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ABSTRACT

CO. adsorption and separation from flue gas and natural gas have significant
environmental and industrial importance. Metal organic frameworks (MOFs) are
promising adsorbent materials for CO adsorption and separation processes due to their
extraordinary properties and customizable chemistries. Post-synthesis modification of
MOFs by incorporation of ionic liquids (ILs) is a new approach to enhance gas
adsorption and separation performance of MOFs.

In the first part of this thesis, a computational methodology based on the state-of-
the-art molecular simulations of IL/CuBTC composites composed of ILs having the
same cation, 1-n-butyl-3-methylimidazole ([BMIM]*), and various anions was
proposed. Using grand canonical Monte Carlo (GCMC) simulations, CO2, CHa, and N2
uptakes of seven different IL/CuBTC composites were predicted and compared with the
experimental gas uptake measurements to select the most appropriate force field.
Motivated from the good agreement between experiments and simulations, the same
method was applied to estimate the gas adsorption in two new IL/CuBTC composites
which have been synthesized and characterized for the first time in this work. Molecular
simulations accurately predicted the experimental gas uptakes of newly synthesized
composites, validating the transferability of the approach to different IL/CuBTC
samples. A detailed analyses of binary gas mixture separation performances of
IL/CuBTC composites and diffusion of gases in IL/CuBTC composites were also
provided. In the second part, the computational methodology that proposed in the first
part was validated using three 1-n-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF4]/MOF composites with comparable IL-loadings, one of which was
synthesized and characterized for the first time in this work. This computational
methodology was then used to predict the CO2/N. binary mixture adsorption and
separation performances of 1108 different [BMIM][BF4]/MOF composites. Results
showed that vast majority of the [BMIM][BF4]/MOF composites exhibit increase in
their CO2 adsorption and separation performances. Structural reasons behind the
increased performance of IL/MOF composites were examined. The results of this thesis
show that IL/MOF composites have a great potential in CO> adsorption and separation.
Results and the methodology provided in this work will be useful to assess the CO-

adsorption and separation performances of different IL/MOF composites.



OZET

CO2’nin baca gazi1 ve dogal gazdan adsorpsiyonu ve ayrilmasi cevresel ve
endustriyel 6neme sahiptir. Metal organik kafesli yapilar (MOF'lar) olaganiistii
Ozellikleri ve Ozellestirilebilir kimyalar1 nedeniyle CO2 adsorpsiyonu ve ayirma
islemleri icin {imit verici malzemelerdir. Iyonik sivilarin (IL'ler) katiimasiyla MOF'larin
sentez sonrasi modifikasyonu, MOF'larin gaz adsorpsiyonu ve ayirma performansini

arttirmak i¢in yeni bir yaklagimdir.

Bu tezin ilk boliimiinde, ayn1 katyona (1-n-bitil-3-metilimidazol ([BMIM]")) ve
cesitli anyonlara sahip IL'lerden olusan IL/CuBTC kompozitlerinin, molekiiler
simiilasyonlar1 i¢in bir hesaplama metodolojisi onerildi. Biiylik kanonik Monte Carlo
(GCMC) simiilasyonlar1 kullanilarak, yedi farkli IL/CuBTC kompozitinin CO2, CH4 ve
N> tutma kapasiteleri tahmin edildi ve bu simiilasyonlar i¢in en uygun kuvvet alanini
secmek i¢cin deneysel Ol¢iimlerle karsilastirildi. Deneyler ve simiilasyonlar arasindaki
uyumdan yola ¢ikarak, bu calismada ilk kez sentezlenen ve karakterize edilen iki yeni
IL/CuBTC kompozitlerin gaz adsorpsiyonunu tahmin etmek i¢in ayni yontem
uygulandi. Molekiiler simiilasyonlar, bu yaklasimin farkli IL/CuBTC 0&rneklerine
aktarilabilirligini dogrulayarak yeni sentezlenmis kompozitlerin deneysel gaz
kapasitelerini dogru bir sekilde ongormiistiir. IL/CuBTC kompozitlerinin ikili gaz
karistmi  aymrrma  performanslarimin - ve  IL/CuBTC kompozitlerinde gazlarin
diflizyonunun detayli bir analizi de saglandi. Ikinci béliimde, birinci béliimde 6nerilen
hesaplama metodolojisi, karsilastirilabilir IL-yuklemesine sahip U¢ 1-n-btil-3-
metilimidazolyum tetrafloroborat ([BMIM][BF4])/MOF kompozitleri kullanilarak
dogruland1 ve bu kompozitlerden birisi bu c¢alisma i¢in ilk defa sentezlendi ve
karakterize edildi. Bu hesaplama metodolojisi daha sonra 1108 farkh
[BMIM][BFs]/MOF kompozitin CO2/N> ikili karigim adsorpsiyon ve ayirma
performanslarint  tahmin etmek i¢in kullanildi. Sonuglar, [BMIM][BF4]/MOF
kompozitlerinin biiylik ¢cogunlugunun, CO2 adsorpsiyon ve ayirma performanslarinda
artis sergiledigini gosterdi. Ayrica, IL/MOF kompozitlerin performansindaki artisin
ardindaki baz1 yapisal nedenler sunuldu. Bu tezin sonuglari, IL/MOF kompozitlerinin
CO2 adsorpsiyon ve ayrilmasinda biiyiik bir potansiyele sahip oldugunu gostermektedir.
Bu sonuglar1 ve saglanan metodolojiyi kullanarak, IL/MOF kompozitleri hakkinda daha
1yi bilgi sahibi olabilmek adina, farklt MOF ve IL ailelerini iceren tarama g¢alismalari

gergeklestirilebilir.
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Chapter 1: Introduction

Chapter 1: Introduction

Carbon dioxide (COy) capture from natural gas and flue gas has a significant
environmental, social, economic, and industrial importance.X CO, concentration in the
atmosphere increased from 280 ppm in the pre-industrial revolution time to above 400
ppm today.* Contribution of emissions from fossil fuels to this increase is higher than 2
ppm per year, presenting the importance of CO2 capture from flue gas.®> On the other
hand, presence of CO: in the natural gas decreases its energy density and causes
corrosion in pipelines. Although the limit of CO. concentration in the natural gas is
dictated by different regulations, it is generally expected not to exceed 2%.° Therefore,
developing efficient technologies for CO. separation from flue gas and natural gas has
significant environmental importance. Among many available techniques,’ adsorption-
based CO- separation is widely preferred since it is low-cost, energy efficient, and easy
to operate. A large variety of porous materials has been developed and tested for
adsorption-based CO, separation to date, including activated carbons,® zeolites,® silica
gels,'® carbon nanotubes,* and metal organic frameworks (MOFs).1213

MOFs are a relatively new group of crystalline porous materials comprised of
metal ions or clusters connected to each other with organic ligands.* They have gained
significant attention because of their extraordinary properties, such as very high surface
areas, high porosities, low densities, and tunable structures,'® which make them
potential materials in various applications including catalysis,'® drug delivery,'’ fuel
cell applications,*® gas storage, and gas separation.’®>!®* MOFs have been considered as
strong candidates for gas adsorption and various gas separation applications, because

they can be designed with desired structural and chemical properties for a target
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process.2-22 However, complicated synthesis procedures are often required to discover
new MOFs having high gas separation performances. Post-synthetic modification of
MOFs creates an alternative to this approach offering materials having high
performance with relatively simpler synthesis procedures. A very recent approach is the
post-synthetic modification of MOFs with ionic liquids (ILs) to tune the gas adsorption
and selectivity of MOFs. ILs, organic salts that are liquid below 100 °C,?® have high
thermal stabilities, negligible vapor pressures, and ionic conductivities.?*? Similar to
MOFs, practically infinite number of ILs can be synthesized by changing the
combinations of cations and anions. Thanks to their tunable properties, ILs have been
widely utilized in synthesis,?®?" catalysis,?®? and gas absorption and separation.®3!
Recent studies have focused on incorporation of ILs into MOFs®2 or coating the external
surface area of MOFs with ILs to make IL/MOF composites,® which offer significantly
improved gas adsorption and/or separation performance compared to that of the host
MOF.

IL/MOF composites are a new type of composite materials which are used for
various applications,>*® mainly for adsorption-based CO, separation.32333637
Combining the high porosity and the high surface area of MOFs with high gas solubility
of ILs, these composites offer a great potential for efficient gas storage and gas
separation.® However, it is not possible to experimentally synthesize and test every
single IL/MOF composite for a desired application, because of the infinite number of
possible IL/MOF pairs. Molecular simulations have been very useful to screen large
numbers of materials and to identify the best ones for a target application. They have
been widely used to accurately predict gas storage and separation performances of
MOFs.2%4 Similarly, molecular simulation methods have been used for screening ILs
for absorption-based gas separations.*! However, there are only a handful of molecular
simulation studies that investigated IL/MOF composites for gas storage and separation
as we discuss in Chapter 2. In order to have a comprehensive understanding of IL/MOF

composites, various types of materials should be investigated so that molecular
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simulations can be validated by comparing with the experiments and then these
molecular simulations can be used for high-throughput screening of new IL/MOF
composites for which the experimental data are not available. In this way, IL/MOF
composites that offer high selectivities for gas separations can be accurately and
effectively identified by molecular simulations and then the experimental efforts, time,

and resources can be directed towards the investigation of the most promising materials.

To this end, in the first chapter of this thesis, we proposed a computational
methodology to predict the CO2, CH4 and N2 adsorption and separation properties of
IL/CuBTC composites. We performed GCMC simulations to predict CO2, CH4, and N2
adsorption in seven different IL/CuBTC composites consisting of ILs with the [BMIM]*
cation and a commonly used, commercial MOF, CuBTC. We compared simulation
results with the experimental gas uptake measurements of these composites to propose a
computational screening approach that is applicable to various IL/CuBTC composites.
This approach was then tested on two new IL/CuBTC composites which have not been
synthesized before to unlock their gas adsorption and separation performances. We
showed the transferability of our computational methodology to these two new
IL/CuBTC composites by synthesizing and characterizing them and comparing the
experimentally measured gas adsorption data with the simulations. In the second part,
the computational methodology was used to predict CO2 and N> adsorption and
separation in 1108 different [BMIM][BF4]/MOF composites. First, the methodology
was validated using three [BMIM][BF4]/MOF composites, one of which,
[BMIM][BF4]/UiO-66, was prepared and characterized in detail for the first time in the
literature. Then, CO2/N. adsorption and separation performance of 1108
[BMIM][BFs]/MOF composites were characterized using various adsorption
performance metrics such as selectivity, working capacity, percent regeneration and
adsorption performance score. Then, correlation between the weight percent IL loading
of these composites and the increase in their CO2/N2 adsorption and separation

performance is examined. Finally, relationships between changes in pore limiting
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diameter and porosity upon IL-incorporation and the increase in gas adsorption and

separation performance of MOFs upon IL-incorporation were investigated.

In Chapter 2, a detailed literature review about the IL/MOF composites and the
studies including molecular simulations of IL/MOF composites were given. In Chapter
3, computational and experimental methods used in this thesis were explained. In
Chapter 4, a computational method for the molecular simulations of IL/CuBTC
composites was proposed and validated using two new IL/CuBTC composites. The
results presented in Chapter 4 were published in Chemical Engineering Journal. In
Chapter 5, proposed computational methodology was applied on 1108
[BMIM][BF4]/MOF composite to discover the potential of IL/MOF composites in
CO2/N2 separation. In the last chapter, results of this thesis and opportunities for future

studies were summarized.
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In this chapter, first, the literature about experimental gas adsorption and
separation studies of IL/MOF composites was summarized. Then, molecular simulation
studies that investigated IL/MOF composites were explained.

2.1 Experimental Studies of IL/MOF Composites for Gas Adsorption and

Separation

In this section, experimental studies that investigated IL/MOF composites for gas
adsorption and separation is summarized. Our group*? investigated 1-n-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4])-incorporated CuBTC and showed
that the resulting composite material is more selective towards CH4 over CO2, N2 and
H>. Our group also investigated six different IL/CuBTC composites where ILs are
composed of 1-n-butyl-3-methylimidazole ([BMIM]") cation and different anions and
found that interionic interaction energy of bulk ILs, which is determined by stretching
vibration of second carbon atom of imidazolium ring and hydrogen (v(C2H)) can be
used to determine the CO: adsorption performance and thermal stability limit of
IL/CuBTC composite.*® In another study,** it was shown that CO2/N2:15/85 selectivity
of CuBTC is increased by 37 and 34% upon 1-n-butyl-2,3-dimethylimidazolium
hexafluorophosphate (IBMMIM][PFs]) and 1-n-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PFs]) incorporation, respectively, while CO2/CH4:50/50
selectivity is enhanced by 60 and 50% upon [BMMIM][PFs] and [BMIM][PFe]

