this dissertation is made up of diaxial 

counter ions such as BF4
-
, CF3SO3

-
 trifluoromethanesulfonate (OTf), and CF3BF3

-
, with 

bipyridine linkers sharing an octahedral transition metal center (M=Cu
2+

, Co
2+

, Ni
2+

). 

Some combinations of the metal ion and counter ion have been synthesized to yield 

materials exhibiting a two-dimensional stack structure with the “gate” adsorption 

phenomenon. The naming convention and product matrix of all the possible combination 

of metal centers and counter ions are listed in Table 1.2 (e.g., ELM-12 has Cu
2+

 as the 

metal center and CF3SO3
-
 as the counter ion). Each accessible combination of metal 

center and anion gives us a different framework structure and different set of adsorption 

properties. For example, in structures with the same counter ion CF3SO3
-
, changing the 

metal center from Cu
2+

 to Co
2+

 causes an increase in the CO2 adsorption gate pressure 

and a decrease in the adsorption capacity (23). The same phenomenon happens when the 

copper vertex of ELM-11 is substituted with nickel in ELM-31 (36-38).   

Table 1.2 Already-synthesized and hypothetical ELM structures (naming convention). 

  BF4
- (1) CF3SO3

- (2) CF3BF3
- (3) 

Cu2+ (1) ELM-11a,b  ELM-12a,b ELM-13 

Co2+ (2) ELM-21 ELM-22a,b ELM-23 

Ni2+ (3) ELM-31a ELM-32 ELM-33 
a) Structure that has been synthesized, 

a) structure that was studied in this dissertation 
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Given the special adsorption properties of the ELM material and large number of possible 

structures that could be synthesized if the list of metal center and anion were expanded, a 

series of studies was carried out on three specific structures (ELM-11, ELM-12, and 

ELM-22) to: 1) evaluate the applicability of the material for CO2 capture in flue gas and 

syngas mixtures, especially the CO2 selectivity and adsorption capacity; 2) understand the 

adsorption mechanism leading to the “gate” adsorption behavior of ELM materials; and 

3) explore and develop structure-function relationships that can aid in the future synthesis 

of ELM adsorbents or the reverse engineering of tailor-made ELM nanostructures for 

CO2 capture applications.   

Throughout the study, complementary molecular simulations and experimental 

measurements were carried out to assess the applicability of ELM adsorbents for CO2 

capture at conditions of temperature, pressure, and composition that are difficult to 

achieve by experiment alone. Molecular simulations are known to describe and predict 

the adsorption isotherms and properties of adsorbed gases on adsorbents such as activated 

carbon (39-42), zeolites (43-46), and MOFs (47-50) with satisfying accuracy. In recent 

years, molecular simulation has also been used with various degrees of success to expand 

our limited knowledge of CO2 adsorption and separation in MOF and conventional 

adsorbents (51-54). In most of the reported studies, the uses of molecular simulation are 

diverse and mostly to provide further information regarding the CO2 selectivity (55-58) 

from gas mixtures and the kinetic of CO2 adsorption and capture on adsorbents (57-61). 

Furthermore, molecular simulation has also been used to identify ways to improve the 

performance of adsorbents with respect to CO2 capture (62, 63).  Molecular simulation 

techniques thus have a great potential to play an important role in developing the next 

generation of MOF adsorbent for CO2 capture, by screening and identifying structure 

motifs in MOFs that are suitable and promising for implementation of different CO2 

capture schemes (64, 65). Therefore, time and money to synthesize and characterize new 

adsorbents can be reserved for the most promising candidates only (64, 66, 67).  
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1.3 Molecular simulation methodologies 

There are two main branches of molecular simulation:  molecular dynamics (MD) and 

Monte Carlo (MC). In addition to the two simulation techniques, there is a variety of 

hybrid simulations which provides features from both MD and MC techniques. MC 

technique is popular for the adsorption studies, and most of adsorption problem can be 

solved with the choice of grand canonical ensemble (or , V, T ensemble) or grand 

canonical Monte Carlo (GCMC). The GCMC simulations are often based on generating a 

sequence of equilibrium configurations from probability distributions using the 

Metropolis sampling method (68) and under a fixed condition of chemical potential (, 

volume  (V), and temperature (T). The GCMC simulation mimics an experimental setup 

where the adsorbed gas is in equilibrium with the gas in the reservoir under constant 

pressure and temperature. GCMC allows the simulation to reach equilibrium in a 

reasonable time frame which is not achievable with MD technique.  

The Metropolis sampling method was introduced in GCMC in a way that the probability 

of the system to visit a particular configuration r
N
 is proportional to its energy, U(r

N
), 

based on Boltzmann factor exp[-U(r
N
)], where r

N
 = (r

1
; r

2
; : : : r

N
) represents the 3N 

atomic coordinates of all atoms in the system, U(r
N
) is the energy associated with a 

particular configuration, and  is 1/kbT with kb is the Boltzmann constant and T is the 

temperature of the simulated system. There are many ways to construct such a random 

walk; the following scheme is one of those: 

1. Select a move at random (molecule insertion, deletion, translation or rotation), and 

calculate the system’s energy U(r
N
) corresponding with the system’s new configuration. 

2. Carry out the selected move and calculate the system’s new energy U(ro
N
). 

3. Accept the move from r
N
 to ro

N
 with probability 

 ( ) min(1,exp ( ) ( )N N

oacc old new U r U r                
(1.1) 
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Unlike MC methods, which are characterized by random and generally local and 

unphysical moves, MD steps are deterministic and global, calculating system evolution 

by solving classical equations of motion for every atom in the system as follows: 

i i i i

i

m r f and f U
r


  


            

(1.2) 

The acceleration ( ir ) and forces ( fi ) acting on an atom with mass of mi are usually 

derived from a potential energy U(r
N
).  

 1 2

1

1

1

, ,..., ( , , )

( , , , )

( , , , , )

bond

bond
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angle

dihed

dihed

N
n

bond bond a b

i
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angle angle a b c

i

N

dihed dihed a b c d

i

U r r r U i r r

U i r r r

U i r r r r







 








             

(1.3) 

where Ubond, Uangle, Udihed are empirical interaction functions representing chemical 

bonds, valence angles, dihedral angles.  

The bond potential (Ubond) describes explicit bonds between specified atoms. The bond 

potential can take many forms but the most popular is the harmonic potential 

 

Figure 1.6 The interatomic bond vector. 

Ubond = k1(r-rij)
2
               (1.4) 

where k1 is the force constant, rij is the equilibrium bond length between atoms, r –rij 

describes the extent that the bond is outside equilibrium state.    
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The valence angle potential (Uangle) describes the angle bending between the specified 

atoms. The valence angle potential can take many forms but the most popular is the 

harmonic potential 

 

Figure 1.7 The valence angle. 

Uangle = k2(θo- θ)
2
             (1.5) 

where k2 is the force constant, θ is the equilibrium angle between atoms, θo- θ describes 

the extent that the angle is outside equilibrium state. 

The dihedral angles potential (Udihed) describes the interaction arising from torsional 

forces between four specified atoms. The dihedral angles potential can take many forms 

but the most popular is the cosine potential 

 

Figure 1.8 The dihedral angle. 

Udihed = k3[1+cos(nϕ)] 

where k3 is the force constant, ϕ = cos
−1

{B(rij , rjk, rkn)},  
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( ) ( )
( , , )

ij jk ik kn

ij jk kn

ij jk ik kn

r r r r
B r r r

r r r r

   
 

   
          (1.6) 

The dispersive (van der Waals) interactions are also included, most commonly using the 

form  

12 6

( ) 4
ij ijLJ

iju r
r r

 

    

     
                 

(1.7) 

the Lorentz-Berthelot mixing rules will apply with 

2

a b
ab

 





              
(1.8) 

1/ 2( )ab a b  
              (1.9) 

in which the two parameters, σa and εa, are the diameter and the potential well depth of 

the attractive and repulsive potential curve of the atom a; and r is the distance between 

atoms a and b. If the electrostatic charges are presented in the structure, then Coulombic 

potentials will be added in the form  

1 2( )
4

coulomb

o

q q
u r

r


           
(1.10) 

where q1 and q2 are the charges and εo is the permittivity of free space. Further details of 

GCMC and MD simulation are well documented in several textbooks (69-71). 

In the adsorption of gases on ELM material, besides the change in the number of 

adsorbate molecules, the adsorbent structure is also flexible. Conventional molecular 

simulation tools including MD and GCMC techniques are not able to represent such a 

adsorption-induced structural transition if one aims at rigorously mimicking the 

experimental conditions. In GCMC simulations of adsorption process, the host 

framework (adsorbent) is usually held fixed or with only tiny local structure 

rearrangements while, in the MD simulations the number of molecules in the system is 
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kept constant. Therefore, in order to simulate the adsorption process in ELM material, a 

hybrid scheme that combines both the functionality of MD and GCMC is needed. The 

simulation will allow the adsorbent to be fully flexible as in MD while the number of 

adsorbate in the system is fluctuating. Further details of that hybrid simulation scheme 

will be discussed in later chapters.  

1.4 Scope of the dissertation 

This dissertation presents results from both molecular simulation and experimental 

testing of the adsorption mechanism, properties of ELM material and the applicability of 

this material for CO2 capture. Simulations and experiments complemented each other in 

deepening our understanding of adsorption phenomena in ELM material. Specifically, 

molecular simulation tools (GCMC, hybrid osmotic molecular dynamics simulation) 

were used to simulate the CO2 adsorption induced expansion of ELM-12 and ELM-22. 

From the verified simulation model, a proposed expansion mechanism of ELM material 

will be presented and examined regarding the distribution of adsorbate and the role of 

interlayer hydrogen bonding. The simulations then were extended to adsorption and 

selectivity of CO2 from mixtures of CO2-N2 and CO2-H2 at conditions relevant to the CO2 

capture in flue gas and IGCC syngas (up to 50
o
C) (72). After the selectivity calculation, a 

comparison of the CO2 selectivity as well as the CO2 heat of adsorption in ELM materials 

with other adsorbents will be discussed.  

Furthermore, the underlying factors that influence the performance of ELM material (gate 

pressure, adsorption capacity, CO2 selectivity) will be discussed for two particular series 

of structures involving metal centers of Cu
2+

, Co
2+

, Ni
2+

 and counter ion groups BF4
-
, 

CF3SO3
-
 of which some structures have been synthesized and tested (ELM-11, ELM-12 

and ELM-22). From simulated and experimental data of the two series, the relationship 

between the performance of the material with its chemistry and structural parameters will 

be sought to inform the rational design of future adsorbents for CO2 capture. 

Finally, the thesis will recommend further necessary investigation regarding the 

interaction of ELM structures with water vapor and other trace gases that coexist in the 

combustion mixtures such as NOx, SOx, and carbon monoxide.  A possible improvement 
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to the simulation methodology developed in this thesis for the screening of possible ELM 

structures that deserve further experimental testing will also be proposed. 
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CHAPTER 2  

GCMC SIMULATION OF CO2-H2 ADSORPTION AND 

SEPARATION USING AN EXPANDED MODEL OF FLEXIBLE 

METAL-ORGANIC FRAMEWORK ADSORBENT 

 

Pure- and mixed-gas adsorption of CO2 and H2 on elastic layered metal-organic 

framework, Cu(BF4)2(bpy)2(bpy=bipyridine) or ELM-11, was simulated at temperatures, 

pressures, and compositions corresponding to realistic syngas processing conditions at 

integrated gasification combined cycle (IGCC) electric power plants fueled by coal or 

natural gas. This ELM structure was chosen because it displays a novel CO2 adsorption 

behavior in which the crystal structure reversibly transitions from an empty, zero-porosity 

state to a fully-saturated, expanded state at what has been termed the gate pressure. Grand 

canonical Monte Carlo (GCMC) simulation methods were used with a rigid model of the 

ELM-11 in its CO2-expanded form. Simulation results showed good agreement with 

experimental measurements of CO2 capacity at 273 K. Predicted CO2 selectivity relative 

to H2 for this MOF is higher than selectivities typically observed with other microporous 

materials. Selectivity generally decreased with increasing gas pressure at 298 K and 373 

K. Ideal adsorbed solution theory (IAST) estimates based on simulated single-component 

adsorption isotherms generally diverged from mixed-gas simulation results at 298 K and 

373 K and high pressures.   

2.1 Introduction 

As an alternative to absorption, separation and capture of CO2 from syngas may instead 

be done using solid adsorbents. Prior studies investigating microporous adsorbents have 

shown high selective adsorption of CO2 over H2 and N2 (1, 2). Those materials displayed 
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CO2/H2 selectivities from 3-7400 (Table 2.1) over a broad range of pressures. Metal-

organic frameworks (MOFs) are of interest because its pore structure and chemistry have 

the potential to be tuned by changing the metal and organic building blocks used in their 

construction (3, 4). The flexible, copper-based MOF Cu(BF4)2(bpy)2 (5) is particularly 

interesting because experimental CO2 adsorption isotherms display an abrupt transition 

from zero to saturated adsorption at a repeatable gate pressure (6, 7). This transition 

coincides with a structural rearrangement going from nonporous to porous mode, giving 

rise to the term latent porous crystal (LPC) or ELM-11. This interaction with CO2 

suggested the ELM-11 would have high selectivity for CO2 over H2 and might be used 

for efficient separation of CO2 from syngas in IGCC systems. 

 

Table 2.1 Adsorption selectivity of CO2/H2 on various adsorbents. 

Material CO2/H2 

Selectivity 

T, P Heat of Adsorption 

CO2, H2 Coal BPL(GAC) (8) 90.8 303 K N/A 

Activated carbon (9) 86 298 K,1 MPa N/A 

Zeolite 5A (8) 7400 303 K 39 kJ/mol 

Silicalite (10) 500-1000 298 K, 10 MPa 30.5 kJ/mol, 9.5 kJ/mol 

ETS-10(titanosilicate) (10) 3 298 K, 10 MPa 35 kJ/mol, 5 kJ/mol  

MOF-5 (11) 25 298 K, 2 MPa N/A 

CuBTC (11) 150 298 K, 2 MPa N/A 

In this chapter, grand canonical Monte Carlo (GCMC) simulations were carried out to 

investigate the adsorptive selectivity of CO2 over H2 in synthesis gas of IGCC power 

plant on the CO2 -expanded structure of ELM-11. Simulated single-component isotherms 

were used with ideal adsorbed solution theory (IAST) (12, 13) to predict adsorption of 

binary CO2/H2 mixtures. These IAST predictions were compared with results from 

mixed-gas simulations to evaluate the accuracy of the IAST method for this type of ELM 

structure because experimental adsorption and selectivity data for gas mixtures at varying 

temperatures, pressures, and compositions are often expensive and time-consuming to 
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acquire. However, binary mixture adsorption data is very important for the design of real-

life adsorption process. Thus, the knowledge gained is expected to aid in the selection of 

optimal working conditions for large-scale adsorption process and applicability of this 

type of MOF in IGCC CO2 capture and separation considerations. 

2.2 Adsorbent synthesis and characterization 

The synthesis of ELM-11 followed the established procedure reported in the literature.  

4,4’-bipyridine (0.312 g; 2 mmol) in 2 mL of ethanol was slowly added to an 8-mL 

aqueous solution of Cu(BF4)2•H2O (0.309 g; 1 mmol) at room temperature (5, 6). 

Hydrated Cu(II)-tetrafluoroborate, 4,4’-bipyridine (98%), methanol, isopropanol, and 

ethanol were purchased from Sigma Aldrich. The solvents (analytical grade) were used 

without further purification. A blue precipitate formed gradually using this procedure. 

The mixture was stirred for four hours at room temperature, after which the solid was 

allowed to sit for two days and then filtered off, washed with water and ethanol, dried in 

air at room temperature, and then dried again under vacuum at 130 
o
C (2 h) and stored 

under helium gas. 

Adsorption isotherms for CO2 at 273, 304, and 318 K were measured using a 

Micromeritics ASAP 2050 extended pressure volumetric adsorption analyzer. The ELM 

samples (approximately 20 mg) were degassed under vacuum (< 10 mHg) at 403 K for 

over 2 hours prior to the adsorption isotherm measurements. High-purity CO2, N2, and He 

gases (99.99%) were used. The analysis temperature in the sample tube was controlled by 

an external recirculating bath at the specified temperature. Equilibrium was considered to 

be reached when the pressure change per equilibration time interval (first derivative) was 

less than 0.01% of the average pressure during the interval. The time to reach equilibrium 

for each pressure point was in the range of 200-300 seconds. The total time required to 

measure one adsorption/desorption isotherm with 40 data points was 1.5 - 2 hours. 

2.3 Simulation methods and models 

Isotherms for pure and mixed-gas adsorption into rigid ELM-11 structure were generated 

via GCMC simulation using triclinic periodic boundary conditions. The periodic 

boundary condition was applied so that when a molecule passes through one face of the 



 

26 
 

simulation cell, it reappears on the opposite face with the same properties. GCMC 

simulations were characterized by constant system temperature, volume, and adsorbent 

chemical potential. MC moves include molecule translation, rotation, insertion, and 

deletion. Further details of GCMC simulation algorithms are well documented elsewhere 

(14, 15) Post-equilibration simulation runs were composed of 2-8 million MC moves. 

The Towhee software package (16) was used for all GCMC simulations. The rigid ELM-

11  structure used for the GCMC simulations was the expanded structure found by Kondo 

et al. (17) using crystallography during CO2 adsorption above the gate pressure at 273 K. 

Figure 2.2 shows an oblique view of two 4x4 layers of expanded ELM-11 used in 

simulation. Each non-orthogonal simulation cell contained ten 4x4 layers, corresponding 

to a total of 160 Cu atoms. 

 

Figure 2.1 Top view of two 4x4 layers of Cu(BF4)2(bpy)2 in its expanded form used in 

simulation cell. 

