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ABSTRACT

METHODS FOR INCREASING ACCURACY IN MODELLING 

METAL ORGANIC FRAMEWORKS

Ali Salih KURT

Department of Bioengineering

Supervisor: Assoc. Prof. Dr. Yeliz Gürdal DURĞUN

February 2022, 77 pages

High throughput screening of metal organic frameworks (MOFs) for gas mixture separations

have  produced  large  amounts  of  data.  Reported  gas  permeabilities  have  been  mainly

calculated using an approximate approach. Permeability predictions of an alternative method

(new method) have shown to significantly improve the predictions of the approximate method

for noble gas mixtures. Permeabilities calculated using Onsager coefficients, detailed method,

are  accepted  as  correct  answers,  however  constructing  Onsager  coefficient  matrix  is

computationally cumbersome and not feasible especially for the high throughput screenings.

Thus,  new  or  approximate  methods  have  been  applied  for  calculating  permeability  and

permeation selectivities of gas mixtures. However, permeability prediction accuracies of these

methods for gas mixtures having dispersion and electrostatic interactions with the pores have

not been discussed in the literature so far.  In the first  part  of this  thesis, we question the

accuracy  of  permeability  predictions  for  CO2,  H2, CH4 mixtures.  Another  perspective  to

increase  the  accuracy  for  screening  MOFs  is  to  determine  the  best  net  atomic  charge

calculation method.  Density  Derived Electrostatic  and Chemical  Charges  (DDEC) method

relies on optimizing the atomic electron density distribution to assign a chemically meaningful

atomic  charges.  The method is  considered  to  be  the  most  reliable  method,  however  it  is

computationally demanding. Non-DFT based Extended Charge Calculation (EQeq) method

which is developed as an extended version of the Charge Equilibration Method assigns atomic

charges by just requiring a reasonable assumption for the charge centre to compute all the

ionization energies of electrons. In the second part of the thesis, we investigate the accuracy of

charges assigned via EQeq with respect to the charges assigned using DDEC and discuss

which method should be used for modelling MOFs.

Keywords: Gas Adsorption, Diffusion, Permeability, Molecular Dynamics, Grand Canonical

Monte Carlo Simulations, Charge Assignment Methods.
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ÖZET

METAL-ORGANİK KAFESLERİN MODELLENMESİNDE DOĞRULUĞU

ARTTIRMA YÖNTEMLERİ

Ali Salih KURT

Biyomühendislik Bölümü

Danışman: Doç. Dr. Yeliz Gürdal DURĞUN

Şubat 2022, 77 sayfa

Metal  Organik  Kafeslerin,  gaz  karışımı  ayrımları  için  yüksek  verimli  taranması  büyük

miktarda  veri  üretmiştir.  Raporlanmış  gaz  geçirgenlikleri  genel olarak  yaklaşık  yöntem

kullanılarak hesaplanmıştır. Alternatif bir yöntemin (yeni yöntem) geçirgenlik tahminleri, soy

gaz karışımlarında yaklaşık yöntemin tahminlerini önemli ölçüde iyileştirdiği gösterilmiştir.

Onsager  katsayılarını  kullanan  ayrıntılı  yöntemin gaz  geçirgenliklerini  yüksek  doğrulukta

hesapladığı  kabul  edilir,  ancak Onsager  katsayı  matrisini  oluşturmak,  hesaplama açısından

zahmetlidir ve özellikle yüksek verimli tarama çalışmaları için uygun değildir. Bu nedenle gaz

karışımlarının geçirgenlik ve geçirgenlik seçiciliklerini hesaplamak için yeni veya yaklaşık

yöntemler uygulanmıştır.  Ancak, gözeneklerle dispersiyon ve elektrostatik etkileşime sahip

gaz  karışımları  için  bu  yöntemlerin  geçirgenlik  tahminlerinin  doğruluğu  şimdiye  kadar

literatürde tartışılmamıştır. Tezimizin ilk bölümünde CO2, H2, CH4 karışımları için geçirgenlik

hesaplamalarının  doğruluğu  sorgulanacaktır.  MOF'ları taramada  doğruluğu  artırmak  için

başka  bir  yöntem,  en  iyi  atomik  yük  hesaplama  yöntemini  belirlemektir.  Yoğunluktan

Türetilen Elektrostatik ve Kimyasal Yükler (DDEC) yöntemi, kimyasal olarak atomik yükler

atamak için elektron yoğunluk dağılımının optimize edilmesine dayanmaktadır. Yöntem en

güvenilir yöntem olarak kabul edilmektedir, ancak bu yöntem hesaplama açısından zorludur.

Yük Dengeleme Yönteminin  genişletilmiş  bir  versiyonu  olan  Yoğunluk Fonksiyon Teorisi

(DFT) tabanlı olmayan Genişletilmiş Yük Hesaplama (EQeq) Yöntemi ise, elektronların tüm

iyonizasyon enerjilerini hesaplamak için makul bir yük merkezi varsayımı gerektirerek atomik

yükleri atamaktadır. Tezimizin ikinci bölümünde, EQeq aracılığıyla atanan yüklerin DDEC

kullanılarak atanan yüklere göre doğruluğu araştırılmıştır ve MOF’ları modellemek için hangi

yöntemin kullanılması gerektiği tartışılmıştır. 

Anahtar Kelimeler:  Gaz Adsorpsiyonu, Difüzyon, Geçirgenlik, Moleküler Dinamik, Grand

Kanonik Monte Carlo Simülasyonları, Yük Atama Yöntemleri.
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1. INTRODUCTION

Due to oil, coal and gas burning activities, our planet has been grappling with the most gas

pollution and waste ever in recent years  (Panahi et  al.,  2018). Research and development

studies have been going on for years to get rid of the harmful effects of industrial applications

and  various  chemicals  that  threaten  human  life  and  environment.  Among  them,  high-

throughput  screening  of  nanoporous  materials  which  enable  rapid  sorting  of  material

performances for specific applications has gained significant attention recently.   Since the

methods that aim to separate and purify pollutants are difficult, expensive and require a lot of

energy to carry out, new porous membrane materials have begun to be developed (Gurdal &

Keskin, 2016).  Using Metal Organic Frameworks (MOFs) which have been very popular in

recent  years,  can  be  considered  as the  most  common  efforts  introduced  to  the  literature

(Panahi et  al.,  2018).  MOFs, which are a subclass of coordination polymers and made of

crystalline metal clusters linked with organic binders, became one of the most important gas

separation materials with their high quality performance. This performance leans on its unique

properties such as chemical and mechanical stability, customization of pore sizes, large void

volumes varying between 30% and 90% and large surface areas ranging between 1000 and

10000 m2/g (Gurdal & Keskin, 2016).

The combination of a variety of metal oxides and the clever selection of organic binders lead

to the creation of  millions of MOFs with different topologies.  This tailorability  of MOFs

allow rational adaptation of pore size, volume, and functionality for designable frameworks,

thus scientists have had remarkable success in designing and applying them in many industrial

applications such as adsorbents or membranes for the separation of gas contaminants (Atci &

Keskin, 2012b).  

Several  databases  on  MOFs,  e.g.  the  Computation-Ready  Experimental  Metal-Organic

Framework Database (CoRE-MOF) (Chung et al., 2019), Cambridge Structural Database non-

disordered MOF subset (CSDSS DB), and MOF database generated by Topologically Based

Crystal Constructor (ToBaCCo) (Colón, Gómez-Gualdrón, & Snurr, 2017), are available for

facilitating high-throughput screening of the MOFs, especially for gas separation applications.
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In this respect, screening studies deposit large amounts of data to the literature related to gas

permeabilities and permeation selectivities of MOFs which are used to decide which MOF

outperforms one another for purification of desired gas species  (Avci, Velioglu, & Keskin,

2018).

The most comprehensive method for computationally predicting transport performances of the

nanoporous materials is provided by Sanborn and Snurr (Sanborn & Snurr, 2001) which will

be named as detailed method throughout this  thesis.  Their method gives the most accurate

results  for  gas  permeabilities.  However,  calculating  gas  permeabilities  using  the  detailed

method  is  computationally  demanding,  since  it  requires  the  construction  of  Onsager

coefficient matrix which relates driving forces with the gas fluxes in irreversible processes

(Hwang, 2004; Onsager, 1931). Calculated Onsager coefficients are then used for calculating

the transport diffusivities. Permeability calculations using an approximate method, suggested

by Krishna and van Baten  (Rajamani Krishna & van Baten, 2010), requires computing self

diffusivities  of  the  gas  species  instead  of  calculating  Onsager  coefficients  and  transport

diffusivities.  This  simplified  approach  has  been  applied  for  screening  the  permeation

selectivities of zeolite membranes for equimolar mixtures of CO2/H2, CO2/CH4, and CO2/N2.

Later,  this  approximation  was  modified  for  calculating  permeation  selectivities  of  gas

mixtures having arbitrary gas compositions  (Keskin & Sholl,  2009) and have been widely

used in the literature for high throughput screening of the nanoporous materials. For instance,

Qiao et al. (Qiao, Xu, & Jiang, 2018) screened 4764 MOFs for a single-step separation of CO2

and  N2 from  a   CO2/N2/CH4  mixture.  The  approximate  method  was  used  for  predicting

permeabilities and permeation selectivities and comparisons identified seven best MOFs for

separating CO2 and N2 from the three component  mixture.  Glover  and Besley  (Glover  &

Besley,  2021)estimated  membrane  based  separation  performances  of  1183  MOFs  for

equimolar mixtures of CO2/CH 4 and H2S/CH4 using the approximate method. Altintas et al.

(Altintas  et  al.,  2018) compared  the  H2/CH4 separation  performances  of  4240  MOF

membranes and they identified the top ten best performing MOFs which can separate the

components effectively. Daglar et al.  (Daglar, Erucar, & Keskin, 2021) screened 5629 MOF

membranes  and  78,806  MOF/polymer  mixed  matrix  membranes  for  diffusion  based

separation of O2/N2 mixture using the approximate approach.
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Gurdal  and  Keskin  proposed  one  another  method,  called  a  new  method,  for  calculating

permeabilities  and  permeation  selectivities  of  MOF  membranes  for  binary  gas  mixtures

(Gurdal, 2021; Gurdal & Keskin, 2016). Incorporating thermodynamic correction factors in

the new method has significantly improved the predictions of the approximate method. The

new method has been tested for predicting permeabilities of noble gas mixtures, Xe/Kr and

Xe/Ar, and  results have shown astonishing resemblance with the detailed method especially

for the MOFs having larger pore sizes. Introducing thermodynamic correction factors in the

new  method  has  significantly  improved  the  predictions  of  the  approximate  method  and

become an alternative method for determining membrane based separation performances of

the nanoporous materials.

So far the new method has been only applied for determining the noble gas permeabilities of

the MOFs  (Gurdal, 2021; Gurdal & Keskin, 2016). Interactions of the noble gases with the

MOF pores have been modeled considering only Lennard Jones potential and the selected

noble gases, Xe, Kr, and Ar, have similar energy parameters and sizes. The accuracy of the

approximate and new method predictions for gas mixtures having different sizes and having

also electrostatic interactions with the MOF pores have not been discussed in the literature so

far.  Accurate  predictions  of  the  industrially  important  gas  mixture  permeabilities,  such as

H2/CH4 and  CO2/H2,  is  crucial  for  proper  leading  of  the  experimental  studies  as  well  as

industry towards  CO2 capture,  H2 or  CH4 purification.  As aforementioned studies  suggest

widely  applied  approximate  method  can  show  significant  deviations  from  the  real

permeability  values  calculated  using the  detailed method,  which for  sure raises  reliability

concerns  for  the  results  of  the  high-throughput  screening  studies  using  the  approximate

method. In this work, we question the accuracy of the permeability values calculated using the

approximate and new methods by comparing the results with the ones that were calculated

using the detailed method. Zeolitic imidazolate frameworks (ZIFs) which are a sub-class of

MOFs and show topological isomorphism with the zeolites (Banerjee et al., 2008; Park et al.,

2006) are chosen as membrane medium. Permeabilities of H2/CH4 and CO2/H2 mixtures have

been investigated in several ZIFs, namely ZIF-6, ZIF-10, ZIF-60, ZIF-69, ZIF-79, and ZIF-81,

which have different topological and chemical features. Adsorption loadings of the gases at

several  feed  pressures  are  calculated  using  the  Grand  Canonical  Monte  Carlo  (GCMC)

3



simulations. Calculated loadings are used in the Molecular Dynamics (MD) simulations as

initial states for determining permeabilities using the detailed method. Permeabilities are then

compared with the predictions of the approximate and new methods. While the permeabilities

of the new method has been compared with the approximate and detailed methods only for

noble  gas  mixtures  so  far,  our  present  work  takes  previous  studies  one  step  further  and

investigates the predictions of the approximate and new methods for gas mixtures having

different sizes and/or having electrostatic interactions with the MOF pores in addition to the

dispersion forces.

Another crucial step to successfully screen MOFs is the assignment of the net atomic charges

in the structure. All  the net atomic charge calculation methods try to replace the complicated

function  of  the  electron  density  in  materials  which  are  responsible  for  almost  all  of  the

properties of the materials. It gives all atoms of the material a charge value to make it easy to

use that materials in simulations  (Manz & Sholl, 2010). Atomistic simulations that use this

data are based on interatomic interactions which are strongly depending on the charges of the

atoms  (Manz & Sholl,  2010). These kinds of simulations commonly used in modelling of

complex materials and provide significant information such as charge transfer and adsorption

performances.  And due to partial  charges are  derived from electron density  of the related

material,  e.g.  MOFs, even small  chemical  difference between MOFs, could cause distinct

charges and hence, significantly affect the process that the material used in.

There are multiple approaches for this purpose which have different principle based on the

theory  they  use.  Bader’s  method,  for  instance,  needs  low  computational  cost  to  analyse

charges  from quantum chemistry  based  pre-defined  charge  density  but  fails  to  accurately

create the electrostatic potential energy surface (EPES) within a periodic structure (Atoms in

Molecules,  1994).  Repeating  electrostatic  potential  extracted  atomic  (REPEAT)  method

developed by Krykunov and co-workers to fit an electrostatic density implementing Density

Functional Theory (DFT) (Krykunov, Demone, Lo, & Woo, 2017). The method proved to be

one of the most reliable methods as well  as   Density Derived Electrostatic and Chemical

Charges (DDEC)  method,  however,  studies  showed  that  REPEAT  method  sometimes

reproduce unphysical  charges  (Watanabe,  Manz, & Sholl,  2011).  Xu and Zhong proposed
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Multilayer Connectivity-based atomic charge (m-CBAC) approach that employs atom’s three

bond connectivity levels; 2nd, 1st, and 0th, respectively and assigns a charge for each pattern of

connectivity  (Changlong  Lin,  Penley,  Cho,  &  Lin,  2020).  After  that,  an  atomic  charge

assigned for each atom of the MOF depend on the connectivity pattern followed by 2nd-layer,

1st-layer and 0th-layer, respectively where the accuracy of the charge is decay at each level.

At final,  the method shows its  best  performance only on the materials  with same boding

environment. 