* Some of the literature review given in this chapter were published in Chemical Engineering Journal with
following reference: Polat, H. M.; Zeeshan, M.; Uzun, A.; Keskin, S, Unlocking CO, separation
performance of ionic liquid/CuBTC composites: Combining experiments with molecular simulations.
Chemical Engineering Journal, 2019, 373, 1179-1189. This chapter is the reformatted version of the
mentioned paper.
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incorporation, respectively. Lei et al.** used another approach on IL/MOF composites
and suspended ZIF-8 particles in two ILs, 1-n-octyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([OMIM][NTf2]) and 1-n-octyl-3-
methylimidazolium hexafluorophosphate ([OMIM][PFs]). They showed that CO>
solubilities of the ILs were increased upon the addition of ZIF-8 particles via a coupling
effect between adsorption and absorption. In another study,*® 1-n-butyl-3-
methylimidazolium thiocyanate ([BMIM][SCN]) was incorporated into ZIF-8. It was
shown that [BMIM][SCN]/ZIF-8 have 2.6-times and 4-times higher selectivity towards
CO2 over CH4 and N2, respectively, when compared to pristine ZIF-8. Mohamedali et
al.*" incorporated ZIF-8 with 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]) and
1-n-butyl-3-methylimidazolium acetate ([BMIM][OAc]). They showed that
[BMIM][OAC]/ZIF-8 composite have 7-times higher CO> capacity at 0.1 bar and 30 °C
than that of pristine ZIF-8 and [EMIM][OACc]/ZIF-8 composite have 18-times higher
CO2/N: selectivity at 0.1 bar and 50 °C. Our group also used another approach and
deposited 1-(2-hydroxyethyl)-3-methylimidazolium dicyanamide ([HEMIM][DCA]) on
the surface of ZIF-8.3% The resulting core-shell type composite material showed 45-
times higher selectivity towards CO. over CHs. We investigated 1-n-butyl-3-
methylimidazolium methylsulfate ([BMIM][MeSO4])/MIL-53(Al) composite and
showed that CO2/CHs and CO2/N> selectivities increased by two- and three-times,
respectively, upon [BMIM][MeSOa]-incorporation into MIL-53(Al).*” We also showed
that incorporating ILs with smaller anions causes higher increase in CO; selectivity
over CHs and N2 when compared with the incorporation of ILs with bulky anions by
investigating five IL/MIL-53(Al) composites where ILs were composed of [BMIM]*

cation and different anions.*®

2.2 Molecular Simulation Studies of IL/MOF Composites for Gas Adsorption and

Separation

In this section, molecular simulation studies that investigated IL/MOF composites

for gas adsorption and separation applications is summarized. Chen et al.*° performed a
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molecular simulation study for an IL/MOF composite, [BMIM][PF¢]/IRMOF-1, and
showed that the composite is more selective for CO, over N2 than the pristine IRMOF-1
using grand canonical Monte Carlo (GCMC) simulations. Vicent-Luna et al.>® used
GCMC simulations to show that incorporation of ILs significantly increases the CO>
uptake of CuBTC at low pressures, whereas changes in CH4 and N2 uptakes are
negligible. Li et al.>! performed GCMC simulations and showed that IL impregnation
into Cu-TDPAT increases the selectivity of H2S over CH4 with increasing IL loading.
Xue et al.>? investigated both IL/MOF and IL/covalent organic frameworks (COFs)
composites using GCMC and molecular dynamics (MD) simulations and reported that
better IL dispersion inside the pores results in better selectivity of CO, over CH4 and
N,. Vicent-Luna et al.>® showed that small additions of ILs into COFs significantly
increase their CO2/CHys selectivity compared to the hydrated COFs. The same group>*
also examined 1-ethyl-3-methylimidazolium thiocyanate ([JEMIM][SCN]) incorporated
IRMOF-1, HMOF-1, MIL-47, and MOF-1 using density functional theory (DFT)
calculations, GCMC, and MD simulations; and reported that CO2/CH4, CO2/N2, and
CHa4/N2 selectivities of the composites increase with increasing IL loading. Gupta et
al.® studied four different IL-incorporated IRMOF-1 composites for membrane-based
separation of CO; from flue gas using MD simulations and showed that
[BMIM][SCN]J/IRMOF-1 membrane can surpass the Robeson’s upper bound. They also
investigated [BMIM][SCN]/ZIF-71 and [BMIM][SCN]/ZMOF composites using MD
simulations and concluded that CO./N: selectivity of the composite in membrane-based
separation is dominated by the adsorption selectivity.®® The first high-throughput
screening study was done by Lan et al.>” using CBMC and GCMC simulations. They
incorporated two ILs, 1,3-dimethylimidazolium tetrafluoroborate ((MMIM][BF4]) and
1-n-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM][NTT2]),
into 303991 hypothetical MOFs and investigated a total of 550357 IL/MOF composites.
They showed that [MMIM][BF4] IL in MOFs with sgl topology form a wire-tube
conformation and these composites show the highest increase in CO2/CHa selectivity.

All these computational studies have been very useful to predict the gas adsorption and
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gas separation performances of several different IL/MOF composites; however, none of
these studies, to the best of our knowledge, included experimentally measured gas

adsorption data of the composites to compare with the simulation results.

We recently combined experiments and molecular simulations for an IL/MOF
composite and presented the good agreement between experimental measurements and
predictions of GCMC simulations for single-component adsorption isotherms of COo,
CHs, and N, in a [BMIM][PF6]/ZIF-8 composite.®? It was shown that IL/ZIF-8
composite more than doubles the CO2/CH4 and CO2/Nz selectivities of pristine ZIF-8 at
low pressures. A follow-up study combining experimental and computational work3®
focused on [BMIM][BF4]/ZIF-8 composite and presented the good agreement between
experiments and molecular simulations for the heat of adsorption values for CO2, CHa,
and N2 in the composite. The work also showed that CO2/CHs, CO2/N2, and CH4/N>
selectivities enhance at low pressures upon IL incorporation into ZIF-8. These
combined experimental and computational studies investigated only two types of
IL/MOF composites having the same MOF, ZIF-8.
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Computational and experimental methods used in this thesis are explained in this
chapter. First part of the chapter shows the computational methods and the second part

explains experimental methods in detail.
3.1. Computational Methods

We studied a total of nine different ILs in this work: 1-n-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-n-butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM][CF3S0s3)), 1-n-butyl-3-methylimidazolium
methylsulfate ([BMIM][MeSO4]), 1-n-butyl-3-methylimidazolium methanesulfonate
([BMIM][MeSO0:3]), 1-n-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PF¢]), 1-n-butyl-3-methylimidazolium hexafluoroantimonate
([BMIM][SbFs]), 1-n-butyl-3-methylimidazolium octylsulfate ([BMIM][OcSO4]), 1-n-
butyl-3-methylimidazolium  dicyanamide ([BMIM][DCA]), and 1-n-butyl-3-
methylimidazolium dibutylphosphate ([BMIM][DBP]). Molecular structures of ILs are
shown in Appendix A. The IL structures were optimized by using Gaussian 09
software. 8 Conformer search was done to obtain the energetically the most stable
structures of the cation and the anions. The cation ([BMIM]") and the anions ([BF4],
[CF3SOs3], [MeSO4], [MeSOs], [PFe], [OcSO4], [DCA], and [DBP]) were
optimized using the Becke’s three parameter hybrid exchange functional®® and the Lee-
Yang-Parr correlation functional® (B3LYP) and by using the 6-31+G(d) basis set.
[SbFs]” anion was optimized using density Gauss double-zeta with polarization

functions (DGDZVP) basis set.®! In these calculations, the convergence was set to tight
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criteria (1078 on root-mean-square density matrix, 10° on maximum density matrix,
and 107 on maximum energy). To find the energetically most stable structures,
conformer search was performed for the anion-cation pairs by using the same
parameters given above and considering different anion orientations around the cation.
The most stable conformer for ILs, except for [BMIM][SbFs], was then further
optimized by using 6-311+G(2d,p) basis set to increase the calculation accuracy.
Population analyses were carried out to calculate the partial charges using full Natural
Bond Orbital (NBO) analysis with NBO version 3.1.525 Optimized IL structures were
then used in the GCMC and MD simulations of IL/MOF composites.

All GCMC and MD simulations were performed using the RASPA software.® In
Chapter 4, molecular simulations were performed twice using two different generic
force fields, Universal Force Field (UFF)% and Dreiding®, for both CuBTC and
IL/CuBTC composites. In Chapter 5, Dreiding force field is used for both pristine
MOFs and IL/MOF composites. For metal atoms, the potential parameters were taken
from the UFF since they are not available in the Dreiding. After comparing the
predictions of simulations and experimental results, the force field that best represents
the experimental gas uptake data of the composites was selected. Force field parameters

used in molecular simulations can be found in Appendix A.

CO2 was modeled using a three-site rigid model with Lennard-Jones (LJ) 12-6
potential, where locations of point charges were the center of each site.®” CH4 was
modeled as a spherical single-site LJ 12-6 potential.®® N> was modeled as a three-site
molecule, where two sites were N atoms and the third one was at the center of mass
with point charges.%® Parameters used for gas molecules in molecular simulations are
given in Appendix A. Cross-atomic force field parameters were calculated using the
Lorentz-Berthelot mixing rules and intermolecular interactions were truncated at 12 A.
MOFs and ILs were considered as rigid structures during the simulations to save
significant computational time. Since adsorbate molecules are relatively small

compared to the pore size of CuBTC and IL/CuBTC composites as shown in Appendix
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A, flexibility is expected to have a negligible effect on the simulated gas uptakes as
previously shown in the literature.”® The largest cavity diameters (LCDs) and pore
limiting diameters (PLDs) of pristine MOFs and IL/MOF composites were calculated
using Zeo++ software.”* The Baker minimization method with NVT ensemble was used
to incorporate ILs into MOFs, as implemented in the RASPA. In this method, a
minimum energy configuration with all positive eigenvalues in Hessian matrix was
obtained.” In chapter 4, we calculated the required number of IL molecules that will
lead to 30wt. % IL-loading in the composite to be consistent with the previous
experimental works**#* using the mass of one unit cell of CuBTC and molar weight of
ILs. An IL loading of 30 wt. % was reported to provide the highest selectivity of the
composites without forming a muddy product as discussed in our previous work.*? It
should be noted that there may be deviations between the pre-determined IL loading
(30 wt. %) and the actual loading reported in the experimental studies because some
part of the IL may be lost on the glass container that is used for the preparation of
composites.®? The number of 1L molecules incorporated into CuBTC and calculated IL
loading for each composite for Chapter 4 are given in Appendix A. In Chapter 5, IL
loading was set to 1 molecule IL per unit cell of MOF. ILs were inserted into the MOFs
using three different GCMC moves, translation, rotation, and random translation. The
energy minimization procedure was continued until the root-mean-square gradient and
maximum gradient were smaller than 10°. CBMC simulations were performed using
translation, rotation, regrowth of full molecule and regrowth of partial molecule moves
They were carried out for 5x10° cycles. In these simulations, crystal structure of
CuBTC and its partial charges were taken from the RASPA.% For ZIF-8 and UiO-66,
structures with CSD"® refcodes of FAWCENO1 and RUBTAK was used, respectively,
and partial charges were assigned using charge equilibration (QEq) method as
implemented in RASPA.” For ILs, point charges computed by DFT calculations were
used. Both the atomic positions and point charges of ILs are given in Appendix A.
Since incorporation of ILs into MOFs changes the electronic environment,32342 we

reassigned the partial charges of IL/MOF structures using QEq method as implemented
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in the RASPA and computed the electrostatic interactions between adsorbates having

quadrupole moments (CO2, N2) and atoms of IL/MOF composites.

Single-component and binary mixture gas adsorption simulations of IL/CuBTC
composites were performed in a pressure range of 0.1-10 bar at 25 °C in Chapter 4. The
simulations were performed for adsorption (desorption) pressure of 1 (0.1) bar and 25
°C in Chapter 5 to mimic the conditions of vacuum swing adsorption process.” These
simulations were carried out for 5 x 10* cycles for initialization and 5 x 10° cycles for
taking the ensemble averages. In single-component GCMC simulations, four different
types of moves, translation, rotation, reinsertion, and swap, were used. For the binary
mixture GCMC simulations, an additional move, the identity exchange was also
considered. The compositions of the mixtures were set as CO2/CH4:50/50,
CO2/N2:15/85, and CH4/N2:50/50 to mimic the flue gas and natural gas separations. The
Peng-Robinson equation of state was used to convert the pressure to fugacity. Pore
volumes and void fractions of IL/MOF composites were calculated by using Zeo++*
using a probe diameter of 0 A and calculated void fractions were used in the GCMC
simulations to convert the absolute gas uptakes to excess values to compare the results
of simulations with those of the experiments. The experimental results of gas uptake
measurements on [BMIM][BF4]/CuBTC, [BMIM][CF3SO3]/CuBTC,
[BMIM][MeS0O4]/CuBTC, [BMIM][MeSOs]/CuBTC, [BMIM][SbFe]/CuBTC,
[BMIM][PFs]/CuBTC, and [BMIM][OcSO4])/CuBTC composites were taken from our
previous publications.*>** We note that our previous article** on [BMIM][PFs]/CuBTC
reported CO2, CH4, and N2 uptakes from 0.1 to 1 bar; however, here, we presented the
gas uptakes from 0.1 to 10 bar for the same composite. Values of coefficient of

determinations (R?) were calculated using,

X 9)?

R*=1 L
o i — y)?

(3.1)
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where y; is the experimental value, y; is the prediction from simulations, y is the
arithmetic average of all experimental values and n is the number of data points, to

quantify the goodness of prediction of simulations compared to the experimental data.

There are several different adsorbent performance metrics to compare the
performance of adsorbents. In this thesis, selectivity (S), working capacity (AN),
percent regenerability (R%) and adsorbent performance score (APS) was used as
adsorbent selection metrics. They were calculated according to the equations shown in
Table 3.1.

Table 3.1. Adsorbent selection metrics used in this thesis to evaluate the performance
of pristine MOFs and IL/MOF composites

Parameter Equation
Xco, /x-
Selectivity Sco,)i = W‘
*/ Vi
CO2 Working Capacity AN¢o, = Nggs — Nges
- ANco2
Percent Regenerability R% = ——=—x 100
ads,CO,

Adsorbent Performance Score  APS = Sg4s.c0,/i X AN¢o,

* | is either CH4 or N2. ads: adsorption, des: desorption

Finally, MD simulations within NVT ensemble using Nose-Hoover thermostat’®"
were performed to calculate the single-component self-diffusivity coefficient (D°) of
CO2, CHa, and N in IL/CuBTC composites at infinite dilution. Gas-gas intermolecular
interactions were switched-off to mimic the infinite dilution condition and 30 gas
molecules were added inside the IL/CuBTC composites. MD simulations were
performed by turning-off these interactions alternately to isolate the contributions of IL-

gas and CuBTC-gas interactions. 1000 initialization and 10,000 equilibration cycles
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were performed at the start of each simulation. MD simulations were performed for a
total of 5ns using a time step of 0.5 ps. Self-diffusion coefficients of gases were
calculated from the slope of mean square displacement of the gas molecules obtained

from the MD simulations.
3.2. Experimental Methods

3.2.1. Sample Preparation

In this work, three new IL/MOF composites, [BMIM][DCA]/CuBTC,
[BMIM][DBP]/CuBTC and [BMIM][BF4]/UiO-66 which have not been reported in the
literature before, were synthesized. [BMIM][DCA] (>97%), [BMIM][DBP] (>96%),
[BMIM][BFs] (>97%) and CuBTC (Basolite C300) were purchased from Sigma
Aldrich. UiO-66 was purchased from ACSYNAM, Canada. ILs and MOFs were stored
in an Ar (>99.999%, Linde) glovebox (Labconco). We dried the ILs at 80 °C for 6 h and
kept them under vacuum for 12 h before transferring them into the glovebox.”® CuBTC
and UiO-66 was activated overnight at 105 and 125 °C, respectively, under vacuum
before usage. To prepare the samples with 30 wt. % IL loading, 0.3 g of [BMIM][DCA]
or [BMIM][DBP] was dissolved in 20 mL of acetone (>99.8%, Merck) for 1 h. 0.7 g of
CuBTC was then added into the solution and acetone was evaporated from the solution
at 35 °C under atmospheric conditions. Muddy product from mostly evaporated solution
was completely dried in the oven at 105 °C. Final product was stored in a desiccator
until further usage. For the preparation of 3.34 wt. % IL-loaded sample, same procedure
was used except 0.0334 g of IL and 0.967 g of UiO-66 were used.

