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ABSTRACT

Metal-organic frameworks (MOFs) have been considered as highly promising materials
for adsorption-based CO; separations. The number of synthesized MOFs has been
increasing very rapidly. High-throughput molecular simulations are very useful to screen
large numbers of MOFs in order to identify the most promising adsorbents prior to
extensive experimental studies. Results of molecular simulations depend on the force field
used to define the interactions between gas molecules and MOFs. Choosing the
appropriate force field for MOFs is essential to make reliable predictions about the
materials’ performance. In this thesis, two sets of molecular simulations using the two
widely used generic force fields, Dreiding and Universal Force Field (UFF), were
performed and adsorption data of CO2/Hz, CO2/N2, and CO2/CH4 mixtures in 100
different MOF structures were obtained. Using this adsorption data, several adsorbent
evaluation metrics including selectivity, working capacity, sorbent selection parameter,
and percent regenerability were computed for each MOF. MOFs were ranked based on
these evaluation metrics, and top performing materials were identified. Then, the
sensitivity of the MOF rankings to the force field type was examined. The results showed
that although there are significant quantitative differences between some adsorbent
evaluation metrics computed using different force fields, rankings of the top MOF
adsorbents for CO» separations are generally similar: 8, 8, and 9 out of the top 10 most
selective MOFs were found to be identical in the ranking for CO2/Hz, CO2/N2, and
CO2/CHy separations using Dreiding and UFF. Finally, a force field factor depending on
the energy parameters of atoms present in the MOFs was suggested to quantify the
robustness of the simulation results to the force field selection. This easily computable
factor will be highly useful to determine whether the results are sensitive to the force field
type or not prior to performing computationally demanding molecular simulations. In the

second part of this thesis, 4213 MOFs from Cambridge Structural Database were screened
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using GCMC (Grand Canonical Monte Carlo) simulation to identify the most promising
materials for HoS separation from H>S/CHs mixture. All performance metrics were
computed for entire material database. Top performing MOFs were determined based on
following strategy: The MOFs with high regenerability were ranked based on APS
(adsorbent performance score) values for HoS/CH4 mixture. Top 20 performing materials
were investigated using GCMC simulation for ternary mixture of HoS/CH4/CO; to obtain
a more convenient evaluation for the industrial cases. The structure-performance
relationship was elucidated to design a novel MOF exhibiting high H>S separation
potential. Results indicated that the MOFs with 3.8A<PLD<5 A, 5A<LCD<7.5A,
0.5<¢<0.75, 1 g/cm3<p<1.5g/cm?® and SA<1000 m?/g (1000 m?*/g<SA< 2000 m?/g for top
20 in terms of APS) are the promising materials with respect to both selectivity and APS.
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OZET

Bu tezde, metal-organik yapilar (MOF) kullanilarak yapilan ayirma islemlerinde
basvurulmak tizere MOF’larin performanslarina gore siralanmasina etki eden parametreler
incelenmistir. Metal-organik yapilar, fiziksel ve kimyasal Ozellikleri sebebiyle,
adsorpsiyona dayali CO, ayirma islemleri i¢in oldukca gelecek vadeden malzemelerdir.
Bugiine kadar binlerce MOF sentezlenmis olup, sentezlenen MOF sayis1 her gecen giin
artmaktadir. Kapsamli deneysel calismalar yapilmadan Once performansi en iyi olan
adsorbentlerin belirlenmesinde, yiiksek verimli molekiiler simiilasyonlar ¢ok sayida
MOF’ un taranmasini biiytlik 6l¢iide kolaylastirmaktadir. Molekiiler simiilasyonlardan elde
edilen sonuglar, gaz molekiilleri ile MOF’lar arasindaki etkilesimlerin tanimlanmasi igin
kullanilan kuvvet alanina bagh olarak degismektedir. Malzemelerin performansi ile ilgili
giivenilir tahminler yapilabilmesi i¢cin MOF’lara uygun kuvvet alaninin secilmesi
gerekmektedir. Bu tez calismasinda, yaygin sekilde kullanilan iki jenerik kuvvet alani
olan Dreiding ve UFF kullanilarak iki grup molekiiler simiilasyon yapilmis ve CO»/H»,
CO2/N2 ve CO2/CHg4 karigimlariin 100 farkli MOF yapist igindeki adsorpsiyon verileri
elde edilmistir. Bu adsorpsiyon verileri kullanilarak, secicilik, ¢alisma kapasitesi, sorbent
secim parametresi ve yenilenebilirlik yiizdesi dahil olmak {izere g¢esitli adsorbent
degerlendirme kriterleri her bir MOF i¢in hesaplanmistir. Daha sonra, MOF’lar bu
degerlendirme kriterlerine gore siralanarak, en iyi performansi gosteren malzemeler
belirlenmis ve MOF siralamasinin kuvvet alani tiiriine olan hassasiyeti incelenmistir. Elde
edilen sonucglar, farkli kuvvet alanlar1 kullanilarak hesaplanan baz1 adsorbent
degerlendirme kriterleri arasinda anlamli kantitatif farkliliklar olmasina ragmen, CO:
ayirma islemleri i¢in en iyi performans gosteren MOF adsorbentleri siralamasinin genel
olarak benzer oldugunu ortaya koymustur: en segici ilk 10 MOF’un 8, 8 ve 9’unun
Dreiding ve UFF kullanilan CO»/H>, CO2/N> ve CO»/CHs4 ayirmalarinda siralama

acisindan ayni oldugu bulunmustur. Son olarak, simiilasyon sonuglarinin kuvvet alani



secimine olan duyarlilifinin kantitatif olarak belirlenmesi amaciyla MOF’larda bulunan
atomlarin enerji parametrelerine bagl bir kuvvet alani faktorii tanimlanmistir. Kolaylikla
hesaplanabilen bu faktdr, kapsamli hesaplamalar gerektiren molekiiler simiilasyonlar
yapilmadan oOnce, sonuglarin kuvvet alani tiirline karst hassas olup olmadiginin
belirlenmesini olduk¢a kolaylastiracaktir. Bu tezin ikinci kisminda, Cambridge yapi1 veri
tabanindan alinan 4213 MOF, H,S/CH4 karistmindan H>S’in ayrilmasinda kullanilmak
iizere en ¢ok gelecek vadeden malzemelerin belirlenmesi amaciyla GCMC simiilasyonu
kullanilarak taranmistir. Tiim performans kriterleri, malzeme veri tabaninin tamami i¢in
hesaplanmistir. En iyi performans gosteren MOF’lar su stratejiye gore belirlenmistir:
yenilenebilirligi yiiksek olan MOF’lar, HoS/CH4 karisimina yonelik APS degerlerine gore
siralanmistir. En iyi performans gosteren ilk 20 MOF, gercek endiistriyel uygulamalar
acisindan daha elverigli bir degerlendirme saglanmasi amaciyla H>S/CH4/CO» iglii
karisimi icin GCMC simiilasyonu kullanilarak incelenmistir. H>S ayirma acisindan
yiiksek potansiyel sergileyen yeni bir MOF tasarlamak icin yapi-performans iliskisi
aydmlatilmistir. Elde edilen sonuglar, 3.8A<PLD<5 A, SA<LCD<7.5A, 0.5<¢<0.75, 1
g/em?<p<l.5g/cm? ve SA<1000 m?*g (APS agisindan ilk 20 malzeme igin 1000
m?/g<SA<2000 m?/g) degerlerine sahip olan MOF’larin, hem segicilik hem de APS

bakimindan gelecek vadeden malzemeler oldugunu gostermistir.
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Chapter 1: Introduction 1

Chapter 1

Introduction

With the rapid increasing demand in the fossil fuels as a result of population
growth and industrialization, CO> capture and separation have become more and more
important in recent decades. COz level in the atmosphere is rising by burning of fossil
fuels and high CO» concentration creates disturbance on carbon balance and causes global
warming. Thus, it is crucial to mitigate the release of CO> to the atmosphere.! On the
other hand, alternative hydrocarbon sources to petroleum, such as natural gas from landfill
or shale gas and refinery fuel gas, are valuable due to their potentials of providing energy
source. COz separation from natural gas (CO2/CHa4), power plant flue gas (CO2/N2) and
petroleum refineries (CO2/H») aims to decrease CO> emission. There are several methods
to separate CO: from gas mixtures, such as absorption, cryogenic distillation, membrane
separation, and adsorption, but low cost and energy requirement with acceptable operating
conditions are essential.

Absorption is based on chemical or physical process which occurs between gas
mixture and CO; selective absorbent. Although highly CO, selective absorbent provides
low COz concentration in treated gas mixture, further use of absorbent is costly due to
more energy requirement of regenerability. Most absorbents have a trade-off between
selectivity and regenerability, and it can be overcome by using different absorbents
together.?

COsz is separated from gas mixtures based on phase change of CO; in cryogenic
distillation. Phase change is provided by compressing and cooling of mixture with several

stages. Liquid or solid CO> is formed as a result of this process depending on the
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operating conditions and existence of water in mixture. Cryogenic distillation is an
advantageous separation method in terms of high CO: recovery and easy transportation of
COz however, it is not suitable for mixtures with low CO2 concentration and very costly
due to the nature of process.’

Adsorption utilizes the intermolecular forces between gas molecules and solid
surface of adsorbents. Gas molecules reversibly adhere to the surface of adsorbent in
proportion to selectivity of gas. Efficiency of adsorption is affected by operating
temperature and partial pressure of CO», pore size and available surface area of adsorbent
and intermolecular forces between adsorbent and gas molecules. Adsorption process is a
cost effective technology.? Thus, it is very important to identify the most effective
adsorbents for CO; separation. Since some adsorbents suffer from low selectivity and
working capacity, choosing of the proper adsorbent is crucial.

Various adsorbents have been already used for CO; separation, such as zeolites
and activated carbon.* Metal-organic frameworks (MOFs) have strong potential to
become alternatives to these traditional adsorbents for CO capture.> MOFs have
attractive physical and structural properties, such as low density (0.2-1 g/cm?®), high
surface areas (500-4500 my/g), high porosities and reasonable thermal and mechanical
stabilities.®® Several studies investigated adsorption-based CO» separation performances
of MOFs.!%13 A comparison of different porous adsorbents, including MOFs, zeolites and
activated carbons, shows that MOFs can outperform zeolites and carbon-based adsorbents
due to their high CO> selectivities and working capacities.'*

MOFs are composed of organic linkers connected by metal cation. During synthesis
or design, physical and chemical properties can be adjusted by the combination of various
metal complexes and organic ligands. This flexible synthesis procedure provides a large
number of MOFs with a large versatility in geometry, pore size, and chemical
functionality.!> Besides the availability of many different materials is an advantage, it is

also a significant challenge to find the optimal MOF among thousands for a specific
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application. Although thousands of MOFs have been synthesized to date, limited fraction
of these materials has been tested using purely experimental techniques. On the other
hand, testing thousands of MOFs at the lab-scale is simply impractical. Therefore,
molecular simulations have been successful to provide atomistic insights into gas
adsorption in MOFs. The most important contribution of molecular simulations is to
screen a large number of MOFs in a time-effective manner to identify the most promising
materials for desired applications in order to guide the experimental efforts, time and
resources to these promising materials.!6-1

Molecular simulation of MOFs for gas adsorption is performed by using Grand
Canonical Monte Carlo (GCMC)?° techniques which is explained in detailed Chapter 3.
The main and perhaps the most important input of the molecular simulation is the physical
and chemical interactions between porous material and gas molecules. These interactions
are described by a set of equations and parameters, known as force fields (FFs). Thus, the
choice of the FFs directly affects the results of simulation. Successful application of
molecular simulation requires accurate FFs for making reliable predictions about
materials’ performances.

