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ABSTRACT

In  this  work,  traditional  Monte  Carlo  simulation  and  DFT-based  structural

optimization methods were combined to screen computation-ready experimental MOF

database for the application of natural gas purification. Our results show that about

half  of  the  good  performing  CoRE-MOF  structures  displayed  various  degrees  of

deformation  (even  collapse)  after  the  structure  optimization.  This  phenomenon

attributed to the strong attraction of unsaturated metals which attract nearby organic

components. For  some  materials  with  deformation,  unsaturated  metals  form new

bonds with the adjacent organic linkers creating distortions that would be unrealistic

in the experimental  materials.  For  the remaining relatively  stable  materials  whose

structural characteristics did not change too much, we further studied the adsorption

performance  of  their  optimized  structures.  Finally,  12  good-performing  MOF

materials  with  high  stability  were  screened  out which  could  greatly  improve  the

possibility  for  constructing  robust  MOFs  that  could  hold  open  metal  sites  by

experiments.
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1. INTRODUCTION

The  development  and  utilization  of  clean  energy  becomes  more  and  more  urgent  and

crucial  as  the  energy  crisis  and  environmental  concerns.  There  is  mounting  interest  in

developing  improvements  in  clean-burning  alternatives,  including natural  gas.  The

concentration of CO2 in underground methane reservoirs is about 10% at the pressure of 10

bar. Eliminating CO2 in natural gas improves upon an existing commodity, as the presence of

CO2 would decrease the heat value and corrodes the pipeline. In this case, the technology for

gas purification must minimize costs in order to achieve wide-spread industrial adoption.

Plenty of techniques have been proposed to solve the problem of purifying CO2 from these

applications  including distillation,  amine scrubbing, and sorbent adsorption.  Among these

methods, pressure swing adsorption (PSA) technology is of particular industrial interest for

its outstanding energy efficiency and low operating costs1. The primary component of a PSA

process is the gas sorbent, which is typically a nanoporous material where a high selectivity

and  large  capacity  for  the  target  gas  are  among  its  desired  properties2.  Metal-organic

frameworks (MOFs), with record-high porosity and surface areas as well as tunable pores, are

good candidates for PSA processes. It is, however, yet unclear what the optimal material or

design  principles  are  for  gas  separation.  Several  studies  have  proposed  easy-to-quantify

metrics that can distinguish high-performing and low-performing MOFs implemented in a

PSA system3-9 so that one can provide a generalized ranking of materials in a high-throughput

screening study. These metrics take into account several competing properties, such as gas

selectivity, overall capacity, adsorption enthalpy and regenerability to provide a single value

to rate materials.

The search for high-performance materials has recently been advanced by Chung et al.,

who  developed  a  computation-ready  experimental  MOF  (CoRE-MOF)  database  for  the

purposes of being able to rapidly screen existing MOFs, which there are known routes to



synthesis10. This database, consisting of nearly 5000 structures, has been manipulated from

experimentally reported data to ensure that each material possesses its highest possible void

space.  In  this  way,  both  free-floating  and coordinated  solvent  molecules  bound to  metal

centers have been removed, based on the assumption that this would mimic the effects of

experimental  activation  procedures. While  convenient  for  the  identification  of  potentially

optimal MOFs through computational screening, the assumption that the CoRE materials will

maintain  structural  stability  following  activation  may  be  severe.  Indeed,  numerous study

demonstrated that performance for CO2 adsorption is highly sensitive to the pore shape of the

material11-13.

In this  work,  we computationally  screen a subset  of 2,932 CoRE-MOFs, where partial

atomic charges were obtained from the DDEC method and ground-state DFT calculations.

Grand canonical Monte Carlo (GCMC) simulations for natural gas separations are performed

using  these  charges.  Metrics  of  adsorption  selectivity  (Sads) and  capacity  (∆Nco2) were

respectively used to identify high performing materials. To understand if these materials are

structurally stable, several high performing materials were optimized at the density functional

theory (DFT) level of theory. While we observed interesting ligand coordination phenomena

to open metal-sites in some materials, those that survived greatly improve the possibility for

constructing robust MOFs that could hold open metal sites by experiments.

2. METHODS:

2.1 Overview

The whole screening process consists of the following steps:

 Initial  screening: Classical  GCMC  simulations  were  used  to  investigate  the

adsorption properties of these 2932 CoRE-MOFs for CO2/CH4 separation. The state



point for natural gas purification was set to 298K and 10 bar for adsorption and 1 bar

for desorption, maintaining the same molar ratio 10:90 for CO2:CH4. 