Density Derived Electrostatic and Chemical (DDEC) method is based on Density Functional

theory,  thus  considered  to  be  one  of  the  most  reliable charge  assignment  method  in  the

literature (Manz & Sholl, 2010). Manz and Sholl developed this charge partitioning method to

assign charges outside of the electron distribution by spherical averaging of the ion densities

provided by DFT calculations. One another method, Extended  Charge Equilibration  (EQeq)

method,  on  the  other  hand,  uses  approximations  instead  of  considering  electron  densities

around atoms,  hence  has  a  potential  to  deviate  from the  charges  calculated  using  DDEC

(Wilmer, Kim, & Snurr, 2012). Despite the variety of the charge assignment methods there is

still an ambiguity in defining point charges of nanoporous materials. As a second part of this

thesis, we aim to compare the results of two charge assignment methods and determine the

deviation of the EQeq method with respect to the DDEC. This will enable us to determine

more accurate charge method that should be used for modelling the MOFs.
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2. LITERATURE REVIEW

MOFs  can  be  used  at  numerous  applications  including  gas  capturing,  gas  separation,

electrochemical  energy  storage,  sensing,  catalysis,  and  in  the  production  of  inorganic

functional materials. While type of MOFs can be almost limitless due to tailorability of their

organic and inorganic parts, molecular simulation methods gain a great importance by being

greatly  time  efficient  on  determining  advantageous  properties  of  MOFs  in  different

application areas. Therefore, investigation of the adsorption properties of MOFs usually unites

with molecular modelling techniques.

In this part the literature review of the studies that deals with the gas separation performances

of MOFs are summarized. The summary is going to cover especially separation of CO2/H2 and

CH4/H2  gas mixtures through a  zeolitic  imidazolate framework (ZIF) membranes via  both

experimental and molecular modelling. Additionally, studies using DDEC or EQeq charges in

molecular simulations are reviewed.

2.1. Studies on Gas Separation with MOFs and ZIFs

Yaghi  and  co-workers  were  the  first  to  synthesize  MOFs  and  indicated  that  they  are

remarkably convenient for gas adsorption and purification systems  (Yaghi, Li, & Li, 1995).

Zeolite Imidazolate Frameworks (ZIFs) which are topologically isomer to zeolites due to their

tetrahedral networks between transition metals and imidazolate ligands, are considered to be a

subclass of MOFs (Atci & Keskin, 2012a). Co-polymerization of Zn and Co transition metals

with an imidazolate type linker leads to the production of a ZIF, where (Zn/Co)-Im-(Zn/Co)

bonds occur between organic and inorganic parts of the material (Atci & Keskin, 2012a). This

bound has the same angle as the Si-O-Si bond present in zeolites which makes ZIF structures

to resemble zeolites (Atci & Keskin, 2012a). Yet, ZIFs are more advantageous where they go

through a relatively easy production and can be produced diversely as MOFs do  (Atci &

Keskin, 2012a). Therefore various products bring on a wide range of application areas by

modifying the structure of the material by adjusting the organic and inorganic parts  (Atci &

Keskin, 2012a). 
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Taking into consideration that there is large body of synthesized MOFs and ZIFs, it  is so

demanding to  define their  properties and performances by carrying out  only experimental

studies.  However,  novel  computational  simulation  methods  are  assisting  excellently  to

comprehend adsorption and separation skills of new porous materials in detail. 

Using membranes in the technologies for the separation of industrial gases is a promising

method, as reported in the literature (Gurdal, 2021). These kinds of processes are 90% more

energy efficient and notably requires less cost compared to other distillation based adsorption

methods  (Abdul  Hamid  et  al.,  2021).  In  addition,  porous  membrane  systems  that  can  be

operated both stand-alone and readapt to the existing unit of the system, induce less carbon to

the atmosphere and has the ability to adjust in every step of scale up  (Abdul Hamid et al.,

2021).  Among  these  membranes  based  systems  zeolites,  ceramic  membranes  such  as

aluminium oxide and a novel and promising class of porous materials; MOFs are the most

useful ones.

One of the early uses of molecular modelling study is reported by Maginn and co-workers in

1993, equilibrium molecular dynamics (EMD), non-equilibrium molecular dynamics (NEMD)

and Darken model were applied for calculating CH4 diffusion in silicate zeolites  (Maginn,

Bell, & Theodorou, 1993). This study defined EMD as a promising method when the system

has a continuously linear response (Maginn et al., 1993). Düren et al. (Düren, Sarkisov, Yaghi,

& Snurr, 2004) modelled a simulation for predicting effect of many physical features of nano

porous materials including MOFs  on the CH4   adsorption amount.  The conclusion of their

study indicated that CH4 adsorption would be more efficient by using MOFs with large surface

area, low framework density, high free volume, and strong CH4-adsorbent interactions (Düren

et al., 2004). After that, the same phenomenon examined by applying a molecular simulation

that  uses  variety  of  MOFs  with  organic  linkers  having  different lengths,  e.g.  IRMOF-1,

IRMOF-8,  IRMOF-10,  IRMOF-14,  IRMOF-16.  As  stıdy  suggests,  the ones  with  longer

organic linkers captured more CH4 at multiple pressure points (Düren & Snurr, 2004).

Another perspective was to determine if the catenation on MOFs enhance the H2 adsorption

where Grand Canonical Monte Carlo (GCMC) revealed that the creation of small pores in the
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catenated IRMOFs retain more H2  than non-catenated ones (Jung et al., 2006). Then, Han et

al. tried to understand the effect of functional groups in the MOFs and ZIFs on H2 adsorption

at 300K and 77K at various pressures (Han, Choi, & Goddard, 2010). As a result, ZIFs with

high surface area and small pore diameters lead to more H2 adsorption where low pressures

increase the H2 binding energies and so the adsorption amount, where high pressures diminish

available adsorption sites and the H2 storage.

MOFs have been also studied for the adsorption of other gas  mixtures including industrial

ones.  As an  example,  Krishna  et  al.  used  a  Monte  Carlo  simulation  in  order  to  examine

CO2/H2,  CO2  /CH4,  and  CH4/H2  gas  mixture  separation  performances  of  a  material  called

MgMOF-74 (Rajamani Krishna & van Baten, 2010). Simulations agreed that while increasing

concentration of gases in the system causes more interactions between molecules, separation

performance of the framework also improves.

Krishna  and  Baten  (Rajamani  Krishna  &  van  Baten,  2010) investigated  separation

characteristics of various MOFs and traditional adsorbents  for the separation of  CO2/CH4,

CH4/H2, CO2/N2,  and  CO2/H2 gas mixtures. They used Configurational-Biased Monte Carlo

Simulation  (CBMC)  and  MD  simulations  and  calculated  the  adsorption  selectivity,  the

working capacity, diffusion selectivity, and membrane permeability of many MOFs. Among

them MgMOF-74 served as the best CO2 capture and had highest permeabilities, permeation

selectivity,  and  working  capacity  on  CO2/N2,  CO2/H2,  and  CH4/H2 mixtures.  In  addition,

MgMOF-74 and ZnMOF-74 noted to be promising membrane separation materials for CH4/H2

mixtures owing to offering high selectivity values. In one of their another study, they reported

that ZIF-8 would be more efficient as a membrane for separating CO2/H2 mixture (Rajamani

Krishna & van Baten, 2010).

Yang et  al.  used GCMC simulations to determine CO2 separation performance of CuBTC

from mixtures  of  CO2/N2 and CO2/N2 at  different  gas compositions and temperatures  and

reported that these factors are as significant as the bulk pressure of the system (Yang, Xue,

Zhong, & Chen, 2007). Couple years later, Guo and co-workers simulated a system in order to

predict adsorption and separation of CH4/H2  mixtures in five ZIFs  (Guo, Shi, Ma, & Liu,
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2010). They concluded that CH4  molecules adsorbed more than H2 molecules at both single

and mixture components and high adsorption rates have been observed in the close vicinity of

the organic linkers which indicates that topology of the framework affects selectivity (Guo et

al., 2010).

Concordantly,  Jiang et  al.  investigated performances of several MOFs for CO2 uptake  (C.

Zheng, Liu, Yang, Zhong, & Mi, 2009). They chose specific MOFs which differ from each

other  as  topology,  pore  size  and chemical  characteristics  which  lead  to  a  conclusion  that

framework  structure  is  significant  criteria  for  CO2 adsorption  at  low  pressures,  however

results does not hold at higher pressure rates. After that, Babarao and co-workers investigated

CO2/CH4 adsorption and separation process by using MOFs with different exposed metals,

catenation and extra framework ions which showed that these properties slightly enhance CO2

selectivity over CH4  (Babarao, Jiang, & Sandler, 2009). Babaora and Jiang studied rho zeolite-

like  metal  organic  frameworks  (rho-ZMOF)’s  ability  to  separate  CO2/H2,  CO2/CH4,  and

CO2/N2 mixtures  and obtained promising results where rho-ZMOF uptakes more CO2 with

respect  to the  other  materials  under  consideration  owing to its  highly charged framework

along with Na+ ions that act as an extra framework (Babarao et al., 2009).

Atci and co-workers (Atci, Erucar, & Keskin, 2011) reported another research that deals with

the separation of CH4, CO2, H2 mixtures in Bio-MOF-11 which has a simple biomolecule as

an organic linker and biocompatible metal cation in its structure. Bio-MOF-11 appeared to

have remarkably high adsorption selectivity for CO2 (Atci et al., 2011). The same authors also

simulated adsorption performances of various ZIFs for CH4, CO2, H2, and N2 components as

well as H2/CO2, H2/N2, H2/CH4 mixtures and compared simulation results with experimental

studies which agree well with each other (Atci & Keskin, 2012a).

Keskin reported two different studies at 2010 that uses atomically detailed simulations where

the first  study compared isostructural  MOFs with various  metal  sites,  as a  membrane for

CH4/H2 mixture  separation  and  the  other  used  couple  of  ZIFs  for  separation  of  CH4/H2,

CO2/CH4, and CO2/H2 mixtures (Keskin, 2010). Simulation results of the first study predicted

those  MOFs  adsorb  more  gases  and  more  selective  than  IRMOFs  (Keskin,  2010,  2011).
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Second study determined that ZIF-3 and ZIF-10 have highest adsorption selectivities than

common  MOF  membranes  (IRMOF-1-8-10-14)  for  all  introduced  gas  mixtures  (Keskin,

2010). One of the most recent studies concerning MOFs is reported by Keskin et al. (Altintas

& Keskin,  2019)where  they  applied  GCMC simulations and  investigated  3794  MOFs  to

predict  their  CO2/CH4  separation performance  and decided on top 8 MOFs with best CO2

permeabilities (>106  Barrer) and many MOFs that have promising CO2/CH4 selectivity larger

than 80.

Concerning the ZIFs, they have been first introduced to the literature by Park et al.  (Park et

al., 2006). In the means of gas separation performances of ZIFs, a large number of studies

have been reported as MOFs. Liu et al. investigated separation ability of ZIF-69 when it is

exposed to CO2/CO mixture and they compared diffusion and adsorption capacities of various

ZIFs in the presence of CO2  /CH4,  CH4/H2, CO2/H2,  and CO2/N2 mixtures using molecular

simulations  (Battisti,  Taioli,  & Garberoglio,  2011; Chokbunpiam et  al.,  2016;  Y.  Liu,  Hu,

Khan, & Lai, 2010). Another noteworthy research published in 2008, examining CO2  storing

performances of ZIF-95 and ZIF-100 from  CO2/CH4, CO2/N2 or  CO2/CO syngas mixtures

(Wang,  Côté,  Furukawa,  O’Keeffe,  &  Yaghi,  2008) .  Zeeshan  et  al.   analysed  the  CO2

separation  of  ZIF-8  as  an  adsorbent  and  concluded  that  ZIF-8  gives  promising  results

(Zeeshan et al., 2018). 

Another comprehensive research studying wide range of ZIF materials in order to understand

potential on gas separation processes is reported by Atci and Keskin at 2012 (Atci & Keskin,

2012b). The investigators employed a simulation method in order to examine adsorption and

separation based selectivity and gas permeabilities of 15 different ZIFs on CH4 /H2, CO2/CH4,

and  CO2/H2 mixtures (Atci & Keskin, 2012b). The results indicated that ZIF-2, ZIF-69, ZIF-

79, ZIF-81, and ZIF-90 can be more preferable than the common MOFs and zeolites.  All of

these studies used molecular simulation systems to predict adsorption based performance, yet

membrane based adsorption performances of ZIFs have not been widely analysed. 

Battisti  et  al.  (Battisti  et  al.,  2011) used  similar  molecular  dynamic  simulations  to  track

permeation  selectivity  of   ZIF-2,  ZIF-4,  and  ZIF-8  towards  CO2/H2, CH4/H2,  CO2/CH4,
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CO2/N2, and CH4/N2 industrial syn-gas mixtures at different temperatures . An article written

by Atci and Keskin, aimed to model gas transport mechanism of gas mixtures with molecular

models using ZIF-90 and ZIF-65 membranes along with ZIF/Polymer Composite Membranes

(Atci  & Keskin,  2012a).  Same researchers go further  and investigated potential  of  plenty

ZIF’s adsorption and membrane based separations on CH4/H2, CO2/CH4, and CO2/H2 mixtures

in detail by performing atomically detailed simulations and predicted several ZIFs membranes

having higher selectivity and permeability (Atci & Keskin, 2012b).

2.2. Studies Employing Permeability and Permeation Selectivity Calculation Methods 

Detailed  method  of  Sanborn  and  Snurr  is  successfully  incorporated  in  the  large  body of

studies  that  question  the  membrane  performance  of  MOFs  and  variety  of  nanoporous

materials  (Rajamani  Krishna  &  Baten,  2011;  Zeng,  Liu,  &  Liu,  2018).  Keskin  studied

adsorption and membrane based separation of CH4/H2, CO2/CH4 and CO2/H2 mixtures using

an  rht-type  metal–organic  framework  (MOF)  and  determined  the  gas  permeability  and

permeation  selectivity  of  the  MOF  using  the  detailed  method  (Keskin,  2013).  After  that

Yılmaz  et  al.  calculated  adsorption  and  membrane  based  gas  separation  performance  of

numerous ZIFs by detailed method (Yilmaz, Ozcan, & Keskin, 2015). They used molecular

simulation methods to simulate gas separation processes of both single component CH4, CO2,

H2 and N2 and binary mixtures CO2/CH4 CO2/N2, CO2/H2 and CH4/H2 through ZIFs.

Approximate method, as being a faster and easier permeability calculation method, have been

also appeared on several studies that concerns screening of MOFs or other materials for gas

separation applications (Fischer, Hoffmann, & Fröba, 2012; R. Krishna & van Baten, 2007). A

comprehensive  research  performed  by  Qiao  and  co-workers  where  single  component

separation ability  of  vast  body of MOFs is  investigated to  determine the best  performing

MOFs using the approximate method (Qiao et al., 2018). A recent study predicted separation

of binary mixtures of CO2/CH4 and H2S/CH4 of 1183 MOF membranes, reported by Glover

and Besely (Glover & Besley, 2021). Altintas and co-authors employed the same permeability

calculation  procedure,  approximate  method,  to  test  4240  MOFs  as  membranes  for  the

separation of  H2/CH4 mixture and provided the best promising MOFs (Altintas et al., 2018,).

Daglar et al. utilized approximate approach to determine the best O2/N2 mixture separation
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membrane among libraries of MOF and MOF/polymer mixed matrix membranes  (Daglar et

al., 2021).

The new method proposed to the literature very recently and there are limited studies that

incorporates the method into MOFs performance investigations. Gurdal et al. proposed the

new method and applied to predict the Xe/Kr and Xe/Ar noble gas separation performances of

8 MOF membranes. According to their results, the new method makes better predictions than

the approximate method and gives closer permeability and permeation selectivity results with

the detailed methods  (Gurdal & Keskin,  2016). The new method have been often used to

determine the permeabilities of nobel gases in MOFs (Durğun, 2019; Gurdal, 2019; Sumer &

Keskin,  2017),  conversely  there  is  no  study that  employs  the  new method  on separating

industrial gas mixtures, e. g. CH4, CO2  or H2.