At the early stages of the molecular simulation studies of MOFs, efforts have been
made to develop the new FFs specific to MOF-gas interactions using quantum-level
calculations.?!?> These calculations are computationally demanding and troublesome for
implementation to large number of materials. Thus, they can be performed for a very
small number of MOFs but not for screening large number of materials. Tafipolsky and
co-workers used the experimental, structural, and spectroscopic data in combination with
quantum-level calculations to derive the FFs.?> They confirmed experimental crystal
structure of MOF-5 and vibrational infrared spectrum with this FF.

Moreover, there are other works which refined the generic FF parameters to better
match the predictions of molecular simulations with the available experimental

measurements of gas adsorption in MOFs.?> 2427 However, experimental data is only
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available for very small number of materials among thousands of available MOFs. Many
MOFs are lacking the experimentally measured gas adsorption isotherms to validate the
FF.

Since developing a new generic or system-specific FF is very challenging and
computationally demanding, ready to be used generic force fields are utilized for
molecular simulation studies. Two off-the-shelf, generic FFs, Dreiding?® and UFF?°, are
very commonly used in molecular simulations of MOFs. Several studies used UFF or
Dreiding force field in molecular simulation and compared the results of simulation data
with experimentally measured uptake data.!® 3% They reported generally good agreement
between simulation and experiment and validated the usage of generic force fields for
MOFs.

In another study, molecular simulation was performed for CO, and CH4 adsorption
of 424 hypothetical MOFs using both the UFF and ab initio FF.3! Results presented that
gas uptakes predicted by the generic FF and ab inito FF are quite different. Despite these
quantitative differences in gas uptake, they obtained good correlation between the relative
rankings of MOFs in terms of absolute gas uptake capacities predicted by different FFs. It
was concluded that it may be a reasonable approximation to employ UFF in identifying
the top percentage of MOFs for a particular gas adsorption application, but caution is still
warranted. This thesis focused on the single-component gas uptake. However, FF type can
affect more the result of gas mixture adsorption than the one of the single-component gas
uptake because of competitive and/or collaborative effects between different gas species
of a mixture for the same adsorption sites of the MOFs.

Due to these reasons, FF selection in the molecular simulation of MOFs is a very
critical step to identify the promising materials for a particular purpose among thousands.
Motivated from this issue, the impact of FF type on molecular simulation results was

investigated in this thesis.
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In this thesis, it was aimed to clarify how the different FFs make change in
molecular simulation results. Molecular simulations were performed to compare the
results from two different generic FFs, Dreiding and UFF, by computing adsorption of
CO2/Hz, CO2/N; and CO2/CH4 mixtures in 100 different MOF structures. Using the gas
adsorption data, four adsorbent evaluation metrics, adsorption selectivity, working
capacity, sorbent selection parameter, per cent regenerability were computed for each
MOF and for each gas separation. The metrics obtained from molecular simulations using
different FFs were first compared to understand their sensitivities to the FF type. MOFs
were then ranked based on these performance evaluation metrics to identify the top 10
best materials for separation of CO2/Hz, CO2/N> and CO»/CHs mixtures. The MOFs that
appear in the highly promising materials list of Dreiding and UFF-based molecular
simulations were compared and robustness of the material rankings with respect to the FF
type was discussed. Chapter 2 introduced the literature review on the development and
application of different FFs. Limitations and differences of the force fields were displayed
for molecular simulation studies conducted, particularly with MOFs. Details of
computational methodology and theorical background were explained in Chapter 3. In
Chapter 4, results of the molecular simulations for CO2/Hz, CO2/N> and CO»/CH4
mixtures were presented. Separation performances of MOFs were compared and the
robustness of the materials ranking with respect to the FF type was discussed. A factor
which depends on the structural properties of MOFs was proposed in order to understand
the sensitivity of MOF to FF type for simulators. Finally, the findings were summarized

and concluding remarks were given in Chapter 5.
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Chapter 2

Literature Review

Molecular simulation of MOFs for adsorption should involve the intermolecular
interactions between adsorbate and adsorbent in addition to the intramolecular interactions
of adsorbate and adsorbent themselves. These interactions include non-bonded and
bonded interactions that are described by the force fields. Bonded energy is in relation to
the covalently bonded atom. It is sum of the bond stretching, bond angle and torsional
angle. Besides, Van der Waals (vdW) and electrostatic interactions are components of the
non-bonded energy.3> Van der Waals energy consists of the short-range repulsive
exchange potential and the attraction due to London dispersion. Electrostatic interaction is

the result of the atomic partial charge of adsorbent atoms and the polarity of adsorbate.?-

34
In the literature, there are two methodologies to model the energy of the system:
quantum mechanics (QM) and molecular mechanics (MM). Quantum mechanics (first-
principle or ab initio method) is based on the electronic structure calculation with
Schrdodinger equation or its analogs, and wave function or electron distribution is used to
determine the all parameters.>* Molecular mechanics (Westheimer method or force field
method) utilizes the classical mechanics model for the equation of motion rather than
electron-based calculation. This empirical method is used to apply the experimental data
of the small molecules to large systems based on the classical mechanics approach.3433
Various generic force fields were developed to predict the molecular structure and

energy for the application in the field of molecular mechanics. Beginning of the

development of force fields can be based on the spring-mass model defined by Andrews.3¢
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MM1, MM2, MM3, and MM4 are the examples of derived force field by Allinger and co-
workers.?> 373 AMBER (Assisted model building with energy refinement)*® was
developed firstly for nucleotides and proteins, and then applied to the other materials
including MOFs. OPLS (Optimized potentials for liquid simulations)*! force field was
derived for the crystals of cyclic peptides and crambin using bonded interactions from
AMBER but Jorgensen and Julian Tirado-Rives developed non-bonded interactions.

Further, Jorgensen et al.*?

improved and tested the first version of OPLS for organic
liquids, and the new version is more widely used. Williams focused on the non-bonded
interactions for crystalline aromatic hydrocarbons and crystalline hydrocarbons.*-** He
used the interplanar spacing and compressibility of graphite to calculate C-C repulsion
term in Van der Waals interactions. His work was a pioneer to derive the Dreiding force
field. Dreiding?® is based on general force constant and geometry parameters instead of
individual force constant and atom-pair specific geometry parameters. UFF?° is another
force field that is widely used in molecular simulations. It utilizes hybridization and
connectivity of element and serves for the entire periodic table. Addicoat et al.** tuned
UFF parameters to ensure reliability of structure and extended parameters to use for
transition metals. This force field, UFFAMOF, is specifically customized for MOFs.

These generic force fields are derived using same or different but mostly similar
semi-empirical function to predict both bonded and non-bonded interactions. For
example, AMBER uses 12-6 Lennard-Jones potential, whereas MM2 and MM3 force
fields use the Exp-6 form for non-bonded vdW interactions.*® Each terms used in
Dreiding and UFF were explained in detail in Chapter 3.

In quantum method, the total energy of the system is determined from electron-
based calculation and then force field parametrization is executed by fitting the calculated
energy to classical mechanics function. The procedure of first-principle force field

derivation is: 1) QM method selection and calculation of energy for different
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configurations; 2) fitting the energy to the selected semi-empirical function; and 3)
validation of the results with experimental data.*’

Most studies developed first-principle force field and then applied it to the
molecular simulation of MOFs for adsorption. They used different QM method or the
combination of QM/MM, such as MP2, DFT-SAPT, DFT, PBE or NEMO method, and
potential form, such as Lennard-Jones 12-6, Buckingham exponential-6, Morse potential,
modified Buckingham potential, or the combination of them with or without electrostatic
potential.> 474 While some works took both bonded and non-bonded interactions into

account for the basis of calculation,>-3

some of them included only non-bonded
interactions in calculations.>4-’

First-principle FFs are more accurate than generic ones. Molecular simulation of
MOFs for adsorption of CO»,’% 38 CHa,*® H,,%” NH3,% and C;-C4 alcohols®! exhibits a very
good agreement with experiment in terms of gas uptake. Numeric values of uptakes from
ab initio calculations are significantly close to the experimental ones, whereas generic
force fields slightly deviate from experimental data. Especially, generic FFs may not be
capable of taking the interaction between adsorbate and open metal site in MOFs into
account. For example, Dzubak et al. developed a first-principle force field using MP2
method with NEMO decomposition and then fitted the energy to modified Buckingham
potential in order to obtain ready parameters for CO> capture.’® On the other hand, some
studies included only the interaction between open metal and adsorbate in the quantum
level calculations but other interactions are defined by generic force field, such as UFF6*
% or OPLS.% Further, generic force fields do not provide accurate results for flexible
MOFs. While bonded interactions are determined with quantum level calculations (DFT),
non-bonded interactions are defined conventionally for flexible MOFs. 767

Even though quantum level calculation is highly in agreement with experiment, it is
not feasible to apply these calculations to the molecular simulation of MOFs. Quantum

mechanics calculation can only be performed to a very small system since extraordinary
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computational cost is required.”® It is obvious that first-principle FFs are a certainly time-
consuming and effort-demanding way to include Van der Waals interaction in the
simulation in contrast to generic ones.

However, generic FFs are more convenient to examine the large systems or to
perform large screening of MOFs due to their transferability. Gas adsorption prediction
with generic FF can moderately be different from experimental data but it provides quick
and useful insight to determine the promising materials. Therefore, the results from
studies using generic force field provide satisfactory data as the starting point.

Numerous molecular simulation studies apply the generic FFs to compute the gas
adsorption in MOFs for various purposes, such as CO; capture. Some studies use
Dreiding force field for CO; capture in 207! and 147? different MOFs to explore the effect
of electrostatic interactions. Their results are consistent with the experiments. Babarao
and co-workers’? utilized UFF for the interactions between CO> and CH4 molecules, and
IRMOF-1. They compared adsorbents of Cigs, silicate and IRMOF-1 in terms of
performance metrics. They also performed the first study to characterize extra-framework
and reported extraordinary CO; selectivity for CO2/CHa4, CO2/Hz, and CO2/N> mixtures in
rho-ZMOF."*

Generic force fields are used to describe the interaction between adsorbate and
adsorbent, especially for the large screening of MOFs for adsorption in molecular
simulation studies. Colon and colleagues’ created 18383 porous crystalline structures
using crystal enumeration algorithms and investigated their structure-performance
relationship for H» storage. They used UFF in molecular simulation to define adsorbent-
adsorbate interaction. Wilmer et al.”® performed a similar molecular simulation study
using UFF with 137953 hypothetically generated MOFs for CHs storage. Qiao et al.”’
conducted an analysis on 4764 MOFs for CO> capture from flue gas and natural gas to
find the properties of the most promising materials. In addition to adsorption studies,

Watanabe and Sholl”® screened 1163 MOFs for both adsorption and diffusion of CO and



Chapter 2: Literature Review 10

Naz. They also used UFF to describe Van der Waals interactions in classical simulation.
Further, Keskin and co-workers”-# performed a large screening of MOFs using UFF with
respect to the adsorption-based and membrane-based separation of CO2/H> mixture plus
the membrane-based separation of Ho/CHs mixture. There are also some studies that use
Dreiding in molecular simulation for CH4/H>®! separation and CO; capture for large scale-
computational screening.®?

Some studies used the generic force fields other than Dreiding and UFF. Yang and
Zhong carried out a molecular simulation employing OPLS force field to present
separation characteristic of CuBTC and MOF-5 for CO», CH4, and H> adsorption.?’ Yang
and colleagues®® tried to elucidate the effect of electrostatic interactions on the adsorption
of CO; in nine different MOFs. They used OPLS force field, and the results of simulation
matched with experiment. Noguchi et al.® investigated quantum sieving effect defining
interactions between H> and CuBOTf by OPLS. Another example of generic force field is
AMBER. Wongsinlatam and Remsungnen® took both bonded and non-bonded
interactions into account to observe the behavior of flexible MOFs using AMBER force
field for all interactions except electrostatic interaction. They concluded that the results
from rigid and flexible MOFs are similar.

The studies in the literature that examined the separation performance of MOFs are
presented so far. These studies are performed with classical molecular simulation using
generic force fields to define the Van der Waals interactions between adsorbate and
adsorbent molecules. Accuracy of the force field directly affects the result of the
simulation. Most of the molecular simulation studies in the literature investigated the
accuracy of the force fields by means of comparison with experimental data.