3.2.2. Sample Characterization
3.2.2.1. X-ray Diffraction (XRD)

The XRD patterns of pristine CuBTC, UiO-66, [BMIM][DCA]/CuBTC,
[BMIM][DBP]/CuBTC and [BMIM][BF4]/UiO-66 were obtained by a Bruker D8

Advance X-ray Diffractometer using a Lynxeye detector equipped with a slit of 1 mm.
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X-ray generator was set to 30kV voltage and 10 mA current producing Cu Kal
(1.5406 A) radiation. The diffraction patterns were obtained between 20 values of 5-50°

with a resolution of 0.0204°.

3.2.2.2. Scanning Electron Microscopy (SEM)

SEM imaging was done using a Zeiss Ultra Plus Field Emission SEM (FESEM)
with an accelerating voltage of 3kV and working distance of approximately 4 mm.
Materials were placed on a carbon tape attached on pin mount sample holder and coated

with carbon to prevent charging during imaging.

3.2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy

The infrared spectrum of CuBTC, UiO-66, [BMIM][DCA]/CuBTC,
[BMIM][DBP]/CuBTC, [BMIM][BF4]/UiO-66 and bulk ILs were obtained by using a
Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with an attenuated total
reflection (ATR) cell. For background and sample, 64 and 512 scans were collected,
respectively. The FTIR spectra of samples were collected between 400 and 4000 cm ™!

with a spectral resolution of 2 cm™2.

3.2.2.4. Brunauer-Emmett-Teller (BET) Surface Area

BET analyses were performed by using a Micromeritics ASAP 2020
physisorption analyzer. Approximately 200 mg of sample was used. Materials were
activated at 125 °C under vacuum, then the samples were cooled down to —196 °C using
liquid nitrogen before the analyses. The free space measurements were conducted using
helium gas. N2 gas adsorption isotherms of materials were obtained at —196 °C between

10°% and 1 bar.

3.2.2.5 X-ray Fluorescence Spectroscopy (XRF)

A Bruker S8 Tiger XRF spectrometer was used for elemental analysis of

[BMIM][BF4]/Ui0-66 composite. The analysis was performed under vacuum. A
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rhodium anode was used in the X-ray generator and the generator was set to 4 kW.

SpectraPlus Eval2 v.2.2.454 software was used for data analysis.

3.2.2.6. Thermogravimetric Analysis (TGA)

A TA Instruments Q500 thermogravimetric analyzer was used to determine the
thermal stability limits of pristine CuBTC, UiO-66, [BMIM][DCA]/CuBTC,
[BMIM][DBP]/CuBTC, [BMIM][BF4]/UiO-66 and bulk ILs. An empty platinum pan
was tared and approximately 15 mg of sample was placed on it. Then, a temperature
ramp of 5°C/min was applied until the temperature reached 125 °C. An isothermal
treatment at 125 °C for 8 h was conducted to remove any moisture from the samples.
After that, a temperature ramp of 2 °C/min was applied up to 700 °C. N2 was used as
balance and purge gas with flow rates of 40 and 60 mL/min, respectively. From the
thermogravimetry (TG) and derivative TG curves, onset (Tonset) and derivative onset
(Tonset) temperatures obtained. Tonset generally overestimates the decomposition

temperature, thus T onset Was considered as decomposition temperature in this thesis. 2

3.2.3. Gas Adsorption Measurements

CO2, CHs4, and N2 adsorption isotherms of pristine CuBTC, UiO-66,
[BMIM][DCA]/CuBTC, [BMIM][DBP]/CuBTC and [BMIM][BF4]/UiO-66 were
obtained using a Micromeritics High Pressure VVolumetric Analyzer Il (HPVA-11-200).
Before the measurements, approximately 350 mg of sample was activated at 125 °C
under vacuum until the pressure inside the sample holder reaches to 10 bar. Then, the
system was purged with He for three-times to eliminate the impurities and residuals
from previous measurements. Temperature was set to 25°C and held constant
throughout the measurements, while the temperature of the laboratory was maintained
at 23 °C. Gas adsorption isotherms were obtained in a pressure range of 0.1-10 bar.
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Chapter 4: Unlocking CO2 Separation Performance of lonic Liquid/CuBTC

Composites: Combining Experiments with Molecular Simulations?

In this chapter, a computational methodology to simulate CO, adsorption and
separation of IL/CuBTC composites was proposed. This computational methodology
was then validated using two new IL/CuBTC composites which have not been studied
before. Also, CO2/CH4, CO2/N2 and CH4/N2 binary-mixture separation performances of
IL/CuBTC composites were investigated. Finally, diffusion coefficients of CO2, CH4
and N2 in pristine CuBTC and IL/CuBTC composites were computed using MD
simulations. To the best of our knowledge, this is the first study that proposes a
computational methodology for high-throughput screening of IL/CuBTC composites
and confirms the validity of this methodology experimentally on new composites,
presenting a broad potential for being expanded to other types of ILs and MOFs in the

future.

4.1. Force Field Selection for Molecular Simulations of IL/CuBTC Composites

Adsorption of CO2, CH4, and N2 in CuBTC has been widely studied in the
literature using molecular simulations employing different force fields by several

research groups.”®® We performed GCMC simulations using two different generic

2 The results given in this chapter were published in Chemical Engineering Journal with following
reference: Polat, H. M.; Zeeshan, M.; Uzun, A.; Keskin, S, Unlocking CO; separation performance of
ionic liquid/CuBTC composites: Combining experiments with molecular simulations. Chemical
Engineering Journal, 2019, 373, 1179-1189. This chapter is the reformatted version of the mentioned
research paper.
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force fields, UFF and Dreiding, to examine which force field provides a better
representation of the experimental gas adsorption data in CuBTC. Figure 4.1(a)
compares our experimental results of CO2, CHs, and N2 uptakes in CuBTC with the
predictions of GCMC simulations using UFF and Dreiding at a pressure range of 0.1—
10 bar at room temperature. Based on the data presented in Figure 4.1, both force fields
overestimated CO, and N2 uptakes, whereas CH4 uptakes were underestimated. For all
gases at all pressures, predictions of UFF were found to be slightly higher than those of
Dreiding. Figure 4.1(b) compares the experimental and simulated gas uptakes and the
inset table shows the goodness of the agreement between them as quantified by the R?
values. R? values were computed to be >0.9 for all gases except for N2 when Dreiding
force field was used. Once the overall prediction performances of the two force fields
were considered for three gases at 16 different pressure points, R? values were
computed as 0.980 for UFF and 0.975 for Dreiding, respectively, indicating that both
generic force fields can be used to accurately estimate CO2, CHas, and N2 uptakes of

pristine CuBTC, which is consistent with the literature.5°83
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Figure 4.1. (a) Single-component adsorption isotherms of CO2, CHs, and N2 as a
function of pressure in pristine CuBTC, (b) comparison of experiments and simulations
using UFF and Dreiding force fields for CuBTC.
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After we validated the accuracy of molecular simulations for predicting COo,
CHys, and N2 uptakes of pristine CuBTC, we applied the same computational approach
to IL/CuBTC composites. We studied seven different IL/CuBTC composites, for which
our group already has the experimental gas adsorption data for CO2, CHs4, and N2, as
reported in our previous reports.*>* These IL/CuBTC composites are
[BMIM][BF4]/CuBTC, [BMIM][CF3SO3]/CuBTC, [BMIM][MeS0O4]/CuBTC,
[BMIM][MeSOz]/CuBTC, [BMIM][SbFs]/CuBTC, [BMIM][PFs]/CuBTC, and
[BMIM][OcSO4])/CuBTC. We performed molecular simulations for these composites
and predicted their CO2, CHa, and N2 uptakes between 0.1 and 10 bar at 25 °C. These
GCMC simulations were performed by using both UFF and Dreiding to investigate
which force field provides a better prediction for the gas uptake performances of the
corresponding IL/CuBTC composite. Comparison of simulation results with the
experimental gas uptake measurements are shown in Figure 4.2. Results indicate that
simulations employing either of the force fields generally overestimate the experimental
gas uptake values of all IL/CuBTC composites. Simulations using Dreiding force field
tend to give a better agreement with the experiments than the ones using UFF. R? values
were computed as 0.840, 0.734, and 0.913 for CO,, CH4, and N, respectively, when
Dreiding was used in the molecular simulations, whereas UFF was found to result in
much lower R? values (<0.6) for all gases. Overall, Figure 4.2 suggests that molecular
simulations using Dreiding force field can provide reasonably accurate predictions for
adsorption of CO2, CH4, and N2 in these seven different IL/CuBTC composites at a

wide pressure range.
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Figure 4.2. Comparison of experiments with simulations using (a) UFF and (b)

Dreiding force fields for gas uptakes in seven different IL/CuBTC composites.

Correcting simulation results using a scaling factor has been previously done in

several molecular simulation studies®*° to compensate the slight systematic deviations
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between experiments and simulations, which generally results from the possible crystal
defects, residual solvents, inaccessible adsorption sites of MOFs, or some specific
interactions between MOFs and adsorbates that are not well represented by the generic
force fields.®>® 91 Thus, to improve the agreement between simulations and
experiments, uptakes obtained from GCMC simulations were multiplied by a pressure

dependent factor (s;) as shown in equation 4.1,
s; = A; X (log(P) + 2) (4.1)

where P is the pressure and Ai is the coefficient of scaling function changing with
pressure range (defined for low pressure (<0.3 bar), moderate pressure (0.3-1 bar) and
high pressure (>1 bar) regions) and gas species. The constant “2” was added to this
factor to eliminate the possibility of zero multipliers at 0.1 and 1 bar pressures. We note
that scaling factors do not have specific physical meanings, they were purely defined by
fitting the simulation results to experiments. Table 4.1 lists the scaling factors that we
defined for each of the pressure regions, low, moderate, and high pressure regions. The
data of Figure 4.2 show that deviations between the experiments and simulations are
much higher at lower pressures compared to the ones at higher pressure. Thus, the
coefficients of the scaling function (Ai) show a decreasing trend with increasing
pressure for all adsorbates (Table 4.1).

Table 4.1. Gas coefficients (Aj) in scaling factor for low pressure (LP), mid pressure
(MP), and high pressure (HP).

Arp(<0.3bar) Awmp(0.3-1bar) Anp(>1 bar)

CO2 0.446 0.439 0.406

CHa 0.332 0.302 0.299

N2 0.465 0.362 0.318
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Figure 4.3 compares the experimental gas uptakes of IL/MOF composites with the
scaled simulations, which are in a much better agreement with the experimental data
compared to the non-scaled ones. The inset table in Figure 4.3(d) shows the R? values
for the scaled simulation results. Accordingly, the R2 values increased from 0.840 to
0.904 for CO2, from 0.734 to 0.972 for CH4, and from 0.913 to 0.970 for N2 uptakes of
seven different IL/MOF composites. The better agreement of simulations with
experiments after scaling indicates that ideal selectivities, which were calculated as the
ratio of single-component gas uptakes, can also be well-predicted by the simulations.
Comparison of experimental and simulated ideal selectivities for CO2/CH4, CO2/N2, and
CHa4/N2 shown in Figure 4.4 present the good agreement between two. Overall, we
showed that molecular simulations using Dreiding force field and the function that we
introduced above to scale the simulated gas uptakes can be used to accurately estimate
the gas uptake and separation performances of IL/CuBTC composites, where ILs are
composed of [BMIM]* cation and different types of anions, which are not too big in

size not to limit their transport into the pores.
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Figure 4.4. Comparison of experimental and simulated selectivities for 7 different
IL/CuBTC composites.

4.2. Application of Computational Approach to Two Different IL/CuBTC
Composites

The computational approach that we described above was developed and
validated by using seven different IL/CuBTC composites for which our group already
had the experimental gas adsorption data. Next, we performed GCMC simulations of
CO2, CH4, and N2 adsorptions on two new composites, [BMIM][DCA]/CuBTC and
[BMIM][DBP]/CuBTC, to confirm the transferability of this approach to other
IL/CuBTC composites. We note that these two composites have not been reported
before in the literature. These two ILs were chosen as they are commonly available and
we also aimed to select the anions of ILs in a way to represent a small ([DCA]") and a
large anion ([DBP]’). This approach let us to test the transferability of our

computational approach to predict gas uptakes and selectivities of different IL/CuBTC
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composites, where ILs are composed of the same [BMIM]" cation with different anions.
We synthesized and characterized these two new composites and measured their gas
uptake performances. Before focusing on the simulation results, we first discuss the

characterization of these two new composites.