Simulated isotherms were generated for pure CO2 and CO2 - H2 mixture at 298, 373, and 

473 K to investigate adsorption under realistic process temperatures and pressures. The 

three-site TraPPE CO2 models which were optimized to reproduce pure component bulk 

vapor-liquid equilibria (18). Hydrogen was modeled as three sites with a center atom has 

no mass bonds with 2 mass points of hydrogen atom (19). The 6-12 Lennard-Jones (LJ) 

potential has been optimized based on the well depth and potential minimum of Silvera–

Goldman pair potential for gas phase hydrogen (20). Atomic sites in the TraPPE model 
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for CO2 and Alavi (20) model for H2 are characterized as a  LJ sphere with a partial point 

charge. The DREIDING force field (21) was used for the ELM-11 structure. The 

parameters for Fe
2+

 were used for Cu
2+

 in the ELM-11 model, because the DREIDING 

force field does not include an entry for Cu
2+

 and that information is not available in 

molecular simulation force fields. DREIDING does, however, include Fe
2+

 and Zn
2+

, 

which bracket Cu on the periodic table, and uses the same Lennard-Jones (aka dispersion 

or van der Waals) parameters for both Fe
2+

 and Zn
2+

. Each copper ion was assigned a 

charge of +2, and the immediately adjacent fluorine atoms were assigned charges of -1.  

The potential energy between two LJ sites on different molecules was calculated using 

the Lennard-Jones 12-6 potential and the standard Lorentz-Berthelot geometric mixing 

rules as shown in chapter 1. LJ interactions were truncated at 1.4 nm, and long-range 

electrostatic interactions were calculated using Ewald summation (15). Excess adsorption 

versus pressure was calculated from absolute adsorption versus fugacity (or chemical 

potential) simulation results using thermodynamic equation of state data for carbon 

dioxide and hydrogen from the National Institute of Standard and Technology chemistry 

web book (22).     

IAST (12, 13) is a classic approximation method used for multicomponent adsorption to 

predict the equilibrium adsorption behavior for mixtures using data for pure-component 

adsorption isotherms on the same adsorbent. IAST describes the relationship between the 

mole fraction of a component in the adsorbed phase with its partial pressure in the gas 

phase
 
(12).

 
In order to do so, a continuous function must be fitted to the simulated single-

component adsorption isotherms. In this chapter, the Langmuir isotherm model was fitted 

to the single-component isotherms. IAST has been used successfully to model mixture 

adsorption in many microporous materials including zeolites, silicalite and metal-organic 

framework adsorbents (1, 2, 11, 23). The basic assumptions made by IAST are that the 

adsorbate mixture behaves as an ideal solution and there is a negligible change in 

thermodynamic properties of the adsorbent (12). 
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2.4 Single-component adsorption results 

Figure 2.2 shows experimental CO2 adsorption isotherms on the synthesized ELM-11 

structure. The time required to reach equilibrium for each data point is short (200 – 300 

seconds) compared with many other microporous materials of comparable specific 

surface area that require extended time (several hours) to establish adsorption equilibrium 

(8, 9). At 273 K, the maximum CO2 adsorption capacity of ELM-11 is around 170 mg/g. 

The adsorption isotherms show slightly lower CO2 adsorption capacity at higher 

temperatures (304 K and 318 K).  However, the shape of the gate isotherm is unchanged.  

 

Figure 2.2 Adsorption (filled symbols) and desorption (open symbols) isotherms for 

Cu(BF4)2(bpy)2 at several temperatures. 

Simulation results for CO2 adsorption in the expanded ELM-11 model above the gate 

pressure of ~0.35 bar (and below 1 bar) at 273 K predict a saturated capacity of 165 mg 

of CO2 per gram of ELM-11 (figure 2.3). As shown in figure 2.2, the measured CO2 

adsorption capacity of ELM-11 is 170 mg/g, (17) suggesting that the expanded model of 

ELM-11 used in the study is able to represent the maximum adsorption capacity of the 
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ELM-11 crystalline sample. Simulated single-component isotherms for CO2 and H2 on 

ELM-11 are presented in Figure 2.3. As expected, the isotherms indicate that CO2 

interacts more strongly than H2 with the ELM-11 structure. The simulated CO2 

adsorption isotherms display saturation behavior at the pressure studied, while the 

adsorption isotherms for H2 remain linear. The isotherms reach the saturation loading of 

165 mg/g at ~0.5 MPa for 298 K and at ~4 MPa for 373 K respectively, while the 473 K 

isotherm does not reach full saturation at the maximum pressure studied (4 MPa). 

Because saturation in the rigid model structure is expected to be a prerequisite for 

saturation in the realistic, flexible-framework ELM-11, gate pressures for this ELM 

structure at temperatures above ~400K are expected to be much greater than pressures 

associated with typical IGCC operation. 

 

Figure 2.3 Single-component adsorption isotherms for CO2 (filled symbols) and H2 (open 

symbols) at 298 K-◊, 373 K - □ and 473 K - Δ . Lines are Langmuir isotherm fits to the 

simulation data. The uncertainty of the data is smaller than the size of the data points. 

The lines in Figure 2.3 show Langmuir model isotherms fitted to the pure CO2 and H2 

simulation results. The Langmuir model describes the number of molecules adsorbed, N, 

as a function of pressure, P, according to 
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max( )
1

N BP
N P

BP



         (2.1) 

where Nmax and B are the saturation adsorption amount and the Langmuir equilibrium 

constant, respectively, for the given adsorbate. Note that the Henry's constant, H, for the 

system, given by the product NmaxB, describes adsorption in the linear, low pressure, low 

coverage region of the isotherm.  

The Langmuir model was found to be satisfactorily fitted to both the CO2 and H2 

isotherms. The fitted Langmuir parameters for H2 and CO2 adsorption isotherms are 

summarized in Table 2.2. 

 

Table 2.2 Fitted Langmuir parameters for simulated single-component isotherms. 

Temperature (K) 

 

( 

(K) 

Adsorbate H (mol/kg MPa) B (1/MPa) 

298 CO2 833.3333 221.3333 

 H2 0.1796 0.0335 

373 CO2 30.2115 7.9517 

 H2 0.0821 0.0144 

473 CO2 1.8440 0.4652 

 H2 0.0414 0.0095 

 

An examination of Henry constant (H) values in Table 2.2 shows that H decreases with 

increasing temperature, which corresponds to a decrease in the maximum adsorbed 

amount as temperature increases. The relatively high Henry constant values of CO2 

compared with those of H2 are qualitative indications of stronger CO2 interaction with the 

ELM-11 structure, suggesting that ELM-11 displays comparably high CO2/H2 selectivity. 

Because adsorption selectivity for CO2 over H2 can be approximated by 
2 2

/CO HH H , the 

H values in Table 2.2 also suggest that CO2/H2 selectivity will decrease as the 

temperature increases.  
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2.5 Binary mixture adsorption results 

Figure 2.4 shows a simulation snapshot of CO2 and H2 adsorption into ELM-11 from an 

equimolar mixture at 298 K and 1 MPa. Note that the maximum number of CO2 

molecules present in each rectangular lattice is two, as the maximum adsorption capacity 

of this type of adsorbent corresponds to exactly two adsorbed CO2 molecules per pore or 

two CO2 molecules per copper atom. 

 

Figure 2.4 Snapshot of CO2 and H2 adsorption into Cu(BF4)2(bpy)2 from an equimolar 

mixture at 298 K and 1 MPa. (CO2 is represented as three spherical atoms, while H2 is 

represent by two spherical atoms). Color code: red is oxygen, gray is carbon, white is 

hydrogen. 

Isotherms for adsorption from CO2 and H2 equimolar mixtures are presented in Figure 

2.5. Comparing the mixed-gas CO2 isotherms with those from pure CO2 simulations in 

Figure 2.3 shows that the CO2 adsorbed amount are slightly reduced, on account of the 

reduced CO2 partial pressure. In contrast, H2 adsorption from the equimolar mixed-gas is 

now essentially close to zero at all pressures, whereas H2 adsorption from pure gas was 

proportional to pressure. The elimination of H2 adsorption is attributed to the occupancy 

of all adsorption sites by CO2, which interacts much more strongly with the adsorbent.  
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Figure 2.5 Simulated adsorption of CO2 (filled symbols) and H2 (open symbols) from 

equimolar mixture at 298 K-◊, 373 K - □ and 473 K - Δ. 

 

Selectivity of CO2 over H2 in a binary mixture is defined as 

 
2 2

2 2

2 2

/

/

/

CO CO

CO H

H H

x y
S

x y
             (2.2)  

where xa and ya are the mole fractions of component a in the adsorbed and bulk gas 

phases, respectively. Figure 2.6 plots the simulated adsorption selectivity of the ELM-11 

for the CO2/H2 binary mixture at three different temperatures over a pressure range 

typical of IGCC syngas. The selectivity is shown on logarithmic scale to capture the 

different magnitude in the CO2/H2 selectivity at different temperatures. Also shown in 

Figure 2.6 are the corresponding ideal adsorbed solution theory (IAST) predictions for 

CO2 selectivity from an equimolar CO2/H2 mixture. 
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The IAST predictions and GCMC simulation results agree well in the limit of low 

pressure and high temperature, where the assumptions of ideal solution behavior are 

appropriate. At low pressure for all temperatures, the IAST estimates and the mixed-gas 

GCMC simulation results all approach selectivity estimates calculated from the values of 

the Henry's constants. At the highest temperature investigated, 473 K, where CO2 

saturation has not occurred, IAST prediction, GCMC simulation, and the estimate using 

the Henry's constants all yield the same constant value for the CO2 selectivity. 

Conversely, at the lower temperature of 298 K, where CO2 saturation is achieved, the 

selectivity decreases with increasing pressure. This is due to the fact that when CO2 

reaches its saturation loading, increasing the pressure will make the condition more 

favorable for the adsorption of the smaller hydrogen molecules, thus driving down the 

CO2 selectivity. The same size effect has also been observed with zeolite and activated 

carbon (2). Due to the inherently discontinuous nature of the gating transition from zero 

uptake to maximum loading, a non-constant selectivity is anticipated when the adsorption 

selectivity of this binary gas mixture is experimentally measured. 

  

Figure 2.6 GCMC simulation of CO2/H2 selectivity from binary mixture in ELM-11. 

GCMC simulation (symbols) and IAST calculation (lines). 298 K - ♦, 373 K - ■ and 473 

K - ▲. 

MPa 
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IAST correctly predicts a decrease in CO2/H2 selectivity with increasing pressure at 298 

K and 373 K. The selectivity is consistently underestimated by IAST at 373 K, but it is 

underpredicted and overpredicted in different ranges of pressure from 0.1-1 MPa and 

from 2-4 MPa respectively at 298 K. The discrepancy between the GCMC simulation 

results and IAST predictions at 298 K may stem from in the fact that at lower temperature 

the pore loading is high, so that the ideality assumption of IAST is not met, leading to 

deviations in IAST calculated selectivity from GCMC mixture simulation results.  

 

Figure 2.7 GCMC simulation of CO2/H2 selectivity on ELM-11 as a function of bulk 

fraction of CO2 at pressure of 2.5 MPa. GCMC simulation (symbols) and IAST 

calculation (lines). 298 K - ♦, 373 K - ■ and 473 K - ▲. 

 

The CO2/H2 selectivities considered so far have been for equimolar mixtures of CO2 and 

H2. Figure 2.7 presents the adsorption selectivity of CO2 over H2 as a function of bulk 

phase composition at 2.5 MPa for the three temperatures above. As expected, selectivity 

at 473 K and 373 K is not strongly dependent on bulk gas composition. However, at 298 

K the selectivity decreases with increasing CO2 fraction. IAST results quantitatively 

match mixed-gas GCMC results at 473 K and 373 K. At 298 K, however, IAST results 

qualitatively match the decreasing trend observed in the GCMC results but generally 

overestimate the selectivity. 
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It is worth comparing the selectivity of ELM-11 with that of other MOFs such as Cu-

BTC and MOF-5 (Table 2.1). While the CO2 adsorption capacity of ELM-11 is lower 

than those of the latter two, the CO2 selectivity is much greater (11). For an equimolar 

mixture of CO2 and H2 at 298 K and 2 MPa, the selectivity of ELM-11 is close to 850, 

while those for Cu-BTC and MOF-5 are 150 and 25 (Table 2.1) respectively. There are 

also differences in the trends of selectivity as a function of pressure due to the difference 

in the pore structure of each MOF. For the ELM-11 structure, the optimum condition for 

the CO2 adsorption selectivity is at low temperature and low pressure. However, in the 

high pressure regime, the CO2 adsorptive selectivity of ELM-11 is still higher than that of 

the other adsorbents. 

2.6 Conclusion 

GCMC simulations of CO2-H2 pure component and binary mixture adsorption and 

selectivity on a rigid latent crystal ELM-11 [Cu(BF4)2(bpy)2] were presented at three 

different temperatures for a range of pressures typical of the syngas produced in IGCC 

process. The simulations provide a means of predicting the adsorption behavior of binary 

mixtures for a given temperature, pressure, and bulk chemical composition. Adsorption 

selectivity data showed a higher selectivity for CO2 over H2 on ELM-11 as compared 

with other microporous materials (e.g. activated carbon, silicalite, MOF-5 and Cu-BTC 

(Table 2.1). The selectivity shows a decreasing trend as the gas-phase pressure increases 

for 298 K and 373 K, while at 473 K, the selectivity is nearly independent of pressure and 

composition. For the ELM-11 structure, the optimum conditions for high CO2 adsorption 

selectivity are at low temperature and pressure.  

IAST predictions of adsorption selectivity were compared with the GCMC simulation 

data of the binary mixture. It is found that IAST is quantitatively accurate at high 

temperature and low partial pressure, consistent with the conceptual assumptions of IAST 

theory. IAST is less accurate at lower temperature and higher CO2 partial pressure, but it 

can still be used as a qualitative predictor of the selectivity of a CO2-H2 mixture.  
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CHAPTER 3  

HYBRID GCMC-MD SIMULATION OF CO2 ADSORPTION ON A 

FLEXIBLE METAL-ORGANIC FRAMEWORK 

A hybrid grand canonical Monte Carlo – molecular dynamics simulation has been 

performed to simulate CO2 adsorption in ELM-12, one member of the elastic layered 

metal-organic framework (ELM) family of materials. This material displays a reversible 

step increase in adsorption capacity of CO2 at a specific pressure called the “gate 

pressure”. ELM-12 was chosen because it is amenable to the reversible capture of CO2 

from point source emissions like flue gas or IGCC syngas. ELM-12 is the product of 

ELM-11 structural transformation through the counter-ion substitution (from BF4
-
 to a 

bulkier SO3CF3
-
 anion). Simulation methodology and force fields for the framework were 

validated by the agreement between simulated and experimental adsorption isotherms and 

isosteric heat of adsorption profiles. These simulations provided for the first time 

atomistic insights into the mechanism leading to the expansion of the material, owing to 

the interplay of the CO2-framework interaction to accommodate the dominant orientation 

of adsorbed CO2 and maximize the CO2-CO2 interaction energy. It was found that the 

step in the profile of the CO2 heat of adsorption is due to the opening of the pore volume 

to provide accessibility to less favorable adsorption sites next to the bipyridine linkers. 

Finally, the influence of hydrogen bonding on CO2 adsorption on ELM-12 was examined, 

and it was found that the weaker the hydrogen bonding interactions, the larger the CO2 

adsorption capacity of ELM-12.      

3.1 Introduction 

ELM-12 is one structure in the class of elastic layered metal-organic framework (ELM) 

that displays flexibility and expansion/contraction of the framework during the reversible 

adsorption and desorption of gas molecules (1, 2). With the adsorption of guest 
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molecules, the material exhibits a step increase in adsorption capacity. The step increase 

in adsorption capacity is always accompanied by the expansion of its stacking layers at a 

specific loading of adsorbed molecules called the “gate pressure”, and ELM-12 is able to 

shrink back to its pre-adsorbed structure upon the release of the adsorbed molecules. 

 

Figure 3.1 Pressure swing recovery of adsorbed CO2 from ELM-12 and activated carbon 

fiber at 30 
o
C. Δ – ELM-12, ○ – activated carbon fiber, adapted from Kaneko et al. (3). 

Solid symbols – adsorption, open symbols – desorption. 

The gated adsorption property imparts ELM-12 with an advantage over other traditional 

adsorbents, such as activated carbon or zeolites, for CO2 capture from flue gas or IGCC 

syngas mixtures. Because of the step adsorption isotherm, the application of a pressure 

swing process for CO2 capture and release and adsorbent regeneration is less energy 

intensive and more efficient compared with other adsorbents that possess Langmuir-type 
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adsorption isotherms (4). For comparison, in Figure 3.1, for the same pressure drop from 

780 kPa to 30 kPa at 303 K (dashed lines), 82% of the CO2 adsorbed on ELM-12 will be 

desorbed, whereas just 55% of the CO2 adsorbed on the activated carbon fiber will be 

recovered.  Also, when considering a single step drop from 780 to 500 kPa, this will 

favor ELM-12 even more dramatically.  Furthermore, the measured CO2 isosteric heat of 

adsorption on ELM-12 is low compared with other MOFs and conventional adsorbents, 

thus making the energy requirement for the CO2 capture and regeneration less intensive.  

To study the mechanisms of CO2 adsorption on the flexible framework adsorbent ELM-

12, a hybrid GCMC / MD simulation methodology was developed and validated using 

experimental thermodynamic data and adsorption isotherms. The validated simulation 

methodology was used to investigate the CO2 adsorption process and the interaction 

between adsorbed molecules and the ELM-12 framework that gives rise to the gate 

adsorption phenomenon (or guest-assisted expansion of the framework).  The modeling 

results and simulation methodology reported in this chapter are important as they will be 

helpful in studying and fine-tuning future synthesis of ELM series adsorbents for future 

gas separation and storage applications. 