There are various studies that compared the results of molecular simulation
employing mostly UFF and Dreiding since they are widely used. For example, Perez-
Pellitero®® et al. studied CHs4 adsorption in ZIF-8 with UFF and Dreiding. They showed

that the experimental adsorption values are close to the ones obtained with UFF and
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Dreiding, and there is a better agreement with Dreiding compared to UFF. Keskin®’
compared the results of a simulation conducted using UFF and Dreiding with the
experimental data for CO,, Hz, and CHs adsorption in CU-TDPAT, and the simulation
results highly matched with the experimental ones. Some studies demonstrated relatively
low concordance with the experiment for adsorption of CO; in ZIF-68%, and H in
IRMOF-1 and MOF-74.%° Other force fields have also been compared, and the results
confirmed the experimental data. Gee®?, Chen®®, Zhang®! and their co-workers reported
the molecular simulation results with AMBER/Dreiding, UFF/Dreiding/OPLS,
AMBER/UFF/Dreiding, respectively. They compared simulation results with
experimental ones for adsorption of CHs4 and C;HsOH in ZIF-8 and ZIF-90, CHs in
CuBTC, and CHs in ZIF-8, respectively. Boyd et al.”!' recently evaluated the bulk
properties of several MOFs using generic FFs and showed that UFF and Dreiding provide
good values for the bulk modulus and linear thermal expansion coefficients of these
materials. It is concluded that the results from generic force fields generally offer a good
picture on the implementation for MOFs.

In the literature, there are many studies to investigate the accuracy of generic force
fields by means of experimental data. However, the impact of FF type on the predicted
gas separation performances of MOF adsorbents and their rankings has not been explored
to date. Considering the ongoing research on high-throughput molecular simulations of
MOFs for adsorption and separation of various gas mixtures, it is important to examine
the robustness of ranking of MOF adsorbents with respect to the FF type. Driven with this
point of view, the results of molecular simulation employing UFF and Dreiding were
compared in Chapter 4 of this thesis. Adsorption data of 100 different MOF for CO»/H>,
CO2/N2, and CO2/CH4 mixture was computed using both UFF and Dreiding. Results for
UFF and Dreiding were evaluated with respect to four adsorbent selection metrics, which
are adsorption selectivity, working capacity, adsorbent performance score (APS), and

regenerability, in order to understand the effect of FF type. Then, how the selection of FF
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type affects the ranking of material in terms of relevant performance metrics was
investigated. The similarity of ranking list for UFF-based and Dreiding-based simulations
was examined. At that point, it is important to note that it was not an intention to examine
the accuracy of these FFs. It was aimed to define ““a safe region” for MOFs in which using
either Dreiding or UFF will not lead to significantly different results about the gas
separation performance of a material. With this motivation, a force field factor depending
on the number and type of the atoms present in the MOF was proposed and their
corresponding energy parameters. It was showed that if this easily computable factor is
low, then either Dreiding or UFF can be used to estimate the CO> uptake and CO>
separation performance of the MOF. This factor will be highly useful to guide the
simulators about the sensitivity of the predictions for the CO, uptake of MOFs to the FF

type prior to performing computationally demanding molecular simulations.
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Chapter 3

Computational Details

3.1 Selection of MOFs

We considered the same 100 MOFs that were studied in our previous work®? to have
a representative structural database that span a wide range of chemical functionalities. Our
work took the 68 of 100 MOFs from the computation-ready database which was presented
by Chung et al.”* The remaining ones were taken from our other study.”* Crystal
structures of all MOFs were obtained from the Cambridge Crystallographic Data Centre
(CCDCQ).” Zeo++ software®® was used to compute the structural properties: pore volumes,
densities, surface areas, limiting pore diameters (LPDs) and the largest cavity diameters
(LCDs) of MOFs. The number of trials was set to 2000 (50000) and the probe size was set
to 1.86 (0) A for surface area calculations. When Zeo++ software was not able to compute
the surface area and/or pore volume, Sarkisov and Harrison’s algorithm, Poreblazer,’” was
used. The complete list of the materials with CCDC names and structural properties was
displayed in Appendix A.

While He atom’s sigma, He atom’s epsilon, and N atom’s sigma were set to 2.58 A,
10.22 K, and 3.314 A, the temperature, cut-off distance and number of trials were set to
298 K, 12.8 A and 500, respectively. The largest anticipated pore diameter was set to 20
A and the size of the bin was set to 0.25 A.

3.2 Grand Canonical Monte Carlo (GCMC) Simulations
In Monte Carlo simulations, random infinite number of ensembles from a system is

generated with probability, and the average behavior of ensembles gives the system
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behavior. The ensemble can be any interest whose probability distribution is determined.
Grand-canonical ensemble (i, V, T) of a macroscopic system with MC technique is used
to predict average particles in the system. At equilibrium, chemical potential (n) and
temperature (T) of gas are equal inside and outside of the adsorbent. We can think of a
reservoir as shown in Figure 3.1 which contains adsorbent and gas, and imposes constant
chemical potential and temperature. However, the particles and energy fluctuate with
respect to configurations. A set of motion is required to define the configuration:
translation, rotation, insertion, deletion and exchange of molecules. Adsorbed gas
particles were calculated by specifying pressure, temperature and composition of the bulk
gas mixtures. Pressure is calculated from chemical potential by equation of state.

We need partition function to apply the GCMC for a macroscopic system of
interacting N particle in V volume, M-N ideal gas molecules in volume Vo-V can be

written for grand-canonical ensemble as follows:?°

VNV, = V)MN
Q(N, M,V, V,, T)= (Vo ) jdsM'desNe‘BU(sN) (1)
AMNI(M-N)!

where sV is the reduced coordinates (fractional coordinates). A is the thermal de Broglie

wavelength which equals\/m. ks, h and m denote the Boltzmann constant,
Planck constant, and the mass of a gas atom, respectively.

M-N particles in volume Vo-V exchange with N particles in volume V as shown in
Figure 3.1. In volume V, the particles can interact each other but not in volume Vo-V. If a
molecule moves from volume Vo-V to V, the potential energy changes from U(sN) to
U(sN).

For M particles over two separate volumes, the total partition function is then

given in Equation (2):2°
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M
VN (V,-V)M-N
Q(M, V, Vy, T)= ) o) f " j ds"e V) )
& AMNI(M-N)!
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Figure 3.1. The schematic display of movement of exchange?’

Acceptance rules are applied for trial moves including particle displacement,
particle insertion and deletion in GCMC simulations. The probability of particle
displacement, particle insertion and deletion are given in Equations (3), (4), and (5),

respectively.

acc(s—s)=min [1, exp {—B (U(S'N) - U(SN))}] 3)

acc(N—N+1)=min [1 exp{B[u-U(N+1)+U(N)]}] 4

T AN+

[ AN
acc(N—N-1)=min [1, Texp{—B[quU(N—l) — U(N)]}] 5)
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The configurational energy, pressure and density of ensemble are averaged as the
corresponding properties of the system. The average number of molecules adsorbed on

MOF calculated from Equation (6) from GCMC simulations. 2°

6an) ©)

(N)=kT< -

Intermolecular and intramolecular interactions are calculated for each
configuration as the system energy in GCMC simulations. The energy of the system is

calculated as sum of these components: 3

E= ) Bt ) Bt ) B ) Bot ) Bt ) Buaw (+ ) Boer) ™

where the first four terms are stretching, bending, torsional, and inversion potentials,
respectively which are the bonded interactions between the atoms of gas molecule and
MOF themselves. We did not take account the intramolecular forces and assumed the gas
molecule and MOF as rigid. Other three terms are non-bonded interactions: Van der
Waals, electrostatic interactions and others While Van der Waals energy consists of the
short-range repulsive exchange potential and the attraction due to London dispersion, the
electrostatic interaction is the result of the atomic partial charge of adsorbent atoms and
the polarity of adsorbate.33-3* Other interaction is generally hydrogen binding.

)8

We defined intermolecular interactions using Lennard-Jones (12-6)”° potentials for

both MOFs and gas molecules as shown in Equation (8).
5\ 12 5 \°
Uy =4e; J) — (—J> (8)
s [(fij T

where ¢ and & represent, kinetic size (A) and the energy parameter (K), respectively. Uiy is

the interatomic potential between the 1 and j atoms, and rj; is the distance between the i and
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j atoms. Three-site rigid molecule with LJ 12-6 potential was used to model CO», and the
locations of the partial point charges were set as the center of each site.”” N> was also
modeled as three-site molecule; two sites were located at the N atoms and the third site
was located at the center of the mass with partial point charges.'” H,'! and CH4'%? were
modeled by using single-site spherical LJ 12-6 potential. For MOFs, two cases were
investigated. Firstly, the molecular simulation was performed taking LJ 12-6 potentials
from Dreiding and then repeated under the same conditions using the potentials from
UFF. For some metal atoms of the MOFs, such as Ag, Be, Cd, Co, Cu, Fe, Mn, Nd, Ni,
Zr, potential parameters are not available in the Dreiding FF. These parameters were
taken from the UFF for both cases. The Lorentz-Berthelot mixing rules were employed.3?
The cut-off distance for truncation of the intermolecular interactions was set to 13 A.
Electrostatic interactions were taken into consideration using the Coulomb potential as

given in Equation (9) for the gas molecules with multipole moments, CO>, and N».

Ujj= — )

where giand gj represent the partial atomic charges of i and j atoms, respectively, and € is
the electric constant which is also known as the absolute permittivity of free space. The
cut-off distance for truncation of electrostatic interactions was set to 25 A. In order to
compute the electrostatic interactions between gas molecules and MOFs, partial point
charges were assigned to MOF atoms using extended charge equilibration method
(EQeq).'” A recent study examined the impact of atomic charge assignment methods of
MOFs on the high-throughput computational screening for CO2/H20O separations and
found that majority of the top MOFs are identical regardless of the charge assignment
method.'%

GCMC simulations were performed to compute adsorption isotherms of binary gas
mixtures, such as CO»/Hz, CO2/N2, CO2/CH4 in MOFs. Periodic boundary conditions

were applied in all simulations. A simulation box of 2x2x2 crystallographic unit cells was
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used. During the simulations, 1.5x107 steps were performed to guarantee the equilibration
and 1.5x107 steps were performed to sample the desired properties. Rigid framework
assumption was used in all simulations following the literature,3% 195-19 and the good
agreement between the results of simulations using rigid framework and the

experimentally measured gas adsorption data was shown in our previous work.”?

3.3 Generic Force Fields

These two FFs are widely used in the simulations of MOFs for gas adsorption
because they offer the advantage of being adaptable to many chemical environments.
Dreiding is a generic FF developed back in 1990 to predict structures and dynamics of
organic, biological, and main group inorganic molecules.?® UFF was introduced in 1992
as a full periodic table FF where the parameters were estimated using general rules based
on the element itself, its hybridization and its connectivity.?® The force field is calculated

as the sum of bonded (valance) and non-bonded interactions:

EzEbonded+Enon-bonded ( 1 O)

The bonded interactions consist of same bonded interaction terms for both Dreiding and

UFF derivation as shown in Equation (11):

Ebonded:Estretch +Eangle +Etorsion+Einversi0n (1 1 )

where first term is the bond stretching of two-body, second term is bond angle bend for
three-body, and third and fourth terms are dihedral angle torsion and inversion term for
four-body, respectively.

The bonded interactions are slightly different for Dreiding and UFF. While
Dreiding calculates non-bonded interactions as sum of van der Waals interaction and

electrostatic interactions, UFF also includes hydrogen bonding energy.

Enon—bonded:EVdW +Eelectrostatic+Ehydr0gen bonding (ll’l UF F) (12)



Chapter 3: Computational Details 19

Dreiding and UFF use exactly same expression for van der Waals and electrostatic
interactions with same combining rules. They utilize LJ 12-6 and Coulomb interactions to
describe these interactions. They also explored different types of potential expression for

the components of both bonded and non-bonded interactions.