2.3. Net Atomic Charge Calculation Methods

Determining net atomic charges of the materials which are used as inputs in GCMC and MD

simulations are crucial to specify the separation properties of the MOFs or ZIFs since these

charges result in interactions between atoms and directly affect the adsorption and separation

process (D. Li et al., 2021). For example, Walten et al. presented a study that simulates CO2

adsorption of MOF-5 in two different GCMC simulations where Coulombic interactions only

accounted in one simulation. The results of the simulation that counts electrostatic interactions

between adsorbate molecules have better agreement with experimental studies (Walton et al.,

2008). Likewise, the net atomic charge that employed in the computational simulations affects

the interaction between CO2 and MOF, considering CO2 is  a molecule having quadrupole

moment and has electrostatic interactions which makes them as deterministic as van der Waals

interactions,  as  Watanabe  and  co-workers  reported  (Watanabe  et  al.,  2011).  Their  results

showed that the effect of the calculated atomic charges which are calculated by using various

methods, is generally depend on the material type in the adsorption process. For instance,

some materials show the same adsorption isotherms, although different atomic charges were

assigned to their atoms and there are some other materials which show significant change in

their adsorption capacities with a slight difference in assigned charges. 

12



Quantum chemistry calculations are preferred as a common approach to determine adsorbent

charges using model clusters. In a typical quantum chemistry approach a model cluster or a

unit cell is sectioned from each MOF structure. After that DFT computes the charge density

and electrostatic field around the unit cell where this data is used to obtain atomic charges

using a different method to partition the charge density  (Hirshfeld, 1977) or to fit a local

electrostatic field for atoms  (Tan & Cheetham, 2011). However,  these approaches are  not

completely reliable owing to the fact that the calculated charges depend on the details of unit

cell  which  means  resulted  point  charges  may  differ.  It  is  also  not  suitable  for  periodic

structures  due  to  ignoring  the  periodic  iteration  of  long-range  electrostatic  field  in  the

material.  Multiple  approaches  have  been developed in order  to  create  more  direct  charge

assignment methods for periodic systems. Bader proposed an approach to find charge density

on  atoms  using  a  method  that  splits  the  space  into  atomic  regions  by  surfaces  having

minimum  charge  density.  This  procedure  make  the  electron  density  with  no  component

normal to the surface. Furthermore, while this surfaces often have a nucleus, sometimes a

nucleus is not considered in the method. Therefore the method is insensitive to the electron

wave function calculations. While the method demands so much computational effort along

with having a complex algorithm on finding the dividing surfaces, Henkelmen and co-workers

proposed simpler approach using the partitioning method of Bader, and aimed to decompose

the electronic charge density into atomic regions. Yet, the method was not suitable for periodic

systems (Henkelman, Arnaldsson, & Jónsson, 2006).

Campana et al. developed an accurate approach to achieve this purpose by fitting electrostatic

field  obtained  by  periodic  DFT calculations  and  adjusting  the  point  charges   (Campañá,

Mussard,  & Woo,  2009).  This  method is  called  repeating  electrostatic  potential  extracted

atomic (REPEAT). Nevertheless, REPEAT method proved to be sensitive while defining the

excluded volume by input parameters and resulting charges do not bear adequate chemical

significance and reproduce reliable atomic charges only for the materials with similar bonding

connectivity (Chen, Stern, Space, & Johnson, 2010).

There are also several semi-empirical charge assignment approaches in the literature such as

connectivity-based  atomic  charge  (CBAC)  approach  proposed  by  Xu  and  Zhong  (Xu  &
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Zhong, 2010). It assigns the same point charges for the atoms with same bonding connectivity

on the basis of their local coordination environment even for different MOFs. Training of the

method was applied to 30 MOFs. The atomic charges of CBAC method  gave quite similar

adsorption isotherms of CO2, CO and N2 as the ones with quantum mechanical calculations.

Unfortunately, the method is not comprehensive, since it requires materials that chemically

similar with the initial training set.

Manz  and  Sholl  introduced  a  method  called  Density  Derived  Electrostatic  and  Chemical

(DDEC) at  2010  (Manz  &  Sholl,  2010).  The  method  basically  provides  a  chemically

meaningful  net  atomic  charges  from a  known  electron  density.  It  optimizes  electrostatic

potential  to  regenerate  outside  of  the  electron  distribution  by  simultaneously  optimizing

atomic electron density distributions  (Manz & Sholl,  2010). Manz and Snoll  reported that

DDEC  method  provides  reliable  charges  for  systems  with  zero,  one,  two,  and  three

dimensions periodicity,  porous and nano porous solids;  solid  surfaces; and both large and

small  molecules  in  a  variety  of  materials  including  molecules,  nano  porous  solids,  solid

surfaces, and metal organic frameworks  (Manz & Sholl, 2010). They also tested validity of

DDEC results by comparing with the other charge calculation methods and concluded that

DDEC gave the most accurate results for large body of system types among other calculation

methods (Manz & Sholl, 2010). In addition, the obtained charges exhibit good transferability

between related chemical systems which makes them very suitable for the construction of

force fields used in atomistic simulations (Manz & Sholl, 2010).

The DDEC method have been carried out in several studies including the one by Sholl and co-

authors to develop transferable force fields to predict adsorption of H2O in Cu-BTC (Zang,

Nair, & Sholl, 2013). Haldoupis and co-workers aimed to find selective membranes among

almost 500 MOFs for separation of N2/CO2  by assigning the right charge calculation method

(Haldoupis, Nair, & Sholl, 2012). They computed charges of MOFs with validated periodic

charge equilibration method (PQeq) and calculated the CO2/N2 selectivity.  After that, they

selected  11  frameworks  among  those  having  selectivity  greater  than  100.  This  selection

included six frameworks with a high difference between calculated PQeq and non-charged

results, and 5 frameworks that proved to stable after solvent removing process. The selectivity
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results of these 11 frameworks were compared with the selectivities obtained with DDEC.

However, results cleared that the selectivities calculated with PQeq and the no-load model

were not close to the selectivity obtained using DDEC (Haldoupis et al., 2012).

DDEC method was used to assign point charges of eight MOFs in Erucar and co-authors

study  in  order  to  observe  the  affect  of  existence  of  electrostatic  interactions  between

adsorbates  and  several  MOF  atoms  and  MOF/polymer  combinations  (Erucar,  Manz,  &

Keskin, 2014). Comparison of calculated charges gave reasonable similarity respect to the

experimental  data  which  allowed  for  the  further  investigation  of  CO2/CH4,  CO2/N2 and

H2/CO2  separation performances of studied materials (Erucar et al., 2014). This conclusion is

interpreted as DDEC method is promising to define electrostatic interactions between CO2 and

MOF atoms. 

Watanabe and Sholl studied pore characteristics and CO2 and N2 separation performances of

large  body of  MOFs using  classical  molecular  dynamics  simulations  (Watanabe & Sholl,

2012). Pore size analysis relies on calculation of Henry’s constant which demands atomic

charge  calculation.  They  did  not  use  net  point  charges  but  performed  DFT  to  assign

electrostatic potential energy surface (EPES) and incorporated it into simulations. Validity of

the DFT-EPES procedure is tested using the MOFs with DDEC and PQeq based charges along

with neutral charged MOFs to describe their electrostatic interactions in the separation of  CO2

and N2 gases. DFT-EPES and DDEC based separation process showed great agreement as

well as their charges where the closest results for DFT-EPES obtained from DDEC charges.

Results indicated that PQeq charges are reliable enough for basic screening studies but PQeq

based Henry’s constants did not correlated well with DFT-EPES results as DDEC. Assigning

less  accurate  charges  also  resulted  in  significant  underestimations  of  Henry’s  constants.

Calculation of Henry’s constant using DDEC and Qeq method also investigated by Li and co-

authors on the process of high-throughput computational screening for CO2/H2O separation

performances of 15 MOFs. They concluded that DDEC and Qeq method results in similar

Henry’s constant for N2 and CO2 but their results significantly deviate from each other for

H2O where the deviation continued for the separation of CO2 /H2O.
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Deeg  and  co-workers  observed  CO2 adsorption  properties  of  ten  ZIFs  by  applying  three

varying sets of charges of framework where only 70% of the calculated charges remained the

same  (Deeg et  al.,  2013).  They investigated the effect  of different  framework charges  on

adsorption enthalpies and they were very high for ZIF-3, ZIF-7, ZIF-93, and ZIF-97 while the

effect was small for ZIF-96. However, the choice of charges nearly did not effect the results of

methanol adsorption on ZIF-8 as reported by Zhang et al.  (Zhang, Zhang, & Jiang, 2013).

Zheng  et  al.  were  the  other  researchers  to  indicate  that  the  atomic  charges  obtained  by

REPEAT (Campañá et al., 2009), CBAC (Xu & Zhong, 2010), and DDEC (Manz & Sholl,

2010) methods, result quite different self diffusion coefficients of CO2 in ZIF-8  (B. Zheng,

Sant,  Demontis,  & Suffritti,  2012).  Yet,  DDEC and electrostatic  potential  derived atomic

charges have provided closer results with respect to the experimental values. Liu et al. studied

the same ZIF and gas composition but with a different set of charges where Lennerd-Jones

potential parameters have been also changed (D. Liu & Zhong, 2010). They found two times

larger  self  diffusion  coefficient  than  Zheng’s  results  which  proves  that  electrostatic

interactions have a great effect on the correct modeling of adsorption and diffusion behaviour

of materials. Similar study was performed by Yang and Zhong in the case for separation of

CO2/CH4  in  MOF-199  with  electrostatic  interactions  between  adsorbent-adsorbate  and

adsorbate-adsorbate  (Yang & Zhong, 2006). Their research demonstrated that the selectivity

highly  increases  in  the  quadrupolar  molecules  like  CO2 and  N2 due  to  the  electrostatic

interactions resulted from a quadrupole moments inside the nano pores of the material (Yang

et al., 2007).

Nazarian  and  co-authors  computed  Density  Functional  (DFT)  derived  DDEC  charges  of

nearly  3000  experimentally  synthesized  MOFs  and  compared  the  results  with  the  results

obtained using the EQeq method (Nazarian, Camp, & Sholl, 2016). They concluded that using

DDEC partitioning method of  charges  leads  to  well  studied assessment  of gas adsorption

properties of MOFs while the EQeq method demonstrated drastic differences reference to the

DDEC method. Recent study reported by Altintas and Keskin evaluated the role of charge

assignment methods, particularly DDEC and Qeq, in large screening of MOFs for separation

of CO2/CH4 gases (Altintas & Keskin, 2020). CO2/CH4 adsorption in 1500 MOFs is simulated

using  the  DDEC  and  Qeq  charged.  The  DDEC  and  Qeq  method  employed  simulations
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generated varying gas storage, working capacity, permeation selectivity and regenerability of

MOFs. The authors also sorted two sets of the top MOFs depending on charge calculation

method used and showed that the best MOF adsorbates were varying on DDEC-charged and

Qeq-charged MOFs. Furthermore, the effect of charge calculation method was also examined

for  gas  diffusion,  permeability  and membrane selectivity  and they  concluded that  for  the

MOFs with large pore areas, the charge method choice do not cause a significant difference

but the  predictions of the DDEC-charged and Qeq-charged MOFs with narrow pore sized

MOFs highly varied with each other.  The authors  ends the study by suggesting that  Qeq

charged screening researches are time-efficient and practical for large number of MOFs but

more accurate  charge assignment methods such as DDEC is obligated to present  the best

MOFs for adsorption processes. 

EQeq  uses  only  the  initial  ionization  energies,  but  with  reduced  number  of  parameters

(Anthony K. Rappe & Goddard, 1991; Wilmer, Kim, & Snurr, 2012). The method can be

applied to periodic systems and does not require iterative convergence which makes it faster

to determine partial charges at every MD time-step (Wilmer, et al., 2012). In order to validate

charge results they also compared them with two other charge calculation methods. Grand

Canonical Monte Carlo Simulations are used to demonstrate CO2 uptake of twelve MOFs after

applying EQeq method and the other methods (REPEAT and ChelpG) (Wilmer, et al., 2012).

They  showed  that  the  EQeq  charges  are  as  good  as  charges  derived  from  electrostatic

potentials.  The same authors reported one of the early used of EQeq method where they

screened a library of hypothetical MOFs using molecular simulation by using partial atomic

charges calculated by EQeq method (Wilmer, Farha, Bae, Hupp, & Snurr, 2012). 

Snurr and co-workers worked on CO2 capture of large body of MOFs in the presence of water

(S. Li, Chung, & Snurr, 2016). The research aimed to reveal adverse affect of water in gas

adsorption processes. The first step of the study covered calculation of charges using EQeq

method for 5109 MOFs as well as using REPEAT method. Then, Henry’s constants of each

MOFs were determined. 15 MOFs with high  selectivity is selected depend on the ratio of

Henry’s  constant  for  CO2  and  H2O  and  investigated  further  by  molecular  simulation

techniques. As a result, H2O uptake of a material proved to be highly effected by the charge
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assignment method used to calculate long-ranged electrostatic potentials by comparing  CO2

and H2O selectivities of  EQeq-charged and REPEAT-charged MOFs.

Sladekova et al. studied different charge assignment methods namely DDEC (Limas & Manz,

2018), ChelpG (Breneman & Wiberg, 1990), LoProp (Gagliardi, Lindh, & Karlström, 2004),

EQeq  (Wilmer,  et  al.,  2012),  and REPEAT(Campañá et  al.,  2009) to  compare  adsorption

isotherms  of  carbon  dioxide  and  water  in  multiple  MOFs  (Sladekova  et  al.,  2021).  The

comparison  of  charge  method  demonstrated  that  EQeq  calculated  the  lowest  charge  on

CuBTC, nevertheless, this variation had not a profound impact on the uptake of CO2.

Avci et al. experimented the impact of different metal centres on CO2/H2 mixture separation

and adsorption performance of HKUST-1 and HATGUF by performing GCMC simulations

(Avci, Velioglu, & Keskin, 2019). In order to validate their simulation results with available

resources, they used Qeq and EQeq method to assign charges and determine the best method

that reproduces the most similar adsorption isotherms with experimental and/or computational

results.  As  a  result,  they  assessed  which  metal  centre  of  MOFs  agree  with  experimental

results. At some cases Qeq gave more accurate adsorption isotherms than EQeq method where

some metal centred MOFs with EQeq charges with +2 oxidization state also showed good

agreement  with experimental  adsorption isotherms and DFT charge based CO2 adsorption

results such as Cr-HKUST, Ni-HKUST and ZNHKUST. This comparisons helped to conclude

that the metal site has a great impact on CO2  and H2  adsorption. Recently, Li and colleagues

studied 275 covalent−organic frameworks for adsorption heat pumps by performing Monte

Carlo simulations and EQeq charge assignment method (W. Li, Xia, & Li, 2020). 

As a result, DDEC is an accepted method to give the most realistic point charge results owing

to  consideration  of  electron  density  of  the  atoms  in  the  system by  quantum mechanical

calculations which consume large amount of time and work. EQeq method only needs atomic

positions and atomic numbers consisted in a material, hence being the fastest way among the

charge assignment approaches, but also showing some drastic failures. The second part of our

thesis aims to give an insight about the deviation of EQeq charges with respect to the DDEC

charges for MOFs having biological linkers (Bio-MOFs). 
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3. THEORETICAL APPROACHES

In this chapter, we briefly introduce the theoretical background of Grand Canonical Monte

Carlo and Molecular Dynamics simulations.

3.1. General Theory of Grand Canonical Monte Carlo (GCMC) Simulations

The microscopic and macroscopic properties of a system determine the state of each molecule

and the thermodynamic character of the system (Frenkel & Smit, 1996). Statistical mechanics

provides a framework that explains the macroscopic characteristic of a system by integrating

classical  and  quantum-mechanical  descriptions  of  the  atoms  and  molecules  in  a  system

(Frenkel  & Smit,  1996).  While  the  description  of  the  macroscopic  assembly  of  atoms is

impractical, statistical mechanics use average or highest probability results to overcome this

problem.