3.2 Adsorbent synthesis and characterization 

The synthesis of ELM-12 followed the established procedure in literature.  An alcohol 

solution (ethanol) of 4,4’-bipyridine (60.0 mM, 10.0 ml) was carefully layered onto 10 ml 

of 30 mM Cu(OTf)2 (OTf
-
 = OSO2CF3

-
), after adding 3 ml of pure alcohol as the 

diffusion layer in a 100 ml beaker at room temperature (1). Hydrated Cu(OTf)2, 4,4’-

bipyridine (98%), methanol, isopropanol, and ethanol were purchased from Sigma 

Aldrich. The solvents (analytical grade) were used without further purification. A dark 

blue precipitate formed gradually on the beaker walls. The mixture was left sitting 

undisturbed for two weeks and then filtered off, washed with water and ethanol, dried in 

air at room temperature, dried again under vacuum at 130 
o
C (2 h), and stored under 

helium gas. 

Adsorption isotherms for CO2 at 273, 298, 304, and 315 K were measured using a 

Micromeretics ASAP 2050 extended pressure volumetric adsorption analyzer. The 
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samples (approximately 20 mg) were degassed under vacuum (< 10 m Hg) at 403 K 

over 2 hours prior to the adsorption isotherm measurements. High-purity gases CO2, N2, 

and He (99.99%) were used. The analysis temperature in the sample tube was controlled 

by an external recirculating bath at the specified temperature. Equilibration was judged to 

be established when the pressure change per equilibration time interval (first derivative) 

was less than 0.01% of the average pressure during the interval.  

3.3 Models and simulation method 

The ELM-12 unit cluster was constructed from the X-ray powder diffraction data as 

reported by Kondo et al., (2) and obtained from the Cambridge crystallographic data 

center (5). The terminations for the cleaved cluster are all connected with other pyridine 

rings in the linker.  These were saturated with hydrogen atoms to limit end effects (Figure 

3.2). Geometry optimization was conducted on one ELM-12 periodic unit using the 

default convergence criterion implemented in the density functional theory (DFT) 

program. The B3LYP hybrid functional was chosen for the calculation, as the B3LYP 

level of detail is appropriate for compounds containing a 3d-metal atom (6, 7).  The 6-

31+G* basis set was used for all cluster atoms except heavy metals. For heavy metal 

atoms (Cu
2+

), the LANL2DZ double-ζ basis set was chosen.  LANL2DZ is one of the 

most frequently used basis sets for structures involving transition metal elements (8, 9).  

 

Figure 3.2 Optimized geometry of one unit ELM-12. (color code for the unit: oxygen-red, 

sulfur-yellow, fluorine-cyan, copper-brown, carbon and hydrogen- gray). 
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After geometry optimization, the single-point energies were calculated on the optimized 

structure at the same basis set. Atomic partial charges on atoms were then derived from a 

least-squares fit to the calculated electrostatic surface potentials (ESP) of the optimized 

geometry using the ChelpG (charges from electrostatic potential) procedure (10), which 

has been recognized as a reliable electrostatic charge calculation method. For the 

transition metal atoms in the structure, the effective core potential (ECP) was chosen in 

the calculations to reduce the amount of necessary computation. In these calculations, the 

atomic van der Waals (vdW) radii for the framework atoms used to fit the ESP charges 

were taken from the reported values by Bondi et al. (11) All DFT calculations were 

performed using the GAUSSIAN 09 suite of programs (12). The ELM-12 optimized one-

unit geometry bond-lengths are listed in Table 3.1.  

 

Table 3.1 Summary of optimized geometries (bond lengths) for ELM-12. 

Bond DFT calculation (Å) XRD Measurement (Å) 

Cu-O (ELM-12) 2.376 2.39±0.01 

Cu-N (ELM-12) 2.061 2.02±0.03 

XRD: x-ray diffraction 

DFT: density functional theory 

 

The interaction energy of the adsorbate molecules was calculated as follows: 

2 2 2 2 2
2CO CO CO CO COH E E   

      
 (3.1) 

where 
2COE , 

2 2CO COE   are the respective electronic energies of a single CO2 molecule and 

two CO2 molecules adsorbed at a particular configuration, as calculated using 

GAUSSIAN 09 (12).  
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3.4 Molecular simulation force field 

Typically, simulations for rigid MOFs have been performed using conventional force 

fields like Universal Force Field (UFF) (13) or the optimized potentials for liquid 

simulations (OPLS) force field (14) to model the interaction between the MOF structure 

and the adsorbed molecules (15-17).  In simulations using these force fields, the atoms 

within the MOF were fixed and not allowed to move during the simulation. However, the 

approach of using simulations with fixed atoms and hence fixed force fields clearly 

cannot mimic the changes in the flexible MOF structure or cell parameters which occur 

during the adsorption and desorption of guest molecules (18).   

Rather, due to the flexibility of ELM adsorbents, where the structure is expanding during 

the adsorption, molecular simulations need to reproduce with fidelity both the bonded 

and the non-bonded interactions between the MOF building blocks in the flexible 

framework. Consequently, force field optimization for those materials is a complicated 

and time-consuming task. It often requires making choices for the functional form of the 

potential components, and fitting a large number of interlinked parameters to a sufficient 

number of target properties gathered from experiments or quantum chemistry 

calculations. However, for nanoporous MOF materials that display large-amplitude 

swelling and that oscillate between different metastable states, such as “breathing” or 

gate-opening MOFs, the functional form of the potential and the optimization procedures 

are far from straightforward. 

Therefore, modifications to the existing molecular simulation force field for flexible 

frameworks have been introduced for structures like MOF-5 (19) and MIL-53 (20). These 

new flexible force fields share a common approach of modifying available force fields to 

model the flexibility in those frameworks by using two different functional forms of 

potential, one for the metal center atoms and the other for the rest of the atoms in the 

structure. Both approaches apply the Lennard Jones 12-6 potential and the consistent 

valence force field (CVFF) (21) to model the organic linker, while using different 

potential models to describe the bonded and non-bonded interactions of the metal vertex. 

Greathouse et al. (19, 22) treated the metal center and organic linker interaction in MOF-

5 using a purely electrostatic force field without any harmonic bond potential, whereas 
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Coombes et al. (20) simulated the expansion of MIL-53 using an ionic model potential 

for the metal center that incorporates a core-shell model developed by Cormack et al. 

(23) that describes the dependency of short-range interactions on the coordination around 

the metal vertex. 

Unfortunately, there has not been the development of a standard molecular dynamics 

force field or functional form of potential for the particular ELM class of adsorbent that is 

the focus of this study. Hence, a combination of different available molecular simulation 

methods and molecular mechanics force fields were utilized in the study of ELM-12 and 

related framework structures reported in this work. Because the gate-opening 

phenomenon involves a coherent intra-molecular interaction between the framework 

atoms of ELM-12 and the guest-host interaction, the molecular simulation technique 

needs to faithfully account for both the bonded and the nonbonded force fields in the 

ELM structure. For the work reported herein, the molecular dynamics force field is 

applicable to the bipyridine linkers and the OTf counter-ion group, whereas the force 

field describing the metal ion interactions with the organic linkers and the counter ions 

was not available in the current molecular dynamics force field library, but was instead 

adopted from a molecular mechanics force field (24-26).   

The bonded and non-bonded force field for the bipyridine (bpy) linker was taken from 

DREIDING force field (27). The force field for the atoms in the trifluoromethylsufate 

(triflate or OTf) anion was available from both the OPLS-AA force field as well as the 

force field reported by Lopes et al. (28). The later force field was based on OPLS-AA 

framework, and therefore the non-bonded force field parameters for the OTf group are 

the same with those reported in OPLS-AA force field (14, 29, 30). The bond and angle 

parameters reported by Lopes et al. (28) were parameterized specifically for the triflate 

group in ionic liquids and validated against crystal structure and liquid state densities. 

That force field also reported the atomic charges on atoms; however, since the ELM-12 

structure has the triflate group bonded with a metal center, it is more accurate to have 

different DFT charge distribution calculation for the ELM-12 framework. The atomic 

partial charges so calculated for this study are listed in Table 3.3.  
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Force field parameters for the Cu
2+

 metal centers were adopted from a molecular 

mechanics force field of the complex of Cu
2+

 with its organic ligands, in which the force 

field parameters were validated against crystal structures to accurately represent the 

structure.  The complex was not optimized for interaction with adsorbed molecules (in 

this case, the non-bonded van der Waals interactions with adsorbed CO2).  The force field 

is applicable in ELM-12, where the metal vertices of the framework were shielded from 

the adsorbate by four planar nitrogen atoms and two diaxial oxygen atoms, as shown in 

Figure 3.2. That shielding of the metallic center has also been observed in other flexible 

MOFs, like MIL-53 (31); therefore, the adsorption and interaction sites are on the 

functional groups other than the metal cations. 

Intramolecular interactions (bond stretch, angle bend, dihedral angle) for the bpy linker, 

counter-ion, and metal center were adapted from the DREIDING force field, Lopes et al. 

(28), and Wiesemann et al. (32) as summarized in Table 3.2. 

 

Table 3.2 Internal stretching and bending parameters. 

Bond stretching: Ubond = k1(r-ro)
2
 

Bond k1 (kJ mol
-1

Å
-2

) ro (Å) 

Cu (II)-O (24-26) 439 2.0 

Cu (II)-NR (24-26) 376.56 1.99 

CR-NR 1464 1.305 

CR-HR 1464 0.99 

C-F 3697 1.323 

C-S 1970 1.818 

S-O 5331 1.442 
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Angle bending: Uangle = k2(θ- θo)
2
 

Angle k2 (kJ mol
-1

 rad
 -2

) θ o (deg) 

N-Cu-N (32) 167.36 90 

O-Cu-O (32) 83.68 180 

N-Cu-O (33) 167.36 90 

Cu-N-CR (32, 33) 137.49 120 

F-C-F
a
 781 107.1 

S-C-F
a
 694 111.8 

C-S-O
a
 870 102.6 

O-S-O
a
 969 115.3 

 

Torsion bending: Utorsion = k3[1+cos(nϕ)] 

Angle k3 (kJ mol
-1

) n 

O-Cu-NR-CR (32) 0.4184 2 

NR-Cu-NR-CR (32) 0.4184 2 

NR-Cu-O-S 0.4184 2 

O-Cu-O-S 8.368 2 

a
-angle force field for the OTf group was taken from Lopes et al. (28); the rest of the 

force field for the bpy linker is available in the DREIDING force field (27). 

 

The non-bonded interactions energy Uij between atoms i and j separated by a distance r 

was calculated according to Lennard-Jones 12-6 potential as 

12 6

( ) 4
ij ijLJ

iju r
r r

 

    

     
                  

(3.2) 

where σij and εij represent the van der Waals radius and energetic well depth for the 

atomic pair calculated from individual σii and εii elemental parameters using the Lorentz–

Berthelot mixing rules (34). These parameters are given in Table 3.3. 
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Table 3.3 Nonbonded force field parameters (atomic charge q and Van der Waals 

parameter σ and ε) for interactions in ELM-12 used in this study. 

Atom Charge q(e) 

(this work) 

σ (Å) ε (kJ mol
-1

)  

C in triflate +0.50 3.5
a
 0.276 

F -0.18 2.95 0.221 

S +1.02 3.55 1.046 

O -0.61 2.96 0.878 

C in bpy -0.04 3.47
b
 0.397 

N in bpy -0.12 3.26 0.323 

H in bpy 0.15 2.84 0.063 

Cu(II) (32, 35-37) 0.645 1.2 0.21 

 

Atomic partial charges were calculated in the present work.  Lennard=Jones parameters 

for the OTf group were taken from the OPLS-AA force field (a) (14).  Lennard-Jones 

parameters for the bipyridine ring were obtained from the DREIDING force field (b) 

(27). 

 

In addition to the standard covalent bonding and nonbonded interactions between atoms 

in ELM-12, there exist interactions between specific atoms in neighboring layers of 

ELM-12 framework, as shown in Figure 3.3. From the crystallographic study of ELM-12, 

Kondo et al. (1) reported a proximity between the oxygen and fluorine atoms in the OTF 

group with the C-H group in the bpy linker of adjacent layers. Hydrogen bonding, by 

definition, describes the interaction involving a hydrogen atom that is close to a very 

electronegative atom. In this case, the H∙∙∙O distances was measured as 2.4, which is 

smaller to the sum of their van der Waals radii (e.g. 1.2 (H) + 1.66 (O) =2.86 Å) (11, 38) 

thus indicating a hydrogen bonding interaction between those atoms. Most molecular 

dynamics force fields treat hydrogen-bonding interactions as purely electrostatic 
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interaction. Therefore, those force fields just modify the charge assignment to account for 

the hydrogen bonding (39). In this study, the hydrogen bonding interactions were chosen 

to follow the DREIDING description as implemented in DL_POLY program (40), which 

has been successfully applied to various porous structures including bituminous coal (41).  

In that description, a Lennard-Jones 12-10 potential was assigned to the interaction 

between hydrogen bond donors and acceptors (27, 42). The hydrogen bonding potential 

takes the following form:  

   
12 104cos ( ) 5 / 6 /hb hb DHA hb DA hb DAU D R R R R   

     
     (3.3) 

in which Dhb is the potential well depth,  θDHA is the bond angle between the hydrogen 

donor (D), the hydrogen atom (H), and the hydrogen acceptor (A); and RDA is the 

distance between the hydrogen donor and acceptor atoms.  For any three atoms involving 

hydrogen bonding, the equilibrium distance RDA between donor and acceptor is the 

distance reported by crystallographic structure data (1). Dhb and the equilibrium hydrogen 

bond length (Rhb) are fixed at 9.5 kcal/mol and 2.5 Å respectively (27). 

CO2 was modeled as a rigid linear triatomic molecule with three charged Lennard-Jones 

(LJ) interaction sites located at each atom. The LJ potential parameters for atom O (σO = 

0.305 nm and ε/kB = 79.0 K) and atom C (σC = 0.280 nm and ε/kB = 27.0 K) in A CO2 

molecule with C−O bond length l = 0.116 nm were taken from the TraPPE force field 

developed by Potoff and Siepmann.(43) Partial point charges centered at each LJ site (qO 

= −0.35e and qC = 0.70e) approximately represent the first-order electrostatic and 

second-order induction interactions. Long-ranged electrostatic interactions were handled 

using the Ewald summation technique.  
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Figure 3.3 Top view of hydrogen bonding between two layers of ELM-12, shown as 

dashed lines. (Color code: red is oxygen, blue is nitrogen, pink is copper, green is 

fluorine, gray is carbon and hydrogen) 

 

3.5 Hybrid Osmotic Monte Carlo simulation details 

Conventionally, the grand canonical Monte Carlo (GCMC) simulation is the single 

technique most used to study adsorption processes and obtain theoretical adsorption 

isotherms, since the technique allows a fluctuation in the number of adsorbate molecules 

for a given chemical potential and temperature while the adsorbent is held rigid during 

the simulation. That technique allows the adsorption process to achieve an equilibrium 

state in a practical time frame. However, the GCMC simulation is unable to simulate the 

adsorption process on a flexible adsorbent that is changing its pore structure during the 

progress of adsorption. On the other hand, the molecular dynamics (MD) approach can 

simulate the flexibility of adsorbent structure; however, MD usually simulates conditions 

corresponding to a fixed number of molecules inside the system. In addition, simulation 

of adsorption by the MD approach is not useful for the problem at hand, since the gated 

adsorption process in ELM-12 starts with micropore adsorption and then progresses with 
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significant framework structural rearrangement to allow the expansion of the interlayer 

distance, thus increasing the pore volume (2).  

 

Figure 3.4 HOMC simulation methodology. 

Hybrid osmotic Monte Carlo (HOMC) simulation (44) is a methodology that combines 

both GCMC and MD moves to overcome the limitations of standalone GCMC or MD 

when studying adsorption processes in flexible adsorbents. The HOMC method, as 

showsn in Figure 3.4, can control the chemical potential of the adsorbed fluid as in 

GCMC simulation through insertion and deletion moves, while responding to anisotropic 

stress within the system by switching periodically to MD simulation. In the MD 

simulation part, the system was simulated in the anisotropic stress isothermal (NσT) 

ensemble (constant number of simulated molecules (N), constant stress (σ), and constant 

temperature (T)) with volume change steps; thus, the simulated volume and the number 

of molecules within the system are not fixed. The HOMC methodology is 

thermodynamically well-defined (45) and was implemented to study adsorption 

Fluid reservoir (, T) 

Insertion/deletion 

Standard MC moves (rotation, 

translation) for adsorbates 

MD simulation 

steps 

Volume 

change 

acceptance 

NT ensemble 

simulation 
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mechanisms within ELM materials using our in-house code to combine and transfer data 

back and forth between the Towhee GCMC simulation environment (MCCCS Towhee, 

available at http://towhee.sourceforge.net) and the DL_POLY code (40) for molecular 

dynamics simulation. 

The simulation cell consists of 4 layers and 2x2 unit cells of the ELM framework,  

containing a total of 984 atoms. Dispersion interactions were evaluated using a cutoff of 

1.2 nm, while full electrostatic interactions were calculated based on the particle mesh 

Ewald (PME) method. The coupling of GCMC and MD simulation was carried out in 

sequence with the GCMC system output modified and returned as the input for the MD 

portion of the run, and vice versa. One simulation cycle includes 4000 MD steps in the 

NT ensemble following 20,000 GCMC steps. The simulation was carried out with the 

Berendsen thermostat and an anisotropic barostat with relaxation times of 0.8 and 1 ps 

respectively. The trajectories were integrated using the velocity Verlet algorithm with a 

time step of 0.001 ps. At the end of the MD simulation, the acceptance of a new 

simulation cell volume and dimensions was checked according to the following 

acceptance rule: 

new- (U )=min(1,e )
oldUacceptance  

       (3.4) 

where U
new

 is the total system energy at the end of the MD run and U
old

 is the energy at 

the beginning of the MD run (right after the GCMC sequence is concluded). If the 

acceptance is true, then the new configuration of the simulation after the MD run will be 

used as the input for the next GCMC cycle sequence. If the acceptance criterion returns 

false, then the configuration at the beginning of the MD simulation will be the input for 

the new GCMC run, which basically extends the GCMC run of previous cycle. The 

probability for different moves in GCMC was set at 0.5 for deletion/insertion, 0.25 for 

translation, and 0.25 for rotation. Each adsorption data point at a stipulated pressure 

(chemical potential) was computed using the HOMC simulation methodology until the 

equilibrium criteria was met. The adsorption equilibrium for a specific pressure was 

assumed to be achieved when the average fluctuation in number of adsorbed molecules 

did not change by more than 2% over 30 HOMC cycles (which is equal 0.12 ns in a MD 
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run and 600,000 GCMC steps). The criteria takes into account the equilibrium condition 

when studying adsorption process by MD simulation, which uses the data average over a 

specific duration of MD simulation time (usually about 1 ns) to be the adsorption 

equilibrium criteria (46). As usual, a longer duration is desirable when setting the 

equilibrium criterion; however, stricter equilibrium criteria such as a lower average 

fluctuation of adsorbed molecules or a longer MD simulation time can be prohibitively 

expensive in the computation time.  