3.4 Calculating Adsorbent Properties of MOFs

Adsorption data of gas mixtures obtained from the GCMC simulations were used to
compute several adsorbent evaluation metrics, namely adsorption selectivity (S), working
capacity (AN),!?7 sorbent selection parameter (Ssp),!*® and per cent regenerability (R%).
Calculation details of these metrics are given in Table 3.1.

Table 3.1. Adsorbent evaluation metrics used in ranking of MOFs.

Metrics Calculation
i XI/XZ
Selectwlty SadS(I/Z): y1/y2
Working capacity (mol/kg) AN=N,4s-Nges

2
 (Saasr2) y AN,

Sorbent selection parameter Sep=
(Sqes12) AN,
. AN,
Per cent regenerability (%) R%= %100 %
1,ads
APS (mol/kg) APS =S,45(1/2)*AN;

In these equations, x (y) represents the compositions of the adsorbed (bulk) gases in the
adsorbent, Nags and Nges are the gas uptakes at the adsorption and desorption pressures,
respectively. Subscript 1 (2) represents strongly (weakly) adsorbed gas. In our study, the
component 1 is always CO2, and the component 2 is Hz, N2 or CHs4 depending on the
mixture. All calculations were performed at the adsorption pressure of 1 bar and the
desorption pressure of 0.1 bar at 298 K. Compositions of the binary gas mixtures were set
as CO2/Hz:15/85, CO2/N2:15/85, and CO2/CH4:50/50 in molecular simulations in order to

mimic industrial operating conditions.
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Chapter 4

Effects of Force Field Selection on the Computational Ranking of MOFs for CO;

Separations”

Selectivity is generally considered as the primary metric in ranking adsorbent
materials. An adsorbent with high selectivity is accepted as promising in gas separation
applications. Therefore, selectivities of MOFs for CO2/Hz, CO2/N2, and CO2/CH4
mixtures were firstly computed at 1 bar and 298 K using the mixture adsorption data
obtained from the GCMC simulations. The CO> selectivities of MOFs computed from
molecular simulations employing Dreiding and UFF are compared in Figure 4.1 for three
gas mixtures. Comparison of selectivities obtained from two sets of molecular simulations
using different FFs is also separately given for CO2/Hz, CO2/N2, and CO»/CH4 mixtures in
Figure B2, B3, B4, respectively.

The CO selectivities calculated with Dreiding (UFF) are in the ranges of
10.48—2237.35 (12.38-3119.09), 3.73-202.30 (3.75—197.48), and 1.66—59.38
(1.71-60.97) for CO2/Hz, CO2/N2, and CO2/CH4 mixtures, respectively. Figure 4.1 shows
that molecular simulations with UFF led to slightly higher selectivities for CO»/Ha
mixtures compared to the ones with Dreiding. Selectivities calculated for CO2/N; and
CO2/CH4 mixtures were similar for most MOFs regardless of the FF type. In extreme
cases, using UFF can give 2.2, 1.6, and 1.7 times larger CO2/H2, CO2/N», and CO2/CH4
selectivities than using the Dreiding FF. For example, CO2/H selectivity of a MOF,

* The results given in this chapter were published in Industrial & Engineering Chemistry Research with
following reference: Dokur, D. and Keskin, S. (2018) “Effects of Force Field Selection on the
Computational Ranking of MOFs for CO, Separations” Ind. Eng. Chem. Res. 2018, 57, 2298—2309. The
original manuscript has been rearranged to conform to the format requirements of the dissertation.
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LASPOM, was predicted as 205.59 by Dreiding and 441.25 by UFF, leading to a large
difference of 114.63%. The largest deviations for CO2/N> and CO»/CHs selectivities were
observed for OCIZIL and LUXDEO, respectively. The CO2/N> (CO2/CHa) selectivity of
the relevant MOF was predicted as 47.00 (8.45) by Dreiding and 75.10 (14.54) by UFF,
resulting in 59.77% (71.97%) difference. The discrepancies originated from using
different FFs can be explained with the changes in the energy parameters of MOF atoms

114.63%.
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Figure 4.1. Comparison of selectivities of MOFs computed using Dreiding and UFF for
CO2/Ha, CO2/N2, CO2/CHj4 separations. Diagonal line is to guide the eye.
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The largest deviations for CO2/N> and CO,/CHj4 selectivities were observed for OCIZIL
and LUXDEO, respectively. The CO2/N2 (CO2/CHa4) selectivity of the relevant MOF was
predicted as 47.00 (8.45) by Dreiding and 75.10 (14.54) by UFF, resulting in 59.77%
(71.97%) difference. The discrepancies originated from using different FFs can be
explained with the changes in the energy parameters of MOF atoms. For example,
OCIZIL has Zn as the metal atom and the energy parameter of Zn significantly increases
when the UFF was used instead of Dreiding (€zn,breiding/ks = 27.69 K, &zn,urr/ks =62.44 K)
in simulations. As a result, adsorption of CO» increases and more pronounced deviations
are observed for the COz selectivity. Overall, Figure 4.1 shows that both Dreiding and
UFF can be used in the molecular simulations for the initial screening of MOF adsorbents
based on selectivity, however caution is advised especially for CO2/H, mixtures where the
selectivity predictions of Dreiding and UFF may significantly vary. At that point, it is
important to note that the MOFs considered in this thesis have metal atoms of Ag, Al, Be,
Cd, Co, Cu, Fe, In, Mn, Nd, Ni, V, Zn, and Zr. Among these, Al, In, and Zn have different
energy parameters in Dreiding and UFF. The change in the energy parameters of Zn is the
highest as can be seen in Table B1. For example, the energy parameters of In in the UFF
and Dreiding are very close (€mpreidingk = 276.96 K, emurr/ks = 301.63 K). Although
there are changes in the energy parameters, the correlation coefficients (R?) between the
predictions of Dreiding and UFF for the selectivities of MOFs containing Al, In, and Zn
were computed to be not very different (0.97, 0.95, and 0.89 for CO2/Ha, CO2/N», and
CO»/CH4 mixtures, respectively) than the R? values (0.96, 0.94, and 0.94 for CO2/Ha,
CO2/N;, and CO; /CH4 mixtures, respectively) computed for MOFs that contain other
metals.

Since selectivity solely depends on the gas uptakes of MOFs, the role of the FF type
on the gas uptakes of MOFs were examined. Among the four gases considered, CO; is the
most strongly adsorbed component. It was represented as a three-site molecule which has

more interactions sites with the MOF atoms compared to other gases in addition to the
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electrostatic interactions due to its quadrupole moment. H> has very weak interactions
with MOFs leading to very low uptakes. Figure 4.2 shows that molecular simulations
performed at 1 bar using UFF generally result in higher uptakes for CO2, CHs and N>
compared to the ones performed using Dreiding. This result is more pronounced for CO2,
followed by CH4 and N>, as can be seen in Figure B5, B6, and B7 where uptakes for each
gas species are separately shown.

The CO; uptakes of MOFs for CO2/Hz, CO2/N2, and CO»/CHs mixtures were
computed as 0.07-2.92 (0.07—3.47), 0.06—2.80 (0.07—-3.42), and 0.23—4.30 (0.25— 4.86)
mol/kg, respectively using the Dreiding (UFF).The H> uptakes of MOFs were calculated
to be almost same, 0.003— 0.13 mol/kg, regardless of the FF type. The correlation
coefficient (R?) was defined as a linear fit between the Dreiding predicted results and UFF
predicted results. The R? between the predictions of Dreiding and UFF for the gas uptakes
of MOFs computed at 1 bar are given in Table 4.1. The R? values also show that CO> is
the component which is more sensitive to the FF type, followed by N2 and CH4, whereas
H; uptakes do not change with the FF.

Table 4.1. Correlation coefficients (R?) for the gas uptakes predicted by Dreiding and

UFF.
CO; uptake H; uptake N: uptake CHj4 uptake
(mol/kg) (mol/kg) (mol/kg) (mol/kg)

0.1 bar 1 bar 0.1 bar 1 bar 0.1 bar 1 bar 0.1 bar 1 bar

CO2Hz> 09419 09177 0.9914 0.9952 - - - -
CO2/N> 09403 09179 - - 0.9268 0.9136 - -
CO2/CHs 0.9408 0.8813 - - - - 0.8404 0.9293

Since UFF-based simulations overpredicted the N> and CH4 uptakes of MOFs in
similar amounts compared to the CO> uptake, CO2/N> and CO2/CHy selectivities predicted
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by two FFs were not significantly different as previously shown in Figure 4.1. The CO»
uptakes predicted by UFF were higher than those of Dreiding but almost same for H>. As
a result, UFF-based simulations give much larger CO2/H: selectivities than those of the
Dreiding based ones. These results indicate that the more strongly adsorbed component in
MOFs, in this case CO;, is more sensitive to the type of the FF used in the simulations
compared to the weakly adsorbed gases. In other words, if the adsorption competition
between two gas molecules is low, such as CO2 and Ha, then selectivities predicted by two
different FFs can be significantly different.

Working capacity is generally considered as the second most important metric used
to evaluate new adsorbent materials. Figure 4.3 represents the predicted CO, working
capacities of MOFs at an adsorption pressure of 1 bar and desorption pressure of 0.1 bar.
Detailed comparison of CO> uptakes of MOFs at 0.1 and 1 bar using Dreiding and UFF
can be found in Figure B8, B9, and B10 for all three mixtures. Similar to the CO, uptakes,
COz working capacities predicted by UFF generally overestimated the predictions of
Dreiding. Table 4.2 shows that R? values of the working capacities (0.86—0.89) are lower
than those of selectivities (0.94—0.95), indicating that working capacity is much more

sensitive to the FF type than the selectivity.

Table 4.2. Correlation coefficients (R?) for the performance evaluation metrics predicted

by Dreiding and UFF for each gas mixture.

S ANcoz2 (mol/kg)  Sep R%

CO2/H2 0.9528 0.8928 0.9674  0.9378
CO2/N2 0.9434 0.8936 0.9552  0.9377
CO2/CH4 0.9408 0.8648 0.9105 0.9549

Combining selectivity and working capacity in a single parameter, Sy is useful to

easily identify the most promising adsorbents. Ss, values of MOFs were compared using
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the results of simulations employing Dreiding and UFF in Figure 4.4. The Ssp values of
MOFs for CO2/Hz, CO2/Na2, and CO,/CH4 separations were calculated as 19.34-3.9 x 10°
(26.74-6.9 x 10°), 2.51-5178.36 (2.54-8980.72), and 2.91— 2276.69 (3.02—1.07 x 10%),
respectively using the Dreiding (UFF). These numbers indicate that quantitative
predictions of molecular simulations for Sgp strongly depend on the FF type.

This is in fact a natural result of the mathematical description of Ssp. It includes the
square of the selectivity, and as discussed in Figure 4.1, there are several MOFs for which
UFF-based simulations predicted double of the CO selectivities compared to the
Dreiding-based simulations.

As a result, there are MOFs for which using UFF gives 1.73, 1.73, and 4.70 times
higher Ss, values than using Dreiding for CO2/Hz, CO2/N2, and CO2/CH4 separations,
respectively.