Figure 4.5(a) illustrates the XRD patterns of pristine CuBTC,
[BMIM][DCA]/CuBTC, and [BMIM][DBP]/CuBTC composites. These results show
that crystal structure of CuBTC was preserved upon IL incorporation. SEM images
shown in Appendix B confirm that crystal size and shape do not change in the
composite materials when compared with those of CuBTC. Figure 4.5(b) shows
thermogravimetric curves of pristine CuBTC and the new composites. More detailed
comparisons of TGA results of composites with their respective bulk ILs and pristine
CuBTC are given in Appendix B. The derivative onset temperature (T'onset) Of pristine
CuBTC was found as 324 °C. Tonet Of [BMIM][DCA]/CuBTC and
[BMIM][DBP]/CuBTC were found as 254 °C and 178 °C, while bulk ILs,
[BMIM][DCA] and [BMIM][DBP], were found to start to decompose at 226 °C and
228 °C, respectively. These changes in T'onset Values indicate the presence of direct
interactions between CuBTC and ILs, which might be because of the slight structural
alterations in the individual components of the composite. FTIR spectra of pristine
CuBTC, bulk ILs, and composites are shown in Figure 4.5(c). Three intense peaks
between 2100-2300 cm™ in the spectrum of bulk [BMIM][DCA] were assigned to
asymmetric stretching of —C=N group (vas(-C=N)), symmetric stretching of —C=N
group (vs(~C=N)) and combination of these two modes.?? In [BMIM][DCA]/CuBTC
composite, vas(—C=N) shifted from 2126 cm™ to 2165 cm™, vs(~C=N) shifted from 2191
cm? to 2212 cm™ and the combination of these two modes shifted from 2229 cm™ to
2285 cm™. Symmetric stretching deformation of second carbon of the imidazolium
group and the proton bonded to it (vs(-C2H)) exhibited a red shift from 3101 cm™ to
3086 cm™. Similar shifts in the position of bands were also seen in
[BMIM][DBP]/CuBTC composite. After IL-incorporation, —P=0 stretching vibration
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[86] (vs(—P=0)) at 1233 cm™ and vs(—C2H) at 3097 cm™* shifted to 1239 cm™ and 3093
cm?, respectively. These shifts in the positions of characteristic bands of ILs confirm
the presence of direct interactions between CuBTC and incorporated ILs. Figure 4.5(d)
shows the experimental adsorption isotherms of CO2, CH4, and N2 between 0.1-10 bar
for [BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC at 25 °C. For both composites,
uptakes for all three gases are lower than those of pristine CuBTC** at all pressure
points. Comparison of experimental CO2/CH4, CO2/N2, and CH4/N2 selectivities of
these new composites and those of the pristine CuBTC is shown in Appendix B. Data
show that both composites offer improved gas separation performance especially at low

pressures, consistent with the previous reports, 32264244

Next, we washed the [BMIM][DCA]}/CuBTC and [BMIM][DBP]/CuBTC
composites with toluene to validate that the ILs were successfully incorporated into the
pores of CuBTC. We chose toluene as it is larger than the pore openings of CuBTC so it
cannot go into the pores and yet it is capable of dissolving both of these ILs at room
temperature.** FTIR spectra of toluene, the filtrates of washing process, and the
corresponding composites before and after washing are shown in Appendix B. Data
showed that the spectra of the filtrates do not have any evident IL bands, while the
spectra of the composites after washing showing the characteristic IL bands still present
in the composites even after the washing experiment. These results confirmed that the
incorporation of ILs into the pores was successful for both composites. N2 adsorption at
-196 °C for two composites were shown in Appendix B. It shows that N2 adsorption at -
196 °C is quite different for two composites although their CO2, CH4, and N2 adsorption
isotherms at room temperature are similar (Figure 4.5(d)), which may be attributed to
the low solubility of N2 in ILs at -196 °C rendering the BET method unreliable for this

type of materials.*?
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Figure 4.5. (a) XRD patterns, (b) TGA curves of CuBTC, [BMIM][DCA]/CuBTC,
[BMIM][DBP]/CuBTC, and bulk ILs, (c) FTIR spectra of CuBTC,
[BMIM][DCA]/CuBTC, [BMIM][DBP]/CuBTC, and bulk ILs, (d) CO2, CHa, and N2
adsorption isotherms of [BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC.

Results of GCMC simulations for [BMIM][DCA]/CuBTC and
[BMIM][DBP]/CuBTC composites were scaled using the same function as described in
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equation 4.1 and Table 4.1. Figure 4.6(a) shows the good agreement between
experiments and simulations. CO2, CHs, and N2 uptakes were estimated well by the
scaled GCMC simulations leading to R? values of 0.951, 0.897, and 0.964, respectively,
while the raw GCMC simulation results have the corresponding R? values of 0.888,
0.873, and 0.805, respectively. Predicted ideal CO2/CHs4, CO2/N2, and CHai/N>
selectivities of [BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC were also in a
reasonable agreement with the experimental selectivities as shown in Figure 4.7. For
example, experimental CO2/N> selectivities vary between 4.5 and 16 at 0.5-10 bar,
whereas simulations predicted these values as between 4.3 and 14.7. The experimental
values for the ideal CO2/CHa selectivity were between 1.4 and 3.5 at the same pressure

range and the simulations estimated this selectivity as between 2 and 3.6.

We finally discuss the validity of the assumptions used to predict the gas
adsorption properties of IL/CuBTC composites in this work. We considered CuBTC as
a perfect crystal without defects in our molecular simulations. CuBTC we used in the
experiments may have defects which may explain the overestimation of experimental
gas uptake results by the GCMC simulations. Atomic positions of ILs in CuBTC were
predicted with MD simulations in this work to save computational time in calculating
the positions of 12 to 20 IL molecules inside a unit cell of MOF having 624 atoms but
this is a rough estimation and quantum chemical/mechanical calculations are required
for more accurate positions of ILs incorporated into MOFs. Finally, we used generic
force fields which do not consider the specific chemical interactions®8%-°! between IL
and CuBTC, but previous experimental studies®>%42 suggested that IL incorporation
may be changing not only the structure of the ILs, but also the electronic structure of the
gas adsorption sites in MOFs. We attempted to use a generic force field to enable the
transferability of our computational approach to various IL/MOF composites for high-
throughput computational screening. Overall, these assumptions allowed us to provide
an efficient computational approach, validated by experiments, which can quickly

estimate the gas adsorption behavior in IL/CuBTC composites at a minimal
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computational expense, opening up opportunities for high-throughput screening studies

on these novel materials.
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Figure 4.6. (a) Comparison of scaled simulation results and experimental uptakes for
[BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC composites, (b) ideal and (c)
mixture selectivities of two composites calculated from GCMC simulations. The first

component in the label indicates the selected one over the other.
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Figure 4.7. Comparison of experimental and simulated selectivities of
[BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC composites.

4.3. Gas Mixture Separation Performances of IL/CuBTC Composites

We also performed GCMC simulations considering CO2/CH4:50/50,
CO2/N2:15/85, and CH4/N2:50/50 mixtures, which have industrial and environmental
significance, at 0.1-10bar to provide a more realistic gas separation performance
analysis for all nine IL/CuBTC composites considered in this chapter. Figures 4.6 (b)
and (c) demonstrate the ideal and mixture selectivities of [BMIM][DCA]/CuBTC and
[BMIM][DBP]/CuBTC computed from GCMC simulations, respectively. Experimental
CO2/CHa, CO2/N2, and CH4/N2 selectivities and the corresponding mixture selectivities
calculated by using the Ideal Adsorbed Solution Theory (IAST)®® is shown in Appendix
B. Dual-site Langmuir fits were also shown in Appendix B with their corresponding
parameters. Mixture selectivities in both cases were found to be higher than the ideal
selectivities as expected because of the competition between the gas molecules for the

same adsorption sites.®*%" Ideal selectivities of the two new composites were computed
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to vary between 2.1-4.3 for CO2/CHs and 4.3-22.6 for CO2/N: in a pressure range of
0.1-10 bar, while they were between 3 and 4.1 and 7.7-15.4, respectively, for pristine
CuBTC. As we showed in our previous studies,®>*%2 |Ls act as additional interaction
sites for adsorbate molecules at low pressures. Increase in CO> uptake because of the
presence of these additional adsorption sites is higher than that of CH4 and N, which
leads to an increase in CO2/CHs and CO2/N. selectivities of composites at low
pressures. However, at high pressures, available pore space for gas species becomes
more dominant than the intermolecular interactions in determining the gas uptake

performance, and thus, the selectivities decrease.

The comparison of mixture selectivities of all nine IL/CuBTC composites that we
examined in this work with those of pristine CuBTC is given in Figure 4.8.
CO2/CH4:50/50, CO2/N2:15/85, and CH4/N2:50/50 mixture selectivities of all
composites are higher than those of pristine CuBTC at all pressures except between 7
and 10 bar for CO2/CHa. At 0.1 bar, mixture selectivities of IL/CuBTC composites vary
between 4.1-6.1, 31.5-44.7, and 6.5-8.5 for CO2/CHs, CO2/N2, and CHa/N,
respectively, while pristine CuBTC has a selectivity of 3.4, 15.7, and 4.9 for CO2/CHa,
CO2/N2, and CHa4/Nz2, respectively. These results suggest that IL/CuBTC composites
that we examined in this work have a strong potential in separation of gas mixtures,
especially for CO2 separation from natural gas and flue gas. Using this computational
approach, promising IL/MOF composites offering high selectivity for a desired gas
separation can be identified among many possible candidates and the experimental

efforts can then be focused on the synthesis and testing of these promising candidates.
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Figure 4.8. CO2/CH4:50/50, CO2/N2:15/85, and CH4/N2:50/50 mixture selectivities
calculated by GCMC simulations as a function of pressure for pristine CuBTC and
IL/CuBTC composites.

4.4. Gas Diffusion in IL/CuBTC Composites

We so far examined the gas adsorption in IL/CuBTC composites. Kinetic

properties of gases inside the pores of an adsorbent material are also important because
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slow diffusion due to the strong host-guest interactions can be a bottleneck in the
adsorption processes.®® To have an understanding on the gas transport inside the
IL/CuBTC composites, MD simulations were performed and self-diffusivities of gases
(DY in each IL/CuBTC composite were computed at infinite dilution. We specifically
examined D° values in three cases to assess the effects of interactions between
adsorbates and CuBTC and the ones between adsorbates and ILs: (i) only IL-gas
interactions were considered, (ii) only CuBTC-gas interactions were considered, and
(iii) both IL-gas and CuBTC-gas interactions were considered. Figure 4.9 shows that
D% of CO; is the lowest in all composites, 1.05 x 10°-1.34 x 107> cm?/s, followed by
CHa4 and Na. This is expected as CO> has stronger interactions with the composite than
CHs4 and N2 have, leading to higher uptakes under the same conditions. Because of its
stronger adsorption, it diffuses slower than the other gas components. D values range
between 1.21 x 107°-1.45 x 107° cm?/s and 3.3 x 10°-3.76 x 107> cm?/s for CH4 and N2,
respectively. According to results presented in Figures 4.9(a-c), D° values of all gases
are the highest in case (i) than the ones in case (ii) for all IL/MOF composites,
indicating that IL-gas interactions are weaker than the CuBTC-gas interactions because
of the significantly larger number of interaction sites in CuBTC compared to IL
molecules. Once both interactions were taken into account as in the case of (iii), gas
molecules are strongly adsorbed and diffusivities become the lowest. Figure 4.9(d)
shows that D° values of gases in all IL/CuBTC composites are lower than those of
pristine CuBTC, since IL molecules incorporated inside the pores of CuBTC decrease
the pore volume of the material and hinder the gas mobility inside the cages. Among the
IL/MOF composites we examined, [BMIM][SbFe]/CuBTC has the highest gas
diffusivities as it has the highest pore volume. We note that several factors other than
the pore volume such as different chemical and physical properties of the anion of ILs
may lead to differences in molecular interactions between gas molecules and IL

molecules, which can be a major factor in determining the gas diffusivity.%%°
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interactions are considered in the third column. (d) Variation of D° values of CO2, CHa,

and N2 with respect to pore volume of IL/CuBTC composites and pristine CuBTC.

Finally, we compared our simulated self-diffusion coefficients of gases in pristine
CuBTC and IL/CuBTC composites with other available experimental and simulation
studies. Experimental self-diffusion coefficient of CO2 in CuBTC was reported as
1.7x107°cm?/s at 0.5vol% gas phase concentration of CO; in He at 1bar at room

temperature.!®* Schlayer et al.'® measured self-diffusion coefficient of CHs in
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commercial CuBTC as 5.8x10° cm?/s for 15 mg of CH4/g of CuBTC at room
temperature. Gutiérrez-Sevillano et al.'®® simulated CO2/CH4:50/50 mixture in pristine
CuBTC and calculated diffusion coefficients of CHs and CO2 at 0.1 bar at room
temperature as 1.2x10* and 4x10° cm?/s, respectively, without changing much with
composition of the mixture. Our simulated self-diffusion coefficients for CHs and CO>
were 7.7x107 and 4.6x107° cm?/s, respectively, for pristine CuBTC at infinite dilution
and these values were found to be consistent with the literature values listed above.
Vicent-Luna et al.>* calculated diffusion coefficients for CO, and CH. for
[EMIM][SCN] incorporated IRMOF-1, MIL-47, MOF-1, and HMOF-1 at 1 bar at room
temperature. The self-diffusion coefficients of CHs and CO> were reported to be
between 5x106-10° cm?/s and 10°5-7x10° cm?/s, respectively, in 25 vol.% IL
incorporated MIL-47, 40 vol.% IL incorporated MOF-1, and 35 vol.% IL incorporated
HMOF-1, which have similar pore volumes (0.41-0.48 cm®/g) with the composites we
studied in this work. Corresponding values were found to vary between 1.2x107°-
1.5x10° cm?/s for CHs and 10°-1.3x10° cm?/s for CO; at infinite dilution in this
chapter. We note that one may expect higher rate of gas transport at infinite dilution but
the similarities of diffusivities between the reported work and ours can be explained
with the longer chain of [BMIM]* than [EMIM]* and larger anions that we studied than

linear [SCN], which all hinder the gas transport inside the cages.
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Chapter 5: High-throughput Computational Screening of [BMIM][BF4]/MOF

Composites for CO2 Separation from Flue Gas

To expand the information we have about IL/MOF composites and to discover
their potential in CO. adsorption and separation applications, the computational
methodology that we described and validated in the previous chapter was used to
simulate numerous MOFs from the CSD database. In this chapter, the effect of a
commercial IL, [BMIM][BFs], on the CO2 and N2 adsorption and separation
performance of different MOFs are investigated. Molecular simulations were carried
out to identify the best [BMIM][BF4]/MOF couples. Further investigation was done by
correlating some of the important physical properties of IL/MOF composites with their
CO; adsorption and separation performance. The information gathered for this chapter
can be used to extrapolate IL/MOF composites that have high performance of CO>

separation and adsorption.