 Structure optimization: Periodic DFT method was employed to optimize the top 10%

performing CoRE-MOF structures based on the product Sads×∆Nco2(CO2/CH4).

 The analysis of materials’ stability: By analyzing the geometry changes caused by

structural  optimization,  the  stability  of  fully  activated  materials  was  initially

predicted. 

 Adsorption  performance  of  relatively-stable  materials: The  performance  of  these

stable refined structures was further studied at the same thermodynamic conditions as

above. If the optimized stable structures still show good performance, these materials

could be treated as good candidates for experimental synthesis and testing.

2.2 Monte Carlo simulation details

Grand-canonical Monte Carlo (GCMC) simulations were used to investigate the adsorption

of CO2/CH4 gas mixture in MOFs. During the whole GCMC simulation process, the materials

were treated as rigid structures ignoring the skeleton stretching and bending vibration. The

simulation cells were expanded to at least 24.0 Å along each dimension and the periodic

boundary conditions were applied in all three directions. Lennard-Jones (LJ) and Coulombic

potentials were combined to calculate the non-bonded interactions:
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where i and j are interacting atoms, and rij is the distance between atoms i and j, εij and σij are

the LJ well depth and collision diameter, respectively, qi and qj are the partial charges of the

interacting  atoms,  and  ε0 is  the  dielectric  constant.  CO2 was  regarded  as  a  rigid  linear

molecule with 0.116 nm C-O bond length. The LJ potential parameters of the O atom (σO =



0.305nm and  εO/κB=79.0K) and C atom (σC = 0.280 nm and  εC/κB = 27.0 K) in the CO2

molecule were taken from the TraPPE force field14. Partial point charges are qO = −0.35e and

qC = 0.70e. CH4 was represented by a united-atom model (σ = 0.373 nm and  ε/κB = 148.0

K)15. The force field parameters of frameworks were taken from DREIDING16, and only from

UFF17 when a parameter  can not be found in DREIDING. The atomic partial  charges of

materials derived from DDEC charges18. The cross interaction parameters were derived by

the Lorentz-Berthelot mixing rules and all electrostatic interactions were computed using the

Ewald summation technique19. The LJ potential cutoff radius was chosen as  rc=1.20nm and

fugacity values obtained by Peng-Robinson equation of state were taken as inputs to calculate

the gas adsorption.  The total  GCMC simulation consisted of 2000 cycles.  The first  1000

cycles  are  for  equilibrium,  and  then  last  1000  cycles  are  for  statistical  thermodynamics

calculation. All the GCMC simulations were carried out using the RASPA package. 

The separation performance of materials was estimated by two vital metricsi.e. adsorption

selectivity of CO2 over CH4 (Sads) and CO2 working capacity (∆ NCO2
).  Selectivity is defined

as the ratio of the loading mole fractions divided by the ratio of the gas phase mole fractions.

And  the  working  capacity  is  defined  as  the  difference  in  loading  of  each  adsorbent  at

adsorption and desorption condition20. In this work, the adsorption and desorption pressure

were set to be 10 bar and 1 bar respectively.

2.3 Structure optimization details

Periodic  density  functional  theory  (DFT)  based  geometry  optimization  procedure  was

employed  to  refine  these  selected  top-performing structures  and  obtained  their  reliable

structures. All the DFT geometry calculations were implemented in the Quantum Espresso

code21 with a plane wave basis.  Projector  augmented  wave (PAW) pseudopotentials  with

PBEsol22 functional  were  used  during  the  process.  PBEsol  is  a  revised  Perdew-Burke-



Ernzerhof (PBE) generalized gradient approximation that improves equilibrium properties of

densely packed solids and their surfaces and thought to be more suitable for solids. BFGS

algorithm was used to do variable-cell optimization, allowing for the relaxation of all atoms

and cells without symmetry restrictions. The kinetic energy cutoff (Ry) for wave functions

was set to be 80 Ry and the kinetic energy cutoff (Ry) for charge density and potential was

set to be 600 Ry. 

2.4 Calculation of structural properties

The  stability  of  materials  upon  desolvation  was  evaluated  by  analyzing  the  structural

changes caused by geometry optimization. Six structural parameters were considered here as

the  evaluation  criteria  including  unit  cell  parameters  (a,  b,  c,  α,  β,  and  γ),  helium void

fraction, pore volume, gravimetric surface area (GSA), largest cavity diameter (LCD), and

pore-limiting diameter (PLD). Open-source Zeo++ code23 was used to calculate pore volume,

GSA, PLD, and LCD, and the radius of probe was set to be 0 Å. Helium void fraction was

calculated by using RASPA simulation code with helium as probe atom.