The impact of FF on the predicted percent regenerabilities (R%) of MOFs was
examined. Although MOF adsorbents are used to be ranked based on selectivity, our
recent study showed that it is much more efficient to screen MOFs based on R% because
a large number of MOFs having high CO; selectivities suffers from very low R%
(<75%).”> Figure 4.5 shows that R% of MOFs ranges from 48.83 to 90.64%
(44.32-91.12%) for CO2/H; separation based on the molecular simulations performed
using Dreiding (UFF). R% is defined as the ratio of working capacity to the gas uptake at
an adsorption pressure. Since overestimation of UFF for CO uptake is higher than the one
for the CO, working capacity, R% predictions of UFF are generally lower than those of
Dreiding. R% of MOFs ranges from 46.32 to 90.47% (33.52-91.48%) for CO2/N
(CO2/CHg4) separation based on the molecular simulations performed using Dreiding
whereas UFF results are slightly less, 44.39-90.83% (26.37-91.68%). Similar to the
selectivity, the R? values for R% (0.94-0.95) are high, as shown in Table 4.2, although
sometimes large quantitative deviations were observed in the predicted R% values from

two different FFs.
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R? values calculated for all the adsorbent evaluation metrics can be seen in Table
4.2. The R? values are high (>0.86) for all four metrics suggesting that both FFs make
quantitatively similar estimates for the four performance evaluation metrics discussed.
Therefore, how the rankings of best MOF adsorbents change with Dreiding and UFF were
examined. The top 10 MOFs rankings based on the four performance evaluation metrics
computed from two different FFs are listed in Table 4.3.

According to the CO»/H> selectivity ranking, there are 8 common MOFs in the top
promising material lists of Dreiding and UFF. Ranking of the materials is very similar.
For example, EMIVAY, EYOQAL, and BERGAIOI are identified as the top three
selective MOFs based on the Dreiding. EYOQAL is the first, EMIVAY is the second, and
BERGAIO1 is the third MOF in the selectivity ranking of UFF-based simulations.
Similarly, 8 MOFs are common in the promising material list for CO2/N> separation.
Ranking of the first 4 MOFs is very similar in both lists. For instance, KEYFIFO1 and
KEYFIF are the first and the second materials in both rankings. The third and fourth
MOFs, EMIVAY and EYOQAL, identified based on the Dreiding only change their
places as the fourth and third in the UFF-based list. All MOFs except one are the same in
CO»/CHjs selectivity rankings. Rankings of top 5 MOFs for CO,/CHs selectivity are very
similar. For instance, KEYFIF has the second highest selectivity in both lists. The first
and the third MOFs according to Dreiding results are KEYFIFO1 and GIWNUYV, and they
are the third and first MOF, respectively, in the UFF-based list. The numbers of identical
MOFs in top 10 rankings based on molecular simulations employing different FFs are
also tabulated in Table B2. The high numbers of common MOFs that appear in both lists
indicate that Dreiding and UFF predict similar selectivity ranking of MOFs, supporting
the further use of these two generic FFs in high-throughput screening studies to identify

the most selective adsorbents for CO> separations.
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Table 4.3. Top 10 MOFs for CO2/Hz, CO2/N2, and CO2/CHg separations based on the performance evaluation metrics
computed using Dreiding or UFF in the molecular simulations.

DREIDING UFF
AN (mol/kg) Ssp R (%) S AN (mol/kg) R (%)
CO:/H;
EMIVAY 223735 EMIHAK 222 EYOQAL 39971229 GALBUS  90.64 | EYOQAL 311909 HAJKOU 234 EYOQAL  689817.90 GALBUS 91.12
EYOQAL 207429 HAJKOU 194 EMIVAY 32086242 IDIWOH  90.53 | EMIVAY 265741 EMIHAK 2.11 EMIVAY 39689435 DIDBID  90.89
BERGAIOI 169267 EYOPOY  1.78 BERGAIOl 20445375 LECQEQ  90.52 [ BERGAIOI 197781 EYOPOY 2.10 OCIZIL 27503238 DIDBOJ  90.81
EYOPUE 118513 AJIHOQ 1.66 EMIHAK 15326806 DIDBID 9045 | BOWSIQ 157421 ACODED 201 BERGAIOl 26740519 EMIHAK  90.72
KEYFIFOI 114527 EYOQAL 165 KEYFIFOI 12438574 WOBHIF 9038 [ EYOPUE 152630 HAJKIO 198 BOWSIQ 24758123 IDIWOH  90.65
QIFLOI 111511 RAYLIO 157 KEYFIF 11579615 DIDBOJ 9034 [ LUXDEO 149243 AJIHOQ 193 HAJKOU 23971486 HASSUR 9047
KEYFIF 1102.57 HAJKIO 1.50 HAJKOU 11326126 LARVIL  90.32 | OCIZIL 1371.82 DEJROB 189 QIFLOI 20087141 LARVIL ~ 90.42
BOWSIQ 979.93 EMIVAY 147 QIFLOI 10420824 KUGZIW ~ 90.32 | QIFLOI 135435 LUXDEO 186 LUXDEO 190800.84 KUGZIW  90.36
PEQHOK 808.73 NUTQEZ 142 BOWSIQ  87513.61 OWIVEW 9029 | KEYFIFOI 127247 NEFTOJ 183 EBEMOO 16388932 LUKLIN 9031
HAJKOU 769.15 RAYLOU 142 OCIZIL 8640458 HECQUB  90.27 | KEYFIF 123720 RAYLIO 176 KEYFIFOI  153588.38 LECQEQ 9031
CO:2/N;
KEYFIFO1 20230 EMIHAK  2.12 KEYFIFOl 517836 IDIWOH 9047 | KEYFIFOI 19748 HAJKOU 2.19 EYOQAL 8980.72 LECQEQ  90.83
KEYFIF 196.58 HAJKOU 177 KEYFIF 487575 LARVIL  90.44 | KEYFIF 19248 EMIHAK 198 KEYFIFOI 453897 GALBUS  90.71
EMIVAY 119.89 RAYLIO 158 EYOQAL 236493 GALBUS 9042 | EYOQAL 18324 AJIHOQ 183 KEYFIF 441573 DIDBID  90.62
EYOQAL 11487 EYOQAL 157 EMIVAY 141022 LECQEQ  90.38 | EMIVAY 14005 ACODED 182 EMIVAY 237510 WOBHIF  90.50
RAYLIO 88.62  AJTHOQ 1.56 BERGAIOI 106531 OWIVEW 9031 | BERGAIOl ~ 12301 HAJKIO 181 BERGAIOI 227671 IDIWOH  90.48
BERGAIO! 88.05 EYOPOY 147 EMIHAK 93391 DIDBOJ  90.30 | EYOPUE 10587 EYOPOY 179 LUXDEO 163431 DIDBOJ  90.43
EYOPUE 8333 EMIVAY 138 RAYLIO 86330 DIDBID  90.27 | LUXDEO 9870 DEJROB 178 OCIZIL 126547 LARVIL ~ 90.40
QIFLOI 7548 RAYLOU 136 QIFLOI 80252 KUGZIW  90.24 | BOWSIQ 9295 NEFTOJ 175 HAJKOU 124789  KUGZIW ~ 90.25
YOZBOF 73.58 NUTQEZ 136 EBEMOO 68203 LUKLIN  90.22 | RAYLIO 8430 RAYLIO 1.72 QIFLOI 112095 HECQUB  90.23
BOWSIQ 73.17 HAJKIO 134 NUICIE 65631 OWITAQ  90.22 | EBEMOO 80.76 LUXDEO 171 EBEMOO 111821 LUKLIN 9021
CO:/CH,
KEYFIFO1 5938 LECQEQ 381 KEYFIFOI 227669 IDIWOH 9148 | GIWNUV 6097 DIDBID  4.03 EYOQAL 10698.50 IDIWOH  91.68
KEYFIF 5529 AJIHOQ  3.63 KEYFIF 191938 OWIVEW  91.12 | KEYFIF 51.86 NUTQEZ 4.02 GIWNUV 162266 LARVIL ~ 91.17
GIWNUV 4761 NUTQEZ 363 GIWNUV 124737 KUGZIW ~ 90.78 | KEYFIFOI ~ 51.82 GALBUS 398 KEYFIF 161934 HECQUB  91.03
EYOPUE 2229 FIQCEN 347 EYOQAL 509.95 WOBHIF  90.74 | EYOQAL 3022 AJIHOQ  3.80 KEYFIFOI 1609.06 LUKLIN  90.73
EYOQAL 1871 EMIHAK 343 EMIHAK 50376 OWITAQ  90.73 | EYOPUE 27.33 NEFTOJ  3.77 EYOPUE 987.38 OWIVEW  90.69
LARVIL 1852 HASSUR 339 LARVIL 389.94 OWIVAS  90.72 | RAYLIO 1874 HASSUR 370 EMIHAK 600.43 OWIVAS  90.65
RAYLIO 1839 NEFTOJ  3.17 EYOPUE 36512 HECQUB  90.69 | EMIHAK 1672 EMIHAK 368 HAJKOU 51059 OWITAQ  90.64
NUICIE 16.93 EMIHIS 274 AJIHOQ 28463 OWITOE  90.61 | NUICIE 1669 LECQEQ 3.54 LUXDEO 46251 OWITOE  90.59
EMIHAK 1623 GALBUS 253 LECQEQ 25281 LUKLIN  90.61 | BOWSIQ 1643 WOBHIF 340 AJIHOQ 371.08  OWITUK  90.58
EMIVAY 16.14 DIDBID 250 NUICIE 23224 OWITEU  90.57 | EMIVAY 1588 DIDBOJ 339 BOWSIQ 34877 OWITEU  90.55
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The most promising 10 MOFs based on the CO> working capacities are also given in
Table 4.3. There are 6, 6, and 8 common MOFs in the Dreiding and UFF lists for CO2/Ha,
CO2/N2, and CO2/CH4 separations, respectively. Rankings of the top 3 MOFs are very
similar for CO2/Hz, and the top 2 MOFs are the same for CO2/N>. Although 8 MOFs are
common in the list, their rankings are quite different for CO2/CHs separation. For
example, the tenth MOF in the list of Dreiding is the first MOF in the UFF list. This result
supports the lowest R? value between the predicted performance metrics of Dreiding and
UFF for the CO, working capacity of CO»/CH4 mixture as shown in Table 4.2. There are
8, 7, and 7 common MOFs in the Dreiding and UFF lists for Ssp rankings of MOFs for
CO2/Haz, CO2/N2, and CO,/CHj4 separations, respectively. The First two MOFs for CO»/H»
mixture and top 5 (4) MOFs for CO»/N; (CO2/CHs) mixture are the same in both lists.
Here, it is important to note that although the Ssp rankings have many common MOFs,
there are significant quantitative differences in Ss, values of the top promising MOFs
identified by Dreiding and UFF. Seven out of the top 10 MOFs for regenerability ranking
are identical for CO2/H» separation. The top 3 MOFs identified in the Dreiding-based
simulations rank as first, fifth, and tenth in the UFF-based list. Although 8 of the top 10
MOFs are common in both lists for CO2/N» separation, their rankings are different. For
example, the top 4 MOFs in the Dreiding-based list are fifth, seventh, second, and first in
the list of UFF.

Finally, there are 8 identical MOFs in the regenerability lists for CO2/CH4
separations. The first, sixth, eighth, and tenth of the top 10 MOFs in the Dreiding list have
the same rankings with the UFF list. Since these top MOFs have not been experimentally
tested for CO2 separations to the best of our knowledge, it is not able to make a
comparison between experimentally measured and simulated performance evaluation
metrics. The good agreement between experimentally measured and predicted CO2/Ha,

CO2/N2, and CO,/CHyg selectivities of various MOFs was shown in Figure B1, and it can
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be accepted that our computational approach will make accurate estimates for the
selectivities of MOFs which have not been experimentally tested yet.

In order to quantify the robustness of the ranking of MOFs to the FF selection, the
Spearman’s ranking correlation coefficients (SRCC) were also computed. Values of
SRCC change from —1 to 1 and indicate the correlation between two sets of ranking lists.
It was shown in Table B3 that SRCC is 0.98, 0.95, 0.97, and 0.96 for S, AN, Ssp, and R%,
respectively.