Equation 3.1.1 uses Boltzmann distribution to describe the probability (pi) of a system having

N particles and total energy Ei at temperature T.

 

pi = 
e−Ei /kB T

∑
i=1

N

e−E i/ kBT

(3.1.1)

where ∑
i=1

N

e−Ei /kB Trepresents the canonical partition function (Q) of the system. The canonical

partition can be obtained by integrating molecular coordination of all  N particles (rN) and

corresponding momentum (pN) as shown below;

Q= ∫ ⅆ pN ⅆrN e
−E ( p N , rN )

kB T
(3.1 .2)

As atoms have different positions at each instantaneous step, we can consider any function A

to represent a step and <A> to describe total instantaneous configurations of A values with the

probability p;                                  
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⟨ A ⟩ = ∫ A . p ( A ) .d ( A) (3.1.3)

By inserting partition function and the definition of the probability, Equation 3.1.3 also can be

formed as;

⟨ A ⟩=
∫d pN dr N A ( pN ,r N ) e−E ( p N , rN ) /kB T

∫ d pN dr N e−E ( p N , rN
) /kB T

(3.1 .4)

Computation  of  average  of  <A> would  be  very  difficult  using  Equation  3.1.4.  However,

Monte  Carlo  importance  sampling  can  be  easily  used  as  a  numerical  method for  finding

aforementioned averages.

Metropolis  and  co-workers  introduced  Monte  Carlo  method  that  enables  computing  the

average of functions of a system by means of sampling algorithm  (Metropolis, Rosenbluth,

Rosenbluth,  Teller,  &  Teller,  1953).  Sampling  creates  ensembles  which  can  be  several

different  types,  e.g.  canonical,   micro canonical,  isobaric-isothermal,  and grand canonical,

according to represented constant external conditions or number of particles (Frenkel & Smit,

1996).  To  model  adsorption  processes  Grand  canonical  ensemble  with  constant  chemical

potential, temperature and volume is the most relevant ensemble type since at the saturating

loading adsorbed gas and the bulk gas are at equilibrium which demands constant chemical

potential and temperature.

In  order  to  achieve  the  lanced  amount  of  adsorbed molecules,  temperature  and  chemical

gradient,  the  average  number  of  particles  in  the  system  must  be  determined  from  the

simulation (Frenkel & Smit, 1996). In this case, GCMC method is used to provide a system at

fixed  volume,  temperature  and  number  of  particles.  It  simulates  and  records  the  density

fluctuations of particles. This fluctuation could happen by means of five type of moves of

particles including translation, rotation, insertion, deletions and identity change move. These

moves  are  rejected  or  accepted  whether  they  put  the  system in  equilibration  with lowest

energy level or not using Boltzmann-type weighting. The simulation also changes pressures.

After millions of trials of the system states the equilibrium amount of adsorbed molecules and
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adsorption isotherms at imposed temperature, volume, and chemical gradient are determined

by changing the pressure at same conditions.

3.2. General Theory of Molecular Dynamics Simulations

In  order  to  calculate  diffusivities  of  molecules  by  predicting their  movements  with  time,

Molecular  Dynamics  simulations  are  used.  The simulation  basically  occurs  at  three  steps

called initialization, equilibration and production (Frenkel & Smit, 1996). At the first step, the

initial number of particles and their initial positions and velocities are obtained from GCMC

simulations and the force on each particle are obtained by computing a simulation that applies

Newton's equation of motion. The next step (equilibration) also integrates the same rule and

attempts to determine a system that external conditions at steady state and the forces do not

cause a flux. Eventually the final step is started where actual simulations are computed with

predetermined conditions and predictions of atomic motions through time are settled.

Equation 3.1.5 represents the equations of motion applied in the MD method where r i is the

position vector and Fi are the forces acting on the that particle.

m
d2 r i

d t 2 =Fi=(r1 , r2 ,r3 , ... ,r N) ,i=1, 2 ,3. .. , N (3.1.5)

Force is the minus derivative of the potential energy, U(r1, r2, . . . , rN ), with respect to atomic

position, as depicted below;

Fi (r1, r2, r3, ... rN) = − ∇ r i U (r1, r2, r3, ... rN) (3.1.6)

This equation agrees with the conservation of the energy, E = Ekin + U, where Ekin represents

the instantaneous kinetic energy. If the external forces are ignored, the total potential energy

can be considered as the sum of  pairwise interactions between every atom in the system:

U=∑
i=1

N

u(rij) (3.1.7)
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where rij = ri − rj,  rij ≡ |rij|,  and assumes that j  >i in order to prevent  double counting the

interactions.

Finally, overall Force on every particle can be counted as sum of each individual interaction

between them and the Equation 3.1.5 becomes;

 F j=∑
i ≠ j

N

f ij     (3.1.8)                  fij = − 
du(r ij)

d rij

 . 
r ij

r ij

        (3.1.9)

Newton’s third law states that fji = −fij. 

Each atom of every system includes N number of atoms that undergoes a force according to

Newton’s equation of motion (EOM).

F i=mi ai=mi

d v i

dt
=

d pi

dt
 (3.1.10)

While forces acting on a system is conservative meaning depends only on the position of the

atoms but not time, force can be derived as potential functions, U (r1 , r2 , . . . , rN ) as already

described before, see Equation 3.1.6

Combining Newton’s EOM with Equation 3.1.6 gives 3.1.11.

d pi

dt
 = −dV

d r i

 (3.1.11)

Kinetic energy of an atom can also be calculated by the Newton's rule; hence, Equation 3.1.12

can be transformed to:

Ti =
1
2

miv2
i =

1
2

mi
2

mi

v2 =
pi

2

2mi

 (3.1.12)

The derivative of the Equation 3.1.13 with respect to momentum gives Equation 3.1.14

dr i

dt
= 

d T i

d p i
(3.1.13)
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Equation 3.1.12 and Equation 3.1.13 are called Hamiltonian Equations that provide the time

evaluation of coordinates r and momentum p of every atom in the system. These equations can

be solved numerically. The solution starts with an assumption that position and velocity of an

atom at time t is known. And in order to determine the next position r(t+Δt) and velocity

v(t+Δt), Taylor Expansion method can be applied around the known point where Δt is a small

time step,  i.e.  sufficiently  small  Δt gives more accurate results.  The equations 3.1.14 and

3.1.15 describes Taylor expansion of r(t+Δt) and v(t+Δt) where we cut these expansion after

second order term.

r(t+δt) = r(t) + v(t) δt + 
1
2

 a(t) δt2 +...  (3.1.14)

v(t+δt) = v(t) + a(t) δt + 
1
2

 b(t) δt2 +...(3.1.15)

The first order term is v(t) and the second order term gives a(t). When v(t) and a(t) is replaced

with the first and second order terms, we achieve Equation 3.1.16;

r(t+Δt) = r(t) + Δtv(t) – Δt 2

2m
dV (t )

dr
 (3.1.16)

Taylor Expansion can also be applied on velocity formula by taking the derivative of velocity

with respect to time and have an equation that determines how to compute a velocity of a

particle if the velocity of the previous time is known.

v(t+ Δt) = v(t)  ̶̶  
Δt
2m ( dV (t +Δt)

dr
+

dV (t)
dr )(3.1.17)

It should be noted the the gradient of the previous time and the gradient of the current time

must be known for the calculating the velocity of the current time. In summary, the simulation

basically proceeds in these steps, respectively:

1. Computes the calculation of the gradient at time t by solving 
dV (t)

dr

2. Next, computes the position of the next time r(t+Δt) using equation 3.1.16

3. Then, it computes gradient of the next time 
dV (t +Δt )

dr
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4. Finally, the velocity of the next time using equation 3.1.17

As a  particle  moves,  an  energy gradient  occurs  and the  MD simulations  determine  these

changes by calculating the position and velocity of particles at each step. Potential energy

fluctuates as systems reaches new configurations, thus energy landscape having many local

minima  points  are  obtained.  These  points  are  crucial  for  simulating  correctly.  Therefore

adequate sampling of the phase space is required to find all possible minimum energy levels.

At each of these samples atoms are at different configurations and every configuration has a

probability. The total average probability of the system (<A>) can be determined by carrying

out an MD simulation that computes the equation 3.1.9 and 3.1.10 as depicted below.

⟨ A ⟩ = ρ1A1 +ρ2A2 + ρ3A3 + … ρ∞A∞ =∫ A (q ) ρ ( q ) dq(3.1.18)

ρ (q ) =
e−V (q )/kT

∫ e−V (q )/ kT dq
  (3.1.19)

where A represents the configuration of a system at a particular time and ρ is the probability of

that configuration, -V(q) kT  stands for potential energy of a particular configuration which is

given by Boltzman distribution (k is Boltzman constant, V is volume of the simulation box

and T is temperature).

The Classical MD simulation repeats these steps until  the end of the simulation which is

determined a by cycle number. These calculations provide the next and previous velocities and

coordinates of the atoms in the system. The initial coordinates are taken from the literature

which come from the experimental studies or predicted by another theoretical studies. Some

examples of very well known databases are Cambridge Structural Database  (‘Home - The

Cambridge Crystallographic Data Centre (CCDC)’, n.d.), Computation-Ready Experimental

Meta-Organic  Framework (CORE-MOF) Database  (Chung et  al.,  2019) and Protein  Data

Bank (‘WwPDB: Worldwide Protein Data Bank’, n.d.).

3.2.1. Computing the Energy

Since  potential  energy  is  the  interaction  energy  among  all  particles  in  the  system,  it

corresponds to gradient. In order to figure out the gradient of a system several terms must be
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introduced  to  the  simulation.  Force  fields  are  used  in  MD for  calculating  the  interaction

energy. A force field is a combination of formulations that describes the interactions in the

system. The interactions occurring within the molecule due to distances, angles, and torsions

are  called  bounded  interactions,  whereas  van  der  Waals  and  electrostatic  (Coulomb)

interactions are called non-bonded interactions.  

In  Figure  3.1,  classical  potential  types  in  a  system  and  corresponding  formulas  are

demonstrated.  Bonded  interactions,  which  e.g.  bond  stretching,  angle  bending,  torsion

potential and two types of non-bounded potentials, Lennard-Jones and Coulomb potential, are

depicted in Figure 3.1. Bond potentials occur within two different atoms which have a linear

distance, rij. Angle bond potentials occur between three atoms with an angular interaction, θijk,

torsion potential arise between four atoms with a torsion force, θijkl. LJ potentials have short

range characteristic; however, Coulomb potentials arise between to atoms with long-ranged

interaction.

Figure 3.1: Bonded and non-bonded interactions are shown in the figure where k is constant,

rij  is the bond distance between two atoms, r0  is the distance, θijk is angle interaction between

two atoms, θ0  equilibrium bond angle (Dantu, 2012).
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In order to calculate dispersion type of interactions, Lennard-Jones interactions, εİJ and σij are

required which are the force field parameters describing energetics and size of the atoms.

They are evaluated using Lorentz-Berthelot mixing rules as shown below:

εij = √εi . εj(3.1.21)               σij = 
σi+σj

2
(3.1.22)

ε and σ are different for each atom and the specific values for each atom can be found at

literature.

Force field parameters are specific for each atom type in the system (A. K. Rappe, Casewit,

Colwell, Goddard, & Skiff, 1992). The atom type is not just identifies the atomic number but

also represents the hybridization state and the local environment of the atom or atoms. There

is  no  100%  correct  force  field  parameter,  since  they  are  all  calculated  using  empirical

methods. Multiple types of force fields are available in the literature where the parameters

they provide is different for each atom (A. K. Rappe et al., 1992). A force field should match

several criteria in order to be considered efficient. They must provide the properties of the

atom as accurate as possible, must be transferable for variety of structures and properties and

must be efficient in computational studies that samples large systems.

3.2.2. Periodic Boundary Conditions

A real  macroscopic  system includes  around 1023  atoms in  a  mole  which  is  impossible  to

simulate due to tremendous interactions among each other. The simulations usually take into

account  103  -  106  atoms.  The  Classical  Molecular  Dynamic  uses  a  simulation  box  called

primary cell that contains the atoms of the system of interest in determined temperature and

pressure.  Next,  MD  uses periodic  boundary  conditions  which  replicates  the  primary  cell

infinite  amount  of  times  in  three  dimension.  Then,  the  simulation  computes  the  potential

energies in order to solve equations of motion only for the primary cell that interactions occur

only  around  the  nearest  cells.  The  code  assumes  that  any  phenomena  happening  on  the

primary cell also happens on the other replica cells.

3.2.3. Selection of the cut-off

A cut  off  function is  applied in  the simulations in order to limit  the calculations  of non-

bounded interactions. This function has a certain value ensuring that after a certain distance
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between two interacting particles, potential energy is not included in the calculations. The cut

off distance often has chosen to be 12 – 14 Å which is the most suitable range. In the case of

LJ potentials, interaction energies already close to zero between the atoms with a distance

greater than 12 Å as in shown in the Figure 3.2 which does not introduce a significant error.

However, the coulomb interactions have long-range characteristics which approach to zero

very slowly. Hence, after 12 Å distance, the interaction potential can be still significant which

could cause discontinuities on the potential gradient and could decrease the reliability of the

MD results (Huang, Li, Choi, Nandakumar, & Kostiuk, 2010).

Figure 3.2: Graphical representation of LJ potentials with an interception of a cut-off (rcutoff)

where ε is the well depth σ is the distance that makes the intermolecular potential of two

particle zero (‘LJ-Scheme’, 2019).

3.3. Charge Assignment Methods

In this section, a brief information on two charge assignment methods, e.g. Density functional

theory (DFT) based Density Derived Electrostatic and Chemical Charges (DDEC) method and

Extended Charge Equilibration Method (EQeq) are given.

Density  Functional  Theory  (DFT)  is  used  to  solve  the  Schrödinger  equation  and  obtain

information concerning how dense is the charge distribution in that material (Andreoni, 2002).
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DFT fits interatomic interactions between numbers of atoms of a many particle system at the

ground state by using the summation of the charge density. DDEC theory relies on defining

the associated charges of atoms as chemically meaningful and provides electrostatic potential

by optimizing the atomic electron density distribution (Manz & Sholl, 2010). As this approach

proposed by Manz and Sholl,  they trained its performance with several methods including

Electrostatic potential fitting methods (ESP) and its extension called REPEAT (Campañá et

al., 2009), and with iterative stockholder atom (ISA)  (Bultinck, Van Alsenoy, Ayers, & Carbó-

Dorca, 2007). According to their results DDEC reproduced accurate, efficient, transferable

results for large body of materials.

Calculating atomic charges from quantum-mechanical calculations is very time consuming

due to determination of electronic structure. While porous materials have thousands of atoms,

this  procedure may take hours to  finish and therefore increase the cost  especially  for  the

studies concerning large body of structures. Various charge equilibration methods have been

developed which can reproduce results in minutes and accepted by many researchers. Rappe

and Goddard  (Anthony K. Rappe & Goddard, 1991) proposed a charge equilibration method

(Qeq) in 1991 which uses geometry and experimental atomic properties as basis of the method

and  uses only  the  first  ionization  energies  of  the  atoms.  Comparison  of  atomic  charges

calculated  by  Qeq  revealed  excellent  similarities  with  the  experimental  observations  for

simple organic, inorganic, biological, and polymer systems such as H2O, NH3, and H3COH.