5.1. Selection of IL, MOFs and IL-incorporation Method

There are 9 different IL candidates that we validated our methodology as accurate
to simulate CO. separation performance of IL/CuBTC composites in the previous
chapter. Among them, we chose [BMIM][BF] because it is one of the smallest ILs in
the list and one of the most investigated ILs in the literature. The list of MOFs was
taken from the previous works of our group® where 3816 MOFs were filtered with a
criterion of PLD > 3.8 A from 54808 non-disordered MOFs within the CSD database.
We further refined that list into 1108 MOFs by discarding the structures that have PLDs
lower than 6 A. It should be noted that 6 A is the approximate value of the length
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between the furthest fluorine atom in the anion and the furthest hydrogen atom in the
cation of [BMIM][BF4]. We have ensured the successful incorporation of IL molecules

into the pores of MOFs by using this additional criterion.

There are two different methods to incorporate the IL molecules into MOFs in the
literature. One of them is the Baker’s minimization method that we used and validated
in Chapter 4 of this thesis. The other one is used by Lan et.al,>” called configurational-
bias Monte Carlo (CBMC), was utilized for high-throughput screening of 550357
IL/MOF couples for CO./CH4 adsorption and separation where MOFs were
hypothetical. Before we start to perform large-scale computational screening of
[BMIM][BF4]/MOF composites for CO2/N2 adsorption and separation, first we would
like to investigate the differences caused by these two incorporation methods on
CO2/N> adsorption and separation performance of IL/MOF composites. To this end, we
incorporated CuBTC with 1 IL molecule/unit cell loading using 9 different ILs from
Chapter 4 utilizing Baker’s minimization and CBMC methods. Then, we calculated the
CO2/N2:15/85 binary mixture adsorption of these IL/CuBTC composites at 0.1-10 bar
pressure range to represent the vacuum swing adsorption process at 25 °C using GCMC
simulations. Finally, we compared the data (total of 144 data points for each gas) that
we acquired using the Baker’s minimization and CBMC methods. Comparison of the

simulation results are shown in Figure 5.1.
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Figure 5.1. Comparison of CO, and N2 uptakes simulated using the methodologies

including Baker’s minimization and CBMC for minimization of IL molecules.

Figure 5.1 shows that two methods of minimization do not have any significant
differences on the adsorption of CO2 and N2 on the IL/CuBTC composites. R? values
were calculated as 0.932 and 0.998 for CO. and N, respectively, showing that both
methods result in similar uptakes for simulation of CO2/N; adsorption of these
materials. Although there is some difference in the high pressure regime for CO2, both
methods can be used with similar accuracy to simulate the CO./N> uptakes of
IL/CuBTC composites. It is also important to compare selectivities to show the
differences of two methods when it comes to prediction of CO; separation performance
of these materials. Figure 5.2 shows comparison of CO2/N> selectivities calculated from

binary mixture GCMC simulations using Baker’s minimization and CBMC.



Chapter 5: High-throughput Computational Screening of [BMIM][BF4]/MOF
Composites for CO, Separation from Flue Gas

40

30
=
R
kG
N
£ 254
£
=
(/) [ ]
£ r..
g o *
Q &°
= o % @
S ..so °
5 °®
@ 154 o o
[¢B}
N
ZN
O(\l
O 10 T T T T T T |
10 15 20 25 30

CO,/N, Selectivity (CBMC Method)

Figure 5.2. Comparison of CO./N: selectivities simulated using the methodologies

including Baker’s minimization and CBMC for minimization of IL molecules.

Figure 5.2 shows that selectivities are slightly overestimated when CBMC method
is used as a minimization method compared with Baker’s method. Nevertheless,
comparison of CO2/N selectivities for two minimization methods presents a good
agreement between two. Predicted CO2/N2 selectivities of 9 IL/CuBTC composites
from the Baker’s minimization method were between 14.7-22.2 whereas for the
method that include CBMC method these selectivities were between 17.7-26.4. Overall,
Figures 5.1 and 5.2 suggest that both methods can be used to simulate the CO2/N>
adsorption and separation performance of IL/MOF composites with similar accuracy.
We choose to continue this work using Baker’s minimization method because it is a
faster method than the CBMC and we already validated its accuracy by comparing the

results with experimental data as discussed in Chapter 4.
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5.2. Validation of Accuracy of Molecular Simulation Method

As explained Chapter 4, validating the results of molecular simulations using
experimental data is important to test their accuracy. There was only one IL/MOF
composite investigated in literature from our list of 1108 [BMIM][BF4]/MOF
composites which is CuBTC. Sezginel et al.*? investigated 5 wt.% loaded
[BMIM][BF4]/CuBTC for CO2/N2 separation. The IL-loading of this material was
comparable with 1 IL molecule per unit cell loading which corresponds to 2.28 wt.%.
Another [BMIM][BFs]J/MOF composite investigated in the literature was
[BMIM][BF4]/ZIF-8 composite*® which had experimental loading of 4 wt.%. ZIF-8
was not included our initial 1108 MOF list because of it has a PLD lower than 6 A, but
we included ZIF-8 in our list to use it in this section. We incorporated 1 molecule of
[BMIM][BFs] per unit cell of ZIF-8 (CSD refcode: FAWCENO01) and calculated its
ideal CO2/N> selectivity, and CO> working capacity using single-component GCMC
simulations at an adsorption (desorption) pressure of 1 (0.1) bar and 25 °C. Simulated
IL-loading was calculated as 7.83 wt.%. Simulations and experiments including
[BMIM][BF4)/ZIF-8 composite were also comparable. We added [BMIM][BF4]/UiO-
66 composite to this list by preparing and measuring its CO. and N2 uptakes at 0.1 and
1 bar pressures at 25 °C. Consequently, UiO-66 (CSD refcode: RUBTAK) was added to
the simulation list and simulated at the conditions described above. It should be noted
that this composite has not been reported in literature before. Before focusing on
validation of the molecular simulations, we would like to discuss the characterization of
[BMIM][BF:]/UiO-66 composite.

5.2.1 Characterization and CO2 Adsorption and Separation Performance of
[BMIM][BF4]/UiO-66 Composite

In this section, characterization and gas uptake measurements of pristine UiO-66
and [BMIM][BF4]/UiO-66 composite is discussed. Composite material is prepared with
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IL-loading of 3.34 wt.% and both materials are characterized in detail by XRF, XRD,
SEM, TGA, FTIR and BET surface area and pore volume analyses as explained in
Chapter 3. Also, CO2 and N adsorption of both the pristine MOF and the composite
were measured between 0.1-10 bar at 25 °C using HPVVA-II accordingly with Chapter 3.

5.2.1.1 X-ray Fluorescence Spectroscopy

XRF spectroscopy was performed on [BMIM][BF:]/UiO-66 composite to
calculate the actual IL-loading of the composite using the parameters given in Chapter
3. XRF results showed that zirconium is present in the composite with the weight
percent of 24.16% while boron has the weight percent of 0.12%. Actual IL-loading in
the [BMIM][BF4]/UiO-66 composite was calculated as 3.44 wt.% using these results

which is similar to the targeted IL-loading.

5.2.1.2 BET Surface Area and Pore Volume Analysis

BET surface area and pore volume analyses were performed on UiO-66 and
[BMIM][BF4]/UiO-66 using the conditions given in Chapter 3. Results show that UiO-
66 have a surface area of 750.2 m?/g while [BMIM][BF4]/UiO-66 have a surface are of
577.7 m?/g. Pore volume of UiO-66 also decreases from 0.319 cm®/g to 0.205 cm®/g
upon IL-incorporation. This decrease is expected because of the space occupied by the
IL molecules inside the pores of UiO-66.
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Figure 5.3. N2 adsorption isotherms of UiO-66 and [BMIM][BF4]/UiO-66 at -196 °C.

5.2.1.3 X-ray Diffraction

XRD patterns of UiO-66 and [BMIM][BF4]/UiO-66 were obtained using the
parameters mentioned in Chapter 3. Figure 5.4 shows the XRD patterns of the pristine
UiO-66 and [BMIM][BF4]/UiO-66 composite for 2Theta range of 5-50°. XRD pattern
of UiO-66 is consistent with the literature.!®* Also, these results show that crystal
structure of UiO-66 was preserved upon IL-incorporation. It should be noted that
changes in the intensity of the peaks may occur due to the alterations in the electronic

structure of the UiO-66 upon IL-incorporation.
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Figure 5.4. XRD patterns of UiO-66 and [BMIM][BF4]/UiO-66 composite.

5.2.1.4 Scanning Electron Microscopy

SEM micrographs of UiO-66 and [BMIM][BF4]/UiO-66 were obtained using the
parameters given in Chapter 3. Figure 5.5 demonstrates the SEM micrographs of
pristine MOF and the composite at different magnifications. Our results show that
crystal size and geometry do not change in the composite when compared with the
pristine UiO-66.
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Figure 5.5. SEM micrographs of (a,b) UiO-66 and (c,d) [BMIM][BF.]/UiO-66 at (a,c)
15kx and (b,d) 50kx magnifications.

5.2.1.5 Thermogravimetric Analysis

TGA analyses were performed to determine the thermal decomposition
temperature of [BMIM][BF4], UiO-66 and [BMIM][BF4]/Ui0-66. These analyses were
using the parameters given in Chapter 3. Figure 5.6 shows thermogravimetric and
derivative thermogravimetric curves of [BMIM][BF4], UiO-66 and the composite of
two materials. UiO-66 shows 7% weight loss until 100 °C while [BMIM][BF4]/UiO-66
lose 10% of its initial weight until 100 °C. Pure [BMIM][BF] shows 0.4% weight loss
until 100 °C. These weight losses were attributed to removal of adsorbed water from the
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materials. As mentioned in Chapter 3, derivative onset temperature (T onser) Was used as
thermal decomposition temperature in this thesis. T onset Of pristine UiO-66 was found as
448 °C which is consistent with the literature.!%® T onset 0f [BMIM][BF4]/UiO-66 was
found as 310 °C while [BMIM][BF] starts to decompose at 350 °C. This change in the
T onset indicates direct interactions between [BMIM][BF.] and UiO-66 in the composite.
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Figure 5.6. (a) Thermogravimetric and (b) derivative thermogravimetric curves of
[BMIM][BF;], UiO-66 and [BMIM][BF4]/UiO-66.
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5.2.1.6 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy was performed on [BMIM][BFs], UiO-66 and
[BMIM][BF:]/UiO-66 to confirm the interactions between [BMIM][BF4] and UiO-66 in
the composite. The analyses were performed using the parameters given in Chapter 3.
FTIR spectra of [BMIM][BF4], UiO-66 and [BMIM][BF4]/UiO-66 are shown in Figure
5.7. Vibrational modes were assigned to the peaks in the FTIR spectrum of
[BMIM][BF4] according to the literature reports.t®®% Symmetric (vs(B-F)) and
asymmetric stretching mode of B—F bond (vas(B—-F)) of the anion were assigned to
peaks centered at 751 and 1021 cm™, respectively, in the FTIR spectrum of
[BMIM][BF4]. vs(B—F) and vas(B-F) shifted to 806 and 1034 cm™ upon incorporation
into UiO-66. vs(—C2H) mode exhibited blue shift from 3126 cm™ to 3137 cm™ while
vs(C(4)HC(5)H) mode red shifted by 11 cm™ from 3162 cm™ to 3151 cm™. These shifts
in the characteristic vibrational modes of [BMIM][BF4] are because of the small
changes in the structure of IL, which confirms the direct interaction between
[BMIM][BF4] and UiO-66 in the composite structure.
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Figure 5.7. FTIR spectra of [BMIM][BF4], UiO-66 and [BMIM][BF4]/UiO-66.
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5.2.1.7 CO2 and N2 Adsorption and Separation Performance of [BMIM][BF4]/UiO-
66

In this section, experimental CO2 and N adsorption and separation performance
of [BMIM][BF4]/UiO-66 and pristine UiO-66 is discussed. Adsorption measurements
were conducted using the parameters given in Chapter 3. Although only 0.1 and 1 bar
are needed as pressure points to compare the experimental adsorption results with that
of simulations, here, we present adsorption isotherms between 0.1-10 bar. Figure 5.8
shows experimental adsorption isotherms of CO. and N for [BMIM][BF4]/UiO-66 and
UiO-66 for the pressure range of 0.1-10 bar.
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Figure 5.8. CO; and N2 adsorption isotherms of [BMIM][BF4]/UiO-66 and UiO-66 as a

function of pressure. Square (round) symbols represent CO2 (N2) uptakes.

CO; uptakes of UiO-66 are between 3.6-123 cm® STP/g while the adsorbed
amount of N2 varies between 1.3-26 cm® STP/g. For [BMIM][BF4]/UiO-66, uptake for
both gases are lower than that of UiO-66 at all pressure points. They increase from 2.9

to 87 cm® STP/g for CO2 and from 1.1-20.4 cm® STP/g for N2 as the pressure increases.
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Figure 5.9 shows ideal CO2/N> selectivity of [BMIM][BF4]/UiO-66 and UiO-66 for the
pressure range of 0.1-10 bar. Parameters used to fit the dual-site Langmuir and
Freundlich models are given in Appendix C. CO2/N> selectivity of UiO-66 changes
between 2-9.4 which is consistent with the literature.!®® CO2/N, selectivities of
[BMIM][BF4]/UiO-66 are lower than that of pristine UiO-66 among the pressure range
as they vary between 1.8-8.6. Although the [BMIM][BF4]-incorporation decreases the
CO2/N: selectivity of UiO-66, the changes in the selectivity is lower than 10% at all
pressure points. This composite has an IL-loading of 3.44 wt.%, therefore, this
insignificant decrease in the CO2/N2 selectivity may be expected. As it will be discussed
in the following section, higher IL loadings may increase the CO2/Nz selectivity of
UiO-66. Therefore, further studies should focus on higher IL loadings than 3.44 wt.% to

achieve an increase in the CO2/Nz2 selectivity of UiO-66.
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Figure 5.9. Ideal CO2/N: selectivity of [BMIM][BF4]/UiO-66 and pristine UiO-66 as a

function of pressure.
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5.2.2 Validation of Molecular Simulation Results

In this section, comparison of experimental and simulated ideal CO2/N2
selectivity and CO; working capacity of [BMIM][BF4]/CuBTC, [BMIM][BF.]/ZIF-8
and [BMIM][BF4]/UiO-66 composites are discussed. Figure 5.10 compares
experimental and simulated ideal CO2/N; selectivity and CO> working capacity of these
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Figure 5.10. Comparison of experimental and simulated CO2/N> selectivity and CO;
working  capacity of  [BMIM][BF4]/CuBTC, [BMIM][BF:])/ZIF-8  and
[BMIM][BF4]/UiO-66 composites.