This analysis suggests that the rankings of 100 MOFs based on the Dreiding FF are
positively correlated with those based on the UFF, and strength of the correlation is very
high. These results show that either of the generic FF can be safely used to screen and
rank MOFs based on the four adsorbent performance evaluation metrics that considered in
this thesis. Throughout the manuscript, our aim is not to show superiority/accuracy of one
generic FF over another but to understand how the ranking of the best MOF adsorbents
changes based on the FF type. Results show that adsorbent evaluation metrics
quantitatively change due to the differences in the predicted CO» uptakes of MOFs
depending on the FF. In order to provide a guideline for the simulators in selecting either
Dreiding or UFF, a simple factor that assesses sensitivity of the CO» uptake to the FF type
was proposed. With this factor, the aim is to differentiate between the MOFs for which
using either Dreiding or UFF does not make any significant difference in the predicted
CO: uptakes and the MOFs for which the type of the FF plays an important role in
predicting the CO> uptakes and separation performance of the materials. The force field
factor (FFF) was defined using the energy parameters of atoms in the Dreiding and UFF.
Almost all atoms have different energy and size parameters (¢/ks and o, respectively) in
each FF. For example, carbon is available in all MOFs, its € and ¢ parameters are 47.89 K

and 3.47 A in Dreiding, whereas 52.87 K and 3.43 A, respectively in the UFF.
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The FFF consists of energy parameters since adsorption mainly depends on the energetic

interactions, the type and the number of atoms of the MOFs:

N n; N n;
i X N *&i, prEIDING/KB - 2f ;X N *&i, urr/ks

FFF= (13)

N n;
DI (TR N &i, DREIDING /kg

Here, n; is the number of atoms i, N is the total number of atoms of MOF, and &i/kg is the
energy parameter of the atom i. This term expresses how much the potential parameter
changes when the UFF was used instead of the Dreiding. The relation between the FFF
and the changes in the predicted CO> uptakes of MOFs was examined. The latter was
defined as follows where the CO> uptake predicted by the Dreiding was taken as the

reference:

ANco,%=|Nco,, preming- Nco,, urr|[/Nco,, preming X100 (14)

Figure 4.6 shows the AN, % as a function of the FFF for the MOFs. Black points
in each figure represent the MOFs for which the predicted CO; uptakes by two different
FF vary less than 35%. In fact, 24 MOFs have less than 25% change in their CO; uptakes
for CO2/Hz, CO2/N2, and CO»/CHs mixtures. The FFF of MOFs shown with black points
in Figure 4.6 are less than 0.1, and their average FFF is 0.05. These are the MOFs that are
not sensitive to the FF type. In other words, the area at the left of the vertical dashed lines
shown in Figure 4.6 shows the safe zone to the simulators, where predictions for the CO>
uptake of MOFs would not significantly change depending on the FF used in molecular
simulations. For example, EMIHAK has the lowest FFF, 0.003. Due to its low FFF, the
ANco,% values for this MOF are low: 5, 7 and 3% for CO2/Hz, CO2/N,, and CO»/CH4

mixtures, respectively. The CO2/Hz, CO2/N2, and CO»/CH4 selectivities of EMIHAK
predicted from Dreiding are 704.52, 55.12, and 16.23, respectively, and these are very
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similar to the ones predicted by UFF, 636.46, 50.15, and 16.72. On the basis of the
working capacity rankings, EMIHAK is the first MOF in the Dreiding list and second
MOF in the UFF list for CO2/H, and CO2/N> mixtures and is the fifth MOF in the
Dreiding list and seventh MOF in the UFF list for CO2/CHs. This result shows that
ranking of the MOFs having low FFF is not significantly affected from the FF.

Figure 4.6 shows that if the FFF is computed to be higher than 0.1, then Dreiding
and UFF are expected to make different predictions for the CO, uptakes of MOFs, which
also means that ranking of MOF adsorbents for CO» separations may be different.

Red points in Figure 4.6 represent the MOFs for which the two FFs make different
estimates for the CO» uptake. Most MOFs have more than 40% change in the CO; uptakes
and their average FFF is 0.203. For example, LUXDEO has a high FFF, 0.42, leading to
very high ANcq, % values of 92, 85, and 72% for CO2/H2, CO2/N2, and CO2/CH4 mixtures,
respectively. As a result, its performance evaluation metrics significantly change
depending on the FF. For example, CO»/H; selectivity of LUXDEO was predicted to be
695 by the Dreiding and 1492 by the UFF. LUXDEO was in the highly selective MOF
lists determined by the UFF but it did not appear in the Dreiding list. At that point, it is
important to note that not all the MOFs having FFF > 0.1 have high AN¢q,% as can be
seen from Figure 4.6. There are several MOFs with FFF of 0.1-0.25, and half of them
have low ANco,. However, MOFs with FFFs >0.3 are the ones that show the highest
deviations between Dreiding and UFF predictions for the CO> uptake. Therefore, it is
better to use the FFF to quantitatively define the safe region: if the FFF is less than 0.1,
then either the Dreiding or the UFF can be used to evaluate the CO: uptake and
adsorption-based CO» separation potential of MOFs. It is also a good practice to examine
why low (high) FFF leads to small (large) changes in the CO; uptakes. The FFF to show
the change in the potential parameters of atoms was defined. For example, OWITIY has

the second lowest FFF, 0.01.
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This MOF has Mn, and since its energy parameter is not available in Dreiding, it was
taken from the UFF. Therefore, there is no difference for the /ks of metal atoms.

The energy parameters of 144 C and 52 H atoms increased from 47.88 to 52.87 K
and 7.65 to 22.15 K, respectively, when the UFF was used instead of the Dreiding.
However, this increase was balanced by the decrease in the energy parameters of 96 O
atoms from 48.19 to 30.21 K. As a result, the FFF is small for that MOF. In other words,
the increase in the energy parameters of (C + H) is balanced with the decrease in energy
parameters of (N + O) for the MOFs having low FFFs. In contrast, MOFs with high FFFs
are either those having a metal atom which shows a large change when the FF is switched
from Dreiding to UFF (such as OFERUN) or those having a large number of C and H
atoms in their structures (such as GUPCOK). In the case of OFERUN, the energy
parameter of Zn significantly increases when the UFF was used and leads to a high FFF of
0.39. GUPCOK has large number of C and H atoms, and the UFF part of the Eq 1
dominates the Dreiding part and leads to a large FFF of 0.46 for that MOF. Supporting
this argument, the average of ratio of sum of C and H atoms to the total number of atoms
in MOFs is 0.76 for the MOFs having high FFF whereas it is 0.62 for the MOFs having
low FFFs. Atoms type and numbers of the MOFs having the five lowest and highest FFFs
are also given in Table B4.

Finally, it is important to note that the aim is to arbitrarily define a simple parameter
that can be very quickly calculated before the molecular simulations to make a decision of
using either Dreiding or UFF. Several other factors which affect the adsorption strength of
the gases in the MOFs such as topology of the material, pore size, and pore shape have
not been considered in the definition of FFF. The usefulness of the FFF is the following:
Before computationally demanding simulations, one can calculate the FFF within seconds
only considering the number and type of the atoms present in the MOF. If this value is
smaller than 0.1, then either of the generic FFs can be used, since they will give similar

estimates for CO» uptakes of MOFs and hence similar rankings of the MOF adsorbents.
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However, having a low FFF does not mean that either Dreiding or UFF are necessarily
accurate for this MOF, it just means that they are interchangeable. There may be cases
that the best thing to do would be to use neither and develop a new model. If the FFF is
higher than 0.1, significant quantitative differences can be expected for the CO:
predictions of the Dreiding and UFF. In this case, obtaining experimental data to validate
the selection of the FF or performing more detailed quantum-level calculations can be

considered since the MOF is sensitive to the FF type.
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Chapter 5

Computational Screening of MOFs for H,S Separation from H,S/CH4/CO; Mixture

In Chapter 4, we explored the ranking of the materials for CO, separation from
binary mixtures. However, mixtures are most likely not binary but multi-component in the
industrial applications, such as natural gas, fuel gas or landfill gas. Therefore, it is
important to distinguish how adsorbent evaluation metrics would change when multi-
component mixtures are studied. While CH4 is the main component of natural gas, biogas,
landfill gas or fuel gas, there are also undesirable components in these gas mixtures such
as H>S and/or CO;. For example, the mixture including these components is called sour
natural gas and acidic component causes corrosion at storage or transportation of the
desired gas. Further, SO; releases from combustion of gas mixture including H»S such as
refinery fuel gas. SO release causes to acid rain with combining water vapor in the air.
This formation has critical impact on both the environment and human health. Motivated
from this, we studied on HS separation from H>S/CHs binary mixture and then
H>S/CH4/COz ternary mixture as considering fuel gas.

GCMC simulation was performed using RASPA open code for 4213 MOFs.!%
These simulations were performed 303 K and adsorption pressure of 1bar and desorption
pressure of 4 bar. GCMC simulations were performed for binary HoS/CH4 mixture and
ternary mixture of HoS/CH4/CO,. Compositions of mixtures were set to 1:99 and
0.2:29.8:70, respectively. Four different moves were considered for GCMC simulations
including translation, reinsertion, swap and identity exchange of a molecule. The
Lorentz—Berthelot mixing rules were employed. The cutoff distance for truncation of the

intermolecular interactions was set to 13 A. Periodic boundary conditions were applied in
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all simulations. Simulations were executed for 1000 cycles with the first 5000 cycles for
initialization and the last 5000 cycles for taking ensemble averages. Lennard-Jones 12-6
potential was used to model CO>” and CH4'°? as presented in previous part of the thesis.
H>S molecules were modeled using LJ 12-6 potentials as four-site rigid molecules. Two
sites are located at the H atoms and one site is located at the S atoms, fourth site is located
at the center of the mass with partial point charges.'!? LJ 12-6 potential from UFF is used
for the MOFs. All performance metrics were computed for the GCMC results as presented
in Chapter 3.

We first compared our results with the experimentally reported results of single-
component HoS uptake in MOFs, MIL-47(V), MIL-53(Cr), MIL-53(Al), MIL-100(Cr),
and MIL-101(Cr).'"" We obtained a good agreement between our simulations and
experiment in terms of HoS uptake for those materials as shown in Figure 5.1.a. We also
computed the summation of H>S and CO; adsorption for ternary mixture of H>S/CH4/CO>
and compared with an available simulation study under the same conditions!'? and
showed the good agreement with the previously reported results in Figure 5.1.b. With this
motivation, we studied 4213 MOFs to investigate their H»S separation performances.

We first examined the binary H,S/CH4 mixture, and then proceeded with ternary
mixture of H>S/CH4/CO,. Figure 5.2 shows H>S/CHs selectivity and H»S working
capacity of MOFs predicted at an adsorption pressure of 4 bar and desorption pressure of
1 bar. The selectivity ranges from 1.6 to 4890 as shown in Figure 5.2. In the literature,
most of the studies presented that HS/CHy selectivity is generally lower than 100. For
example, H2S/CHy selectivity of UiO-66 (Zr),!'3 MIL-47,''* MIL-125 (Ti),'"S zeolites,!
HKUST-1,'" and UiO-66 (67,68)!'® was reported to be lower than 100 at different
studies. Bobbitt et al.!'® and Li et al.'?® reported that HoS/CHs selectivity of Cu-TDPAT at
298 K is in the range of 100-200.
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Figure 5.1. (a) Comparison of our simulation results and experimental data for single-
component H>S uptake (b) Comparison of our simulation results and different simulation

results for H2S plus CO; uptake in of H2S/CH4/CO; ternary mixture.

Ninety percent of MOFs examined in this work has a selectivity lower than 200, however
there are also highly selective (>1000) MOFs among our materials as suggested by Li'?!
and Hong.'?2, They explored the H2S/CHs4 selectivity of the functionalized UiO-66(Zr)
and ZIF-80 and presented the selectivity in the range of 100-1000 and 200-1300,
respectively.