 

3.6 Results and discussion 

Figure 3.5 presents experimental CO2 adsorption isotherms on ELM-12 over a wide 

range of temperatures (273, 298, 304, and 315 K). The CO2 adsorption isotherms show a 

consistent step to a specific CO2 loading (1.7 mmol CO2/g) corresponding to the 

completion of the micropore filling step.  At all of the temperatures measured, the 

maximum CO2 adsorption capacity of ELM-12 reaches 2.8 mmol CO2/ gram of ELM-12 

or 125 mg CO2/gram of ELM-12.  
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Figure 3.5 Experimental CO2 adsorption isotherms on ELM-12 (solid symbols – 

adsorption, open symbols – desorption). 

As the first step to validate the chosen force field description and the simulation 

methodology, a simulated CO2 adsorption isotherm on ELM-12 at 196 K was generated 

and compared with the experimental isotherm, as shown in Figure 3.6. Generally, the 

isotherm generated by HOMC simulation compares favorably to the experimental 

isotherm. The fit is very good in the region where the relative pressure is lower than 0.01. 

At relative pressures above 0.01, the simulated isotherm correctly predicts the isotherm 

shape, specifically the signature step-like structure of the experimental isotherm and the 

pressure at which the gated adsorption transition occurs. However, the HOMC simulated 

isotherm predicts a slightly lower adsorption capacity (about 15% lower) than was 

actually measured.  This can be attributed to the non-ideality of the adsorbent pore 

structure, as well as limitation in our atomistic model and simulation to fully capture the 
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structure and bonding within the flexible framework of ELM-12, particularly for its 

hydrogen bonding interactions. 

Unlike adsorption in ELM-11, which has an adsorption capacity close to zero at the onset 

of adsorption below the gate pressure (47), the ELM-12 adsorption isotherm exhibits a 

significant amount of adsorption at relative pressure P/P0 < 0.001 (where P0 is the 

saturation pressure of CO2 at the experimental temperature). In the experimental and 

simulated CO2 adsorption isotherms, we can see two separate regions. The first region is 

a simple linear increase in adsorbed amount with increasing relative pressure. This is 

attributed to micropore adsorption, with almost no change to the structure of the 

adsorbent. The second region is characterized by framework expansion and the opening 

of new pore volume, with a step increase in the adsorption capacity at the gate pressure of 

P/P0 ~ 0.2.  

In order to verify the absence of ELM-12 framework expansion below P/P0 < 0.01 (or P 

< 1kPa, since the saturation pressure of CO2 at its normal sublimation temperature of 196 

K is 1 atm), a comparison of the adsorption isotherms generated from GCMC and HOMC 

simulations in that region was carried out. The adsorption isotherms of GCMC and 

HOMC simulation in that region both closely fit with that from experiment. In the 

GCMC simulation, the ELM-12 structure was kept fixed, while in HOMC the structure 

was modeled as fully flexible as detailed in the preceding description of the methodology. 

Thus, the simulated ELM-12 structure remained nearly rigid during adsorption of CO2 at 

pressures below the gate pressure, even though the HOMC simulation algorithm allows 

for framework expansion if the thermodynamics favor such an alteration. At low 

pressure, the adsorbed CO2 density is evidently too low to induce deformational stresses 

to the framework. Therefore, it is reasonable to model the ELM-12 structure in the low 

pressure regime as a rigid adsorbent, and under these conditions the adsorption process 

can be properly simulated using the simpler (and more computationally efficient) GCMC 

ensemble, even though HOMC is equally capable of producing the same theoretical 

isotherms for the ELM-12 structure at low bulk gas pressures.  

The second region in the CO2 adsorption isotherm for ELM-12 at 196 K was generated 

incrementally from the low-pressure adsorption isotherm branch using the HOMC 
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simulation methodology. As shown in Figure 3.6, the adsorption isotherm displays a step 

increase of about 100 mg/g in the adsorption capacity with a small increase in the 

pressure of the gas reservoir at relative pressures of 0.02 and 0.3.  The step increase in the 

adsorption capacity was accompanied by an increase in the accessible pore volume of 

ELM-12. The material increases its pore volume by 145% relative to its pre-gate 

adsorption volume.  As the result, the adsorbed number of molecules also increases from 

2 CO2 molecules per metal atom in the pre-gated adsorption state to about 4.45 

CO2/metal atom at pressures above the gate pressure. Thus the CO2 adsorbed amount in 

the expanded structure after the gate transition is more than double the amount adsorbed 

below the gate pressure. The pore volume increase in the simulated system is smaller in 

comparison to the experimentally reported pore volume increase (170%) (1, 2) and thus 

limits the maximum CO2 adsorbed molecule density to 4.45 CO2/Cu in the HOMC 

simulated system, compared to 5.6 CO2/Cu from experimental measurements. This 

underestimation is attributed to the nature of the hydrogen bonding (H∙∙∙ O, and H∙∙∙F) 

between layers that was introduced in the model. Since the nature of the bonding is not 

fully known, parameters for the hydrogen bonding were assumed to be the same as those 

for hydrogen bonding as implemented in DREIDING (27, 48).  This could introduce 

some systematic error into the calculation of the adsorption properties. 
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Figure 3.6 CO2 adsorption isotherm at 196 K from experiment and simulation. 

 

As a further step to thermodynamically validate the methodology and force field of the 

HOMC simulation, the isosteric heat of adsorption was calculated from the simulation 

results and compared to experimental measurements. Isosteric heat represents the change 

in the adsorbate enthalpy with the change in the amount adsorbed.  In a molecular 

simulation, it is calculated as follows: 

22

.
st

U N U N
Q R T

N N


  


        

    (3.5) 

where N is the number of molecules; U is the total configurational energy, including the 

adsorbate−adsorbate and adsorbate−adsorbent interaction energies; T is the temperature; 
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and R is the universal gas constant. Meanwhile, from experimental isotherm 

measurements, Qst can be obtained using two or more adsorption isotherms collected at 

different but closely-spaced temperatures, usually within 10 K of each other. Typically 

the isotherms are first fit to a high-order polynomial equation to obtain an expression for 

the pressure (P) in terms of the quantity of adsorbed CO2 (N).  The isosteric heat of 

adsorption is then calculated using the Clausius_Clapeyron equation at a constant level of 

adsorbate loading (49): 

 
1 2 2

2 1 1

lnst

TT P
H Q R

T T P

   
      

               (3.6) 

where P and T are the pressure and the temperature of the adsorption isotherm. The 

calculated heats of adsorption for simulation and experiment at different CO2 loadings are 

shown in Figure 3.7.  
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Figure 3.7  In both experiment and simulation, the isosteric heat of adsorption varies with 

loading during CO2 adsorption, accompanied by framework expansion. 

 

The simulated heat of adsorption is slightly overestimated in comparison to the semi-

experimental heat of adsorption data obtained from volumetric gas adsorption 

measurements. However, overall the calculated heat of adsorption from HOMC 

simulation agrees well with the experimental measurements, with the average load-

dependent CO2 heat of adsorption in the range of 25 to 30 kJ/mol. The experimental heat 

of adsorption profile exhibits two nearly flat regions before and after an intermediate 

region at a loading around 65 mg/g (or 1.6 mmol/g), where the heat of adsorption 

decreases sharply. The drop in heat of adsorption occurs at the CO2 loading that 

corresponds to the gate opening phenomenon, where an increase in adsorption capacity 

from 65 mg/g to 130 mg/g (Figure 3.7) occurs, thus signaling a switch in the interaction 

strength between the adsorbed molecules and the ELM-12 framework.  
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The isosteric heat of adsorption measurements suggest a cooperative adsorption process 

for CO2 in the ELM-12 pore structure, with a changing mode of interaction as well as the 

formation of new pore volume within the adsorbent. Generally, on an energetically 

homogeneous surface, the adsorbate-adsorbent interaction remains constant with loading, 

and so therefore an increase in loading just leads to a small increase in the heat of 

adsorption as the result of the contribution from increasing adsorbate-adsorbate 

interaction (50). Conversely, for a heterogeneous surface with different pore sizes and 

cavities, the heat of adsorption gradually decreases as the strongest adsorption sites are 

occupied first and the more weakly binding sites are filled later. Thus, an increase in 

loading serves to direct adsorbate molecules to the less energetically favorable adsorption 

sites that become available as the framework expands, thus producing a decreasing heat 

of adsorption profile (50, 51). However, the trend shown for ELM-12 in Figure 3.7 

displays an abrupt decrease in heat of adsorption with increasing adsorbate loading. The 

decreasing heat of adsorption, in this case, is associated with a step increase in the 

adsorption capacity, which is very different from the more gradual pore filling commonly 

observed in mesoporous solids. To the contrary, it suggests that new pore volume is 

available for adsorption when the adsorbate reaches a certain critical density at the gate 

pressure. Since most of the favorable adsorption sites are already occupied at the gate 

pressure, new molecules adsorbed into the available framework pore volume at this 

juncture experience weaker interactions with the framework, thus driving downward the 

overall heat of adsorption.  

To further examine the mode of interaction of adsorbed CO2 and provide insight into the 

mechanisms leading to the step adsorption behavior of ELM adsorbents, and the change 

in the heat of adsorption at the gate pressure, the radial distribution function (RDF, or 

pair correlation function g(r)) was calculated for the distance distribution between the 

carbon and oxygen atoms on neighboring adsorbed CO2 molecules.  The RDF is a useful 

tool to describe the fine structure of a close-packed system.  It gives the probability of 

finding a given site or atom at a distance r from another central site or atom. RDFs were 

generated for adsorbed CO2 in the system at pressures below and above the gate pressure.  

By definition, the RDF can be calculated using the following procedure in the HOMC 

simulation: 
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In the above equation, r is the distance between species i and j, ΔNij is the number of 

species j around i within a shell from r to r+Δr, V is the volume, and Ni and Nj are the 

numbers of species i and j.  

Figure 3.8 Site-site radial distribution functions of CO2 molecules adsorbed within ELM-

12 below the gate pressure (5 kPa-196 K). Insert is a typical adsorbed CO2 molecular 

configuration within ELM-12, illustrating the characteristic orientation features 

statistically represented by the RDF. Lines are drawn as guides for the eyes. 

 

Figure 3.8 presents the site-site RDFs of adsorbed CO2 at a pressure below gate pressure. 

It appears that the adsorbed CO2 molecules are losing their orientation freedom and are 

structurally arranged around the oxygen atoms of the counter-ion (see insert). 

Furthermore, the C-O RDF for adsorbed CO2 below the gate pressure shows a bimodal 

distribution, with two peaks at distances of 3.1 and 4.2 Å, while the C-C and O-O RDFs 
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show just one peak, at 3.2 and 3.8 Å respectively. From the bimodal C-O RDF, it can be 

inferred that the dominant structure of adsorbed CO2 is an imperfect “T-shaped” 

configuration, with one CO2 oxygen atom closer to and the other oxygen atom farther 

from the carbon atom of the nearest adjacent CO2 molecule, as shown in the insert of 

Figure 3.8. This mode of interaction is the result of CO2 filling into the constricted pores 

of adsorbent when the pressure is below the gate pressure.  

 

Figure 3.9 Site-site radial distribution functions of CO2 molecule adsorbed within ELM-

12 above the gate pressure (40 kPa – 196 K). Insert is a typical adsorbed CO2 molecular 

configuration within ELM-12, illustrating the characteristic orientation features 

statistically represented by the RDF. Lines are guides for the eyes. 

In contrast, above the gate pressure, newly created pore volume in the expanded 

framework allows cooperative interaction between adsorbed CO2 molecules within the 

framework, thus switching the dominant arrangement of the adsorbed CO2 away from the 
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“T-shaped” nearest neighbor configuration in constricted pores to an arrangement more 

akin to the parallel orientation as shown in the inset of Figure 3.9. At pressures exceeding 

the gate pressure, the carbon-oxygen site-site RDF has a broad peak centered at 4.0 Å, 

instead of bimodal RDF previously observed below the gate pressure in Figure 3.8.  DFT 

electronic structure energy calculations for the two configurations of the adsorbed CO2 

molecular pairs have shown that the parallel configuration has an interaction energy that 

is 1.6 kJ mol
-1

 higher than the T-shaped configuration. This suggests that the adsorbed 

CO2 achieves a higher stability in the expanded state of ELM-12. The proposed 

mechanism is in agreement with the observation from the stress-based model to represent 

the “breathing” mechanism in a different class of flexible MOF. IN that model, the 

flexible MOF was shown to expand only when the stress of adsorbates inside pores 

reaches a certain threshold (52, 53). The observation in our simulation therefore 

undoubtedly emphasizes that structural expansion of the ELM-12 framework results from 

a cooperative CO2-framework dynamic interaction that maximizes the CO2-CO2 

interaction energy, as evidenced in the pairwise RDF profiles.  

This conclusion is reinforced by the calculation of the adsorbed CO2 orientation 

parameter. The orientation of the adsorbed CO2 is defined as the angle between the 

normal vector to the ELM-12 layer and the unit vector along the linear CO2 model. The 

CO2 unit vector has been extracted from the analysis of the simulation ensemble at 

pressures below and above gate pressure (5k Pa and 40 kPa respectively). The orientation 

parameter represents the probability of finding an adsorbed CO2 molecule at a specific 

angle orientation with respect to the vector normal to the ELM-12 layer.  One can clearly 

observe that a switch in orientation occurs as gate pressure is transited, as shown in 

Figure 3.10. At pressures below the gate pressure, the adsorbent is characterized by 

micropore structure, and the high degree of CO2 confinement in micropore tends to force 

the majority of adsorbed molecules to closely align to the layer of adsorbent. The 

adsorbed CO2 seems to orient itself with the orientation of bipiridyne rings at around 70
o
, 

or almost parallel to the ELM-12 layer. 
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Figure 3.10 Orientation parameter of adsorbed CO2 at pressure below and above gate 

pressure. 

However, with the transition to gate pressure and the expanding of pore volume inside 

adsorbent, a significant change in the orientation parameter of adsorbed CO2 was 

observed. At pressures above the gate pressure, most adsorbed CO2 molecules switch to 

an orientation that is more perpendicular to the ELM-12 layer planes, making an acute 

angle with the normal vector to the layer.  The switch of the orientation parameter can be 

explained by the expansion of the interlayer distance that opens the pore volume.  In this 

environment, adsorbed CO2 molecules are able to orient themselves in the new favorable 

configuration which is pointing toward the layers. Indeed, the new configuration of 

adsorbed CO2 as shown in the angle distribution as well as in the RDF figure has 1.6 kJ 

mol
-1 

higher in interaction energy compared with the configuration in the pre-gate 
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pressure state.  This suggests that the gating transition and gate opening effect is largely 

governed by the driving force related to the adsorbate-adsorbate interaction energy.  

Figure 3.11 shows contour plots of the probability density of the adsorbed CO2 center of 

mass (COM) at selected pressures in the adsorption process on ELM-12, corresponding 

to the low-pressure micropore filling (1 kPa at 196 K) and the adsorbed states just below  

(5 kPa and 196 K) and just above the gate pressure (40 kPa and 196K). The COM 

probability density represents an ensemble average of the simulation results at a specific 

pressure. An analysis of the differences in the probability distributions of the adsorbed 

CO2 density throughout the adsorption process reveals that there is a significant increase 

in the probability of adsorbed CO2 in the proximity of the oxygen atoms of the triflate 

anions. Therefore, those pore structures adjacent to the OTf anions serve as strong 

adsorption sites for CO2 at the onset of adsorption. In addition, they serve as the points 

where cooperative adsorption is initiated within the ELM-12 layers as the result of 

stresses from adsorbed CO2 and the ELM-12 framework flexibility.  

A comparison of the density maps at pressures below and above the gate pressure (Figure 

3.11b-c) shows the propagation of new pore volume from the site next to the OTf group 

through the bipyridine (bpy) linkers (red circles). Since the linkers do not manifest as 

strongly adsorbing sites for CO2, a correlated motion of the bpy rings with the adsorbed 

CO2 molecules is necessary to increase the attractiveness, from an energetic standpoint, 

of CO2 adsorption in the pockets right below the bpy linkers. The bpy rings have been 

rotated during the gate pressure opening of new pore volume to form a connecting 

channel throughout the interlayer space, which is shown by the continuous higher spatial 

density of finding CO2 within the channel (Figure 3.11c).  The rotational flexibility of the 

linkers thus in part contributes to the high CO2 sorption capacity of ELM-12.  

From the cumulative set of observations regarding the COM probability density map, the 

radial distribution functions, and the isosteric heat of adsorption data, the interplay 

between the adsorbed CO2 the flexible framework is now more evident. From the 

probability density map of the CO2 COM, the contradictory trends between the drop in 

the CO2 heat of adsorption and the maximization of the CO2-CO2 interaction during the 

gate pressure expansion of ELM-12 can be reconciled. Although the adsorbate-adsorbate 
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interaction increases by 1.6 kJ/mol during gated adsorption transition, the CO2 isosteric 

heat of adsorption still decreases by approximately 5 kJ/mol over the pressure range in 

Figure 3.7 corresponding to the gate transition. The overall enthalpy decrease is due to 

the opening of new, lower affinity CO2 adsorption sites on the ELM-12 framework in the 

vicinity of the bpy linkers. Thus, the isosteric heat of adsorption decreases as framework 

expansion uncovers these sites for CO2 adsorption at higher pressures. 