3. RESULTS AND DISCUSSION

3.1 Performance of CoRE-MOFs in a natural gas purification setting

In our calculation, 2933 CoRE-MOFs with DDEC charges were extracted for analysis from

CoRE-MOF database. GCMC simulations were employed to calculate the adsorption uptake

of CO2/CH4 gas mixtures in these CoRE-MOF structures and adsorption selectivity of CO2

over CH4 and CO2 working capacity were examined for PSA process, as shown in Figure 1. 

Highly promising materials for PSA process always exhibit high selectivity as well as high

CO2 working capacity. In the study of screening zeolite structures for ethane/ethane mixtures,

Kim24 and his colleagues chose the product of selectivity and working capacity as a metric



that indicates the performance of a given structure. Following this idea, we used the similar

method to identify the high-performance region. Two curves of reference performance were

defined to identify the promising candidates. The product of selectivity and working capacity

(SW) was set to be 100 and performed as one boundary of the high- and low-selectivity

region.  At  the same time,  ∆ NCO2
=1.3mol/kg  was also chosen to  separate  high-  and low-

working capacity region.Finally, a high-performance region was identified (the red region in

Figure 1) and 120 materials were exacted for further study. For these 120 CoRE-MOFs with

good adsorption performance, we plotted the distribution histograms of their pore limiting

diameters  (PLD)  and  largest  cavity  diameters  (LCD),  as  shown  in  Figure  2.  From  the

distribution histograms, we could find that for most of the good performance CoRE-MOFs,

their PLD and LCD are in the range of 2.5-6 Å and 3-7 Å respectively. 

It is well known that pore channel structures and pore size of materials are vital for the

adsorption separation process. Appropriate pore size could promote the adsorption of small

gas molecules into the porous materials, while blocking the big gas molecules which try to

enter  into  the  pore  channels.  Thus  in  the  work,  we also  plotted  the  graphs  of  CO 2/CH4

selectivity  versus  PLD and  LCD,  as  shown in  Figure  3.  There  exists  strong  correlation

between selectivity  and PLD as  well  as LCD. The best  range of  LCD and LCD for  the

application of CO2/CH4 separation are 2.5-5 Å and 3-7 Å respectively.

3.2 The impact of desolvation on the MOF structures

In  Sholl’s  previous  work,  he  and  his  colleagues  reported  structures  optimized  using

periodic  density  functional  theory  (DFT)  for  more  than  800  experimentally  synthesized

metal-organic frameworks (MOFs)25. However, most of the good-performance MOFs which

was found in our work could not be found in their optimized CoRE-MOF database. Thus we

performed similar  periodic  DFT calculation  to  refine  the selected  120 CoRE-MOFs with



good performance and 92 optimized structures were successfully obtained. After the structure

optimization, many CoRE-MOF structures experienced various degrees of deformation, like

the apparent shrink (Figure 4a) or expand (Figure 4b) of pores, and the structural changes of

pore channels (Figure 4c). Among these materials, GUSNEN (ie. MIL-53, Figure 4b) whose

pore  channels  expanded  after  structural  optimization  had  been  proved  to  be  a  flexible

material and had strong breathing effect before and after desolvation26. Thus we removed it

from our database and would not study it any more. 

By comparing the structure changes  among experimental  structures (CCDC structures),

CoRE-MOF structures and optimized structures upon solvent removal, we found that most of

them exhibited obvious changes in the bond connections between activated metals and nearby

organic components. By checking their original structures (CCDC structures), we found that

there were always some solvent molecules binding with the metals and performing as a part

of the structures.  Once the bound solvent  molecules  were removed,  the metals  would be

unsaturated,  become  open  metal  sites  and  want  to  build  new  bonds  with  the  adjacent

components to make the whole system saturated. The strong attraction of unbalanced open

metal  sites led to the rotation or the movement of organic group towards the unsaturated

metals,  resulting  in  the  deformation  of  material  structures  or  pore  channels.  Figure  5

exhibited two typical examples whose bond connections changed obviously. For the rest of

unstable materials which no different bond connections were detected but still deformed a lot,

we still found the movement of surrounding ligands towards the open metal sites (Figure 6).