Furthermore, the method gave reasonable results in simulating porous materials. Yet, Wilmer

et.  al  (Wilmer,  Kim,  et  al.,  2012) improved  this  strategy  and  added  all  of  the  measured

ionization energy (first, second, third, etc.) informations into the method called EQeq, and

reduced  the  input  parameters  from  experimental  atomic  ionization  potentials,  electron

affinities,  and  atomic  radius  to  a  dielectric  strength  (εeff,  generally  1.67  for  low-density

materials) and a modified parameter for hydrogen atoms. They used neutral charges for almost

all atoms in the structures but changed the “charge centre” of metal atoms to their oxidation

states and gave those atoms the same charges at first; Mg: +2, Co: +2, Ni: +2, Cu: +2, Zn: +2

in order to state the partial charges. However this situation makes the method less sensitive. In

addition, the method computes atomic charges by assigning the same electronegativity for two
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or more atoms that combined in a molecule, which means two different atom types can have

the same atomic ionization potential and electron affinity.

EQeq method rewrites the energy of a system by using Taylor expansion rule and makes it a

function that relating to the system’s charge. As Qeq method, EQeq also constraints the terms

after quadratic ones but includes the ionization energies of the electrons. These ionization

energies also called the electron affinity, represents the energies of the atoms that gained one

electron or lost one. By considering these steps, one can create a new equation that holds the

electronegativity and the electron hardness. And while ionization energies of every element in

the periodic table up to Z=86 is provided in the literature, a quadratic energy function based

on  only  measured  quantities  can  be  obtained.  This  energy  function  will  include  the

electronegativity information, hardness and the charges of the atoms that reduced or oxidized

up to second order Taylor expansion as shown below:

EA(Q) = EA(Q*) + XQ *(Q − Q*) + JQ*
1
2

(Q − Q*)2  (3.1.23)

And if this energy function is used to express the total energy of the entire system along with

the Coulombic interactions, following equation can be achieved:

Esys (Q1 , Q2 , ..., QN) = EAk( Qk*) + XQ* (Qk − Qk*) +
1
2

JQ*k (Qk − Qk*)2 + ECk + EOk   (3.1.24)     

Eck represents the interaction energy occurs between the kth atom’s charge with all the other

atomic charges of the system, and  EOk is the term prevents infinite charge separation between

two atoms that brought arbitrarily close together.

In order to assign charges on atoms, EQeq method only runs a simulation that solves equation

above by identifying a system with minimum total energy which is not needed to be repeated.

It achieves this by using a global dielectric strength εr in the calculation of Eok. The only other

parameter applied is a representation of unphysical tendency of H atoms. It is ensured that all

the  H  atoms  are  negatively  charged  during  the  assignment  of  the  measured  ionization

potentials. All the periodic interactions including electrostatic interactions are computed using

Ewald summation in the EQeq method. Excellent agreement achieved between EQeq method

and  various  methods  including  REPEAT  (Campañá  et  al.,  2009)(Campañá  et  al.,  2009),
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ChelpG (Breneman & Wiberg, 1990) and Qeq (Anthony K. Rappe & Goddard, 1991) which

are summarized at Table  3.1. In addition, Wilmer and co-workers simulated carbon capture

capacity of 12 MOFs where the  atomic charges determined via the same methods  (Wilmer,

Kim, et al., 2012).

Table  3.1.  Average differences of charges of 12 materials calculated by 4 different type of

calculation methods (Wilmer, Kim, et al., 2012).

MOF name REPEAT ChelpG EQeq Qeq

HKSUT-1 0 0.05 0.15 0.26

Pd(2-pymo)2 0 0.13 0.24 0.17

IRMOF-1 0 0.02 0.16 0.16

IRMOF-3 0 0.02 0.24 0.23

Zn-MOF-47 0 0.05 0.14 0.24

Ni-MOF-74 0 0.04 0.15 0.15

Co-MOF-74 0 0.04 0.14 0.14

Mg-MOF-74 0 0.05 0.19 0.31

ZIF-8 0 0.07 0.16 0.12

MIL-47 0 0.03 0.11 0.07

UMCM-150 0 0.06 0.11 0.21

UMCM-150(N2) 0 0.06 0.15 0.29

Figure 3.3 shown below demonstrates CO2  capture performance of 12 MOFs, whose charges

assigned  by  EQeq  and  other  quantum  chemistry  derived  charges  together  with  neutral

framework  charges.  The  figure  compares  the  adsorption  results  with  experimental  results

where none of the charge scheme matched exactly with itself. Nevertheless, all of the partial

atomic charge schemes gave similar predictions for the same process where the CO2 capture

performances using charges calculated by EQeq method gave accurate results than  the  ones
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with Qeq method.  The latter,  EQeq method needs  less  computational  cost than any other

method in that research.

Figure  3.3.  Comparison of predicted adsorption amount (mg/g) of 12 MOFs that used five

different types of charges with real CO2  capture experiment results of the same MOFs at 0.1

bar and room temperature (Wilmer, Kim, et al., 2012).

3.4. Prediction Methods for Calculating Permeability and Selectivity of ZIF Membranes

Adsorption based separation performances of the MOFs for binary gas mixtures are predicted

using adsorption selectivity parameter which is calculated using the formula shown below:

Sads(i/j) =

x i /x j

y i / y j
 (3.4.1)

where x and y are the molar fractions of the adsorbed and bulk phases, respectively.

Permeability  and permeation  selectivity  are  the key factors  for  deciding membrane based

separation performances of the ZIFs. The method developed by Sanborn and Snurr (Sanborn
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& Snurr, 2001) determines”exact” gas permeabilities calculating Onsager matrix elements and

transport diffusivities. From the MD simulations, the Onsager coefficients (L) are calculated

using the relation as shown below (Skoulidas et al., 2003).

Lij =
1

doV kB T
lim
t → ∞ (1

t )⟨∑l=1

N İ

[ril (t )−rij(0)] .∑
m=1

N j

[r jm (t )−r jm (0 ) ]⟩ (3.4.2)

Here, V is the simulation volume, kB is the Boltzman constant, and T is the temperature.

In Onsager  matrix  the diagonal  coefficients  can be splited into two parts  containing self-

correlation and cross-correlation contributions. See Ref. (Gurdal & Keskin, 2016) for detailed

formulations. Following the determination of the Onsager diffusivities, the Fickian diffusion

coefficients are determined by (Skoulidas et al., 2003):

Dii = 
kB T
c i ⟨ Lii(

∂ ln f i

∂ ln c i
)T , c i+ Lij(

∂ ln f j

∂ ln c j
)T , ci⟩(3.4.3)

Dij = 
kB T
c j ⟨ Lii(

∂ ln f i

∂ ln c i
)T , c i+ Lij(

∂ ln f j

∂ ln c j
)T , ci⟩(3.4.4)

where ci and cj are adsorbed loadings of species i and j in i/j mixture, fi is the bulk gas fugacity

of component i  when the gas mixture is in equilibrium with an adsorbed mixture with the

specified concentrations. Thermodynamic correction factors are formulated as; 

Γij =
∂ lnfi
∂lncj

T ,c N− jand can be calculated from the mixture isotherms, as explained below.

Mass flux (J)  is related with concentration gradient ( c) and diffusivity (D),  as stated by∇

Fick’s law shown below:

Ji =  ̶ ∑
j=1

N

Dij ∇ c j(3.4.5)

Incorporating  Onsager  and  Fickian  diffusivity  Equations  3.4.2,  3.4.3  and  3.4.4  into  the

Equation 3.4.6, we can calculate gas flux Ji as follows:

Ji=
kB T

c i ⟨ Lii(
∂ ln f i

∂ ln c i
)T ,ci+ Lij(

∂ ln f j

∂ ln c j
)T , ci⟩ ∇ c j+

kB T
c j ⟨ Lii(

∂ ln f i

∂ ln c i
)T , c i+ Lij(

∂ ln f j

∂ ln c j
)T ,ci⟩ ∇ c j

Mass flux Ji is related to the gas permeability by:
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Pi =
J i φ

Δ f i / l
 (3.4.7)

where φ is porosity of the ZIF membrane, ∆fi is fugacity difference across the membrane, and

l  is the membrane thickness. Equation 3.4.8 and 3.4.9 is considered as the formula giving

exact results  for calculating the gas permeabilities across the nanoporous membrane.  This

method will be named as detailed method throughout this work. Permeation selectivities are

calculated as the ratio of gas permeabilities calculated for binary gas mixtures, as;

Sperm,i/j =Pi/Pj.    (3.4.8)

The  summarized  Sanborn  and  Snurr  method  calculates  Onsager  diffusivities  and

thermodynamic correction factors for calculating permeability and permeation selectivities.

The  results  are  considered  as  correct  answers,  however  constructing  Onsager  diffusivity

matrix is computationally demanding. Thus, large scale screening of nano porous membranes

using detailed method is cumbersome and formulating simplified methods for pre-secreening

of membrane performances become inevitable.

The  straightforward  calculation  of  gas  permeabilities,  Papp(i),  and  permeation  selectivities,

(Sperm−app(i/j)), have been mostly achieved using an approximate method (Rajamani Krishna &

van Baten, 2010). Approximate method is derived from simplification of the detailed method.

The gas mixture is assumed 6to be dilute, meaning diagonal elements in the thermodynamic

correction factor matrix approach one and off-diagonal ones approach zero. Therefore, one

does not have to determine thermodynamic correction factors for calculating permeabilities.

Besides, cross correlation contribution of the Onsager diffusivities, between the same species

and different species, has been assumed to be negligible due to dilute concentration of species

which also eliminates determination of Onsager coefficients for calculating permeabilities and

selectivities.  As  a  result,  the  simplified  formulation  of  the  approximate  method  for

permeability and permeation selectivity become as follows:                                            

Papp(i) =
Dself ,i c i φ

f i

(3.4.9)
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Sperm-app(i/j) =
Dself , ic i

Dself , j c j

f j

f i

(3.4.10)

Although, approximate method is  easy and fast  way of screening large number of porous

materials,  Gurdal  and  Keskin  (Gurdal  & Keskin,  2016) reveals  that  approximate  method

significantly underestimates the performance metrics with respect to the results obtained using

the detailed method. Accordingly, we modify approximate method and propose a new method

for predicting membrane performances. Thermodynamic correction factors are still considered

in  the  permeability  calculations  of  the  new method,  however  the  cross  correlation  terms

between the same gas species and different gas species are assumed to be negligible. Thus, the

new  method  facilitates  results  obtained  using  the  approximate  method  by  incorporating

thermodynamic correction factors, Γij =
∂ ln f i

∂ ln c j
   T ,c N− j into the equations as shown below:

Pnew(i) = 
Dself ,i ( Γ ii+Γ ij ) c iφ

f i

 (3.4.11)

Sperm-new(i/j) =
D self ,i ( Γ ii+Γ ij ) ci

Dself , j ( Γ ji+Γ j j ) ci

f i

f i

  (3.4.12)

For detailed derivation of the new method, see Ref.  (Gurdal & Keskin, 2016).

Thermodynamic correction factors should be calculated for applying the new method.  All

calculated adsorbed compositions are then fitted to continuous functions for each component

in the H2(1)/CH4(2) and CO2(1)/H2(2) mixtures as shown below;

c1=
h1 f 1

h2 f 1+h3 f 2+h4
+

h5 f 1

h6 f 1 +h7 f 2+h8
 (3.4.13)   

 c2=
s1 f 2

s2 f 1+s3 f 2+s4
+

s5 f 1

s6 f 1+s7 f 2+s8
 (3.4.14)

where hi and si are fitted parameters.
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4. RESULTS

This chapter, splitted into two parts, gives all the results and discussions. In the first part, gas

permeabilities are calculated using three permeability calculation methods and the results are

compared with each other. Our aim is to show which method should be used for accurately

capturing gas permeabilities. The second part of the chapter focuses on charge assignment

methods.  EQeq  charge  assignment  method  has  been  widely  used  in  the  literature  while

carrying out GCMC and MD simulations. We compare the results of EQeq charges with DFT-

based DDEC method for several biological MOFs and discuss if EQeq method is sufficiently

good for capturing atomic charges calculated by the DDEC method. Our results will be a road

map for accurately modelling MOFs and ZIFs.

4.1.  Models  Used  for  Permeability  Predictions  of  MOFs  Revisited  For  Binary  Gas

Mixtures of CO2, H2, and CH4

In this  part  of the thesis,  we use three permeability  calculation methods,  namely detailed

method, approximate approach and new method, in order to determine the CO2/H2 and CH4/H2

permeation performance of 6 different ZIFs. The detailed method (Sanborn & Snurr, 2001),

which gives exact results requires extensive computational time and resources for calculating

Onsager  coefficient  matrix,  which  is  a  disadvantage.  Thus,  using  detailed  method  for

calculating permeabilities of large number of MOFs is not feasible. The approximate method

proposed by Krishna and Baten  (Rajamani Krishna & Baten, 2011) can be considered as a

solution of this problem by providing very simple procedure of calculating permeabilities,

however studies have shown that this method significantly fails to show good agreement with

experimental  and  computational  results.  The  new  method,  on  the  other  hand,  introduces

thermodynamic  correction  factors  into  the  permeability  calculations  and  gives  better

predictions for Xe, Kr, and Ar gas mixtures, as shown previously by Gurdal et al. (Gurdal &

Keskin, 2016). The new method demands almost the same amount of computational resources

as approximate method and makes better predictions. The testing of the new method has been

applied only for Xe, Kr, Ar mixtures and its performance for predicting industrially important

gas mixtures have not been determined so far. Thus, this thesis will give a valuable input to
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the literature by questioning the accuracy of permeability calculation methods carried out for

CO2, CH4, and H2 gas mixtures.

4.1.1. Computational Details

In this section detailed computational information for simulations that carried out is provided.

In order to simulate adsorption processes of CO2//H2 and CH4/H2 mixtures via MOFs, GCMC

and MD simulations are performed. The feed composition of H2/CH4 and CO2/H2 mixtures are

set as 90/10 and 1/99, respectively, to mimic the composition of syngas mixtures. Calculated

adsorption  isotherms  and  self  diffusivities  of  the  gas  species  are  used  to  predict  gas

permeabilities  and  permeation  selectivities  using  three  approaches:  new  method,  detailed

method, and simplified method.

4.1.1.1 ZIF Structures

The permeability models are tested using six ZIF structures, namely ZIF-6, ZIF-10, ZIF-60,

ZIF-69, ZIF-79, and ZIF-81. These ZIFs possess different organic linkers,  pore sizes, and

topologies which enables us to  identify the role of structural features on the performance

predictions of the new and simplified methods. Properties of the studied ZIFs are summarized

in Table 2.

Table 4.2: Structural properties of ZIFs studied in this work including pore limiting diameter 

(PLD), largest cavity diameter (LCD) (Banerjee et al., 2009, 2008; First & Floudas, 2013; 

Park et al., 2006).

Material Composition

PLD/LCD

(Å)

Porosity

(%) Topology

Cell  Dimensions  a,b,c

(Å)

Cell Angles (α,

β, γ) (deg.)