 

Figure 3.11 Contour plots of the CO2 center-of-mass (COM) probability density in the 

plane between ELM-12 layers at 196 K, and pressures corresponding to: (a) micropore 

filling (P/P0 = 0.001); (b) the onset of gate expansion (P/P0 = 0.1);  (c) the completion of 

gate expansion (P/P0 = 0.4). (d) Side view showing the simulation cell volume where 

a b 

c 

d 
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statistics for CO2 COM spatial distribution were collected (color code for the framework: 

oxygen-red, sulfur-yellow, fluorine-green, copper-pink, carbon- gray and black). 

 

As a final test of the validated simulation methodology and force field, the adsorption of 

CO2 into the ELM-12 framework was simulated at temperatures of 273 K and 298 K, and 

compared to experimental isotherm measurements, as shown in Figure 3.12. The 

experimental and simulated isotherms show similar trends in the isotherm shape resulting 

from the expansion of ELM-12 at the gate pressure. As at lower temperature (196 K), the 

simulated isotherms still fall short in the adsorption capacity by about 15%.  

Nevertheless, the simulation model is able to realistically capture the principal features of 

the experimental isotherms. Both the experimental and simulated isotherms show the 

expansion of ELM-12 at a pressure where the adsorbed amount of CO2 in the structure 

reaches the value of 70-80 mg/g, or 1.7 - 2.1 CO2 molecules per square lattice of ELM 

layer, at the different temperatures. This implies that at least 2 CO2 molecules per square 

lattice of ELM layer are needed to impose sufficient stress within the pore structure to 

trigger gated expansion.  Put another way, the expansion of ELM-12 is partly dependent 

on the density of adsorbed CO2.  While more study need to validate the stress-based 

expansion of the material, this interpretation is also supported by Neimark et al. (52) in a 

theoretical study on the expansion of flexible MOFs.  

The mechanism of pore opening in ELM-12 appears to be very consistent because the 

material displays the same maximum adsorption capacity (125 mg/g) at different 

temperatures (273 K – 298 K).  This consistency can be attributed to the existence of two 

different metastable states of the material in which hydrogen bonding stabilizes the layers 

at pressure below the gate pressure and determines the extent of the expansion between 

layers at pressures above the gate pressure. Indeed, in an effort to assess the sensitivity of 

the hydrogen bond strength to the gate pressure and adsorption capacity, different 

hydrogen bond strengths with Dhb = 7 kcal/mol were introduced into the framework. It 

was found that the hydrogen bond strength does affect the adsorption capacity and gate 

pressure.  Specifically, if the hydrogen bond strength is weakened, the CO2 adsorption 
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capacity is increased, as shown in Figure 3.12 where the hydrogen bond strength was 

reduced by 22%.  

However, a simple change to the hydrogen bond strength cannot fully capture the 

behavior of the real material for two reasons.  First, the hydrogen bond strength can vary 

from interactions that are primarily electrostatic to those where the hydrogen atom is 

shared equally between the donor and the acceptor atoms (from 7 kcal/mol to 38.6 

kcal/mol) (54, 55). Thus, hydrogen bond strength is different between the hydrogen bond 

donors of fluorine and oxygen, and therefore one value of the hydrogen bond strength 

does not reflect the true physics of the system.  Secondly, other factors also contribute to 

and influence the ELM-12 framework expansion, like the stretching of the metal-triflate 

bond and the host-guest interaction.   
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Figure 3.12 Experimental and simulated CO2 adsorption isotherms at 273 K and 298 K. 

Lines are guides for the eyes. 

 

3.7 Conclusion 

In summary, simulation results have demonstrated that the adapted hybrid GCMC / MD 

methodology and force field, were, with the introduction of hydrogen bonding between 

layers, able to thermodynamically capture the expansion phenomenon of the ELM-12 

framework. The generated isotherms reproduced well the gate pressure feature observed 

in the experimental isotherms at different temperatures. The simulation methodology was 

further validated by the good agreement between simulated and experimental CO2 

isosteric heat of adsorption profiles. Our simulations for the first time have provided 
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atomistic insights into the mechanism leading to the expansion of the elastic layered 

material.  This is attributed to the interplay of the CO2-framework interaction to 

accommodate the dominant orientation of the adsorbed CO2 and maximize the CO2-CO2 

interaction energy. In addition, the simulation data has offered an explanation for the 

step-like profile of the CO2 heat of adsorption, which is due to the opening of the ELM-

12 interlayer pore volume, exposing less favorable adsorption sites. Finally, hydrogen 

bonding has been shown to influence the degree of expansion and the adsorption capacity 

of ELM-12 adsorbent.      

There are limitations to the simulation model that have not been solved by the adapted 

hybrid methodology. The first limitation lies in the simulated volume change move of 

NT ensemble portion of the hybrid scheme, which involves the scaling of large number 

of atoms in a condensed system. This sampling move is often energetically unfavorable, 

and thus the volume change steps have a low acceptance probability. In addition, in the 

actual macroscopic timescales of the experimental adsorption phase transitions, due to the 

slow convergence encountered when the flexible structure can transit between metastable 

states, equilibrium time can require computational hours, if not days, for some isotherm 

data points.  The energy barriers between those stable states are generally difficult to 

overcome in a finite simulation time using the current computational standard. These 

limitations have a direct effect on our equilibrium criteria. With the prolonged period 

required to establish equilibrium of adsorption in actual experimental system, relative to 

short simulated timescales (e.g. nanoseconds), our simulations of the flexible ELM-12 

material cannot avoid biases to establish the adsorption equilibrium.   
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CHAPTER 4  

EFFECTS OF CHANGING METAL AND COUNTER ION ON 

PROPERTIES OF ELASTIC LAYERED METAL-ORGANIC 

FRAMEWORK ADSORBENTS 

Structure-function relationships between the composition of the ELM framework metal 

center and counter ion and the macroscopic properties of the ELM adsorbent (gate 

pressure, CO2 adsorption capacity, and CO2 selectivity) were identified based on 

correlations from available experimental and molecular simulation data. These 

relationships showed that structures with stronger metal-anion bonds and stronger 

hydrogen bonding between layers tend to have lower CO2 adsorption capacity and higher 

gate pressures. The CO2 adsorption gate pressure was observed to follow the trend Cu
2+

 < 

Co
2+

 < Ni
2+

 for the two ELM adsorbent series containing BF4
-
 and CF3SO3

-
 as the 

respective counter-ions. Adsorption selectivity of CO2 on ELM-12 and ELM-22 from 

flue gas and IGCC syngas mixtures were generated using GCMC simulation in the 

HOMC scheme described in Chapter 3. The results show that ELM-22 has a higher CO2 

selectivity due to its higher partial charge on the oxygen atoms in its triflate anion groups. 

Both ELM-12 and ELM-22 were found to potentially suitable, from capacity and 

selectivity considerations, for the separation of CO2 from IGCC syngas, due to the high 

CO2 partial pressures produced in the IGCC power plant operating condition.  

A trade-off is necessary in optimizing each of the macroscopic properties (e.g. adsorption 

capacity and gate pressure) for a particular application. To optimize the adsorption 

capacity of the material, a small reduction in adsorbent selectivity is expected. In 

choosing the appropriate ELM synthesis candidate for CO2 capture from flue gas, it is 

suggested that a metal and counter ion pairing that induces weak metal-counter ion 

bonding and H-bonding between layers should be considered (e.g. CF3BF3
-
, CH3BF3

-
 ). 
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4.1 Introduction 

Given the applicability of ELM materials for CO2 capture, and the number of possible 

topologies that can be synthesized from different permutations of the ELM building 

blocks, key scientific interests are the identification and development of structure-

function relationships for ELM adsorbents. Put another way, what are the relationships 

between the selected combination of metal vertex, organic cross-linker, and counter ion, 

and the resultant adsorption properties of the ELM material? Answering that question 

will not only help for predicting ELM properties and selecting promising candidate 

materials that deserve further experimental testing for CO2 capture, but will also make the 

task of reverse engineering or tuning a ELM structure for a particular application 

possible. Therefore, a systematic study, using data available from both molecular 

simulation and experiment, is needed to establish such structure-function relationships.  

Various studies have tried to quantify to some extent the relationship between an 

adsorbent’s components and its CO2 capture capability, using both simulation and 

available adsorption data for synthesized MOF structures. Based on a collection of 

fourteen MOFs (1) and one series of isoreticular MOF (IRMOF) (2) structures, a strong 

relationship was established between the CO2 selectivity and the isosteric heat of 

adsorption, which were shown to be dependent on the interaction between the functional 

group and CO2  (1-3). On the other hand, the organic linker was shown to play a different 

role in controlling the pore volume and surface area of the synthesized material, thus 

affecting the adsorption capacity of IRMOF adsorbents (2). However, the relationship 

between the adsorption properties of the MOF and the identity of its metal center was less 

straightforward to determine (4, 5), because a change in the metal ion of the framework 

did not always directly influence the adsorbent properties.  In some studies no identifiable 

effect between the MOF metal identity and adsorption properties was found (6), while in 

other cases an enhanced CO2 uptake was attributed to the switching of the metal ion from 

one species to another (7). 

The microscopic responses of exchanging the metal center and anion identity in ELM 

materials can therefore be classified as direct response, through the interactions between 

metal center and anion with adsorbed molecules, and indirect response, through the 
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modification of the bonding properties, charge distribution, and pore structures. To 

advance a predictive understanding of MOF adsorbents for future applications, these 

microscopic responses need to be related to the macroscopic properties of the adsorbent 

that are relevant to CO2 capture applications. Therefore, macroscopic adsorbent responses 

such as CO2 adsorption capacity, CO2 selectivity, and gate pressure are chosen for 

quantitative characterization and comparison between different ELM materials with 

varying metal centers and anion composition. 

In this chapter, the relationships between metal center and anion identity and the CO2 

adsorption capacity, CO2 selectivity and gate pressure of ELM material were established 

or sought after using molecular modeling and experimental data. By investigating these 

relationships, the controlling factors that affect each macroscopic response of the sorbent 

are revealed. One can then make recommendations for the targeted synthesis or reverse 

engineering of tailor-made ELM structures specifically designed for CO2 capture from 

flue gas or synthesis gas mixtures. 

4.2 Adsorbent synthesis  

The synthesis of ELM-12 followed the established procedure in the literature.  An alcohol 

solution (ethanol) of 4,4’-bipyridine (60.0 mM, 10.0 ml) was carefully layered onto 10 ml 

of 30 mM Cu(OTf)2 (OTf
-
 = OSO2CF3

-
), after adding 3 ml of pure alcohol as the 

diffusion layer in a 100 ml beaker at room temperature (1). Hydrated Cu(OTf)2, 4,4’-

bipyridine (98%), methanol, isopropanol, and ethanol were purchased from Sigma 

Aldrich. The solvents (analytical grade) were used without further purification. A dark 

blue precipitate formed gradually on the beaker walls. The mixture was left sitting 

undisturbed for two weeks and then filtered off, washed with water and ethanol, dried in 

air at room temperature, dried again under vacuum at 130 
o
C (2 h), and stored under 

helium gas. 

The synthesis of ELM-22 also followed the established procedure in the literature.  An 

acetonitrile solution of 4,4’-bipyridine (160 mM, 6.25 mL) was layered onto an 

acetonitrile solution of Co(OTf)2 (OTf
-
 = OSO2CF3

-
)  (80.0 mM, 6.25 mL) after adding 3 

ml of acetonitrile as the buffer layer in a 100 ml beaker at room temperature (8). 
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Hydrated Co(OTf)2, 4,4’-bipyridine (98%), acetonitrile, isopropanol, and ethanol were 

purchased from Sigma Aldrich. The solvents (analytical grade) were used without further 

purification. A pink-orange precipitate formed gradually on the beaker wall. The mixture 

was allowed to sit for three weeks and then filtered off, washed with water and 

acetonitrile, dried in air at room temperature, dried again in vacuum at 130 
o
C (2 h), and 

stored under helium gas. 

4.3 Models and simulation 

A variety of simulation tools were used to generate the data reported in this chapter. 

Hybrid osmotic Monte Carlo (HOMC) simulations, as detailed in chapter 3, were also 

employed in the study that is the focus of this chapter, to simulate the effect of changes in 

ELM structures and how those changes affect the macroscopic response of the material.  

Selectivity measurements for the separation of a specific gas from a gas mixture were 

generated from GCMC simulation at each isotherm data point.  The ability of an 

adsorbent to selectively adsorb one molecule type over another from a mixture of gases is 

defined as the ratio of the mole fraction of one compound, both in the adsorbed and in the 

bulk phase, over the ratio of the mole fraction in the adsorbed and bulk phases of the 

other compound (9-11). Equation 4.1 shows an example calculation for the selectivity of 

CO2 separation from a binary CO2/N2 mixture. 
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(4.1) 

A similar form of the equation was used to calculate CO2 capture selectivity from CO2/H2 

binary mixtures. The mole fraction of each compound in the adsorbed phase, for a 

specified bulk gas phase mixture composition, was determined by GCMC simulation as a 

function of the operating temperature and pressure.  The bulk phase mole fractions used 

in the GCMC simulation are taken from the typical composition of combustion flue gas 

(15% CO2, 85% N2) and IGCC syngas (40% CO2, 60% H2).  
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The ELM-12 and ELM-22 unit clusters were constructed from X-ray powder diffraction 

data as reported by Kondo et al. (12) and obtained from the Cambridge crystallographic 

data center. The terminations for the cleaved cluster were all connected with other 

pyridine rings in the linker and were therefore saturated with hydrogen atoms to limit the 

end effect. Geometry optimizations were conducted on one ELM-12 and ELM-22 

periodic unit using the default convergence criteria implemented in the density functional 

theory (DFT) program. The B3LYP hybrid functional was chosen for the calculation as 

B3LYP level is appropriate for compounds containing a 3d-metal atom (13, 14). The 6-

31+G* basis set was used for all atoms except the transition metals (Cu(II) and Co(II)). 

For the transition metal atoms, the LANL2DZ basis set was chosen.  LANL2DZ is a 

collection of double-ζ basis sets.  It is one of the most commonly used basis sets for 

structures involving transition metal elements (15, 16). Atomic partial charges on atoms 

were fitted to the calculated electrostatic surface potentials (ESP) following the procedure 

described in chapter 3.  

 

Figure 4.1 Optimized geometry of single ELM-12 unit.  (color code: oxygen-red, sulfur-

yellow, fluorine-cyan, copper-brown, carbon and hydrogen- gray). 

 

The bond strength between the metal center and the counter ion was calculated as 

follows.  In molecular simulation, the potential Ebond representing explicit bonds between 

specified atoms are described using the harmonic potential: 
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             (4.2) 

where rij is the distance between covalently bonded atoms i and j, and k and ro are the 

force constant and equilibrium bond distance respectively of the harmonic potential.  At 

the minimum energy geometry, we can represent the energy that arises due to a small 

extension of metal-triflate bond length, or any other distortion to the structure, as 

21
( ) (0) ( )

2
E x E k x   

            (4.3) 

where E(Δx) is the energy of the structure with extended bonds, E(0) is the energy of the 

optimized structure, and Δx is the length of the bond extension. Single point (SP) energy 

calculations in Gaussian 09 were carried out to obtain E(Δx) and E(0). From that energy 

difference, the force constant of the harmonic potential can be evaluated as  
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             (4.4) 

Density functional theory calculation of electronic energy was thus employed to calculate 

the force constant in the harmonic potential for the explicit bonds between the ELM 

framework metal centers and their coordinating counter-ion atoms, as specified in 

equation (4.1).  The calculated DFT force constants were found to be comparable to the 

bond stretch force constants reported in molecular mechanics force fields for cobalt-

oxygen (k = 201 kcal mol
-1

Å
-2

) and for copper-oxygen (k = 105 kcal mol
-1

Å
-2

) (17).  

4.4 Results and discussion 

The effects of changing the metal center and anion identity on different macroscopic 

properties are interdependent. The end effects of those changes are manifested in the gate 

pressure, CO2 selectivity, and CO2 adsorption capacity. Because each of these adsorbent 

properties is affected by more than one framework compositional factor, we will discuss 

each macroscopic property in turn and elaborate on the factors affecting that property, the 

mechanisms of the responses, and how one might control the responses.  
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4.4.1 Gate pressure and adsorption capacity 

The gate pressure is the pressure at which the adsorption step with interlayer expansion 

occurs in the ELM adsorption isotherm. This adsorbent property is very important in 

regard to energy requirement for CO2 recovery for ELM adsorbent carbon capture 

applications. It is also important in determining whether the post-combustion and pre-

combustion CO2 capture mode are practical, when taking into account the differences in 

the CO2 composition and pressure of the gas mixtures evolved in these processes.   

It was shown in Chapter 3 that a cooperative effect between CO2 and the ELM 

framework during CO2 adsorption leads to the expansion of ELM-12 at its gate pressure. 

The gate behavior is adsorbate-specific.  N2 and H2 adsorption at room temperature, for 

example, does not induce the gate opening of ELM-12, due to the weaker interaction 

these molecules have with the ELM framework, whereas the larger quadrupole moment 

of CO2 (13.4x10
-40

 Cm
2
 for CO2, vs. 4.7x10

-40
 Cm

2
 for N2 and H2) induces a gate 

adsorption transition at room temperature (18, 19). 