Experimental  ideal CO2/N2  selectivity of [BMIM][BF4]/CuBTC,
[BMIM][BF4]/ZIF-8 and [BMIM][BF4]/UiO-66 composites were calculated as 18.1, 7.6
and 8.1, at 1 bar respectively. GCMC simulations predicted values of 14.3, 7.0 and 7.2,
respectively, indicating that GCMC simulations were able to predict the CO2/N:
selectivities of these [BMIM][BF4]J/MOF composites with a high accuracy.
Experimental CO. working capacities of [BMIM][BF4]/CuBTC, [BMIM][BF4)/ZIF-8
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and [BMIM][BF4]/UiO-66 composites were measured as 3.2, 0.6 and 1.3 mol/Kkg,
respectively, while GCMC simulations predicted them as 2.2, 0.6 and 1.2 mol/kg,
respectively. Although, GCMC simulations underestimated the CO, working capacity
of [BMIM][BF4]/CuBTC composite, MOFs with open metal sites such as CuBTC may
need some correction to their molecular simulations as discussed in Chapter 4. Overall,
these results indicate that the computational methodology that we described above can
be used to accurately estimate the CO2/N: selectivity and CO2 working capacity of
[BMIM][BF4]/MOF composites.

53. CO2 Separation from Flue Gas Mixtures Using [BMIM][BF4]/MOF

Composites

In this section, we investigated 1108 different [BMIM][BF2]/MOF composites to
discover their potential for CO separation from flue gas mixture. First, the selected
MOF structures was cleaned of their excess solvent and other adsorbates that are
present for some of the structures using the Python code from literature.'® Baker’s
minimization was used to incorporate IL molecules into the MOFs as described in
Chapter 3. IL loading was set to 1 IL molecule per unit cell in these simulations. After
the incorporation, binary mixture GCMC simulations were conducted for CO2/N2:15/85
gas mixture at adsorption (desorption) pressure of 1 (0.1) bar at 25 °C. Figure 5.11
shows the CO2/N. selectivities and CO> working capacities of [BMIM][BF4]/MOF

composites for CO2/N2 separation calculated using GCMC simulations.
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Figure 5.11. Selectivities and CO> working capacities of [BMIM][BFs]/MOF
composites calculated at adsorption and desorption pressures of 1 and 0.1 bar,
respectively, for CO2/N2:15/85 mixture at 25 °C.

CO; selectivities of the pristine MOFs are between 1.8-1184.1 and their CO;
working capacities are in the range of 0.01-2.93 mol/kg. Selectivities and CO2 working
capacities of [BMIM][BF4]/MOF composites are between 2.1-2706.2 and 0.01-2.3
mol/kg, respectively. In the case of IL/MOF composites, it is important to quantify the
increase in performance by comparing the performance of the composite with its
corresponding pristine MOF. Although the general trend of increasing selectivity and
working capacity can be seen in Figure 5.11, normalized selectivity and normalized
CO2 working capacity of [BMIM][BF4]/MOF composites were calculated by dividing
the selectivity and working capacity of the composite by the selectivity and working
capacity of the corresponding pristine MOF, respectively. Figure 5.12 shows the
normalized selectivity and working capacity of [BMIM][BFs]/MOF composites.
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Figure 5.12. Normalized selectivity and normalized CO, working capacity of
[BMIM][BF4]/MOF composites for CO2/N2 mixture.

Normalized selectivities of composites vary between 0.8-56.6 while their
normalized CO2 working capacities are between 0.1-5.9. Although some MOFs show
decreased selectivity upon incorporation of [BMIM][BF4], 1082 of the 1108 selected
MOFs show higher selectivity than their pristine MOFs. This means that 97.6% of
MOFs show increased selectivity upon IL-incorporation into their pores. Similarly, CO>
working capacities of 83.1% of MOFs (921 of 1108) have increased upon IL
incorporation. 917 of the 1108 pristine MOFs (82.7%) have both increased selectivity
and increased working capacity upon the incorporation of [BMIM][BF4]. Among all,
MOFs with refcodes of ALICEE and HAHPIQ demonstrated the highest increase in
selectivity (56.6-times) and CO2 working capacity (5.9-times), respectively. It is
important to note that these increases in performance were achieved with only 1 IL
molecule per unit cell of the MOF. Overall, Figure 5.12 demonstrates the exceptional

potential of IL/MOF composites for CO2 separation from flue gas applications.
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Selectivity and working capacity are not the only factors that show the
performance of an adsorbent for a separation application. Several factors such as
percent regenerability (R%) and adsorption performance score (APS) are important to
ascertain the potential of an adsorbent material. Therefore, R% and APS are calculated
for pristine MOFs and [BMIM][BF4]/MOF composites according to Chapter 3. Figure
5.13 shows the R% and APS of all materials investigated in this chapter.
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Figure 5.13 R% and APS of pristine MOFs and [BMIM][BF4]/MOF composites
computed at adsorption (desorption) pressure of 1 (0.1) bar and 25 °C for CO2/N2:15/85
mixture. The black dotted line shows the minimum desired R% = 85%.

87.9% of pristine MOFs have higher R% than the minimum desired value of 85%
while 72.3% of [BMIM][BF4]/MOF composites have surpassed the minimum desired
value. 38 of the 1108 pristine MOFs have higher APS than 100 mol/kg. This number
increases to 49 upon [BMIM][BF4]-incorporation. Our group previously showed that
most of the MOFs with APS values higher than 1000 show R% values lower than 60%
for CO2/N; separations.®® Same trend can be seen in Figure 5.13 for
[BMIM][BF4]/MOF composites. Pristine MOFs with refcodes of DOMDAL, NURVAZ
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and SAJFEO have APS of 1453, 1475 and 1484 mol/kg, respectively, whereas their R%
are 42, 21 and 22%, respectively. It is important to note that neither APS nor R%
performance factors have not changed significantly upon [BMIM][BF4] incorporation
into these three MOFs with the highest APS. Therefore, it is safe to state that IL-
incorporation does not change the APS of MOFs with the highest values, but it shows
its positive effect on the performance when MOFs with lower APS values were
incorporated. Although, the effect on R% and APS values can be seen in Figure 5.13,
normalized R% and normalized APS values were calculated for [BMIM][BF4]/MOF
composites using the definition of normalization mentioned above. Figure 5.14
demonstrates the normalized R% and normalized APS of [BMIM][BF4]/MOF
composites.

16 T ()

1.4 1

Normalized R%

0.1 1 10 100
Normalized APS

Figure 5.14. Normalized R% and normalized APS of [BMIM][BF4]/MOF composites
for CO2/N2 mixture. The black dotted lines show the 20% change in R%.

891 of the 1108 pristine MOFs have higher R% then their corresponding
[BMIM][BF4]/MOF composite. Although the general trend shows that R% decreases



Chapter 5: High-throughput Computational Screening of [BMIM][BF4]/MOF
Composites for CO, Separation from Flue Gas

56

upon IL-incorporation, the decrease is lower than 20% of the initial R% for 98.2% of
the composites. Moreover, R% of 1088 pristine MOFs have shown no significant
change upon IL-incorporation (AR%<20%). Figure 5.14 shows that increase in APS is
more significant than the changes in R%. 92.4% of the [BMIM][BF4] composites show
higher APS than their corresponding pristine MOFs and APS values of 54 MOFs has
increased more than 10-times upon IL-incorporation. Combining the data of Figures
5.13 and 5.14, we identified 25 composites that show APS increase more than 10-times
and still retain the minimum desired value of R% (85%). The CSD refcodes of these
pristine MOFs are listed in Table 5.1. Some structures in the CSD database show
defects that should not be present in the structure that is reported in the original article
such as missing hydrogen atoms. Also, solvent removal process may delete some
portion of the MOF or solvent that must present in the structure in order to preserve
stability. We checked the structures of MOFs that show APS increase higher than 10-

times upon IL-incorporation and listed the problems we have found (Appendix C).

Table 5.1. CSD refcodes of pristine MOFs showing an APS increase of 10-times and
retaining 85% R% upon [BMIM][BF4]-incorporation.

Refcode
BEPLUF DETHEQ IBIDAA KIGCEK SEGBOX
BEPMAM GAVBIP ILUCIC LARVIL TEJLIF
BEPMIU HAHPIQ ILUCOI QOSKAY VACFUBO1
BEPNOB HAWMAT ILUDAV REZXIE XESKOX

BEPNUH IBICED JOYKUF REZXIEO1 XEWDUA
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5.4. Structural Reasons Behind CO:2 Adsorption and Separation Performance

Increase upon [BMIM][BF4] Incorporation

In this section, structural reasons behind the increase in CO; adsorption and
separation performance of MOFs upon IL-incorporation is discussed. Structural
parameters such as PLD and porosity were calculated for both pristine MOFs and
[BMIM][BF4]/MOF composites using Zeo++ with the parameters explained in Chapter
3.

5.4.1 Effect of Weight Percent IL-loading on the CO2/N2 Selectivity of
[BMIM][BF4]/MOF Composites

In order to clarify the effect of weight percent IL-loading on the CO2/N>
selectivity of [BMIM][BF4]/MOF composites, weight percent loadings were calculated
for all composites using the equation 5.1 where Nigym(sr,] IS the number of IL
molecules per unit cell (1), wigmmsr,) is the molar mass of [BMIM][BF4] (226.02
g/mol), N, is Avogadro’s number (6.022 x 10%3), pyor is theoretical crystal density of
the MOF and V. is unit cell volume of the MOF. and Figure 5.15 shows the wt.% IL-
loading and normalized CO2/N; selectivity for 1108 [BMIM][BF4] composites.

WIBMIM][BF,]
Nismim|[BF,] X — N,

0 _ i —
wt.% IL — loading WiEMIMIBE] . e (5.1)
— N, T PmorXVuyc

Nigmim[BF,] X A
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Figure 5.15. Weight percent IL loading and normalized selectivity of
[BMIM][BF4]/MOF composites.

It is important to note that weight percent IL-loading shows the ratio between
weight of IL inside the MOF and the weight of MOF itself and it demonstrates how the
positive effect of IL changes with the changing impact of IL in the composite structure.
54% of the [BMIM][BF4]/MOF composites have IL-loadings between 0.15-5 wt.%.
28.1% of them have loadings in the range of 5-10 wt.%. Higher loadings are less
common in our list of composites as 12.3%, 4.1% and 1.3% of [BMIM][BF4]/MOF
composites have IL loadings in between 10-15 wt.%, 15-20 wt.% and 20-30 wt.%,
respectively. Figure 5.15 shows that 9 of the 14 composites that have IL loadings
between 20-30 wt.% are more than 3-times selective towards CO2 over N than their
corresponding pristine MOFs. 48.9% of the composites that have IL-loadings in the
range of 15-20 wt.% have more than 3-times the selectivity of their corresponding
MOF. The percentage of composites that are at least 3-times more CO; selective than
their corresponding MOFs decreases as the weight percent IL loading decreases. Figure

5.16 shows the percentage of composites that are 3-times more selective than their
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corresponding MOFs upon IL-incorporation for different ranges of IL-loading. Our
results clearly show that increasing IL-loading increases the percentage of the
composite being 3-times more selective than its corresponding MOF. This finding is
consistent with the literature.**%? All in all, the positive effect of IL-incorporation
increases with the increasing IL-loading. Further studies should include IL loadings
higher than 20 wt.% to achieve promising results for CO2 separation from CO2/N;

mixture.
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Figure 5.16. Percentage of [BMIM][BF4]/MOF composites that are more than 3-times

selective than their corresponding MOFs for different ranges of IL loading.

5.4.2 Effect of PLD on the CO2/N2 Selectivity of [BMIM][BF4]/MOF Composites

Our group previously showed that MOFs with PLDs between 3.8-5 A have the
highest performance for CO separation from CO2/N2 mixture.®® Therefore, in this

section, the effect of PLD on the CO: selectivity of pristine MOFs and
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[BMIM][BF4]/MOF composites is investigated. Figure 5.17 demonstrates the PLDs and
CO2/N; selectivities of pristine MOFs and [BMIM][BF4]/MOF composites.
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Figure 5.17. CO2/N. selectivities at 1 bar and PLDs of pristine MOFs and
[BMIM][BF4]/MOF composites

36.6% of the pristine MOFs have PLDs between 6-9 A, while PLDs of 35% of
them are in the range of 9-12 A. The number of MOFs decreases with increasing PLD.
13.2, 8.8 and 6.5% of pristine MOFs have PLDs in the ranges of 12-15, 15-18 and 18-
34 A, respectively. Percentage of materials that have PLDs in the range of 6-9 A
increases to 48.6% upon IL-incorporation. 13.2, 4.3, 1 and 1% of the composites have
PLDs in the ranges of 9-12, 12-15, 15-18 and 18-32 A. Due to the space IL molecules
occupy inside the pores of MOFs, PLDs decrease upon IL-incorporation. Because of
this decrease, 32% of the composites have PLDs lower than 6 A. 56 of the 96 pristine
MOFs that have higher CO2/N; selectivity than 50 has the PLDs between 6-9 A. PLDs
of 30 of the MOFs that show CO2/N; selectivity higher than are in the range of 9-12 A
while 6, 1 and 3 of them have the PLDs in the ranges of 12-15, 15-18 and 18-34 A,

respectively. These results show that most of the pristine MOFs with highest
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selectivities have the lowest PLDs, which is consistent with the literature.®® A total of
152 [BMIM][BF4] composites surpass the CO; selectivity of 50 for CO2/N2 mixture.
104 of them have PLDs lower than 6 A while 38 and 10 of them have PLDs in the
ranges of 6-9 and 9-12 A, respectively. Therefore, it can be stated that
[BMIM][BFs]/MOF composites with the lower PLDs show the highest CO2/N:
selectivities. For a clearer representation on the effect of PLD reduction on selectivity
increase, Figure 5.18 shows the reduction of PLDs upon IL-incorporation and

normalized CO2/N> selectivity of composites.
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Figure 5.18. Reduction in PLD (%) upon IL-incorporation and normalized selectivity
of [BMIM][BF4]/MOF composites.