ZIF-6 Zn(Im)2 6.7/9.5 62.70 GIS 18.52, 18.52, 20.25 90, 90, 90

ZIF10 Zn(Im)2 8.2/12.12 65.00 MER 27.0608, 27.0608,19.406 90, 90, 90

ZIF-60 Zn2 (Im)3 (mIm) 7.6/12.8 70.82 MER 27.24, 27.24, 19.23 90, 90, 90

ZIF-69 Zn(cbIm)(nIm) 4.9/8.7 57.41 GME 26.08, 26.08, 19.41 90, 90, 120

ZIF-79 Zn(mbIm)(nIm) 4.0/7.5 56.87 GME 25.93, 25.93, 19.65 90, 90, 120

ZIF-81 Zn(bbIm)(nIm) 4.3/8.4 56.65 GME 25.99, 25.99, 19.70 90, 90, 120
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Previous X-ray diffraction (XRD) studies are used to identify atomic coordinates of the ZIFs

(Banerjee et al., 2009, 2008; Park et al., 2006). Materials are modelled as solvent-free and

structural  flexibility  are  neglected  throughout  our  simulations,  which  can  be classified  as

widely  applied  simulation  strategies  for  modelling  variety  of  large  nano-porous  materials

(Atci & Keskin, 2012a; Pérez-Pellitero et al., 2010). Pore size can be used to group selected

ZIFs.  ZIF-6,  ZIF-10,  and  ZIF-60  posses  large  pores  ranging  6.7/9.5  and  7.6/12.8  Å,

respectively.  The rest of the materials have heterogeneous pore sizes. These ZIFs, namely

ZIF-69, ZIF-79, and ZIF-81, have large pores connected through small pore apertures ranging

4.9/8.7, 4.0/7.5, and 4.3/8.4 Å, respectively. One of the common feature of these ZIFs is their

large porosities, such as ZIF-60 posses the highest porosity, 70.82 %, followed by ZIF-6 and

ZIF-10 ranging as 65 % and 62.70 %, respectively. Considering organic linkers of the ZIFs

under consideration, ZIF-6 and ZIF-10 have only imidazolate (Im) type linker with different

lengths.  ZIF-60,  ZIF-69,  ZIF-79,  and  ZIF-81,  on  the  other  hand,  have  hetero-linkers  of

imidazolate/methyl imidazolate (Im)(mlm), 5-chlorobenzimidazolate/nitro-imidazolate (cbIm)

(nIm),  methylbenzimidazole/nitro-imidazolate  (mbIm)(nIm),  and  5-bromobenzimidazolate/

nitro-imidazolate (bbIm)(nIm), respectively. ZIF-69, ZIF-79, and ZIF-81 have same topology,

GME, however ZIF-10 and ZIF-60 have MER, and ZIF-6 has BCT type topology.

4.1.1.2. Simulation Methodology

Grand canonical Monte Carlo (GCMC) simulations are performed to determine adsorption

isotherms  of  the  species  in  their  binary  mixtures.  Pairwise  dispersive  interactions  are

calculated using spherical Lennard Jones 12-6 potential (Verlet, 1967)  and mixed interaction

parameters are introduced applying Lorentz-Berthelot mixing rules. ZIF atoms are described

applying the universal force field (UFF)  (A. K. Rappe et al., 1992) parameters which have

shown good agreement with the experimental results of gas permeances through ZIFs (Atci &

Keskin, 2012a). Besides, comparison of UFF and DREEDING (Mayo, Olafson, & Goddard,

1990) force field parameters give similar results for H2, CH4, and CO2 permeances through

ZIF membranes  (Atci & Keskin, 2012b). While H2 and CH4 molecules are modelled using

united atom approach, CO2 is described as a rigid three-site linear molecule in order to account

its quadrupole moment. H2 is modelled using Buch potential (Buch, 1994), CH4 and CO2, on

the  other  hand,  are  described  by  TraPPE force  field  (Martin  &  Siepmann,  1998).  While
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electrostatic  interactions  are  neglected  for  simulations  of  H2/CH4 mixture,  partial  point

charges  are  defined for  each ZIF atom and CO2 molecule  for  the  simulations  of  CO2/H2

mixture. We apply connectivity-based atom contribution method (CBAC) proposed by Xu and

Zhong  (Xu  &  Zhong,  2010).  In  principle,  CBAC  method  denotes  atomic  charges  by

considering corresponding atomic bonding coordination and assumes that framework atoms

have identical partial charges if they have same bonding connectivity. Systematic analysis of

CBAC method applied on 43 MOFs reveals that CBAC charges, indeed, capture the charges

calculated using quantum chemical methods and reproduce experimental adsorption isotherms

with good accuracy. Very recently,  Lin and co-workers  (Changlong Lin et al.,  2020) have

extended this approach by introducing multilayer connectivity information (m-CBAC), up to

2nd layers with respect to the previous method accounting only the first layer connectivity of

a target atom. Comparison of partial atomic charges of 2700 MOFs calculated using m-CBAC

and  density  functional  theory  based  density-derived  electrostatic  and  chemical  (DDEC)

method  reveal  a  very  good  agreement.  Recently,  CBAC  method  has  been  applied  for

modelling n-alkane adsorption on hybrid ZIF-8-90 structures (Sun et al., 2019). Li et al.  (L.

Li, Wang, Yang, Wang, & Li, 2015) have determined adsorption isotherms of CO2/CH4 and

CH4/N2 on Cu-based flexible MOFs using the CBAC method for charge assignment. GCMC

simulations carried out at 298 K are applied for each gas mixture. A cut-off radius of 13 Å is

applied for dispersive interactions, whereas electrostatic interactions are truncated at 25 Å.

Periodic boundary conditions are always applied in the simulations. A minimum of 3 x 3 x 3

simulation box is used in GCMC simulations and concentration of adsorbed gas molecules are

calculated at thermodynamic equilibrium. 3x107 trial configurations in total are performed for

each  GCMC simulations,  where  half  of  the  configurations  are  performed  for  production.

Translation, insertion, deletion and swap of gas particles are applied for each gas species in a

GCMC run, and for CO2 rotational move is applied as well. Self-diffusivities of gas species

are  calculated  applying  equilibrium  molecular  dynamics  (MD)  simulations  in  the  NVT

ensemble (D. C. Rapaport, 2004). MD runs are performed at several feed gas pressure values

ranging from 1 bar to 30 bar. The adsorption amounts at corresponding feed gas pressures are

taken  from the  GCMC simulations.  Nose-Hoover  thermostat  algorithm  (Evans  & Holian,

1985) is used for keeping temperature at 298 K. Each MD run consists of minimum 3 x 3 x 3

unit cell simulation box. MD simulations are performed 16 ns long, and 60 independent MD
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trajectories are collected. The mean square displacement of the particles are used to calculate

the self-diffusion coefficients (Dself,i  ) of the corresponding gas species applying the Einstein

relation (Frenkel & Smit, 1996) as depicted below:

Dself,i=lim
t → ∞ (

1
2 dot )+⟨ 1

N i
∑
l=1

N i

[r ij ( t )−ril (0)]
2⟩ (4.1.1)

Here, ril  (t) stands for the position vector of the ith particle of species i at time t, the angular

brackets denote ensemble averages in an equilibrium system, and do is the space dimension.

The self-diffusivities calculated less than 10−8 cm2/s in any direction of the ZIF membranes are

neglected, i.e., no diffusion is considered in that direction.

4.1.2. Comparison of Permeability and Permeation Selectivity of ZIFs Using Three 

Methods

Permeability and permeation selectivity of several ZIF structures having different pore sizes

and topologies are calculated for both CO2//H2 and CH4/H2 mixtures using the detailed, new,

and approximate methods.  The results  of the detailed method has been considered as  the

“correct” answers, and the predictions of the new and approximate methods are compared

with the results obtained using the detailed method. 

Figure 4.4 points the comparison of three methods for the CO2//H2 and CH4/H2 mixture having

90/10 molar composition, i.e., mixture having 90% mole percent of H2. There are 60 data

points in total  for H2 and CH4 permeabilities computed at  5 different feed pressures of 6

different ZIF membranes. Permeability predictions of the new and approximate methods are

depicted in the y axis using closed and open symbols, respectively. While the results of the

detailed method are shown in the x axis, the deviations of the data points from the diagonal

line indicate that permeability results calculated using the approximate and/or new methods

under  predict  the  correct  permeability  results.  As  shown in  the  Figure  4.4,  the  new and

approximate methods accurately capture the H2 permeabilities,  i.e.,  the new method gives

closer results to the detailed method with respect to the results obtained using the approximate

approach. At low feed pressures, we see slight deviations in the calculated H2 permeability

values of ZIF-69, ZIF-79, and ZIF-81 using the approximate approach with respect to the

results calculated using detailed method. For instance, at 1 bar, predictions of the approximate
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method  for  H2 permeability  of  H2/CH4 mixture  are  1.62,  1.17,  and  1.31  times  less  than

permeability results of the detailed method for ZIF-69, ZIF-79, and ZIF-81, respectively. The

predictions of the new method for H2 permeability of these ZIFs at the same pressure are 1.57,

1.14,  and  1.29  times  less  than  the  results  of  the  detailed  method  at  1  bar.  As  pressure

increases,  the disagreement between the approximate and detailed methods becomes more

significant.  For  example,  at  25  bar  feed  pressure,  approximate  approach  gives  the  H2

permeabilities  of ZIF-69, ZIF-79,  and ZIF-81 as 2.37,  2.36,  and 1.61 times less than the

detailed method. The new method, on the other hand, makes better predictions with respect to

the  approximate  method  even  at  higher  pressures.  The  H2 permeabilities  at  25  bar  are

calculated as 1.51, 1.39, and 1.02 times less than the detailed method calculations for ZIF-69,

ZIF-79, and ZIF-81, respectively.

Figure 4.4:  Comparison of (a) H2 permeability (b) CH4 permeability of ZIF membranes for

H2/CH4: 90/10 mixture at 298 K and varying feed pressures at 1, 5, 10, 15, and 25 bar. While

closed symbols represents values calculated using the new method, open symbols show the

results of the approximate approach. Colour code: blue is ZIF-6, red is ZIF-10, green is ZIF-

60, yellow is ZIF-69, purple is ZIF-79, and black is for ZIF-81 data.

The  permeability  results  of  the  new and approximate  methods  calculated  for  CH4 in  the

H2/CH4 mixture  show  deviations  from  the  detailed  method  and  the  deviations  become

significant especially for the approximate method. Although, we see moderate deviations for

ZIF-69, ZIF-79, and ZIF-81 for the calculated H2 permeabilities, in the case of CH4 all six

ZIFs show large deviations from the values calculated using the detailed method, especially
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the approximate method fails to predict the CH4 permeabilities correctly. For instance, for the

ZIF-6, ZIF-10, and ZIF-60 CH4 permeabilities calculated using the approximate approach are

2.08, 2.36, and 2.46 times less than the permeabilities obtained using the detailed method at 1

bar.  As pressure increases,  the approximate method points significant  deviations  from the

detailed  method,  i.e.  at  25  bar  CH4 permeabilities  are  3.39,  2.60,  and 2.88  less  than  the

detailed method permeabilities for the ZIF-6, ZIF-10, and ZIF-60, respectively. The results

obtained using the new method, on the other hand, are closer to the”correct” permeability

values for all ZIFs under consideration. The new method corrects the permeability predictions

of  the  approximate  approach,  especially  for  the  ZIF-69,  ZIF-79,  and  ZIF-81.  For  the

remaining  ZIFs,  ZIF-6,  ZIF-10,  and  ZIF-60,  on  the  other  hand,  the  results  of  new  and

approximate methods are close to each other, yet the new method again makes slightly better

predictions. For instance, at 25 bars, CH4 permeabilities calculated using the new method are

2.73, 2.25, and 2.56 times less than the detailed method calculations for the ZIF-6, ZIF-10,

and ZIF-60, respectively. In the case of ZIFs having heterogeneous pore size distributions, e.g.

ZIF-69,  ZIF-79,  and ZIF-81,  we see even larger  deviations  between the approximate  and

detailed methods. At 25 bar, the approximate methods under predicts CH4 permeabilities by

4.15, 3.87, and 2.32 times with respect to the detailed method for the ZIF-69, ZIF-79, and

ZIF-81, respectively. The new method, on the other hand, CH4 permeabilities are calculated as

1.94, 1.95, and 1.27 for times less than the detailed method for the same ZIFs.

Results suggest that, for the H2/CH4 mixture the new method always provide close predictions

of  the  detailed  method,  at  high  or  low  feed  pressure  conditions,  with  respect  to  the

approximate method. For the ZIFs having heterogeneous pore size distributions, the results of

the  approximate  method  deviate  largely  from the  detailed  method  for  both  H2 and  CH4

permeabilities, especially at high feed pressures. Only for the ZIFs having homogeneous pores

size distributions, H2 permeabilities obtained from the approximate method shows moderate

deviations from the detailed method. The new method, on the other hand, always provides

better  predictions  for  the  H2/CH4 permeabilities  with  respect  to  the  approximate  method.

Results suggest that as the size of the gas molecules in a binary mixture differs from each

other, the approximate method fails to accurately reproduce the permeability of the specie

having larger van der Waals diameter, i.e., CH4 in this case. The deviations of the approximate
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approach  from the  new and  detailed  methods  become pronounce  especially  for  the  ZIFs

having smaller pores, or large cavities connected through smaller pores. Although, the molar

percentage of the CH4 is not high in the H2/CH4 mixture, 10%, larger interaction parameter

and larger size of the CH4 lead to have larger self and cross correlations effect which cannot be

captured by the approximate approach. 

The  CO2 and  H2 permeability  results  calculated  with  the  detailed,  new,  and approximate

methods for the CO2/H2:1/99 mixture is  depicted in Figure  4.5.  As a general observation,

while the approximate method significantly underestimates the CO2 permeability of the ZIF

membranes  under  consideration,  the  new  method  always  gives  better  predictions.  For

instance, for ZIF-79 (ZIF-81) CO2 permeability calculated using the approximate approach at

5 bar and 30 bar are 10.87 (5.24) and 25.77 (6.08) times lower than the results obtained using

the detailed method. Using the new method, on the other hand, improves the predictions and

the CO2 permeabilities calculated for ZIF-79 (ZIF-81) at 5 and 30 bar becomes 9.80 (4.77)

and 10.80 (3.98) times lower than the results calculated using the detailed method. The large

deviations obtained for the CO2 permeabilities are not only for the ZIFs having heterogeneous

pore sizes, but also for the ZIFs having large pores. For instance, for ZIF-10 approximate

method  and  new method  gives  CO2 permeabilities  by  4.78  and  4.51  times  less  than  the

detailed method at 5 bar, and as the pressure increases to 30 bar CO2 permeabilities become

6.48 and 5.01 times less than the actual results, respectively.

In  the  case  of  H2 permeabilities  for  the  CO2/H2:1/99  mixture,  on  the  other  hand,  both

approximate and new methods make better predictions with respect to the CO2 permeabilities,

though the predictions of the new method are again closer to the correct values. For instance,

H2 permeabilities in ZIF-60 (ZIF-69) calculated using the approximate method at 1 and 30 bar

are 1.62 (1.07) and 17.48 (2.10) times lower than the actual results. Improved H2 permeability

predictions are obtained using the new method, e.g. for ZIF-60 (ZIF-69) H2 permeabilities are

calculated as  1.08 (0.94)  and 0.95 (1.20)  times  lower than the  results  obtained using the

detailed  method at  1  and 30 bar  feed  gas  pressure conditions,  respectively.  For  the  ZIFs

having large pores, H2 permeabilities calculated using three methods give similar results at

low  or  high  pressures.  For  instance,  at  30  bar  H2 permeabilities  in  ZIF-10  (ZIF-6)  are
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calculated 1.48 (1.05) and 1.30 (0.93) times less than the actual values using the approximate

and new methods, respectively.

Figure. 4.5: Comparison of (a) CO2 permeability (b) H2 permeability of ZIF membranes for
CO2 /H2: 1/99 mixture at 298 K and varying feed pressures at 1, 5, 10, 20, and 30 bar. While
closed symbols  represents  values  calculated using new approach,  open symbols  show the
results of the approximate method. Colour code: blue is for ZIF-6, red is for ZIF-10, green is
for ZIF-60, yellow shows ZIF-69, purple shows ZIF-79, and black shows ZIF-81.
As a summary, for the H2 permeabilities we obtain similar results using the three methods,

especially for the ZIFs having large pores. As the pore size distribution of the ZIFs becomes

heterogeneous, approximate method results in deviations from the results obtained using the

detailed method. New method, on the other hand, always improved the predictions of the

approximate  method  also  for  the  ZIFs  having  large  and  small  pores  or  cavities.  We see

moderate deviations for the CH4 permeabilities, and the deviations from the detailed method

increase  with  an  increase  in  feed  pressure.  Introduction  of  the  thermodynamic  correction

factors in the new method gives better CH4 permeability predictions than the approximate

method.  In  the  case  of  CO2/H2  mixture,  we  see  significant  deviations  in  the  CO2

permeabilities.  The  new  method  moderately  corrects  the  predictions  of  the  approximate

approach.