Although the distance between the ELM layers before and after gate expansion is 

experimentally measurable, a direct measurement of the changes in hydrogen bonding 

within the ELM framework during the dynamic process of gate adsorption is much more 

difficult to achieve. By assuming that the adsorption/desorption cycle of ELM-11 is 

solely controlled by the vibration of the H-bonds between oppositely charged atoms in 

adjacent layers (e.g. H∙∙∙F, C∙∙∙F), the expansion/shrinkage of the ELM-11 structure can 

be considered as behaving as the vibration of a spring system. Onishi et al. (20) estimated 

the spring constant for the opening and closing of ELM-11 structure during the CO2 

adsorption/desorption cycle as in the range of 14 to 60 N/m (or 20 to 86 kcal/mol-Å
2
) 

(20). That force constant brackets the force constant for the extension of H-bonds 

between water molecules, which was reported at 29.6 kcal/mol-Å
2
 (21). Thus, it is 

suggested that H-bonding influences the gate opening pressure of ELM materials. 

However, the force constants for the bonds between the metal ions and counter ions 

considered in this chapter are also in the range (43 kcal/mol-Å
2
 for ELM-11 to 160 

kcal/mol-Å
2
 for ELM-32) of the estimated force constant for the H-bonding network that 

is presumed to control gate pressure. Therefore, any stress that occurs during adsorption 



 

82 
 

(e.g. occupancy of CO2) to stretch the H-bonds is also capable of stretching the metal-

counter ion bonds. Thus, the bond strength between the metal ion and its coordinating 

counter ion is also expected to influence the gate pressure of the ELM adsorbent.   

In addition, evidence from nuclear magnetic resonance (NMR) measurements of the 

chemisorption of molecules with high electric dipole moments on ELM-11 leads to the 

conclusion that the metal-anion bond strength also contributes to the gate opening of 

ELMs. The chemisorption on ELM-11 of molecules such as CH3OH and CH3CN with 

strong electric dipole moments weakens the bonding between Cu(II) and the fluorine of 

the BF4
-
 anion (22), thus reducing the gate pressure of the chemisorption-modified ELM-

11 structure (22, 23). The evidence supports our assertion that the metal-counter ion bond 

strength is an important factor in determining the gate pressure of the ELM adsorbent. A 

correlation between the metal-counter ion bond strength and the CO2 gate pressure for 

structures with different metal identities (ELM-11 vs. ELM-31, and ELM-12 vs. ELM-

22) was identified, as summarized in Tables 4.1 and 4.2. It was observed that the ELM 

frameworks with higher metal-counter ion force constants are associated with higher CO2 

gate pressures.  This has already been found to be true for the already-synthesized ELM 

structures containing BF4
-
 or CF3SO3

-
 as a counter ion. The gate pressure therefore is 

predicted to follow the trend Cu
2+

 < Co
2+

 < Ni
2+

 for both ELM series containing BF4
-
 and 

CF3SO3
-
 as counter ions.  

An extrapolation to other hypothetical structures with different transition metals, such as 

Fe
2+

 and Mn
2+

, was also carried out, with the structure containing Fe
2+

 being the structure 

with lowest metal-anion force constant (37 kcal/mol-Å2
), and the structure containing 

Mn
2+

 as the one with the highest metal-anion force constant (442 kcal/mol-Å2
). 

According to the above relationship, structures with Fe
2+

 should have the lowest gate 

pressure, whereas structures with Mn
2+

 metal centers will display highest gate pressure. 

However, this extrapolation is purely theoretical and it needs to be validated 

experimentally, since at this time no ELM materials have been synthesized with metal 

centers other than Cu, Co, or Ni.  
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Table 4.1 Force constant of metal-BF4 bond and gate pressure for CO2 adsorption in 

ELM series with counter ion BF4
-
. 

  
ELM-11  

(Cu_BF4) 

ELM-21  

(Co_BF4) 

ELM-31  

(Ni_BF4) 

M-BF4 force  

constant (kcal/mol-Å
2
)
 
 

42.8 (sim) * 48.5 (sim) 94 (sim) 

Metal-F bondlength 

A
o
 

2.23 (sim) 2.20 (sim) 2.05 (sim) 

CO2 adsorption  

gate pressure (mmHg) 

at 273 K 

248 (exp) * N/A 496 (exp) * (12)  

CO2 adsorption capacity 

(mg/g) at 273 K 
145 (exp) * N/A 135 (exp) * (12)  

* (exp) denotes experimental data, (sim) denotes simulation data 

 

Table 4.2 Force constant of metal-OTf bond, gate pressure CO2 adsorption capacity in 

ELM series with counter ion CF3SO3
-
 (OTf). 

  

ELM-12  

(Cu_CF3SO3) 

ELM-22  

(Co_ CF3SO3) 

ELM-32  

(Ni_CF3SO3) 

M-OTf force 

constant (kcal/mol-Å2
) 

85 (sim) * 145 (sim) 160 (sim) 

Metal-O bond length 

(Å) 
2.38±0.01 (exp) 2.3±0.2 (exp) 2.10 (sim) 

CO2 adsorption  

gate pressure (mmHg)  

at 196 K 

152 (exp) * 228 (exp) * N/A 

CO2 adsorption capacity 

(mg/g) at 196 K 
300 (exp) * 240 (exp) * N/A 

* (exp) denotes experimental data, (sim) denotes simulation data  
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A cross comparison between two ELM adsorbents respectively containing BF4
-
 and 

CF3SO3
-
, but possessing the same metal center Cu

2+
, is shown in Table 4.3.  The 

aforementioned factors affecting the CO2 gate pressure hold true in this comparison as 

well. The force constant of metal-counter ion in ELM-12 is 85 kcal/mol-Å
2
, nearly 

double that of ELM-11 (42.8 kcal/mol-Å
2
). The H-bonding in ELM-12 is stronger than 

that of ELM-11, both in quantity and in individual H-bond intensity.  In ELM-12, triflate 

fluorines and oxygens both form H-bonds, whereas in ELM-11, only the fluorine atoms 

of the BF4 groups form such bonds. Moreover, the H-bonding donors in ELM-12 are 

more negatively charged (-0.61 for the triflate oxygen of ELM-12, compared with -0.38 

for the fluorine of ELM-11), and this also contributes to stronger hydrogen bonding in 

ELM-12. This observation is supported by a transmission IR spectroscopy study of the H-

bonding strength between water and anions in ionic liquids, which found that CF3SO3
-
 

has much a higher H-bond strength than BF4
- 
(24). Therefore, H-bonding is one of the 

determining factors that results in ELM-12 exhibiting a much higher gate pressure (1350 

mmHg) than that of ELM-11 (248 mmHg).  

 

Table 4.3 Cross comparison between ELM materials with the same metal center but 

different counter ions (BF4
-
 and CF3SO3

-
). 

  
ELM-11 

(Cu_BF4) 

ELM-12 

(Cu_CF3SO3) 

M-Otf force 

constant (kcal/mol-Å2
) 

42.8 (sim) * 85 (sim) * 

Flourine partial charge -0.34 (sim) -0.18 (sim) 

Hydrogen partial charge 0.16 (sim)  0.15 (sim)  

Oxygen partial charge N/A -0.61 (sim) 

CO2 adsorption gate pressure  

(mmHg) 273K 
248 (exp) * 1350 (exp) * 

CO2 adsorption capacity 

(mg/g) 273K 
145 (exp) 125 (exp) 

* (exp) denotes data from experiment, (sim) denotes simulation data 
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4.4.2 CO2 adsorption capacity 

Whereas the gate pressure is the predominant factor that determines the energy 

requirement for regeneration of the adsorbent, the adsorption capacity is the property that 

affects the scale-up investment and operating cost of any future ELM adsorbent-based 

CO2 capture in coal- or natural gas-fired power plants. Higher adsorption capacity means 

less volume or mass of adsorbent per unit of CO2 captured, thus lowering the initial 

investment and operating cost of the capture process (25). Therefore, adsorbents with 

high CO2 adsorption capacity are desirable for CO2 capture applications (26). Adsorption 

capacity is influenced by many factors, including the surface area (2, 27-29), pore size 

and volume (2, 9), and functional group (2). However, the adsorption capacity of many 

adsorbents was found to be strongly dependent on the accessible surface area of the 

material. In some cases, linear relationships between the surface area and the adsorption 

capacity for a range of MOF adsorbents have been reported (27, 28).  

The accessible surface area was also found to influence the CO2 adsorption capacity of 

ELM adsorbents; however, unlike the predefined surface areas of rigid porous solids, 

most of the surface area of flexible ELM adsorbents is latent. Therefore, the extent of 

expansion of each ELM structure upon CO2 adsorption dictates the ultimate accessible 

surface area, and thus indirectly influences the adsorption capacity of the structure. In this 

case, the previously noted factors that control the gate pressure also influence the CO2 

adsorption capacity of the material. For example, the lower CO2 adsorption capacity of 

ELM-31 compared to ELM-11 is a consequence of the strong metal-counter ion bond and 

the higher partial charges on the hydrogen bond donors of ELM-31. The same trend is 

observed when the metal identity is varied in the ELM-12, ELM-22 and ELM-32 series. 
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Figure 4.2 Side view of H-bonding (dashed lines) between two layers of ELM-12. Color 

code: red is oxygen, blue is nitrogen, green is fluorine, yellow is sulfur, gray is carbon 

and hydrogen. 

 

When cross-comparing between ELM series adsorbents containing BF4
-
 and OTf

-
, the H-

bonding and the metal-anion bond strength are the factors that most strongly affect the 

CO2 adsorption capacity of the material. A stronger hydrogen bond strength and a higher 

metal-counter ion force constant tends to limit the expansion of the ELM framework, thus 

reducing its effective surface area and ultimately inhibiting the adsorption capacity of the 

material. Indeed, a sensitivity study with a decrease in the hydrogen bond strength from 

Dhb = 9.5 kcal/mol to Dhb = 7 kcal/mol resulted in an increase in the CO2 adsorption 

capacity of the ELM-12 structure (Figure 3.12). Therefore, in choosing a candidate ELM 

carbon capture material for future synthesis that has the desired features of a low gate 

pressure and a high adsorption capacity, it is suggested that an anion containing atoms 

with smaller electronegativity than fluorine or oxygen should be considered. 

 

4.4.3 CO2 selectivity trend  

The applicability of ELM materials for selective capture of CO2 is necessarily dependent 

on the nature of the mixture from which the adsorbent is asked to separate CO2.  Because 
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various industrial separation applications involve different gas mixtures, each scenario 

will impose distinct suitability constraints on candidate materials. As noted earlier, this 

dissertation focuses on carbon capture from two specific gas mixtures, one generated 

from IGCC synthesis gas production and the other representative of combustion flue gas 

emissions from conventional coal- and natural gas-fired power plants.  The typical 

composition and conditions for these gas mixture streams are summarized in Table 4.4. 

 

Table 4.4 Typical compositions and conditions for flue gas and IGCC syngas. 

  
Flue gas IGCC syngas

[a]
 

Composition 
  

CO2 15-16% 35.50% 

H2  
61.50% 

N2 70-75% 0.25% 

H2O 5% 0.20% 

SOx <800ppm 
 

NOx <500ppm 
 

CO 20ppm 1.10% 

Conditions 
  

Temperature 35-55
o
C 40

o
C 

Pressure 1 bar 30 bar 

[a] Conditions for syngas after water-gas shift reaction. 

 

In Figures 4.3 and 4.4, the CO2 adsorption selectivity from CO2/H2 and CO2/N2 mixtures 

on ELM-12 and ELM-22 is plotted at two different temperatures versus a range of 

pressures typical of the respective flue gas and IGCC syngas conditions. In general, under 

the temperature and pressure conditions considered in this study, ELM-22 surpasses 

ELM-12 in CO2 selectivity performance for both flue gas and IGCC syngas mixtures. 

Increasing the temperature from 300 K to 315 K decreases the selectivity by 20% to 30%, 

although the difference is smaller in the high pressure region.  Because carbon dioxide 
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has a stronger affinity than either hydrogen or nitrogen for adsorption on the ELM 

structure, an increase in temperature has a bigger effect on CO2 than on the other mixture 

gases in curtailing adsorption. Hence, the CO2 selectivity decreases at higher temperature. 

 

Figure 4.3 CO2 adsorption selectivity from representative binary IGCC syngas mixture of 

40% CO2 and 60% H2. Error bars for ELM-12 are smaller than the symbol sizes. 

 

There are, however, different trends in CO2 selectivity between CO2/N2 and CO2/H2 

mixtures. CO2 selectivity for CO2/H2 mixtures decreases with increasing pressure, but is 

nearly independent of pressure for CO2/N2 mixtures. This is because the kinetic diameter 

of H2 (2.89 Å) (30, 31) is markedly smaller than that of CO2 (3.30 Å) (31) and N2 (3.64 

Å) (30). Therefore, while adsorption of CO2 reaches the maximum adsorption capacity of 

the adsorbent at very low pressure, increasing the pressure does not further increase the 

adsorbed amount of CO2. Rather, increasing pressure favors the adsorption of smaller and 
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more weakly interacting molecules like hydrogen, thus decreasing the CO2 selectivity. 

The same effect was not observed for the CO2/N2 mixture, since the kinetic diameters of 

CO2 and N2 are similar.  

 

Figure 4.4  CO2 adsorption selectivity from a representative binary combustion flue gas 

mixture of 15% CO2 and 85% N2. Error bars for ELM 12 are smaller than the symbol 

sizes. 

Other than the molecular size effect of the adsorbates, the differences in the predicted 

CO2 selectivity between ELM-12 and ELM-22 can be largely attributed to the CO2-

framework interactions. The strength of that interaction is reflected in the enthalpy of 

CO2 adsorption, which indicates the affinity of the pore surface toward CO2. The 

enthalpy of CO2 adsorption therefore is a major indicator of the CO2 selectivity 

performance of a given material. In this regard, as presented in Table 4.5, the higher CO2 

selectivity in ELM-22 is consistent with the higher CO2 adsorption enthalpy of ELM-22 

over ELM-12 (27.8 kJ/mol vs 24.2 kJ/mol). For this particular series of ELM adsorbents, 

the partial charge on the oxygen atoms of the counter ion is the significant determinant of 
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the adsorption selectivity, because these oxygen atoms are the most favorable interaction 

sites for CO2 adsorption on the ELM framework, as borne out by the DFT calculations.  

 

Table 4.5  CO2 selectivity dependence on partial charge and heat of adsorption. 

  ELM-12 (Cu) ELM-22 (Co) 

Oxygen charge -0.61 -0.74 

Flourine charge -0.18 -0.18 

Hydrogen Charge 0.15 0.16 

CO2 heat of adsorption 

kJ/mol 
24.2 (exp) 27.8 (sim)  

CO2 selectivity 300K 

Flue gas 
60-95 (sim) 90-140 (sim)  

CO2 selectivity 300K 

IGCC syngas 
50-100 (sim) 70-250 (sim) 

(exp) denotes data from experiment, (sim) denotes data from simulation 

 

Table 4.6 CO2 heat of adsorption on ELM adsorbents and other MOF structures. 

Material formula 
Common 

name 

Functionality 

type 

Qst 

(kJ/mol) 
Ref 

Ni2(dobdc) Ni-MOF-74 Exposed cations 42 (32) 

Al(OH)(bpydc) MOF-253  23 (33) 

Mg2(dobdc) Mg-MOF-74 Exposed cations 48 (34) 

Cu3(TATB)2 CuTATB-60  24 (35) 

Al(OH)(bpydc)·0.97Cu(BF4)2   30 (33) 

Co2(adenine)2(CO2CH3)2 bio-MOF-11 Amines 45 (36) 

Cu(OTf)2- 4,4'-bipyridine ELM-12 Triflate 24 (exp)  

Co(OTf)2- 4,4'-bipyridine ELM-22 Triflate 28 (sim)  
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Tables 4.6 and 4.7 present the CO2 selectivity performance of ELM-12, ELM-22, and 

other MOF adsorbents with different functionalities. Overall, the CO2 selectivities of 

ELM adsorbents are comparable or superior to other MOFs embedded with exposed 

cations or amine functional groups, while at the same time the ELM adsorbents have 

moderate CO2 isosteric heats of adsorption. This means that less energy is required for 

the regeneration of the ELM adsorbents with the same level of CO2 separation. The 

comparisons in Table 4.6 and 4.7 thus underscore the advantages of the flexible ELM 

adsorbents with respect to prospective CO2 capture applications, since high CO2 

adsorption selectivity can be achieved using these materials without resorting to chemical 

modification of the adsorbent surface with strongly interacting functional groups like 

amines that would increase the energy input requirements for adsorbent regeneration. 

 

Table 4.7 CO2/N2 selectivity comparison at condition of post-combustion capture. 

Material formula Common name Temperature Selectivity Ref 

Ni2(dobdc) Ni-MOF-74 298 30 (32) 

Al(OH)(bpydc) MOF-253 298 9 (33) 

Mg2(dobdc) Mg-MOF-74 303 44 (34) 

Cu3(TATB)2 CuTATB-60 298 24 (35) 

Al(OH)(bpydc)·0.97Cu(BF4)2  298 39 (33) 

Co2(adenine)2(CO2CH3)2 bio-MOF-11 298 65 (36) 

Cu(OTf)2- 4,4'-bipyridine ELM-12 298 44 (sim)  

Co(OTf)2- 4,4'-bipyridine ELM-22 298 80 (sim)  

 

In order to apply the predictive relationships developed in this chapter to future syntheses 

of ELM materials whose compositions are chosen to maximize their effectiveness for 

carbon capture processes, a balance between the different desired macroscopic responses 

(gate pressure, adsorption capacity, CO2 selectivity) is needed. A trade-off exists here in 

optimizing each macroscopic response, since factors affecting those responses are inter-

related. For example, to obtain a high adsorption capacity and a low ELM gate pressure, a 
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metal center should be chosen that induces weak metal-anion bonding in the framework.  

Likewise, the organic cross-linker should have a functional moiety that give rise to weak 

hydrogen bonding between ELM layers. With these selections for the framework 

composition, however, a reduction in CO2 selectivity is to be expected, relative to what 

might otherwise be obtained if the framework constituents were chosen so as to 

maximize ELM capture selectivity for CO2.  