H>S working capacity varies from 0.0000196 to 3 mol/kg at an adsorption pressure
of 4 bar and desorption pressure of 1 Bar. We can see that most of the highly selective
materials (>1000) have low working capacity (<0.1 mol/kg). We expect that promising
materials should have high selectivity and high working capacity. Thus, the multiplication
of these parameters (APS) is very convenient to identify the best material candidates. We
classified materials into four regions based on their APS values (APS =100, APS =500,
and APS=1500) to determine the materials with low and high performance. The APS
values of 3802 and 95 MOFs from 4213 materials are lower than 100 and higher than 500,

respectively. It is important to distinguish the materials, which have very high selectivity
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(>500) or working capacity (>2.5 mol/kg), although their corresponding selectivity or

working capacity are very low as shown in Figure 5.2.
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Figure 5.2. Relation between selectivity (S), working capacity (AN) and adsorbent
performance score (APS) of 4213 MOFs for calculated at adsorption pressure of 4 bar.

For example, materials with high selectivity (>500) usually exhibit low working
capacity (0.2 kg/mol), and materials with high working capacity (>1.2 kg/mol) usually
exhibit low selectivity (<50) as seen in the black region of Figure 5.2. The black region
also represents a large number of 4213MOFs which have moderate selectivity (20-500)
and working capacity (0.6-1.4 kg/mol). MOFs with APS in the range between 100 and

500 are a group of promising materials shown in the green region of Figure 5.2.
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The blue and red regions of the same figure represent the most promising MOFs
with high APS values (>500). Selectivities (working capacities) of MOFs in these regions
range from 158 to 4890 (0.11-3.25). We determined 22 MOFs from 4213 with high APS
values (>1500) as the top performing structure in the red region. They represent the most
desired combination of selectivity (in the range of 800-4529) and working capacity (in the
range of 0.46-2.72 mol/kg). For example, FAGZAO has the highest APS value (6347
mol/kg) and its corresponding selectivity and working capacity values are 3455 and 1.84
kg/mol, respectively. Other promising materials in the red region are LAKHOV,
DATKIU, PEVVAO, and CUSDIE. They present both high selectivity of 1085, 847,
1013, 800, and high working capacity of 2.77, 2.68, 2.46, 2.35, respectively. However,
some materials have the same trade-off between selectivity and working capacity in the
red region. MOFs with very high selectivity (>2000) have low working capacity (<0.6
kg/mol) as shown in Figure 5.2.

Other important metrics to evaluate the performance of the materials are Ssp and
regenerability (%). Ssp values of MOFs changes between 0.02 and 0.7x10° while most of
MOFs (3256 from 4226) are located in the same region where Ssp is 1-4000 as shown in
Figure 5.3. The selectivity of these MOFs varies from 1 to 1000. XAFXOT, CUCFUD
and SUGVUM are the most promising materials, which are displayed at the right corner
of Figure 5.3 with red color. They have both high selectivity and Sy, with the values of
4412, 4529, 4797 and 0.4x10°, 0.2 x 10%, and 0.1 x 10°, respectively.

We presented the relation between regenerability (R%) and selectivity plus APS of
4213 MOFs in Figure 5.4. They exhibit very wide range in terms of R (%) from 0.015 to
82.3%. However, it is important to note that regenerability of MOFs is quite low because
only 198 MOFs from 4213 have R%>75%. Although PIHJOHO3 is the most promising
material in terms of R% (82%), it has very low selectivity (4.9) as seen in Figure 5.4.a.
Moreover, some MOFs have higher selectivity (>1000) but they suffer from low R%
(<20%). In Figure 5.4.a, we color-coded the promising materials as red. R% of ENISUQ
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and KITGUQ are very high (78% and 79%) with also high selectivities (358 and 162). We
plotted R% also as a function of APS and we marked promising MOFs above the red line
and the ones with the highest APS value in Figure 5.4.b. KITGUQ was still promising
material while ENISUQ was not determined as promising because of its low APS and

accordingly working capacity value.
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Figure 5.3. Sorbent selection parameters and selectivities of MOFs. Red dots represent

promising materials.

We can conclude that selectivity is not an adequate parameter to evaluate the most
promising materials. Regenerability has a strong influence to decide the promising MOFs

for gas separation. Therefore, we extended our search by the strategy of the determination
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of the MOFs with R>%75. Among these, we chose the top 20 materials based on APS and
selectivity and compared the results. Fifteen of MOFs, which are ACOQEP, AHOZII,
BODYID, CAYSIE, ENISUQ, FIZQAI, HUYKER, ILIGOZ, KITGUQ, ODIPAS,
OHOFIA, REQBOG, VEQBID, XESKAJ, and XUMMUP, are common in Table 5.1 and
Table 5.2 and presented in bold as shown in both two tables. KITGUQ, ACOQEP,
ODIPAS, and ILIGOZ are the best adsorbent in terms of all performance metrics among
4213 MOFs and they are located at almost the same places in both of two lists.

Once we identified the best MOF with binary mixture of H>S/CHa4, we proceeded
our study with computing adsorption of ternary mixture of H>S/CH4/CO: in these top 20
MOFs Ternary mixture results in terms of APS, selectivity and working capacity were
compared with those computed for binary mixture. H,S selectivities predicted for ternary
mixture are generally higher than the ones predicted for binary mixture, while the
selectivity for binary and ternary mixture is not highly different. However, H>S working
capacity is quite different for binary and ternary mixture, and working capacities
calculated for ternary mixtures are lower than the ones of binary mixtures. Therefore,
APS values for ternary mixture are also quite lower than the ones for binary mixtures.
Even though numeric values of metrics are different, the ranking of the MOFs based on
selectivity computed for binary mixture is highly similar to the ranking computed for
ternary mixtures. For example, first, sixth, seventh and last four materials are same for
both binary and ternary mixture simulations. Seven of top ten MOFs is same with similar
ranking based on binary and ternary simulation results. The SRCC between selectivity for
binary and ternary mixtures is calculated as 0.82. It is concluded that molecular
simulations conducted for H>S separation from binary mixtures are also useful to
determine the promising materials for the ternary mixtures.

Investigation on a large number of materials with various structural and

topological properties is a very good opportunity to examine the structure-performance
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relationship. This investigation might provide the synthesis of new MOFs with better

performances and also helps to determine the promising MOFs among thousands.

100

APS (mol/kg)

Figure 5.4. Relation between R % and (a) selectivity and (b) APS. Red solid lines

represent R% =75 and red stars indicate promising MOFs.
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Table 5.1. Ranking of Top 20 MOFs Depending on Selectivity

AN H:S APS
MOFs S H2s/CH4 (mol/kg) R (%) (mol/kg)

ENISUQ 358.04 0.01 77.97 3.90
KITGUQ 162.13 1.49 79.46 241.05
ACOQEP 76.92 0.73 76.09 56.35
ODIPAS 59.75 0.25 75.15 14.85
ILIGOZ 40.58 0.32 80.05 13.04
OGUTOA 36.92 0.01 76.39 0.19
VEQBID 28.95 0.24 76.02 7.00
AHOZII 28.57 0.68 76.14 19.44
OHOFIA 27.98 0.23 75.37 6.52
IQOYET 27.86 0.00 78.57 0.00
PYNICLO1 25.47 0.09 75.03 2.28
BODYID 22.31 0.44 76.14 9.87
XESKAJ 21.63 0.39 76.48 8.52
HUYKER 20.98 0.26 75.90 5.56
YEMMAF 19.09 0.07 75.06 1.42
REQBOG 18.95 0.13 76.22 245
PITYUNOI 17.46 0.05 75.75 0.84
FIZQAI 16.11 0.48 77.26 7.77
XUMMUP 15.89 0.20 77.11 3.23

CAYSIE 15.53 0.17 77.00 2.68
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Table 5.2. Ranking of Top 20 MOFs Depending on APS

AN H:S APS
MOFs S H2s/CH4 (mol/kg) R (%) (mol/kg)

KITGUQ 162.13 1.49 79.46 241.05
ACOQEP 76.92 0.73 76.09 56.35
AHOZII 28.57 0.68 76.14 19.44
ODIPAS 59.75 0.25 75.15 14.85
ILIGOZ 40.58 0.32 80.05 13.04
BODYID 22.31 0.44 76.14 9.87
XESKAJ 21.63 0.39 76.48 8.52
FIZQAI 16.11 0.48 77.26 7.77
VEQBID 28.95 0.24 76.02 7.00
OHOFIA 27.98 0.23 75.37 6.52
HUYKER 20.98 0.26 75.90 5.56
ENISUQ 358.04 0.01 77.97 3.90
FEHCOM 12.01 0.31 75.15 3.67
FIRNAX 10.98 0.31 75.31 3.45
XUMMUP 15.89 0.20 77.11 3.23
LONVIV 14.77 0.21 75.96 3.16
KOCWEF 11.05 0.25 75.18 2.71
CAYSIE 15.53 0.17 77.00 2.68
FIRNAXO1 9.63 0.28 75.32 2.65
REQBOG 18.95 0.13 76.22 245

We examined the correlation between selectivities of MOFs at adsorption and
desorption pressure and their structural properties, such as pore sizes, porosities and

surface areas. In Figure 5.5, the relation between selectivity and LCD of MOFs is
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presented. It displays that selectivity increases with decrease in the LCD since gas
molecules favor the small cavities due to their strong confinements. However, the inverse
relationship is not valid for some MOFs. For example, some MOFs with LCD between
15-20 A have also high selectivity (200-1000). Even this relation is not perfectly fit to all
MOFs, some MOFs whose LCD is lower than 15 A offer lower (<20) selectivity.

10°3(a) 1 bar

LCD (A)

Figure 5.5. Relation between the LCDs and selectivities of 4213 MOF at (a) 1 bar (b) 4
bar.
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Figure 5.6 shows that as volume fraction (porosity) of MOFs increases, the selectivities
decrease since all components of mixture are easily adsorbed in MOF. Hence, MOFs with

high volume fraction exhibit low selectivity.

Volume Fraction

Figure 5.6. Relation between the volume fractions and selectivities of 4213 MOF at (a) 1

bar (b) 4 bar.
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In Figure 5.7, the relation between selectivity and surface areas of MOFs is shown.
Although this relation is not strongly adequate, the selectivity decreases with the
increasing surface areas of materials for most of MOFs. For example, almost all MOFs

with high surface area (>4000 m?/g) have low selectivity (<10).
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Figure 5.7. Relation between the accessible surface areas and selectivities of 4213 MOF

at (a) 1 bar (b) 4 bar.
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We also investigated the structural properties of top 20 materials based on
selectivity and APS as displayed in Figure 5.8.a and Figure 5.8.b, respectively. Outer
circles and inner circles display 4213 MOFs and top 20 most selective (top 20 APS) based
on the corresponding structural properties, respectively. Results indicated that the MOFs
with 3.8A<PLD<5 A, SA<LCD<7.5A, 0.5<¢< 0.75, 1 g/lem?<p<1.5g/cm’ and SA<1000
m?/g (1000 m?/g<SA<2000 m?/g for top 20 in terms of APS) are the promising materials
with respect to both selectivity and APS. When it is considered that there is a trade-off
between selectivity and working capacity, it is important to determine the MOFs with
both high selectivity and APS (multiplication of selectivity and working capacity). Since
the 15 materials from top 20 MOFs can be considered identical based on selectivity and
APS data, structural criteria belonging to these MOFs in terms of selectivity and APS are

also same. Therefore, these criteria and materials are very precious for H,S separation.
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Figure 5.8. Impact of structural properties on the H>S separation performances of MOFs.
Outer circle shows the 4213 MOFs and inner circle shows top 20 performing MOFs in
terms of (a) selectivity (b) APS.
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Chapter 6