While  only  dispersion  type  interactions  are  taken  into  account  for  the  H2/CH4 mixture,

electrostatic interactions are also taken into account in the case of CO2/H4 mixture. Results

suggest that if the gas-ZIF interactions arise only from dispersion interactions, approximate

method can  make as  good predictions  as  the  new method at  low pressures.  Permeability

predictions of the approximate method is also affected by the size of the gas molecule and the
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degree  of  confinement  of  the  gas  molecule  in  the  ZIF  pores.  This  explains  why  the  H2

permeabilities calculated by the approximate method are in good agreement with the detailed

method. As the size of the gas molecule increases, as in the case of CH4, approximate method

deviates  from  the  correct  results.  Thermodynamic  correction  factors  in  the  new  method

introduce interactions of the gas-gas pairs as pressure changes and indirectly accounts gas

confinement in the ZIF pores, thus, improves the permeability predictions with respect to the

approximate approach. As electrostatic interactions play a role in the adsorption process, the

results of the approximate and new methods significantly deviates from the results obtained

using the detailed method, though the degree of deviation using the approximate method is

always larger than the new method. 

Figure  4.6-a  shows the ratio of CH4 adsorption to the H2 adsorption, and the ratio of self

diffusion coefficients of H2 to the self diffusion coefficients of CH4 at corresponding feed

pressures  are  depicted  in  Figure  4.6-b.  As  a  general  observation,  CH4 is  more  strongly

adsorbed component with respect to the H2 in ZIFs having relatively small pore sizes, thus we

have CH4/H2 adsorption ratio greater than one for all the ZIFs under consideration. Pressure

averaged adsorption ratios for CH4/H2 are calculated as 1.52, 1.23, 1.08, 6.81, 5.75, and 4.43

for ZIF-6, ZIF-10, ZIF-60, ZIF-69, ZIF-79, and ZIF-81, respectively. For the ZIFs having

large  pores,  e.g.  ZIF-6,  ZIF-10,  and  ZIF-60,  the  adsorption  amounts  of  CH4 and  H2 are

comparable. For the ZIFs having relatively small pore sizes, ZIF-69, ZIF-79, and ZIF-81, the

CH4  adsorption  significantly  dominates  H2 uptake.  The adsorption  loading ratio  is  almost

constant with increasing feed pressure for all the ZIFs, except for ZIF-69. For ZIF-69, we see

an increase  in  the H2 uptake  with respect  to  the  CH4 as  pressure increases,  thus  a  sharp

decrease is observed in the CH4/H2 adsorption ratio.

For all the ZIFs, the more mobile component becomes H2 yielding large self diffusivity ratios

of H2/CH4 as a function of feed pressure, see Figure  4.6-b. We see a slight decrease in the

H2/CH4 self diffusion ratio for all the ZIFs as pressure increases. The pressure averaged self

diffusivity ratios for H2/CH4 are calculated as 6.24, 6.70, 5.74, 6.48, 5.63, and 6.43 for ZIF-6,

ZIF-10, ZIF-60, ZIF-69, ZIF-79, and ZIF-81, respectively. While adsorption loading ratios of

the ZIFs differ from each other with respect to their pore size distributions, pressure averaged
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ratio of self diffusivities are similar for all the ZIFs under consideration. According to the

permeability calculations, permeability of the significantly fast moving component, H2, has

been calculated similarly by the new and approximate methods which are close to the values

calculated using the detailed method. For the component diffusing significantly slower, CH4,

the  significant  deviations  have  been  observed  between  the  approximate  and  the  detailed

method, where the new method makes better predictions. Results suggest that predictions of

the new and approximate methods are affected by the the ratio of self diffusivities rather than

the ratio of adsorption loadings.

Figure. 4.6: Comparison of (a) CH4/H2 adsorption ratio and (b) the ratio of self diffusivities
for H2/CH4 as a function of feed pressure. Color code: blue is for ZIF-6, red is for ZIF-10,
green is for ZIF-60, yellow shows ZIF-69, purple shows ZIF-79, and black shows ZIF-81.

The shed lighter on the reasons of deviations between three methods, the Onsager coefficients

which relate forces to fluxes are analysed. While diagonal Onsager coefficients for  H2  (L11)

and CH4 (L22) are plotted in Figure 4.7-a. Off-diagonal, L12, and the diagonal terms for H2 (L11)

and  CH4 (L22)  are  compared  in  Figure  4.7-b  and  4.7-c,  respectively.  If  the  linear  cross

coefficients are assumed to be symmetric, then the off-diagonal terms are accepted to be equal

to each other by the Onsager formalism of diffusion (Zielinski & Alsoy, 2001), i.e. L12=L21.
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Calculated  L11 and  L22 values  are  similar  to  each  other  for  ZIF-69,  ZIF-79,  and  ZIF-81,

whereas for the large pored ZIFs L11 is larger than the L22. Results suggest that for the ZIFs

having relatively large pore sizes, ZIF-6, ZIF-10, and ZIF-60, the self-correlation effects for

H2 is larger than the self correlation effects for CH4 during the diffusion process. The reason is

attributed to the comparable adsorption amount of H2 with respect to the CH4 in ZIFs having

large  pores.  For  the  other  ZIFs,  instead,  H2 is  dilute  in  the  adsorbed  phase,  thus  self-

correlation effects  are not as significant as the aforementioned case.  The cross correlation

effects, L12, are compared with L11 in Figure 4.7-b and results show that the self-correlational

effects for H2 are larger than the cross correlation effects for H2 and CH4, especially for the

ZIF-6, ZIF-10, and ZIF-60. 

Figure. 4.7: Comparison of the diagonal Onsager coefficients of H2  (1) and CH4  (2), the off-
diagonal and diagonal Onsager coefficients of (b) H2(1) and (c) CH4(2) at 298 K and varying
feed pressures at 1, 5, 10, 15, and 25 bar sorted top to bottom respectively. Color code: blue is
for ZIF-6, red is for ZIF-10, green is for ZIF-60, yellow shows ZIF-69, purple shows ZIF-79,
and black shows ZIF-81.
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This implies that, as the self diffusivity of H2 is significantly larger than the self diffusivity of

CH4 for all the ZIFs, H2 diffusion is dominantly affected by the other H2 molecules, rather than

CH4 component,  during the diffusion process.  The self  correlation effects  for CH4,  on the

other hand, are comparable with the cross correlation effects for CH4 and H2, see Figure 4.7-c

According to the results, CH4 permeability predictions of the approximate method deviates

significantly  from the  results  of  the  detailed  method  shown in  Figure  4.4,  which  can  be

attributed to the slower diffusion of CH4 as well as similar self and cross correlations effects

for CH4. These effects are not taken into consideration in the formulation of the approximate

method,  however  inclusion  of  the  thermodynamic  correction  factors  in  the  new  method

corrects the predictions of the approximate approach. 

The significant deviations of the approximate and new methods from the detailed method,

especially  for  the  CO2,  in  CO2/H2 mixture  are  investigated  by  the  same  analysis  and

comparisons are carried out before. Figure 4.8 compares CO2/H2 adsorption ratio and H2/CO2

self diffusivity ratio, respectively. As a different trend observed for the H2/CH4, while ZIF-69,

ZIF-79, and ZIF-81 show larger affinity for the CO2, the rest of the ZIFs under consideration

favour H2 adsorption over CO2. The pressure averaged CO2/H2 adsorption ratios are calculated

as 0.35, 0.28, 0.32, 5.41, 10.70, and 2.51 for ZIF-6, ZIF-10, ZIF-60, ZIF-69, ZIF-79, and ZIF-

81, respectively. The largest CO2/H2 adsorption ratio is observed for ZIF-79. Self diffusivity

ratios calculated for the H2/CO2 mixture are significantly larger than the ratios calculated for

the H2/CH4 mixture. The pressure averaged CO2/H2 self diffusivity ratios are calculated as

18.92, 16.63, 14.35, 34.52, 60.0, and 185.13 for ZIF-6, ZIF-10, ZIF-60, ZIF-69, ZIF-79, and

ZIF-81,  respectively.  H2 is  fast  moving  component  with  respect  to  CO2,  and  we observe

significant self diffusion rate of H2 with respect to CO2 especially for the ZIFs having small

pore sizes as can be seen in the adsorption rates of ZIF-69, ZIF-79, and ZIF-81.
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Figure 4.8: Comparison of (a) CO2/H2 adsorption ratio, plotted in log scale, and (b) the ratio
of self diffusivities for H2/CO2 as a function of feed pressure. Color code: blue is for ZIF-6,
red is for ZIF-10, green is for ZIF-60, yellow shows ZIF-69, purple shows ZIF-79, and black
shows ZIF-81.

The diagonal and off-diagonal Onsager coefficients for CO2 (1) and H2 (2) are compared in

Figure 4.9. As it is shown in Figure 4.9-a, self correlation effects for H2 are larger with respect

to the self correlation effects for CO2. While self and cross correlation effects for CO2 are

similar to each other in ZIF-69, the cross correlation effects for CO2 are larger than correlation

effects between CO2 molecules for the rest of the ZIFs under consideration, see Figure 4.9-b.

On  the  contrary,  self  correlation  effects  between  H2 molecules  are  larger  than  the  cross

correlation  effects  for  H2 for  all  the  ZIFs.  Since  H2 is  the  significantly  fast  diffusing

component, self correlation effects for H2 dominates self correlation effects for CO2. Besides,

cross correlation effects between H2 and CO2 dominate self correlation effects for CO2.
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Figure. 4.9: Comparison of (a) the diagonal Onsager coefficients of CO2 (1) and H2 (2) and
the off-diagonal and diagonal Onsager coefficients of (c) CO2 (1) and (d) H2 (2) at 298 K and
varying feed pressures at 1, 5, 10, 20, and 30 bar. Color code: blue is for ZIF-6, red is for ZIF-
10, green is for ZIF-60, yellow shows ZIF-69, purple shows ZIF-79, and black shows ZIF-81.

We  observe  the  largest  deviation  between  approximate  and  detailed  method  for  CO2/H2

mixture  for  ZIF-60  and  ZIF-79,  see  Figure  4.5.  At  30  bar,  CO2 permeability  for  ZIF-60

calculated by the approximate method deviates from the detailed method by 62.78 times. As

the same vein, H2 permeability for ZIF-60 deviates from the detailed method by 17.48 times

using the approximate method. For ZIF-79, CO2(H2) permeability at 30 bar deviates from the

detailed method by 25.77 (68.70) times using the approximate method. Results suggest that

the mispredictions of the approximate method can not be only explained by the pore size

distributions,  since  pore  size  of  ZIF-60 is  larger  than  ZIF-79,  however  we observe  large

deviations for both ZIF-60 and ZIF-79. From Figure 4.9, we obtain large H2 adsorption over

CO2 for ZIF-60, thus H2 diffusion rate in ZIF-60 pores becomes lower. For the CO2, on the
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other hand, we obtain large CO2 uptake with respect to H2 for ZIF-79 in which CO2 diffusion

becomes significantly slow. In the case of H2/CH4 mixture, though, we do not observe very

large CH4/H2 adsorption ratios or H2/CH4 diffusion ratios as in the case of CO2/H2 mixture.

The same argument also holds for comparison of the Onsager coefficients. While the ratio of

pressure averaged ratio of diagonal Onsager terms of H2(2)/CO2(1) (L22/L11) is around 50 for

ZIF-60, it is around 5 for the H2(1)/CH4(2) (L11/L22). In the case of ZIF-79, while pressure

averaged ratio of L22/L11 for H2(2)/CO2 (1) is calculated as 25, the same ratio for H2(1)/CH4(2)

is calculated as 1.5. The same trend also holds in the case of ratio of diagonal and off-diagonal

coefficients, where H2(2)/CO2(1) mixture has larger ratio then the H2(1)/CH4(2) for both ZIF-

60 and ZIF-79. Results suggest that, by comparison to the H2/CO2 mixture H2/CH4 mixture

behaves as having similar components even though size and interaction parameters of H 2 is

different  than  CH4.  The  common feature  in  the  simulations  is  that  both  H2 and  CH4 are

interacting with the ZIFs only through LJ potential.

In the case of H2/CO2 mixture, though, electrostatic interactions are taken into account for CO2

in addition to the LJ type interactions. Thus, H2 and CO2 are interacting differently with the

pores and behaving as different components leading significant deviations in permeabilities

calculated by the approximate method. Inclusion of the thermodynamic correction factors in

the new method slightly corrects the predictions of the approximate method for the CO2/H2

mixture.

Figure 4.10 compare the CH4 and CO2 permeation selectivities for their binary mixtures with

H2. As it can be seen from Equation 3.4.8 and 3.4.12, the ratio of thermodynamic correction

factors  creates  the  only  difference between the  permeation  selectivity  formulations  of  the

approximate and new methods. If this ratio is close to 1, then permeation selectivity calculated

by  the  approximate  and  new  methods  should  be  the  same.  CH4 permeation  selectivities

calculated by the new and approximate methods are agree well with the detailed method, see

Figure 4.10-a. For CO2 permeation selectivity, on the other hand, both new and approximate

method fail to predict the results obtained by the detailed method.
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Figure. 4.10: (a) Permeation selectivity of ZIF membranes for H2/CH4 mixture at 298 K and
varying  feed  pressures  at  1,  5,  10,  15,  and  25  bar.  (b)  Permeation  selectivity  of  ZIF
membranes for CO2/H2 mixture at 298 K and varying feed pressures at 1, 5, 10, 20, and 30
bar. Color code: blue is for ZIF-6, red is for ZIF-10, green is for ZIF-60, yellow shows ZIF-
69, purple shows ZIF-79, and black shows ZIF-81.

4.2. The Accuracy of Charge Assignment Methods: A Case Study For Bio-MOFs

Biological Metal Organic Frameworks (Bio-MOFs) are a class of MOFs which consists of

amino acids, sugar or nucleobases as an organic linker with biocompatible metal cations (Cai,

Huang, & Li, 2019). They have been employed in many applications owing to their harmless

affect on environment and human body and they are non-toxic materials with regular large

porosity and chemical functionality (Cai et al., 2019).

Studies have shown that Bio-MOFs can be treated to separate, store and deliver cationic drug

molecules as well as gas molecules owing to their ease of changing pore size, flexibility and

interconnectivity  (Erucar  & Keskin,  2015;  Verma,  Mishra,  & Kumar,  2010).  While  these

materials are great candidates as a membrane and adsorbent structures, proper understanding

the properties, abilities and comparison of Bio-MOFs with other porous materials is crucial in

order  to  design  and  develop  better  Bio-MOFs.  Pre-screening  of  Bio-MOFs  using

computational studies have been used more and more recently. Molecular simulations are an

efficient and fastest way to sort the most promising materials among thousands of them, hence

lead the way for experimental studies. In this concept, charge assignment of atoms is a critical

step to depict the promising Bio-MOFs characteristic, thus tend to create more valid and fast

molecular simulations. And finally point the researchers to use more realistic computational
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simulations that  pave the way of developing the most promising materials  mainly for the

experimental gas adsorption processes and medical practices.

Even small chemical difference between Bio-MOFs, may change the computing procedure of

the method, thus, MOFs with unique atom types or number of atoms would have different

charges from each other.