As Figure 5.18 demonstrates, 37.3% of the pristine MOFs show no change in their
PLDs upon [BMIM][BF4]-incorporation. IL-incorporation causes 0-30% decrease in the
PLDs of 24.3% of the pristine MOFs while 15.3% of the MOFs experience 30-50%
decrease in their PLDs. PLDs of 14 and 2.3% of the pristine MOFs decrease between
50-70 and 70-90%, respectively. There are 16 [BMIM][BF4]/MOF composites that

show normalized selectivity higher than 10. 10 of them show decrease in their PLDs in
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the range of 70-90% while PLDs of 6 of them decreased by 50-70%. Also, composites
that have 70-90% lower PLDs than their pristine MOFs are at least 3-times more
selective than their corresponding pristine MOFs. Moreover, 74 of 155 composites that
have 50-70% lower PLDs than their pristine MOFs show 3-10-times higher CO2/N:
selectivity than their corresponding MOFs while 6 of them are at least 10-times more
selective than their pristine MOFs. All these results suggest that reduction in the PLD
upon IL-incorporation is one of the reasons behind the increased CO; separation
performance of [BMIM][BF4]/MOF composites for CO2/N. mixture.

5.4.3 Effect of Porosity on the CO2/N2 Selectivity of [BMIM][BF4]/MOF

Composites

Porosity is also an important factor determining the CO separation performance
of MOFs.*® In this section, correlation between porosity of MOFs and
[BMIM][BF4]/MOF composites and their CO2/N2 selectivities is investigated. Figure
5.19 show porosities and CO2/N2 selectivities of pristine MOFs and
[BMIM][BF4]/MOF composites.
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Figure 5.19. Porosities and CO2/N. selectivities of pristine MOFs and
[BMIM][BF4]/MOF composites.

70 of the 1108 pristine MOFs have porosities between 0.3-0.5 while 630 and 408
of them have porosities in the ranges of 0.5-0.7 and 0.7-1, respectively. Similar to the
effect of IL-incorporation on PLDs, porosity of MOFs decreases upon IL-incorporation
due to the space IL-molecules occupy. 207 of the 1108 composites we investigated have
porosities in the range of 0.3-0.5 while porosities of 564 and 337 of them are in the
range of 0.5-0.7 and 0.7-1, respectively. 31.4% of the MOFs with porosities in the range
of 0.3-0.5 have CO2/N; selectivity higher than 50 while 10.2% of the MOFs with
porosities in the range of 0.5-0.7 show CO2/Nz selectivity higher than 50. Percentage of
MOFs with porosities between 0.7-1 that show CO2/N> selectivity higher than 50 is the
lowest with 2.5%. These results indicate that it is more likely for a MOF to have high
selectivity if that MOF have low porosity. Therefore, the decreased porosity upon IL-
incorporation is one of the causes of the increasing CO2/N> selectivity. Figure 5.20
shows reduction of porosity upon IL-incorporation and normalized selectivities of
[BMIM][BF:]/MOF composites.
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Figure 5.20. Reduction in porosity upon [BMIM][BF4]-incorporation to MOFs and
normalized selectivities of [BMIM][BF]/MOF composites.

Porosities 886 of the pristine MOFs decreased between 0-10% upon IL-
incorporation while 179 and 16 of them showed a decrease in the range of 10-25 and
25-50%, respectively. Only 2% of the MOFs that exhibited 0-10% decrease in their
porosity upon IL-incorporation show more than 3-times increase in their CO2/N;
selectivity. 84 of the 179 MOFs that show 10-25% decreased porosity upon IL-
incorporation are more than 3-times more CO: selective than their corresponding
pristine MOFs while 7 of the 16 composites have more than 3-times more selectivity
than that of their pristine MOFs. None of the composites with decreased porosity
between 0-10% show more than 10-times selectivity of their corresponding pristine
MOF. 8 of the 179 composites with decreased porosities in the range of 10-25% are at
least 10-times more selective than their pristine MOFs while 5 of the 16 composites
with decreased porosities between 25-50% have more than 10-times selectivity when
compared to their corresponding pristine MOFs. These results indicate that the more the

decrease in the porosity of a MOF upon IL-incorporation the more its CO2/N2
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selectivity is likely to be increase. This result is consistent with the findings of the
section 5.4.1 where normalized selectivity of the composites increased with the weight
percent IL-loading. To make it clear, our results show that selectivity increase upon IL-

incorporation increases with the increasing influence of IL in the composite structure.
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Chapter 6: Conclusions and Outlook

In this thesis, a computational methodology for molecular simulations of IL/MOF
composites is proposed, validated using experimental results and used in high-
throughput screening of numerous IL/MOF composites for CO separation from
CO2/N2 mixture. In the first part, we proposed a computational methodology to predict
CO2, CHs, and N2 uptakes and CO2/CHs, CO2/N2, and CH4/N: selectivities of
IL/CuBTC composites, in which ILs are composed of [BMIM]* cation with different
type of anions. We performed GCMC simulations for seven different IL/CuBTC
composites, which were previously synthesized, and compared their simulated gas
uptakes with the experimentally measured data. Two different generic force fields, UFF
and Dreiding, were used to represent the IL/MOF composites and the one better
representing the experimental gas uptake data (Dreiding) was chosen. We then offered a
pressure dependent scaling factor to improve the agreement between simulations and
experiments for the gas uptakes of IL/MOF composites. Motivated from the good
agreement between experiments and simulations, we applied the same molecular
simulation method to estimate the gas adsorption and separation performances of two
new IL/CuBTC composites, which have not been synthesized before. These composites
were synthesized, characterized, and their CO2, CH4, and N2 uptakes were measured
and compared with the predictions of molecular simulations. Results showed that the
computational method that is validated on seven different IL/CuBTC composites can be
used to efficiently and accurately predict the gas uptakes and selectivities of new
IL/CuBTC composites, indicating transferability of the computational approach to
different types of IL-incorporated CuBTC samples. We also performed GCMC

simulations to provide a more realistic performance of nine different IL/CuBTC
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composites for separation of gas mixtures. Results showed that CO2/CH4:50/50,
CO2/N2:15/85, and CHa4/N2:50/50 selectivities of all IL/CuBTC composites are higher
than selectivities of pristine CuBTC from 0.1 to 7 bar. These results highlight the fact
that IL-incorporated CuBTC composites have a strong potential for CO. separation

from natural gas and flue gas mixtures.

In the second part, the computational methodology that we proposed and
validated in the Chapter 4 was used to predict CO2/N2 mixture separation performance
of 1108 [BMIM][BF4]/MOF composites. We compared two computational methods to
incorporate IL molecules into MOFs, Baker’s minimization and CBMC, and showed
that these two methods do not have significant difference on the predicted CO>
adsorption and separation performance of IL/MOF composites. Then, we validated the
computational methodology using three different [BMIM][BF4]/MOF composites with
comparable IL loadings. One of them, [BMIM][BF4]/UiO-66, was synthesized and
characterized for the first time in the literature. Motivated from the good agreement
between experimental and simulated CO2/N2 adsorption and separation performance of
these three [BMIM][BFs]/MOF composites, we calculated CO adsorption and
separation performance of 1108 [BMIM][BFs]/MOF composites and their pristine
MOFs for CO2/N2:15/85 mixture. Results showed that 97.6 and 83.1% of MOFs exhibit
increase in their selectivities and working capacities, respectively, upon IL
incorporation. We showed that R% of MOFs does not change significantly while up to
200-times increase was observed in APS values of 92.4% of MOFs upon IL
incorporation. We then investigated structural factors behind the increased CO:
separation performance of [BMIM][BFs]/MOF composites and showed that lower
PLDs and lower porosities of composites as a result of the space occupied by IL
molecules inside MOFs are the reasons. We also showed that higher IL loadings results
in higher selectivity increases due to the dominant impact of IL molecules in the
structure of IL/MOF composites.
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To conclude, we have shown the great potential of IL/MOF composite materials
for CO> separation applications. The computational approach that we proposed in
Chapter 4 can be expanded to other families of MOFs and ILs for high-throughput
screening of IL/MOF composites to identify the promising materials which might offer
extraordinarily high selectivities. Water is an important component of the most gas
mixtures in the industry, therefore, it would be beneficial to include it in the simulations
as a ternary component to mimic the industrial conditions in future studies. DFT
calculations considering the adsorbed gas molecules in IL/MOF composites can also
provide useful information about the change in the electronic environment of the
structure that causes the increase in selectivity. Furthermore, molecular simulations can
be performed to predict separation performance of systems that include IL/MOF

composites in a mixed matrix membrane.
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Appendix

APPENDIX A: Supplementary for Computational Details*

Table A.1. Force field parameters used to represent IL/MOF composites.

UFF Dreiding

e ) oA X oA

52.873 3.431 47.888 3.473
30.213 3.118 48.190 3.033
34.745 3.261 38.975 3.263
22.156 2571 5.036 2.846
137.974 3.595 173.223 3.590
153.585 3.695 161.138 3.697
90.640 3.638 47.838 3.581
25.178 2.997 36.508 3.093
226.097 3.938 276.956 3.875
2518 3.114 - -
251.778 2.801 - -
27.6956 4.045 - -
27.6956 4.045 - -
34.7453 2.783 - -

M W YW o I Z2 O O

N N 1m 2 O W
= S5 O o < T

¥ The results given in this chapter were published in Chemical Engineering Journal with following
reference: Polat, H. M.; Zeeshan, M.; Uzun, A.; Keskin, S, Unlocking CO; separation performance of
ionic liquid/CuBTC composites: Combining experiments with molecular simulations. Chemical
Engineering Journal, 2019, 373, 1179-1189. This chapter is the reformatted version of the mentioned
research paper.
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Table A.2. Parameters used to represent gases in molecular simulations.

e(K) o(d) q(e)
CHs 1585 372 00

Cco, 270 280 0.70
Oco, 79.0 3.05 -0.35

, 364 332 -040
Ncom 0.0 00 038

Table A.3. The largest cavity diameters (LCDs) and pore limiting diameters (PLDs) of
pristine CuBTC and IL/CuBTC composites.

LCD (A) PLD (A)

CuBTC 13.19 6.67
[BMIM][BF4]/CuBTC 7.05 3.53
[BMIM][CFsSO3/CUBTC  7.47 3.77

[BMIM][MeSO4J/CuBTC  7.18 2.99
[BMIM][MeSO3]/CuBTC ~ 5.74 2.87
[BMIM][SbFs]/CuBTC ~ 9.29 4.72
[BMIM][PFs)/CuBTC 7.65 3.77
[BMIM][OcSO4]/CuBTC ~ 6.83 3.11
[BMIM][DCAJ/CUBTC  6.61 3.08
[BMIM][DBP]/CuBTC  5.94 3.22
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Table A.4. Number of IL molecules per unit cell and calculated IL loading for

IL/CuBTC composites used in molecular simulations.

Composite Number of IL molecules/unit cell* IL loading (wt.%)
[BMIM][BF4]/CuBTC 18(18.35) 29.6
[BMIM][CF3SOs)/CuBTC 14(14.39) 29.4
[BMIM][MeSO4]/CuBTC 17(16.57) 305
[BMIM][MeSOs]/CuBTC 18(17.70) 30.4
[BMIM][SbFe]/CuBTC 11(11.06) 29.9
[BMIM][PFe]/CuBTC 15(14.60) 30.6
[BMIM][OcSO4]/CuBTC 12(11.90) 30.2
[BMIM][DCA]/CuBTC 20(20.20) 29.8
[BMIM][DBP]/CuBTC 12(11.90) 30.2

* Numbers inside parentheses are the number of IL molecules per unit cell for exactly 30 wt.% loading.

Table A.5. ZPVE-corrected binding energies of all conformers.

IL Binding Energy (kJ/mol)

-339.075

-339.013

[BMIM][BF4] -337.071
-338.953

-338.926

-330.628

-330.539

[BMIM][CF3S03] -297.528
-328.190

-328.181
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[BMIM][MeSO4]

-7194.044
-7194.032
-761.811
-791.143
-793.856

[BMIM][MeSOs]

-775.614
-771.381
-737.618
-742.158
-771.609

[BMIM][SbFs]

-381.709
-380.600
-377.457
-380.710
-376.052

[BMIM][PFe]

-315.954
-313.071
-309.768
-313.370
-311.931

[BMIM][OcSO4]

-347.611
-346.726
-346.894
-312.270
-305.303

[BMIM][DCA]

-322.604
-295.604
-320.195
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Table A.6. Atomic positions and point charges (NBO) of [BMIM][BF4] optimized at

-283.151
-317.758

[BMIM][DBP]

-377.182
-376.483
-336.627
-330.703
-339.109

B3LYP/6-311+G(2d,p).