4.5 Conclusion 

Relationships between the gate pressure, CO2 adsorption capacity, and CO2 selectivity 

were identified with respect to the underlying ELM structure and composition 

parameters, based on simulation data and experimental evidence. Importantly, the 

established relationships show that metal-counter ion bond strength and the hydrogen 

bonding strength between ELM layers are the principal determinants of the CO2 

adsorption gate pressure and the CO2 adsorption capacity. The ordering of the ELM gate 

pressure is predicted to follow the trend Cu
2+

 < Co
2+

 < Ni
2+

 for both ELM series 

adsorbents containing BF4
-
 and CF3SO3

-
 respectively as the counter ions.   

ELM-12 and ELM-22 were shown to adsorb CO2 with high selectively in preference to 

N2 or H2, but with a moderate heat of adsorption compared to other MOF carbon capture 

adsorbents. ELM-12 and ELM-22 were further shown to be suitable for CO2 capture 

application from synthesis gas produced from IGCC operations.  ELM adsorbent carbon 

capture is practical under these conditions because of the high CO2 partial pressure of the 

synthesis gas, whereas for post-combustion flue gas capture, the anticipated CO2 partial 

pressure is well below the gate pressure and thus ELM-based carbon capture is not 

practical unless significant compression work energy is input.  To optimize ELM material 

capabilities with regard to adsorption capacity, a small reduction in CO2 selectivity is 

necessary. In choosing appropriate candidate ELM materials for future synthesis for 

carbon capture applications, it is suggested that a metal and counter ion pairing that 

induces weak metal-counter ion bond and a cross-linker species that produces weak 

hydrogen bonding between layers (e.g. less electronegative atoms in the anion group) 

should give the best combination of desired features. Ideally, the relationships established 
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in this study should be validated with future syntheses and property analyses of ELM 

materials containing metal centers other than Cu, Co, or Ni.  
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CHAPTER 5  

CONCLUSION 

There is a consensus that the threat of damage due to climate change associated with 

anthropogenic CO2 emission should not be taken lightly.  At the same time, it is 

becoming increasingly evident that fossil fuel combustion will remain the principal 

component of the global energy system for decades to come. Thus, carbon capture and 

sequestration (CCS) technologies that efficiently capture CO2 from existing and future 

emission sources will play a vital role in meeting humanity’s short and medium term 

energy demands while simultaneously reducing CO2 emissions. Unfortunately, current 

CO2 capture technologies that use amine solvents are energy intensive, expensive, 

cumbersome, and environmentally unfriendly. Therefore, the quest for an alternative CO2 

capture scheme using an adsorbent material with a high selectivity, high specific 

adsorption capacity, and a minimal regeneration energy requirement presents a grand 

challenge problem that does not have a simple solution.  In this context, novel metal-

organic frameworks (MOF) adsorbents could serve as an alternative platform for the 

development of next-generation CO2 capture materials, owing to their large capacity for 

the adsorption of gases and their structural and chemical tunability. 

Elastic layered metal-organic framework (ELM) adsorbents are a class of MOFs that 

exhibit unique CO2 “gated” adsorption isotherms.  ELM adsorbents have several 

prospective advantages over other MOFs and conventional adsorbents for CO2 capture 

applications. To aid the future synthesis and application of ELM adsorbents for effective 

and economic CO2 capture, a series of molecular simulation and experimental studies 

were conducted in order to answer the following scientific questions: (1) What is the 

performance of the ELM adsorbent with respect to CO2 sorption selectivity from flue gas 

and syngas mixtures? How does that selectivity compare with those of other MOFs and 

conventional adsorbents? (2) What is the mechanism leading to the “gate” adsorption 
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behavior of this material? (3) Are there any structure-function relationships in the series 

of ELM structures, produced from varying the metal center and counter-ion, that can 

inform the future synthesis and tailoring of ELM structures for specific gas separation 

applications?  

Grand canonical Monte Carlo and hybrid GCMC-MD (HOMC) simulation methods 

developed as part of the study were able for the first time to shed light on the atomistic 

picture of the adsorption-induced expansion of the ELM-12 framework.  HOMC 

simulations also explained on a mechanistic level trends in the measured CO2 isosteric 

heat of adsorption. Simulation results obtained in this study predict a very high CO2 

selectivity for ELM adsorbents, even though the CO2 isosteric heats of adsorption on 

ELM-type materials are moderate compared with other proposed carbon capture 

adsorbents with high CO2 selectivity. Structure-function relationships were established 

and showed that structures with stronger metal-anion bonding and stronger hydrogen 

bonding between layers have lower CO2 adsorption capacities and higher gate pressures. 

The gate pressure is therefore predicted to follow the trend Cu
2+

 < Co
2+

 < Ni
2+

 from 

lowest to highest gate pressure for the metal vertex species for both ELM framework 

series investigated in this work, containing BF4
-
 and CF3SO3

-
 respectively as the counter-

ion.  

In conclusion, results of the study show that ELM materials possess important features of 

an effective carbon capture adsorbent such as high CO2 selectivity, moderate CO2 heat of 

adsorption, and special isotherm shape. In addition, experiments of the pure CO2 

adsorption/desorption on ELM structures with short time to establish equilibrium suggest 

the quick turnaround between cycles of CO2 capture, which is important for realistic 

applications. Broadly speaking, the simulation results and experimental studies reported 

in this work support the conclusion that ELM adsorbents have the requisite material 

properties to merit further consideration as carbon capture adsorbents that can 

prospectively meet U.S. Department of Energy performance targets for CO2 separation 

from combustion flue gases. 
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The following sections summarize current work reported in this dissertation and suggest 

areas for future studies that can further advance the knowledge gained from this research. 

5.1 Summary of current work 

5.1.1 CO2 separation from IGCC syngas in ELM-11 expanded structure 

Grand canonical Monte Carlo simulation was employed to analyze pure and mixed gas 

CO2 adsorption onto Cu(BF4)2(bpy)2 or ELM-11 to evaluate the applicability of the 

material for CO2 capture from power plant combustion gases. Simulated CO2 adsorption 

capacity at 273 K agreed well with experimental measurements. For pre-combustion 

capture of CO2 from syngas produced at integrated gasification combined-cycle (IGCC) 

power plants, simulation results generally predicted slightly lower capacities and much 

higher selectivities for CO2 over H2 relative to other high-performance microporous 

materials. Ideal adsorbed solution theory (IAST) was employed to predict competitive 

adsorption of CO2 over H2 and gave results for the CO2 selectivity comparable with 

GCMC simulations. For realistic pre-combustion capture process conditions, predicted 

selectivities decreased significantly with increasing temperature and pressure but were 

relatively independent of composition. 

5.1.2 Hybrid MD-GCMC 

Because stand-alone GCMC or MD simulation is not capable of reproducing the sorption 

induced expansion behavior in ELM materials, a hybrid grand canonical Monte Carlo – 

molecular dynamics (HOMC) simulation was developed as a part of the study to more 

fully understand the atomistic mechanism leading to the expansion of the material. The 

simulation methodology and force field for the ELM-12 framework were validated by the 

agreement between simulated and experimental adsorption isotherms and CO2 isosteric 

heats of adsorption profiles on ELM-12. The HOMC simulation results provided, for the 

first time, atomistic insights into the expansion mechanism of the material, by 

demonstrating it is due to the interplay of the CO2-framework interaction to 

accommodate re-oriented adsorbed CO2 and maximize the CO2-CO2 interaction energy. 

It was also found that the step-like profile of the CO2 heat of adsorption is due to the 
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opening of pore volume at less favorable adsorption sites near the bipyridine linkers. 

Finally, hydrogen bonding has been shown to play an important role in the CO2 capacity 

of ELM adsorbents, with weaker hydrogen bonding resulting in an increased CO2 

adsorption capacity for ELM-12. 

5.1.3 Effects of metal identity and counter ion replacement 

In an effort to accelerate the targeted synthesis of new ELM materials for CO2 capture, 

structure-function relationships between the composition of the ELM metal vertex and 

anion identity and the macroscopic responses of ELM adsorbent (gate pressure, CO2 

adsorption capacity, and CO2 selectivity) were established. These relationships show that 

when substituting the metal vertex or counter-ion while keeping other components the 

same, the ELM structure with the stronger hydrogen bonding between layers will exhibit 

a lower adsorption capacity and a higher gate pressure. For example, a decrease in 

hydrogen bond strength from 9.5 kcal/mol to 7 kcal/mol results in a CO2 adsorption 

capacity increase of about 5% in the simulated ELM-12 framework structure. The gate 

pressure is also predicted to follow the trend Cu
2+

 < Co
2+

 <Ni
2+

 from lowest to highest 

gate pressure for both ELM series containing either BF4
-
 or CF3SO3

-
 as the charge-

balancing anions. 

Adsorption selectivities of CO2 on ELM-12 and ELM-22 from combustion flue gas and 

IGCC synthesis gas mixtures were shown to be comparable with other adsorbents 

embedded with exposed metal sites or amine functional groups.  However, ELM-12 and 

ELM-22 retain moderate CO2 isosteric heats of adsorption, whereas the functionalized 

adsorbents achieve high selectivity at the cost of a high sorption enthalpy, making the 

desorptive recovery of the captured carbon dioxide an energy-intensive process. The 

results also show that ELM-22 has a higher CO2 selectivity than ELM-12, due to its more 

negatively partially charged oxygen atoms in its OTf anions.  Both ELM-12 and ELM-22 

appear suitable for IGCC syngas separation of carbon dioxide from hydrogen, because 

the carbon capture system operates at high pressure. A trade-off is necessary in 

optimizing the macroscopic properties (adsorption capacity, selectivity and gate pressure) 

of ELM adsorbents for CO2 capture applications. For example, to optimize the adsorption 

capacity of the material, some selectivity for carbon dioxide uptake must be forfeited.  
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5.2 Suggestions for future work 

5.2.1 HOMC and screening of potential ELM structures 

Although the HOMC simulation method used in this work has already produced 

adsorption isotherms comparable with experimental isotherms and deepened our 

understanding of the mechanisms of adsorption in ELM material, further improvements 

are possible in terms of robustness and incorporation of new functions into the simulation 

methodology. For example, the bottleneck in the current HOMC simulation is the low 

acceptance ratio of the volume change moves. This move is often energetically 

unfavorable due to the rescaling of the densely packed system of the framework and its 

adsorbed molecules. This difficulty can be overcome by making a short MD run as one 

step in the GCMC simulation, instead of separating MD and GCMC runs from the two 

different simulation packages employed in this work. 

By the reverse thought process, based on the already established structure – function 

relationships, the knowledge and simulation methodology gained from this thesis can be 

beneficially extended to incorporate a subprogram simulation that is able to generate the 

topology based on the fundamental building blocks of ELM material. In doing so, that 

subprogram should have the capability to generate hypothetical ELM structures bearing 

molecular features that give rise to the gate behavior, such as two-dimensional stacked 

layers that are capable of forming hydrogen bonds. The output structures from such 

subprogram could be screened using HOMC simulation to inform the synthesis of 

potential candidate adsorbents. 

5.2.2 SOx, NOx, carbon monoxide and water vapor adsorption 

Any application of ELM materials to capture CO2 from flue gas or syngas mixtures will 

eventually need to consider the adsorption of harmful gases such as SOx, NOx, and 

carbon monoxide that are present in trace amounts in these gas mixtures. Acidic gases 

deteriorate the adsorption capability of many adsorbents due to their strong interactions 

and in some cases chemisorption to the surface of the adsorbent. At the most fundamental 

level, the electronic structure interaction between ELM frameworks with these trace gas 

species should be studied using density functional theory (DFT) methods, to elucidate 
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trace gas oxide adsorption energetics on ELM structures and the effects of competing gas 

adsorption on the CO2 capture capability of ELM materials, and thus provide valuable 

information for the selection of different functional groups that might limit the adverse 

effects of these gases on ELM adsorbents. 

The stability of ELM materials with respect to water vapor adsorption from combustion 

flue gas is also of great concern for real-life applications.  Preliminary studies have 

shown that ELM-11 is stable in the presence of water vapor and is able to retain its CO2 

adsorption capability after exposure to water vapor for an extended period (20 hours). 

However, that conclusion was based on just one cycle of steam exposure and subsequent 

dehydration. A more stringent testing regime with repeated hydrothermal cycling is 

recommended to evaluate the durability and performance retention of ELM adsorbents 

for combustion gas treatment. This experimental analysis, together with DFT 

investigations of water adsorption energetics on ELM structures, will ultimately provide a 

complete picture of ELM material suitability under realistic conditions for flue gas or 

synthesis gas CO2 capture. 

5.2.3 Life cycle assessment of ELM materials for CO2 capture 

While the main objective of the CO2 capture scheme is to minimize the climate impact of 

greenhouse gas emissions, it is important to ensure that CO2 capture technology does not 

cause other environmental problems. Current CO2 capture technologies using amine 

solvent pose many environmental issues including byproduct contaminants, energy 

intensity, and water consumption. The prospect of large-scale implementation of ELM 

adsorbents for CO2 capture will therefore inevitably require a holistic and system-wide 

consideration of its impacts relative to competing separation technologies, rather than 

focusing exclusively on the greenhouse gas reduction benefits of adsorbent material use 

in a scaled industrial application.  

It is therefore, recommended that life cycle assessment (LCA) should be carried out to 

track energy consumption, non-energy-related greenhouse gas emissions, as well as other 

environmental releases, such as waste streams, toxic substances, and the consumption of 

nonrenewable resources such as groundwater and minerals. Taking into account these 
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environmental impact measures in an LCA analysis is helpful for determining the broader 

human health and ecosystem benefits of using an adsorbent-based approach for CO2 

capture, as opposed to the current best-available carbon separation method based upon 

amine solvent capture. 
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APPENDIX A  

 

Following are the subroutine and script developed as part of the study (other small 

subroutines and programs for data analysis and visualization are not listed). The 

subroutine is meant to collect statistics on the center of mass of CO2, and the script is 

meant to link the Towhee GCMC program and DL_POLY molecular dynamics 

simulation package for the implementation of HOMC scheme in the UNIX environment 

of UM - Center for Advanced Computing clusters. The user is responsible to make sure 

the compatibility of the script with other supercomputing cluster. The input files for the 

towhee and DL_POLY packages are needed for the simulation to run. Both Towhee and 

DL_POLY are open-source and free for academic researchers with DL_POLY requires 

registration of the license. 

 

Subroutine to collect CO2 Center of Mass statistics 

      subroutine analyse_profile(nframe,nchain,nbox,nmolty,numax,nbin 

     &     ,nnbond,tor_max) 

c     ****************************************************************** 

c     * originally written by M.G. Martin 07-26-2005 modified by Trinh Tran 2010       

c ****************************************************************** 

      implicit none 

c     --- variables passed to/from this subroutine 

      integer nframe,nchain,nbox,nmolty,numax,nbin,nnbond,tor_max 

c     --- functions 

      character*3 numbers 
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c     --- local variables used in other subroutines 

      integer invib,ijvib,intor,ijtor2,ijtor3,ijtor4 

      dimension invib(nmolty,numax),ijvib(nmolty,numax,nnbond) 

      dimension intor(nmolty,numax) 

     &     ,ijtor2(nmolty,numax,tor_max) 

     &     ,ijtor3(nmolty,numax,tor_max) 

     &     ,ijtor4(nmolty,numax,tor_max) 

      double precision rcut 

      dimension rcut(nbox) 

      integer nunit 

      dimension nunit(nmolty) 

      integer ncmt 

      dimension ncmt(nbox,nmolty) 

      double precision hmatrix,hinverse,volume 

      dimension hmatrix(nbox,3,3),hinverse(nbox,3,3) 

      dimension volume(nbox) 

      integer nboxi,moltyp 

      dimension nboxi(nchain),moltyp(nchain) 

      double precision rxu,ryu,rzu,qqu 

      dimension rxu(nchain,numax),ryu(nchain,numax),rzu(nchain,numax) 

      dimension qqu(nchain,numax) 

c     --- truly local variables 

      character*40 filename 

      integer ibox,imolty,iunit,ibin,iframe,ichain,ibinang 

c     --- add variable 
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      integer ibinx, ibiny 

      real*8 ax,ay 

      double precision xprof,yprof,zprof,planeprof,rx,ry,rz,dmid 

      dimension xprof(nbox,nmolty,numax,nbin) 

      dimension yprof(nbox,nmolty,numax,nbin) 

      dimension zprof(nbox,nmolty,numax,nbin) 

      dimension planeprof(nbox,nmolty,numax,nbin,nbin) 

      double precision pcount,anglecount,inplaneangle 

      dimension pcount(nbox,nmolty) 

      dimension anglecount(30),inplaneangle(30) 

      double precision arba,arbb,arbc,avgden,xx,yy,zz,vec,angle 

      CHARACTER(LEN=30) :: Format 

c     --- open the movie file and get the generic header info 

      call getheader(nmolty,numax,nbox,nnbond,tor_max,nunit 

     &     ,invib,ijvib,intor,ijtor2,ijtor3,ijtor4,rcut) 

 

      do ibox = 1,nbox 

         do imolty = 1,nmolty 

            pcount(ibox,imolty) = 0.0d0 

            do iunit = 1,numax 

               do ibin = 1,nbin 

                  xprof(ibox,imolty,iunit,ibin) = 0.0d0 

                  yprof(ibox,imolty,iunit,ibin) = 0.0d0 

                  zprof(ibox,imolty,iunit,ibin) = 0.0d0 

               enddo 
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            enddo 

         enddo 

      enddo 

c    ---- zeroing all the element of new variable (Included by Trinh Tran) 

      do ibox = 1,nbox 

         do imolty = 1,nmolty 

            pcount(ibox,imolty) = 0.0d0 

            do iunit = 1,numax 

               do ibinx = 1,nbin 

                  do ibiny =1,nbin 

                  planeprof(ibox,imolty,iunit,ibinx,ibiny) = 0.0d0 

                  enddo 

               enddo 

            enddo 

         enddo 

      enddo 

c     --------------------- 

      open(89,file='CO2_coord_in_otf_layer',form='formatted') 