In order to explore the impact of desolvation on the structural properties of MOFs, the

changes in six parameters of unit cell and five geometrical properties were calculated and

summarized in Figure 7. For more than half of the structures, the changes in unit cell lengths

and angles were less than 12% and 7° respectively, and the percent difference in helium void

fraction, surface area, pore volume, PLD and LCD were less than 40%, 20%, 30%, 25% and



20% respectively. From the box and whisker diagrams, we could also detect that even though

half of the good performing CoRE-MOFs showed little changes in structural characteristics

after DFT-optimization, there were still many CoRe-MOFs exhibited great differences in the

structural  and geometrical  properties.  The greatest  changes in  helium void fraction  could

even reach 100%.

The structures in CoRE-MOF database derived from Cambridge Structural Database, and

all the materials have already been synthesized successfully by experiments. Thus there was

no doubt that all the structures were stable before solvent removal. Based on this reality,

relatively  stable  optimized-structures  could  be  initially  identified  by  comparing  the

differences between CoRE-MOF structures and their corresponding refined structures. If the

structures did not change too much after structural optimization, we could say that solvent did

not have great impact on the structures of the materials and it was less possible to collapse

during the experimental fully activated process. Here, we set the percent changes in unit cell

lengths and angles as 12% and 7°, and treated them as the critical values for the structure

property changes of relatively stable materials. Then we set the boundary value of geometry

property  changes  as  30%  meaning  that  the  changes  in  all  6  geometry  characteristics

mentioned above were less than 30% for relatively stable materials. Based on these screening

criteria,  about  50% of  the  potential  materials  were  filtered  out.  And the  remaining  50%

optimized structures could be treated as relatively stable structures and extracted for further

adsorption performance study.

3.3 Adsorption performance of relatively-stable optimized-structures.

In the previous research of Nazarian and his colleagues, they made a comparison of DDEC

charges  predicted  for  each  atom type  of  879  MOF  structures  before  and  after  structure

optimization and found that the changes in DDEC point charges associated with relaxation



were not obvious and could be negligible25. Thus, in this work, the same DDEC charges in

CoRE-MOFs were applied to their optimized structures to test the adsorption performance of

the relatively-stable refined-structures, as shown in Figure 8. 

From Figure 8,  we could find that  the  adsorption  performance of  most  selected  stable

refined-structures decreased a lot and only 12 optimized structures were still  in the high-

performance  region.  This  phenomenon  implied  that  the  gas  adsorption  was  extremely

sensitive to the slight changes of structures.  The adsorption results  of the top-performing

refined structures was listed in Table 1.

We compared the differences in CO2 working capacity and selectivity of CO2 over CH4

between  the  selected  50  CoRE-MOF  structures  and  their  corresponding  DFT-optimized

structures, as shown in Figure 9. The results showed that for most of the selected CoRE-

MOFs, the adsorption selectivity decreased a lot after structural optimization. However, for

the  CO2 working  capacity,  structural  optimization  played  different  roles  for  different

materials.About  21% of  the  selected  structures  remained  unchanged  in  the  CO2 working

capacity  and  19% showed  enhancement  in  CO2 working  capacity  upon  refinement.  The

remaining 60% exhibited reduction in the CO2 working capacity.

We also plotted the changes in mixture uptake of CO2 and CH4 between the structure found

in the CoRE-MOF database and DFT-optimized structure at 1bar and 10bar, as shown in

Figure10. It could be easily found that for most of the relatively-stable materials, the mixture

uptake of CO2 decreased and that of methane increased.

For the selected relatively-stable materials, as their pore volume and surface area did not

significantly change before and after structural optimization, it  is reasonable to ignore the

impact of pore volume and surface area on the adsorption separation performance. Thus, in

order to explore the reason of this phenomenon, we examined the configuration details of



unsaturated metals and their coordinating ligands in pre- and post-optimized CoRE-MOFs.

Surprisingly, we found that for most materials, the unsaturated metals become saturated after

DFT-optimization. In other words, for the structures in CoRE-MOF database, the structures

were treated rigid in the process of solvent removal and the open metal sites always exposed

to the pore channels  and were accessable for incoming guest  molecules.  But  in  fact,  the

removal  of solvent  would lead to the rearrangment or aggregation of linkers towards the

unsaturated  sites,  restricting  access  to  guest  molecules.  Figure  11  showed  one  typical

example of the rearrangement of organic linkers after DFT-optimization. For this MOF, no

obvious  changes  happened  in  the  MOF  structure  but  the  CO2 adsorption  performance

decreased by 40%. From Figure 11, it  is easy to detect the aggregation of organic linker

towards  the  metals  and  the  less  expossure  of  metals  to  the  accessible  pore  channels.