4.2.1. Computational Details

Using the atomic charge density information obtained by Density functional theory (DFT), we

perform a simulation applying DDEC method to assign the net atomic charges of several Bio-

MOFs (Andreoni, 2002; Limas & Manz, 2018). EQeq method is also used to calculate atomic

charges of the same MOFs (Wilmer, et al., 2012). Both calculations are performed by using

electronic structure and MD software package CP2K (Kühne et al., 2020). CP2K can perform

atomistic simulations of solid, molecular, material and biological systems by creating general

framework for Molecular Dynamics, Monte Carlo, and DFT calculations(Kühne et al., 2020).

Density functional theory is a successful and widely used theorem used to specify electronic

structure which can help to understand chemical structure and reactiveness of that particle

(Baseden  & Tye,  2014).  It  applies  fundamentals  of  quantum mechanics  for  treatment  of

electron−electron interactions in systems with small and large systems of atoms, molecules or

solids. It uses a normalized wave function and electron density computation in order to find

total energy of the system with electronic interactions. DFT does not need experimental input

parameters.  Among  all  electronic  structure  theories,  DFT is  concluded  as  the  most  cost

efficient theory for large molecules with a high accuracyb(Baseden & Tye, 2014). Electronic

charge density of the atoms for each BiO-MOF is determined by DFT which Is then used for

the DDEC charge calculations.

Crystallographic  data  of  the  considered  biological  MOFs  are  taken  from  CoRE-MOF

Database where crystal structures, pore analytics, and physical property of over 14.000 porous

MOFs are stored  (Chung et al.,  2019). Since the databases that contain the coordinates of

solvent  or  ligand  molecules  additionally  in  the  crystallographic  data  of  MOFs,  we  used
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modified version of the Bio-MOFs from the updated version of the same database published

in 2019 in order to enhance accuracy. 

DDEC net atomic charges of the considered MOFs are computed using CP2K simulation

package.  In every CP2K simulation molecularly optimized Basis Sets and Pseudo-potentials

are  assigned  for  each  atom.  Basis  sets  provides  the  informations  such  as  contraction

coefficients,  principle  quantum  number,  minimum  and  maximum  angular  momentum

quantum number, number of Gaussian exponents of an atom. In addition, only the number of

valence electrons in the Bio-MOF atoms have been taken into consideration explicitly.

Table 4.3 collects the data for biological MOFs which is used for the training atomic charges

calculated by the EQeq method reference to the DDEC based charges with additional datas

including the metal atom ratio of the framework that added for the efficient comparison.

Table  4.3. Considered Bio-MOFs in the study with data of their name, ligand, metal sites,

LCD/PLD (Å), density (g/cm3), void fraction, surface area (SA) (m2/g), total number of atoms

and the ratio of metal atoms respect to total number of atoms (Atci et al., 2011).

Bio-MOF Ligand

Metal 

Sites

LCD/PLD 

(Å)

Density

(g/cm3)

Void 

Faction

SA 

(m2/g)

Total 

Atoms

Metal 

Ratio

AGOFEJ Formamide Cu,N 12.61/8.72 0.58 0.76 3269.05 904 37.6

BELTUJ Formamide Co,P 5.65/4.19 1.09 0.51 970.49 680 28

ADASOP Formamide Zn 18.04/6.69 0.63 0.84 3346.21 552 23

ADUWIH Formamide Zn 9.28/6.55 0.72 0.72 2605.83 444 37

EZOFEF Formamide Ni 11.24/4.57 1.02 0.64 1161.91 288 14.25

LONWIW Formamide Mg 6.33/5.31 0.83 0.66 2526.00 228 19

ADUWON Formamide Ni 16.38/6.00 0.52 0.8 4298.28 208 11

ACIBOE Formamide Zn 8.26/7.03 1.1 0.63 1609.46 160 13.3
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4.2.3. Comparison of Charge Assignment Methods

C,  O and  H atomic  charges  of  8  Bio-MOFs  that  are  calculated  using  DDEC and  EQeq

approaches are given in Figure 4.12, 4.13 and 4.14, respectively. These figures give an insight

to the comparison of EQeq charges with respect to the DDEC charges. As DDEC method is

based on Density Functional Theory (DFT), it assumed to reproduce “accurate” charges while

EQeq method relies on approximations. EQeq applies neutral charges for all atoms except for

metal cations where oxidation states are assumed as “charge centres” while calculating the

point  charges.  This  assumption  causes  to  assign  same  charges  to  the  atoms  without

considering their chemical environment which in principle could affect the charge of the atom

and lead to deviation from real charges. 

In Figure 4.12, charges of each C atoms of Bio-MOFs assigned by DDEC and EQeq method

is depicted in x-axis and y-axis, respectively. If all points representing atomic charges of the

Bio-MOFs are collapsed on the dashed line (diagonal)  it  means EQeq and DDEC has an

excellent  agreement,  on the contrary,  any mismatches mean deviations of  EQeq from the

DDEC method. Figure 4.12 indicated that EQeq results deviate significantly from the results

calculated using the DDEC method.  As a general observation, C charges are calculated very

similar  with  each  other  using  the  EQeq  method.  However,  these  charges  are  assigned

differently by the DDEC mehtod. For instance, for the BELTUJ the charge of the one of the C

atom is calculated as -0.5 with the DDEC method, however it is determined as 0.029 with the

EQeq. For the ADUWIH, the C atom charge is calculated almost +1 with DDEC, however it

is assigned as 0.03 with EQeq. Thus, EQeq shows significant failure in calculating the charges

of the C atoms in the considered Bio-MOF structures. 
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Figure 4.11. Comparison of atomic charges of Carbon (C) atoms in the considered Bio-MOFs

computed by EQeq and DDEC methods.

The study reported by Ongari and co-workers says that any bond between C and N, EQeq

method tends to deviate  with  respect to  the  DDEC charges  (Ongari et al., 2019). AGOFEJ

consisting of many C atoms with 56 N atoms and being the largest MOF among 6 other

described in this work, has again large deviations for the charges of the C atoms. 

In Figure 4.13, the case for O atoms are shown. Calculated point charges of every O atom in 8

Bio-MOFs is compared with each other in the figure. As a general observation, O charges are

calculated by the EQeq are overestimated with respect to the DDEC charges. The DDEC

charges are based on DFT calculations that takes into account the electron density,  hence

considered to give correct charges, any discrepancies between EQeq and DDEC charges can

be considered as the deviations from the real charges. Figure 4.13 demonstrates that there is a

signifiant inequality among the atomic charges of  the  Bio-MOFs calculated by DDEC and

EQeq approaches. One of the most noticeable deviation can be seen for EZOFEF, where the

charges of the first three O atoms in the crystal structure of the Bio-MOF are calculated as

-0.173, -0.15 and 0.138 by the  EQeq method, while  the  DDEC method calculated the same
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Oxygen atom charges as 0.549, 0.526 and 0.516 which are significantly far from each other

(~0.376 for  each).  This  difference  may cause  from the  calculation  strategy of  the  charge

assignment methods where EQeq considers just the ionization energies of the atoms with only

atomic  positions  of  the  framework  and  not  regarding  quantum mechanical  properties.  In

addition, these deviations are expected due to the nature of  the  EQeq method accepting the

same electron affinity for all the Oxygen atoms. This assumption can lead discrepancies where

there  are  many  Oxygen  atoms  in  different  locations  of  the  framework  with  different

electronegativity and different interaction potentials with the surrounding atoms. Similarly, the

number of metal atoms in the structure could affect the electronegativity of the other atoms.

Oxygen atom charges  calculated by the  EQeq method deviates for ADUWIH, AGOFEJ and

BELTUJ with respect to the DDEC charges where ADUWON and ACIBOE have less metallic

center as wil be explained later.

Figure  4.12. The atomic O charges  of Bio-MOFs of interest  calculated by EQeq method

compared with with the charges calculated by DDEC method.

LONWIW and EZOFEF show the highest difference between the EQeq and DDEC charges.

The reason may be the fact that EQeq charges assign the same charge (+2) for Ni and Mg

atoms at  the initial state  which makes the method less sensitive considering that every Mg
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atom of LONWIW has 6 Oxygen bond and EZOFEF has 16 Ni atoms having 4 O bond each.

These bonds create electrostatic interaction potentials due to ionic character of the bonds. The

EQeq method uses Ewald summation to calculate these kinds of electrostatic charges where

DDEC uses  electron  density  approaches  to  obtain  electrostatic  potential,  therefore,  EQeq

charges are expected to give less accurate results  with the Bio-MOFs having this  kind of

interactions.

Figure 4.13.  Comparison of H atom charges of Bio-MOFs computed by EQeq method with

respect to DDEC based calculated charges.

In  the  case  of  H  atoms,  the  EQeq  charges  again  fail  to  accurately  capture  the  charges

calculated using the DDEC method.  Almost all of the H atom charges of the Bio-MOFs were

similar  to  each other  which can be seen the clustered area  in  the Figure  4.14 apart  from

LONWIW and EZOFEF where slight deviations arose. H atoms become H – ions when they

gain an electron which is more stable than H atom with one electron which is not considered

by the EQeq method. The EQeq method uses a dielectric strength and a modified parameter in

order to avoid non-physical partial charges assigned to the H atoms. This correction is aimed

to enhance the accuracy of the EQeq method reference to  the DDEC charges. However, the

results  are  not  promising,  especially  for  LONWIW and EZOFEF. Ongari  and co-workers
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indicated that the large number of H atoms in the internal surfaces of the structures leads to

instabilities for  the  EQeq method owing to large number of fitting parameter  calculations

leading to high degree of error (Ongari et al., 2019). 

Figure 4.14. EQeq charges of metals in the studied Bio-MOFs compared with DDEC charges

of metals.

Figure 4.15 shows the comparison of the EQeq and DDEC based charges of metal atoms in

the Bio-MOFs. It can be seen that the charges of the metal atoms calculated by the EQeq

method again fail to agree with the DDEC charges. The EQeq based charges of Co atoms of

BELTUJ, Zn atoms of ACIBOE, ADASOP and ADUWIH and Cu atoms of AGOFEJ showed

significant deviations from the charges calculated by the DDEC. However, point charges of

the metal atoms of the remaining three Bio-MOFs (LONWIW, EZOFEF and ADUWON) give

close results to the DDEC charges. It is important to note that those Bio-MOFs have the least

amount of metal atoms in their unitcells, as reported in the Table 4.3. 
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5. CONCLUSIONS

5.1. Conclusion for the Accuracy of Permeability and Permeation Selectivity Calculation

Methods

High throughput screening of MOFs for gas separation applications has been one of the recent

research  topics  which  has  a  potential  to  lead  experimental  studies.  However,  as  we have

showed in this paper, permeability formulations generally applied for determining membrane

performances  have  raised  accuracy  and  reliability  concerns.  We  compare  widely  used

permeability formulation, approximate method, and compare its results with the new method

that is proposed previously by our group and detailed method which in principle gives correct

results for gas permeabilities. H2/CH4 and CO2/H2 mixtures are selected as cases in order to

examine the affects of purely LJ type (former) and electrostatic interactions (latter) on the

predictions  of  the  permeability  formulations.  Six  ZIFs  having  different  chemical  and

topological structures are selected as ZIF-6,  ZIF-10, ZIF-60, ZIF-69, ZIF-79, and ZIF-81.

Systematic comparison of three different methods give us the following results: 

(1) For the H2/CH4 mixture, H2 permeabilities using approximate and new methods accurately

capture  the  results  obtained  using  the  detailed  method.  CH4 permeabilities  are  predicted

correctly by the approximate method only for the ZIFs having large pore sizes, e.g. ZIF-6,

ZIF-10, and ZIF-60. For the ZIFs having relatively small pore sizes, ZIF-69, ZIF-79, and ZIF-

81,  approximate  method  results  in  moderate  deviations  from  the  correct  results.  The

predictions of the new method, on the other hand, always improve the predictions  of the

approximate method for both component.

(2)  For  the  CO2/H2 mixture,  H2 permeabilities  using  approximate  and  new  methods

significantly deviate from the detailed method only for ZIF-60 and ZIF-79. For the rest of the

ZIFs, both methods capture the permeability trends of H2. While ZIF-60 is considered as large

pored ZIF, ZIF-79 has narrow pores as 4 Å. Thus, for the CO2/H2 mixture, type and strength of

interactions  between  the  gas  molecules  and  ZIF  pore  surfaces  affect  the  accuracy  of

permeability predictions, rather than only size of the pores. In the case of CO2, however, both

new and approximate methods fail to accurately reproduce the permeability values.
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(3) For the gases having same kind of interactions with the materials, i.e. both H2 and CH4

interacting through dispersion interactions only,  approximate and new methods both make

good predictions for the fast diffusing component. For the heavier component, on the other

hand, the new method significantly improves the predictions of the approximate method. The

deviations obtained by the approximate method become even more significant for ZIFs having

narrower pores.

(4) If the gas components interacting differently with the ZIFs, i.e. while H2 is interacting only

through LJ potential, CO2 is interacting through both LJ and electrostatic interactions, new

method  makes  better  predictions  than  the  approximate  approach  for  the  fast  moving

component. For the slowest component, on the other hand, both methods fail to capture the

accurate results.

In conclusion, we question the accuracy of permeability formulations that are widely used in

determining membrane performances especially for high throughput screening purposes. Our

results raise the reliability concerns for the approximate method which can be significantly

improved using the new method instead. For the components interacting through coulomb

potential, on the other hand, the low accuracy results obtained by the new and approximate

methods should be under consideration.

5.2. Conclusion of the Comparison of Charge Assignment Methods

The EQeq method shows notable  deviations  from the  DDEC charges  that  assumed to be

accurate. These deviations are observed clearly in the figures representing O, H, C and metal

atomic point charges calculated using the DDEC and the EQeq. 

Calculated H charges are mostly clustered in the graph but some indifferences can be also

observed for some of the H atoms calculated by the EQeq with respect to the H charges

calculated  using  the  DDEC  method.  EQeq  introduces  special  dielectric  strength  and  a

modified parameter to accurately calculate the atomic charges of the H atoms. This addition of

parameters may improve the charge predictions of the method but the assumption does not
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hold for all  of the considered Bio-MOFs. From the literature review, it  is known that the

amount  of  H atoms in the internal  areas  of  the  structures  affect  the quality  of  the  EQeq

predictions due to usage of excessive amount of fitting parameters affecting the error rate

negatively. Considering the results, it  can be concluded that the EQeq method may not be

trusted for the Bio-MOFs having large amount of H atoms. 

The most significant dissimilarities observed between the DDEC and EQeq charges are the

ones calculated for the O atoms. The reason can be attributed to the atomic environment that

is neglected by the EQeq method. EQeq assigns the same electronegativity for all the O atoms

in the framework, however electronegativity of an atom is not independent from it’s nearby

atomic  environment,  thus  the  O  atoms  in  different  locations  of  the  structure  might  have

distinct electronegativities and atomic charges.  In addition, the number of metal atoms in the

structure also affects the electronegativity.  The Bio-MOFs having high metallic ratio shows

larger deviations from the DDEC method. For most of the Bio-MOFs metallic atom charge

calculations of the EQeq are not reliable compared to the DDEC charges.

As a conclusion, our results showed that the EQeq method fails to accurately calculate atomic

charges compared to the DDEC method. EQeq-based charges give significant deviations from

the DDEC charges for multiple common non-metal atoms (O, H and C) as well as several

metal  atoms.  This  deviations  could  lead  to  serious  differences  on  partial  charges  and

consequently influence the molecular simulations especially for the processes that are based

on the degree of electrostatic interactions. We recommend that, although the EQeq method is

fast and easy way to apply, the DDEC method should be used for properly characterizing

adsorption  and  membrane  based  separation  performances  of  the  MOFs.   Especially,  for

calculating the atomic charges of the Bio-MOFs having large number of metal atoms (metal

ratio), the EQeq method should not be the first choice.
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