 

c     --- calculate in plane density (Included by Trinh Tran 9/9/2010) 

      do iframe = 1,nframe 

         call readframestep(nbox,nchain,nmolty,numax,ncmt 

     &        ,hmatrix,hinverse 

     &        ,volume,nunit,nboxi,moltyp,rxu,ryu,rzu,qqu) 
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      write(6,*) 'read_frame',iframe 

c      if (iframe .eq. 100) then 

          do ichain = 1,nchain 

            ibox = nboxi(ichain) 

            if ( ibox .ne. 0 ) then 

               imolty = moltyp(ichain) 

c              --- increment pcount 

              if (moltyp(ichain) .eq. 2) then 

 

               do iunit = 1,nunit(imolty)-2 

                  rx = rxu(ichain,iunit) 

                  ry = ryu(ichain,iunit) 

                  rz = rzu(ichain,iunit) 

                  xx=rxu(ichain,iunit)-rxu(ichain,iunit+1) 

                  yy=ryu(ichain,iunit)-ryu(ichain,iunit+1) 

                  zz=rzu(ichain,iunit)-rzu(ichain,iunit+1) 

                   

                  vec =sqrt(xx*xx+yy*yy+zz*zz) 

                  angle=(3.14159/2-asin(zz/vec))*180/3.14159 

                  if (angle .gt. 90) angle = 180.0d0 - angle 

                  ibinang =int(angle/3)+1 

                  anglecount(ibinang) = anglecount(ibinang)+1 

c                 small layer gap  

c                 if (rz .lt. 17.489 .and. rz .gt. 13.337) then  

c                 large layer gap 
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                  if ( rz .lt. 21.414 .and. rz .gt. 13.208) then  

c                 --- transform into arbitrary coordinates 

                  write(89,*) rxu(ichain,1),ryu(ichain,1),rzu(ichain,1) 

     &                       ,rxu(ichain,2),ryu(ichain,2),rzu(ichain,2) 

     &                       ,rxu(ichain,3),ryu(ichain,3),rzu(ichain,3) 

                  inplaneangle(ibinang) = inplaneangle(ibinang)+1 

                  call carttoarb(nbox,ibox,hinverse,rx,ry,rz,arba 

     &                 ,arbb,arbc) 

c                 --- put this in the box 

                  if ( arba .lt. 0.0d0 ) arba = arba + 1.0d0 

                  if ( arba .gt. 1.0d0 ) arba = arba - 1.0d0 

                  ibinx = dint(dble(nbin)*arba) + 1 

 

                  if ( arbb .lt. 0.0d0 ) arbb = arbb + 1.0d0 

                  if ( arbb .gt. 1.0d0 ) arbb = arbb - 1.0d0 

                  ibiny = dint(dble(nbin)*arbb) + 1 

                  planeprof(ibox,imolty,iunit,ibinx,ibiny) =  

     &                 planeprof(ibox,imolty,iunit,ibinx,ibiny) + 1.0d0 

                 endif 

               enddo 

              endif 

            endif 

         enddo 

c       endif 

      enddo 
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      close(89) 

c    ------out put profile (Include by Trinh Tran) 

      open(90,file='plane_profbalbility_otf_collapsed',form='formatted') 

      do ibinx = 1,nbin 

          do ibiny =1,nbin 

           

          ax= dble(ibinx -1)*22.746/(nbin-1) +  

     &        dble(ibiny-1)*2.103/(nbin-1) 

               ay=dble(ibiny-1)*22.647/(nbin-1) 

          write(90,88) ax,ay,planeprof(1,2,1,ibinx,ibiny) 

 88       format(3f8.3) 

          enddo 

      enddo 

      close(90) 

      open(91,file='angle_count_otf',form='formatted') 

      open(92,file='inplane_angle_count_otf',form='formatted') 

      do ibinang =1,30 

          write(91,*) anglecount(ibinang) 

          write(92,*) inplaneangle(ibinang) 

      enddo 

            close(91) 

      close(92) 

      return 

      end 
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Script to link Towhee GCMC and DL_POLY molecular dynamics pakages, originally 

developed by Craig Tenney in 2008, and significantly modified in 2010 by Trinh Tran 

#!/bin/bash 

usage="usage: hmc-wrapper loops [towhee_input_file]" 

# default towhee_input_file 

LOOPS=$1 

# kludge to make sure LOOPS is a number 

let "LOOPS += 0" 

# confirm necessary files and other input are available 

if [ ! -f FIELD ]; then 

 echo Need valid FIELD file to start 

 exit 1 

fi 

 

if [ ! $LOOPS -gt 0 ]; then 

 echo "Invalid number of loops" 

 echo $usage 

 exit 1 

fi 

 

if [ -n "$2" ]; then 

 echo "Using $2 for towhee_input-run" 

 cp "$2" towhee_input-run 

else 
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 if [ -f towhee_input-run ]; then 

  echo "Using existing towhee_input-run" 

 else 

  echo "Need existing towhee_input-run or name of towhee_input file" 

  echo $usage 

  exit 1 

 fi 

fi 

# gather info and prepare for parsing towhee_{initial,final} later 

nmolty=`grep -i -A 1 "nmolty" towhee_input-run | tail -1` 

nboxes=`grep -i -A 1 "numboxes" towhee_input-run | tail -1` 

nboxpairs=$(( nboxes*(nboxes-1)/2 )) 

if [ $nboxes -gt $nboxpairs ]; then 

 maxnbox=$nboxes 

else 

 maxnbox=$nboxpairs 

fi 

# output initial information and check several things 

grep -i -A 1 "nmolty" towhee_input-run 

grep -i -A 1 "numboxes" towhee_input-run 

if [ `grep -A 1 linit towhee_input-run | tail -1 | grep T` ]; then 

 echo "linit = true" 

 # number of molecules and unit cell 

 grep -i -A 1 "^initmol" towhee_input-run 

 grep -i -A 30 "^hmatrix" towhee_input-run | grep ^[^#] | head -4 
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else 

 echo "linit = false" 

 if [ -f towhee_initial ]; then 

  cp towhee_initial towhee_initial-start 

  # number of molecules and unit cell 

  echo "initmol" 

  echo "unknown" 

  echo "hmatrix" 

  # assume n=1 box and m=3 molecule types 

  # head -3+(n*m*3)+1+max(n,n(n-1)/2)*3+n*3 

  # tail -n*3 

  #  head -19 towhee_initial | tail -3 

  head -$(( 3 + nboxes*nmolty*3 + 1 + maxnbox*3 + nboxes*3 )) 

towhee_initial | tail -$(( nboxes*3 )) 

 else 

  echo "Need towhee_initial" 

  exit 1 

 fi 

fi 

 

echo "$LOOPS loops started" `date` 

# main loop 

for ((a=1; a <= LOOPS ; a++)); do  # Double parentheses, and "LOOPS" with no "$". 

 # pre-run cleanup 

 cp FIELD FIELD-old 
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 if [ -f CONFIG ]; then 

  mv CONFIG CONFIG-old 

 fi 

 if [ -f CONFIG_1 ]; then 

  mv CONFIG_1 CONFIG_1-old 

 fi 

 if [ -f FIELD_1 ]; then 

  mv FIELD_1 FIELD_1-old 

 fi 

 if [ -f towhee_final ]; then 

  mv towhee_final towhee_final-old 

 fi 

 if [ -f REVCON ]; then 

  mv REVCON REVCON-old 

 fi 

 # run towhee uvt 

 jobid=`qsub towhee_script_uvt.sh` 

 #wait for $jobid to finish 

 id="$(echo $jobid | sed 's/^[^0-9]*//' | sed 's/[^0-9].*$//')" 

 echo $id 

 # smaller sleep time will tax the system for more qstat 

 # longer sleep time will delay the transfer between towhee and Dl-poly 

 sleep_time1=200 

 

 status=`qstat | grep $id` # check to see if job is running 
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 while [ -n "$status" ] # while $status is not empty 

  do 

  sleep $sleep_time1 

  status=`qstat | grep $id` 

  done 

 # rename output file 

 cp out_uvt.txt out-uvt-$a.txt 

 #delete value in lines 16 and 97 (containing numol of MOF and CO2) 

 sed -e '16 s/[0-9][0-9]*//' \ 

 -e '16 s/[0-9][0-9]*//' \ 

 -e '97 s/[0-9][0-9]*//' \ 

 -e '97 s/[0-9][0-9]*//' towhee_input_nvt >> delete_97_2 

 #insert 6 (number of ELM layer) at the begining of line 16 & 97 

 sed -i '16 s/^/6/' delete_97_2 

 sed -i '97 s/^/6/' delete_97_2 

 molCO2=`grep -i "^Molecules of type   2" out-uvt-$a.txt | awk '{print$6}' | tail -1` 

 echo $molCO2 

 #insert #mol of CO2 at the end of line 16 and 97 

 sed -i "16 s/$/$molCO2/" delete_97_2 

 sed -i "97 s/$/$molCO2/" delete_97_2 

 #changing the hmatrix from the last run to input_nvt 

 hmatrix=`head -5 CONFIG_1 | tail -1` 

 awk '/^hmatrix/{f=1;print} /^pmtracm$/{f=0} !f' delete_97_2 >> 1 

 sed -e '/hmatrix/ a\abc' 1 >> 2 

 sed "s/abc/$hmatrix/g" 2 >> 3 
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 hmatrix=`head -4 CONFIG_1 | tail -1` 

 echo $hmatrix 

 sed -e '/hmatrix/ a\abc' 3 >> 4 

 sed "s/abc/$hmatrix/g" 4 >> 5 

 

 hmatrix=`head -3 CONFIG_1 | tail -1` 

 echo $hmatrix 

 sed -e '/hmatrix/ a\abc' 5 >> 6 

 sed "s/abc/$hmatrix/g" 6 >> 7 

 

 rm towhee_input_nvt 

 mv 7 towhee_input_nvt 

 

 rm 1 2 3 4 5 6 

 rm towhee_coords 

 tail -$(( molCO2*3 + 6*984 )) towhee_final > towhee_coords 

 mv towhee_final towhee_final_uvt 

 # run towhee_nvt 

 job_nvt=`qsub towhee_script_nvt.sh` 

 id="$(echo $job_nvt | sed 's/^[^0-9]*//' | sed 's/[^0-9].*$//')" 

 #job_id="`echo "$jobid | sed 's/^\(.......\).*$/\1/'`" 

 echo $id 

 sleep_time=200 
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 status=`qstat | grep $id`  # check to see if job is running 

 while [ -n "$status" ]   # while $status is not empty 

  do 

  sleep $sleep_time 

  status=`qstat | grep $id` 

  done 

 

 echo "towhee"$jobid 

 echo "loop $a finished" `date` 

 cp out_nvt.txt out-nvt-$a.txt 

 cp NPTOUT_1 VOLNPT_old 

 rm towhee_coords 

 mv towhee_final towhee_final_nvt 

 #sed -e '111 s/[0-9][0-9]*//' \ 

 #-e '111 s/[0-9][0-9]*//' towhee_input_uvt >> delete_111_2 

 # check for successful towhee run 

 if [ ! -f CONFIG_1 ] || [ `stat -c%s CONFIG_1` = 0 ]; then 

  echo Problem finding CONFIG_1 

  exit 1 

 fi 

 if [ ! -f FIELD_1 ] || [ `stat -c%s FIELD_1` = 0 ]; then 

  echo Problem finding FIELD_1 

  exit 1 

 fi 

 if [ ! -f towhee_final_nvt ]; then 
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  echo Problem finding towhee_final_nvt 

  exit 1 

 fi 

 # make sure we're in restart mode for the next run 

 sed -i '/linit/,/initboxtype/ s/T/F/' towhee_input-run 

 # output current volumes and number of molecules for posterity 

 grep '^ Volume ' out-uvt-$a.txt 

 echo "Molecule counts, one line per box" 

 for name in FIELD_?; do 

  for nummol in `grep -i "^nummols" $name | awk '{print$2}'`; do 

   echo -n $nummol " " 

  done 

  echo 

 done 

 # set up next DLPOLY run 

 # create new CONFIG file 

 cp CONFIG_1 CONFIG 

 # input the rigid structure for CO2, which is not correctly expported from towhee 

 sed -e '/CONSTRAINTS/ i\RIGID 1' -e '/CONSTRAINTS/ i\3 1 2 3' -e 

'/CONSTRAINTS/,/INVERSIONS/d' FIELD_1> FIELD_new 

 cp FIELD_new FIELD 

 #prepare CONTROL nst file 

 mv CONTROL_nst CONTROL 

 

 # run DLPOLY nst hoover 
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 jobid_dl=`qsub dl_poly_script_nyx.sh` 

 

 id_dl="$(echo $jobid_dl | sed 's/^[^0-9]*//' | sed 's/[^0-9].*$//')" 

 #job_id="`echo "$jobid | sed 's/^\(.......\).*$/\1/'`" 

 echo $id 

 

 sleep_time2=200 

 

 status=`qstat | grep $id_dl` # check to see if job is running 

 while [ -n "$status" ] # while $status is not empty 

  do 

  sleep $sleep_time2 

  status=`qstat | grep $id_dl` 

  done 

 #DLPOLY.X >& out-md.txt || (echo dlpoly failed; rm core; exit 1) 

 mv OUTPUT out-md-$a.txt 

 echo "dlpoly loop $a finished" `date` 

 #Prepare file for DLPOLY nvt run 

 

 mv CONTROL CONTROL_nst 

 

 # check for successful run 

 if [ ! -f REVCON ] || [ `stat -c%s REVCON` = 0 ]; then 

  echo Problem finding REVCON 

  exit 1 
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 fi 

 

 cp REVCON CONFIG_1 

 # output unitcell data for posterity 

 for name in CONFIG_?; do 

  echo "final unitcell vectors for" $name 

  head -5 $name | tail -3 

 done 

 # create towhee_initial after the md run in case the volume change get accepted 

 # front stuff 

 # assume n=1 box and m=3 molecule types 

 # head -3+(n*m*3)+1+max(n,n(n-1)/2)*3 

 head -15 towhee_final_uvt > towhee_initial_volume_change 

 #head -$(( 3 + nboxes*nmolty*3 + 1 + maxnbox*3 )) towhee_final > 

towhee_initial 

 # hmatrix 

 for name in CONFIG_?; do 

  head -5 $name | tail -3 >> towhee_initial_volume_change 

 done 

 # assume n=1 box and m=3 molecule types 

 # head -3+(n*m*3)+1+max(n,n(n-1)/2)*3+n*3+2 

 # middle stuff 

 head -21 towhee_final_uvt | tail -3 >> towhee_initial_volume_change 

 # head -$(( 3 + nboxes*nmolty*3 + 1 + maxnbox*3 + nboxes*3 + 2 )) 

towhee_final | tail -2 >> towhee_initial 

 # chain molecule type 
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 for name in FIELD_?; do 

  molnum=0 

  for nummol in `grep -i "^nummols" $name | awk '{print$2}'`; do 

   (( molnum += 1 )) 

   for ((chain=1; chain <= nummol ; chain++)); do  # Double 

parentheses, and "nummol" with no "$". 

    echo -n '' $molnum >> towhee_initial 

   done 

  done 

 done 

 echo >> towhee_initial_volume_change 

 # chain box number 

 boxnum=0 

 for name in FIELD_?; do 

  (( boxnum += 1 )) 

  for nummol in `grep -i "^nummols" $name | awk '{print$2}'`; do 

   for ((chain=1; chain <= nummol ; chain++)); do  # Double 

parentheses, and "nummol" with no "$". 

    echo -n '' $boxnum >> towhee_initial_volume_change 

   done 

  done 

 done 

 echo >> towhee_initial_volume_change 

 # coordinates 

 for name in CONFIG_?; do 
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  tail -n+5 $name | grep -A 1 ^[A-Za-z] | grep ^[^A-Za-z-] >> 

towhee_initial_volume_change 

 #remove +2 and change to tail -n+5..... 

 #should explicit in name (CONFIG_1 or CONFIG_old) 

 done 

 #RUN towhee_nvt to calculate classical energy and volume change 

 for name in CONFIG_?; do 

  tail -n+5 $name | grep -A 1 ^[A-Za-z] | grep ^[^A-Za-z-] >> 

towhee_coords 

 #remove +2 and change to tail -n+5..... 

 #should explicit in name (CONFIG_1 or CONFIG_old) 

 done 

 #prepare input file towhee_input_nvt_2 

 head -100 towhee_input_nvt >> towhee_input_nvt_2 

 head -5 CONFIG_1 | tail -3 >> towhee_input_nvt_2 

 sed -n '104,10201p' towhee_input_nvt >> towhee_input_nvt_2 

 echo >> towhee_input_nvt_2 

 

 # qsub towhee_nvt 

 job_nvt=`qsub towhee_script_nvt_2.sh` 

 

 id="$(echo $job_nvt | sed 's/^[^0-9]*//' | sed 's/[^0-9].*$//')" 

 #job_id="`echo "$jobid | sed 's/^\(.......\).*$/\1/'`" 

 echo $id 

 

 sleep_time=200 
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 status=`qstat | grep $id`  # check to see if job is running 

 while [ -n "$status" ]   # while $status is not empty 

  do 

  sleep $sleep_time 

  status=`qstat | grep $id` 

  done 

 

 cp out_nvt.txt out-nvt-a-md-$a.txt 

 cp NPTOUT_1 VOLNPT_new 

 rm towhee_coords towhee_input_nvt_2 

 #run volume change calculation to decide the volume change acceptance 

 ./volume 

 #Check the acceptance and move on 

 laccept=`head -1 acceptance` 

 #echo $laccept 

 if [ $laccept = "T" ]; then 

  mv towhee_initial_volume_change towhee_initial 

 else 

  mv towhee_final_uvt towhee_initial 

 fi 

done 

echo "$LOOPS loops finished" `date` 

 

 