Furthermore, it has been shown that open metal sites could greatly improve the performance

of selective separation because of the significant enhancement in the adsorption of strongly

binding gas like CO2
4-8. In this work, optimal materials have small pore channels which were

suitable for CO2, and a slight movement of unsaturated metals or organic linkers obstruct the

active binding sites of CO2 molecules. This weakened the interaction between unsaturated

metal sites and CO2, resulting in the sharp reduction of CO2 uptake and the selectivity of CO2

over CH4. Moreover, as the CO2 working capacity was the CO2 loading difference between

high- and low- pressure. Thus, the magnitude of reduction in CO2 loading at high- and low-

pressure  had  great  impact  on  the  CO2 working  capacity  and  led  to  the  enhancement  or

reduction of CO2 working capacity.

4. CONCLUSIONS

In this work, a multi-level screening process was proposed to deeply study the CoRE-MOF

database  for  the  application  of  natural  gas  purification.  Instead of  screening CoRE-MOF



database  only  by  calculating  adsorption  performance  of  CoRE-MOFs,  we  also  take  the

stability of the materials upon desolvation into account and set it as a critical criterion for the

selection of optimal MOFs with open-metal sites. In our screening process, we found that

many good performing CoRE-MOFs undergo different levels of deformation even collapse

after  desolvation.  The  strong  attraction  of  unsaturated  metal  sites  with  the  surrounding

ligands  resulted  in  the  collapse  and  deformation  of  the  pore  channels.  For  the  selected

potential materials which did not change too much after structural optimization, we found

that most of their optimized-strucutures could not reach that good performance as that in

CoRE-MOF  structures,  especially  for  the  adsorption  selectivity  of  CO2 over  CH4.  The

primary reason of this phenomenon is that the open-metal sites become not that accessible for

the guest molecules and the increase of the resistance between the unsaturated metal sites and

strongly binding gas CO2 which eventually resulted in the great reduction of CO2 uptake. This

work could be served as a guidance for the experimental synthesis and also a reminder for the

other studies of CoRE-MOF database.
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Table 1. The adsorption properties of the top-performing refined structures

Name ∆ NCO2
 (mol/kg) Sads (CO2/CH4) (10bar)

GIQXIO 1.490762073 153.1421241
GIQXUA 1.962694394 110.9543548
GIQYAH 1.914343565 101.9244733
GIQYEL 1.634344571 84.40233143
GIQYIP 1.52018303 145.7173852

KAPHOZ 2.526982894 62.28929092
LOBHAM 4.130477871 24.36178594
OXAMIK 1.818739018 78.65314392
QAVDEW 1.728042996 72.09376472
UHISOU 2.142083479 63.49105066
WIYZOU 2.375503731 75.74029216
XANMIJ 3.382545222 42.62258436



Figure 1. Adsorption selectivity (Sads) vs CO2 working capacity (∆ NCO2
) of CoRE-MOFs for

the separation of CO2/CH4 gas mixture.



Figure 2. Histograms of (a) PLD and (b) LCD for 120 potential CoRE-MOFs.

Figure 3. Relationships between adsorption selectivity (Sads) and (a) PLD as well as (b) LCD.



Figure  4. Some  typical  MOFs  which  exhibited  obvious  deformation  after  structural

optimization. (left) The structures which were found in CoRE-MOF database and

(right) their corresponding optimized-structures: (a) XADFAL, (b) GUSNEN and

(c) DORFOG. 



Figure 5. Two typical MOFs which  exhibited obvious changes in bond connections after

solvent removal: (a) DORFOG and (b) BEXSAA. 



Figure  6. One  typical  MOF  which  deformed  a  lot  but  no  obvious  changes  in  bond

connections after solvent removal: (a) XADFAL. 



Figure 7. Box and whisker diagrams for changes in (a) unit cell parameters and (b) geometry

properties.

Figure 8. Adsorption selectivity  (Sads)  vs CO2 working capacity  (∆ NCO2
)  of 2933 CoRE-

MOFs  and  50  stable  optimized-structures  for  the  separation  of  CO2/CH4 gas

mixture.



Figure 9. Percent difference in CO2 working capacity and selectivity of CO2 over CH4 (10

bar) between the structure found in the CoRE-MOF database and DFT-optimized

structure.

Figure 10. Percent difference in mixture uptake of (a) CO2 and (b) CH4 between the structure

found in the CoRE-MOF database and DFT-optimized structure.



Figure  11. One  typical  example  of  the  rearrangement  of  organic  linkers  after  DFT-

optimization: (a) DABWUA.
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