Conclusions

The impact of the FF selection on high throughput computational screening of MOFs for
CO2/Haz, CO2/N2, and CO,/CHj4 separations was investigated. Molecular simulations using
Grand Canonical Monte Carlo techniques based on Dreiding for 100 MOFs were
performed and these simulations were repeated using UFF to compute adsorption of
COy/Hz, CO2/N2, and CO,/CH4 mixtures. Four adsorbent evaluation metrics, which are
selectivity, working capacity, sorbent selection parameter, and regenerability, were
calculated using the results of Dreiding- and UFF-based simulations and they were
compared. Results showed that while there are quantitative differences in the computed
metrics, ranking of MOFs is similar for two different FFs, especially in terms of
selectivity and regenerability, which are the key parameters to select the most promising
materials. Therefore, it is concluded that both FFs can be used in high-throughput
molecular simulations of MOFs to identify the useful materials for adsorption-based CO>
separations. A FFF was also defined and its relation with the change in CO> uptakes of
MOFs was showed to guide the simulators. If the FFF value of a MOF is lower than 0.1,
then the role of the FF on the CO; uptake predictions is negligible; however, if the FFF is
higher than 0.3, then significant quantitative differences in the predicted CO: uptakes,
adsorbent evaluation metrics, and MOF rankings can be observed. With this FFF, the safe
region in which the results of molecular simulation do not significantly change depending
on the type of generic FF is shown. These results will be of great interest for researchers
working on molecular simulations of MOFs by providing insights into choosing the

appropriate FF. In addition, a screening of 4213 MOFs from Cambridge Structural
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Database was performed to determine the high-potential materials for use to separate H>S
from H>S/CH4 mixture. We computed all performance criteria for the entire material
database. The strategy to determine the top performing MOFs was as follows: APS values
for HoS/CH4 mixture were used to rank highly regenerable MOFs. In order to achieve a
more useful evaluation for the real industrial applications, we investigated the top
performing materials using GCMC simulation for ternary mixture of HoS/CH4/CO». The
relationship between structure and performance was enlightened for the designing a new,
high-potential MOF for the separation of H>S. We observed that the MOFs with the
following values are the promising materials in terms of selectivity and APS:
3.8A<PLD<5 A, 5A<LCD<7.5A, 0.5<¢<0.75, 1 g/em3<p<1.5g/cm? and SA<1000 m%/g
(1000 m?*/g<SA< 2000 m?*/g for top 20 in terms of APS).
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APPENDICES
Appendix A. Structural Properties of MOFs
LCD PLD Surface Pore LCD PLD Surface Pore
REFCODE (A) A) Area Volume REFCODE (A) A) Area  Volume
(m’/g)  (ecm'/g) (m’/g)  (em’/g)
ACODED 552 338 31449 0.43 KUGZIW 10.79 9.76  1331.61 0.65
ACUFEK 13.16 7.60  3558.03 1.31 LARVIL 732  7.08 34797 0.24
AHORAR  6.63 431 1259.53  0.67 LASPOM 396 297 44880  0.26
AJTHOQ 841  6.67 930.28 0.48 LECQEQ 11.46 10.71 124220 0.54
AVEROJ 6.88 6.49 65475 0.34 LUKLIN 16.96 939  3955.12 1.61
BERGAIOI 5.10 239  796.08 0.28 LUMDIG 7.91 495  880.17 0.42
BEYSEF 485 393  599.19 0.48 LUXDEO 5.05 236 170895 0.36
BOWSIQ 453 299  781.23 0.34 MOCKAR 10.86 6.77 2918.74 1.00
BUVWOF02 627 471  354.90 0.32 MOCKEV 1091 3.75 2154.65 0.86
DEJROB 493 289 1090.32 0.39 NEFTOJ 4.65 3.63 1049.96  0.56
DIDBID 8.83 5.23 1133.64 0.59 NIBHOW  22.93 14.89 5202.76 3.03
DIDBOJ 882 529 1129.16 0.59 NIMPEGO1 5.87 525 2557.83 0.88
EBAMOL 7.71 3.61  570.73 0.53 NUIJCIE 430 345 176.25 0.28
EBEMOO 4.13 3.10 211.72 0.22 NUTQAV 1091 4.12 277248 0.94
EDUSIF 15.06 7.93 368593 1.36 NUTQEZ 11.70 431 239298 0.81
EDUSUR 1497 6.61 2675.83 1.06 OCIZIL 479  3.72  90.76 0.31
EDUVII 20.32 9.78  4540.87 2.03 OFERUN 11.14 279 1617.54 0.64
EDUVOO 2094 10.64 4847.41 2.31 OHUKIM 1471 830 464230 1.88
EHALOP 7.52 7.08 1671.71 0.69 OWITAQ 7.59 536 475293 1.18
EMIHAK 939 569 1313.24 0.45 OWITEU 7.56 532  4837.06 1.19
EMIHIS 939 569 1313.24 045 OWITIY 7.66 580 510551 1.30
EMIVAY 441 3.66 399.66 0.37 OWITOE 7.52 528  4809.83 1.17
EYOPOY 5.88 5.04 71547 0.45 OWITUK 7.56 532 487538 1.19
EYOPUE 597 506 328.74 0.38 OWIVAS 7.56 534 470792 1.17
EYOQAL 585 517  369.39 0.37 OWIVEW 691 445  3152.82 0.86
EZILUV 932 3.50 683.87 0.63 PEQHOK 524 258  970.33 0.31
EZIMAC 9.34 350 671.44 0.63 PEVQEO 1485 796 3614.62 1.33
FAYPUS 13.62 426 1598.02 0.78 PODKUQ  22.15 848 427323 1.78
FECXUI 10.11 5.68 1815.60 0.70 PURQOJ 11.31 6.85 2364.67 0.82
FEVFUJ 11.00 10.18 1826.46 0.83 QIFLOI 540  3.00 490.00 0.13
FIQCEN 11.12 524 1823.14 0.72 QOWQUO 1636 2.71  2797.39 0.90
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LCD PLD Surface Pore LCD PLD Surface Pore
REFCODE (A) A) Area Volume REFCODE (A) A) Area  Volume
(m*/g)  (em’/g) (m*g)  (cm%g)
GALBUS  9.07 625 1368.15 0.62 RAYKE] 9.59 736  1000.19 0.54
GALHUY 9.78 470 222598 0.79 RAYKIN 948  7.12  968.14  0.53
GITTUZ 10.86 8.04 1169.97 0.60 RAYKUZ 895 583 93693  0.52
GITVEL 15.25 1338 2177.20 0.94 RAYLAG 8.06 570 93294  0.51
GIVDUL 631 476 70416 0.32 RAYLEK 803 563 890.67 0.51
GIWNUV 428 1.79 12670 0.14 RAYLIO 7.61 506 953.14  0.49
GUPCOK 733 470 973.12  0.56 RAYLOU 6.83 520 984.01  0.48
GUPDIF 402 3.18 30858  0.36 RAYLUA 656 480 916.67  0.48
GUSLUC 466 3.70 270.70  0.35 SAHYIK 13.33  7.64 344598 1.31
HAJKIO 6.67 3.47 801.32  0.39 SOQSAU  9.55 498 2420.70 0.81
HAJKOU  6.23 327 89217 0.39 SOQSEY 1025 493 1987.79 0.76
HASSUR  7.03 533 1831.69 0.63 VEJYOZ 8.47 570 2016.54 0.78
HECQUB 8.60 510 2679.72 0.88 VEJZIU 1235 7.49  2010.53 0.84
HIFVUO 7.50 598 2382.16 0.87 VOGTIV 9.85 826  1300.53 0.58
IDIWOH 7.68  7.19 153478 0.63 WOBHIF 11.58 10.81 1167.10 0.52
IMIXEI 7.09 553 2886.52 0.89 XALXUFOl 16.56 6.67 2201.90 0.93
JENKIX 992 749 1105.15 0.56 YOZBIZO1 889  6.10 80324  0.48
KARLAS 797 430 855.13  0.57 YOZBOF  8.00 495 42636  0.43
KEYFIF 540 490 214.08 0.25 YUVSUE 576 459 851.70  0.44
KEYFIFOl 533 4.84 19196 0.4 ZELROZ 18.64 12.41 491293 2.67
KIPKIF 1042 1033 61278  0.50
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Appendix B. Supplementary Information for Chapter 4

Table B1. Potential parameters of the MOF atoms in UFF and Dreiding

Atom
Ag
Al
Be

C
Cd
Co
Cu
Fe

H
In
Mn

N
Ni

O

\Y
Zn
Zr

ourr(A)
2.80
4.01
245
3.43
2.54
2.56
3.11
2.59
2.57
3.98
2.64
3.26
2.52
3.12
2.80
2.46
2.78

eyurr(K)
18.13
254.30
42.80
52.87
114.81
7.05
2.52
6.55
22.16
301.63
6.55
34.75
7.55
30.21
8.06
62.44
34.75

ODreiding(A)
2.80
391
2.45
3.47
2.54
2.56
3.11
2.59
2.85
4.09
2.64
3.26
2.52
3.03
2.80
4.04
2.78

EDreiding(K)
18.13
151.07
42.80
47.89
114.81
7.05
2.52
6.55
7.65
276.96
6.55
38.98
7.55
48.19
8.06
27.70
34.75
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Table B2. The number of common MOFs in top 10 material rankings based on molecular

simulations performed using Dreiding and UFF.

Performance evaluation metrics CO2/H, CO2/N2 CO2/CHy4
S 8 8 9
AN (mol/kg) 6 6 8
Ssp 8 7 7
R (%) 7 8 8

Table B3. The Spearman’s ranking correlation coefficient (SRCC) between Dreiding-
based and UFF-based rankings of 100 MOFs.

All MOFs CO2/H, COz/N2 CO2/CH4

S 0.9795 0.9826 0.9774

AN (mol/kg) 0.9567 0.9568  0.9521
Ssp 09774 09796  0.9726

R (%) 0.9635 0.9693  0.9699

Table B4. The five MOFs with the highest and lowest FFFs.

MOF C H O N Metals Others FFF
EMIHAK 144 144 0 32 80 (In) 128 (S) 0.003
OWITIY 148 52 96 O 20 (Mn) 0 0.011
OWITAQ 144 48 96 O 16 (Zn) 0 0.014
OWIVAS 144 48 96 O 16 (Zn) 0 0.014
AVEROJ 12 12 O 18 6 (Cd) 6 (Cl) 0.014
FAYPUS 680 640 128 144 40 (Zn) 0 0.294
NUICIE 56 80 0 48 8/8(Cd/Ni) 0 0.333
OFERUN 96 120 0 48 12 (Zn) 0 0.387
LUXDEO 152 184 8 40 8 (Ag) 0 0.418
GUPCOK 480 672 0 192 48 (Cd) 0 0.466
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Figure B1. Comparison of simulation results with the experiments for CO2/Hz2, CO2/N2 and
CO2/CHa selectivities of various MOFs. The details of selectivity measurements can be seen

in our previous publication.”
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Figure B2. Comparison of CO2/H; selectivities of MOFs calculated with Dreiding and
UFF at 1 bar.



APPENDICES 72

250-
CO,/N,

2001

150 -

S, UFF

100 +

50 -

0 T T T T 1
0 50 100 150 200 250

S, DREIDING

Figure B3. Comparison of CO2/N; selectivities of MOFs calculated with Dreiding and
UFF at 1 bar.
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Figure B4. Comparison of CO,/CHyj selectivities of MOFs calculated with Dreiding and
UFF at 1 bar.
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Figure BS. Comparison of H» uptakes of MOFs for CO2/H> mixture calculated with
Dreiding and UFF at 1 bar.
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Figure B6. Comparison of N> uptakes of MOFs for CO2/N> mixture calculated with
Dreiding and UFF at 1 bar.
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Figure B7. Comparison of CH4 uptakes of MOFs for CO>/CH4 mixture calculated with
Dreiding and UFF at 1 bar.
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Figure B8. Comparison of CO; uptakes of MOFs for CO»/H> mixture calculated with
Dreiding and UFF at 0.1 and 1 bar.
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Figure B9. Comparison of CO; uptakes of MOFs for CO,/N> mixture calculated with
Dreiding and UFF at 0.1 and 1 bar.
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Figure B10. Comparison of CO> uptakes of MOFs for CO»/CHs mixture calculated with
Dreiding and UFF at 0.1 and 1 bar.
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