Atom

X

Y

Z

Charge (e)

I T T T T T O O O 2 020000

-1.256759
-2.179779
-3.546093
-4.485704
0.094182
1.159321
2.176428
1.745166
0.440065
3.499479
-1.128295
-1.645639
-1.697344
-2.308860
-4.011125
-3.402151

-1.263004
-0.826398
-0.381941
0.067262
-1.604580
-0.815294
-1.354533
-2.532832
-2.687191
-0.741004
-0.447895
-2.135099
-0.005551
-1.651831
-1.198956
0.442377

0.971089
-0.164947
0.363254
-0.756336
0.485143
0.608477
-0.062274
-0.638888
-0.298953
-0.204136
1.681375
1.501200
-0.700214
-0.874610
0.927672
1.068618

-0.162120
-0.403650
-0.383310
-0.567630
-0.357670
0.328510
-0.357390
-0.025450
-0.022330
-0.361220
0.238790
0.197990
0.246160
0.184410
0.182100
0.203810
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Table A.7. Atomic positions and point charges (NBO) of [BMIM][CF3sSOz3] optimized

mM M M W M T I I I I I I I T

-5.448932
-4.057639
-4.675024
1.173888
2.392931
-0.261915
4.209487
3.828308
3.404590
1.989420
0.612690
0.339337
0.295752
-0.133862

0.389512
0.904745
-0.742997
0.132036
-3.148453
-3.461718
-1.223533
-0.855109
0.318517
2.015548
2.198233
3.501875
1.315632
1.776832

-0.355350
-1.311720
-1.466137
1.122207
-1.237316
-0.551149
0.467372
-1.235343
0.025046
0.269668
-0.048504
-0.370686
-1.109217
1.092837

0.201870
0.205400
0.189420
0.283490
0.230030
0.231090
0.203030
0.211260
0.264470
-0.587770
1.337230
-0.541750
-0.580410
-0.588340

at B3LYP/6-311+G(2d,p).

Atom X Y Z Charge (e)
C -2.472633 0.478374 0.924069 -0.166410
C -2.358545 1.547497 -0.159728 -0.393730
C -2.541913 2.953221 0.418039 -0.385300
C -2.421635 4.043834 -0.646727 -0.567730
N -2.249659 -0.881067 0.392894 -0.358450
C -1.099717 -1.548061 0.488290 0.307760

N -1.216338 -2.698654 -0.175924 -0.357450
C -2.485976 -2.771701 -0.714070 -0.028590
C -3.131896 -1.630624 -0.359839 -0.022840
C -0.141616 -3.687027 -0.309550 -0.362510
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Table A.8. Atomic positions and point charges (NBO) of [BMIM][MeSOz] optimized

m MmO OO0 »w O mMmITIT T IT T T T T T T T I T I T

-1.713114
-3.457217
-1.370834
-3.103675
-3.519352
-1.788251
-2.551905
-1.439400
-3.177422
-0.197885
-2.816914
-4.130289
-0.389423
-0.020409
0.775863
1.176699
2.236228
1.998735
1.866971
3.176950
0.719898
3.333221
2.332091

0.638634
0.483276
1.465829
1.366326
3.025624
3.116484
5.035408
4.017728
3.923270
-1.201056
-3.615116
-1.295049
-4.580907
-3.941010
-3.237334
0.120468
0.553155
0.118478
-1.349634
0.639306
0.778133
-0.020651
1.876386

1.687204
1.395951
-0.619566
-0.942933
0.909193
1.194063
-0.208672
-1.124166
-1.428024
0.974892
-1.293861
-0.577482
0.262151
-1.361402
0.066005
-1.623455
-0.892903
0.914893
0.866265
1.570592
1.227098
-1.400653
-1.074511

0.247170
0.199280
0.226080
0.186360
0.183740
0.207950
0.203940
0.203720
0.189520
0.293440
0.230990
0.231430
0.205930
0.209670
0.265040
-0.381870
0.831540
2.315770
-1.032630
-0.942760
-1.031130
-0.353150
-0.354790

at B3LYP/6-311+G(2d,p).

Atom

X

Y

Z

Charge (e)

C

1.612091

1.139676

0.976137

-0.165050
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O o »wonh IITITITI I ITIT I I T T T T T T O OOZ2Z020200

2.408014
3.621682
4.422006
0.404625
-0.828741
-1.663668
-0.939478
0.358175
-3.095149
1.260288
2.204760
1.746859
2.737630
4.273533
3.275881
5.275359
3.797711
4.807003
-1.068501
-1.400808
1.237506
-3.662151
-3.409476
-3.232300
-1.538428
-1.066483
-0.692635
0.063727

0.512099
-0.260673
-0.915097
1.836896
1.339695
2.146072
3.197423
3.001522
1.883510
0.364429
1.862719
-0.168049
1.292873
0.408173
-1.032869
-1.471138
-1.611580
-0.167895
0.389898
3.980053
3.580406
2.347716
2.297432
0.801807
-3.632372
-1.900858
-1.483758
-1.842861

-0.166406
0.355647
-0.771210
0.491078
0.583472
-0.073270
-0.598835
-0.248799
-0.246586
1.656370
1.541188
-0.710705
-0.861756
0.930792
1.049912
-0.376738
-1.335079
-1.471063
1.058880
-1.174545
-0.467854
0.560329
-1.202514
-0.254775
0.081790
-0.043315
1.337009
-0.981721

-0.411090
-0.381590
-0.568260
-0.359850
0.305890
-0.360530
-0.026740
-0.027290
-0.364850
0.241480
0.196060
0.255140
0.182040
0.180250
0.202220
0.199120
0.208410
0.188180
0.293500
0.227980
0.229510
0.201540
0.205530
0.273560
-0.804250
2.357130
-1.055730
-1.023480
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Table A.9. Atomic positions and point charges (NBO) of [BMIM][MeSO4] optimized

I T I O

-2.272044
-2.370762
-1.830581
-0.678332

-1.180751
-3.710816
-3.973055
-4.192875

-0.514890
0.778288
-0.909715
0.442916

-1.053550
0.217090
0.219420
0.218200

at B3LYP/6-311+G(2d,p).

Atom X Y Z Charge (e)
C -2.155232 0.679851 0.911966 -0.165870
C -1.935643 1.697346 -0.205999 -0.407780
C -1.976054 3.131768 0.327317 -0.382280
C -1.749437 4.166271 -0.775664 -0.568790
N -2.063099 -0.710741 0.422869 -0.359850
C -0.992259 -1.488514 0.580787 0.310170
N -1.183267 -2.621274 -0.096234 -0.358140
C -2.421635 -2.568035 -0.704351 -0.026850
C -2.971451 -1.368603 -0.382607 -0.026640
C -0.185028 -3.687165 -0.214076 -0.361870
H -1.381863 0.786889 1.671454  0.242910
H -3.133428 0.796010 1.383580 0.197110
H -0.961266 1.508936 -0.665352 0.248030
H -2.701188 1.568267 -0.980085 0.183220
H -2.937712 3.320610 0.819710 0.180270
H -1.203478 3.244546 1.093958  0.204870
H -1.767887 5.181140 -0.372629 0.200020
H -0.780905 4.012599 -1.256247 0.210530
H -2.522257 4.100366 -1.546950 0.187550
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Table A.10. Atomic positions and point charges (NBO) of [BMIM][SbFs] optimized at

I T T OO OO O W IT IT T T IT T

-0.096168
-2.797939
-3.914627
-0.296983
0.799793
-0.327785
1.861116
1.161352
1.517753
3.416468
4.360312
1.817558
4.381615
4.115022
5.327257

-1.186525
-3.373018
-0.933287
-4.161459
-3.226084
-4.425691
0.174995
0.284191
1.210778
0.437980
0.443663
-1.192145
-0.528482
1.226296
0.647156

1.113896
-1.310251
-0.660613
-1.186869
-0.147628
0.574704
0.117938
1.408322
-0.852054
0.562038
-0.516124
-0.433764
-1.013430
-1.236187
-0.058345

0.293560
0.228840
0.230490
0.207280
0.267440
0.203260
2.556860
-1.027380
-0.997190
-0.756220
-0.210500
-1.040450
0.176860
0.182740
0.177800

B3LYP/DGDZVP.

Atom X Y Z Charge (e)

-1.580213 -1.516359 0.640703  0.363490
C -2.981985 -2.580636 -0.696363 -0.006600
C -3.533758 -1.371943 -0.379573 -0.007760
N -2.643951 -0.724601 0.461151 -0.383510
H -0.703454 -1.266538 1.220153  0.259340
H -3.348294 -3.380762 -1.322453 0.227710
H -4.468913 -0.925317 -0.682693 0.228990
H -1.987773 0.791295 1.715806  0.239330
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-2.756891
-2.556364
-3.738566
-2.523831
-3.362637
-1.616775
-2.309569
-1.714457
-3.459247
-2.285777
-1.360706
-3.113505
-1.760211
-0.783590
-1.146258
-0.643481
0.165595
0.208908
0.375550
1.477916
3.144919
1.778004
2.964009
1.729938

0.667378
1.691866
0.769287
3.125628
1.594807
1.467581
4.168469
3.205630
3.341855
5.180352
3.998977
4.133812
-2.650666
-3.744644
-4.616231
-3.997953
-3.399072
-0.264469
0.703385
-1.662350
0.500970
1.957873
-0.531426
0.152054

0.952607
-0.170284
1.425879
0.378634
-0.909978
-0.683675
-0.725823
1.114031
0.913296
-0.308281
-1.245339
-1.470648
-0.047755
-0.146322
0.403691
-1.198638
0.262390
-1.201549
1.305439
0.717600
1.247523
-0.725651
-1.348644
-0.023554

-0.167960
-0.403210
0.208520
-0.381700
0.191040
0.233890
-0.592350
0.210210
0.188780
0.209200
0.211340
0.192510
-0.380950
-0.363630
0.211100
0.221490
0.254040
-0.704680
-0.713010
-0.711970
-0.671240
-0.676840
-0.673490
3.187920
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Table A.11. Atomic positions and point charges (NBO) of [BMIM][PFe] optimized at

B3LYP/6-311+G(2d,p).

Atom

X

Y

Z

Charge (e)

I r r r r r r r I I I I I T IT OOOZ2O02ZH20O0W2020O0

2.354842
2.453627
2.878207
2.982897
1.863263
0.616976
0.478705
1.681543
2.547198
-0.772322
1.646745
3.320519
1.479606
3.172151
3.840385
2.148871
3.277592
2.024215
3.725085
-0.168111
1.814742
3.575720
-0.726463
-0.923119
-1.588164

-0.055872
-1.087417
-2.457976
-3.506686
1.248320
1.691742
2.831582
3.128015
2.134764
3.584119
-0.389920
0.117459
-1.162813
-0.745085
-2.372495
-2.789311
-4.476853
-3.633736
-3.219621
1.180216
4.004799
1.984452
4.486424
3.848104
2.942111

0.956055
-0.166271
0.367721
-0.740134
0.470208
0.622020
-0.053842
-0.664324
-0.338587
-0.175469
1.712239
1.435575
-0.654140
-0.919699
0.886610
1.113191
-0.335013
-1.247748
-1.490296
1.153101
-1.272846
-0.614099
0.433859
-1.220558
0.147808

-0.161120
-0.401360
-0.384770
-0.570000
-0.362060
0.328040
-0.360460
-0.024710
-0.021590
-0.359590
0.235110
0.200910
0.240250
0.187260
0.183240
0.205270
0.203580
0.208690
0.189920
0.285040
0.232640
0.233290
0.206110
0.214710
0.259110
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Table A.12. Atomic positions and point charges (NBO) of [BMIM][OcSQO4] optimized

L i e i A R N N U B |

-2.234039
-1.933055
-1.551369
-0.738549
-3.061577
-2.998508
-0.802128

0.782857
-0.735454
-2.187779
-0.890014
-0.508661
-1.364201
-0.041687

0.586901
-0.029249
-0.614583
1.121870
-1.152441
0.995503
-1.022793

-0.613570
2.603770
-0.581350
-0.613750
-0.578670
-0.576500
-0.607440

at B3LYP/6-311+G(2d,p).

Atom X Y Z Charge ()
-3.473537 0.063626 -1.329352 0.299090
C -5.564133 -0.345356 -1.937130 -0.028100
C -5.453644 0.991420 -1.686831 -0.025840
N -4.142990 1.226457 -1.311294 -0.372980
H -2.425017 -0.069931 -1.034054 0.300320
H -6.410117 -0.940503 -2.244310 0.230650
H -6.185537 1.782692 -1.734482 0.229980
H -2.819954 2.803163 -1.677207 0.215890
C -3.565461 2.535649 -0.921732 -0.154680
C -2.944440 2.532058 0.479439 -0.417220
H -4.388447 3.253832 -0.990139 0.199540
C -3.929694 2.221849 1.614374 -0.387180
H -2.515105 3.533530 0.625302  0.206270
H -2.102725 1.829404 0.502964  0.249800
C -3.248775 2.238454 2.988964 -0.579320
H -4.378190 1.231744 1.454458  0.195400
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-4.756395
-3.970902
-2.455084
-2.803978
-4.320549
-3.963442
-3.177112
-4.847630
-3.627584
1.509941
2.346765
1.950782
1.431294
3.784108
1.863029
2.356532
3.763726
4.253279
-2.238737
-0.834566
-0.808148
0.181820
4.658597
4.680153
4.190879
6.096682
6.563635
6.074283

2.949525
2.023036
1.484676
3.220306
-0.903751
-2.325332
-2.534816
-2.922537
-2.537112
-1.983939
-1.224059
-2.965273
-1.433295
-0.994783
-0.264968
-1.795743
-0.427691
-1.962866
-1.955644
-0.608359
-0.131479
-2.294315
-0.247918
-0.814253
0.719854
-0.012020
-0.980503
0.553667

1.594192
3.785203
3.038270
3.197796
-1.705503
-1.825472
-1.094874
-1.594830
-2.844350
1.203639
0.176206
1.413381
2.147586
0.665001
-0.042734
-0.762405
1.608008
0.900613
0.715470
2.305762
-0.135765
0.726974
-0.352107
-1.295741
-0.588062
0.129755
0.366336
1.073803

0.178620
0.198710
0.232850
0.187580
-0.354190
-0.368360
0.279100
0.205030
0.204090
-0.026440
-0.410760
0.174850
0.195620
-0.377990
0.214050
0.191560
0.189980
0.184630
-1.016530
-0.974810
-1.036010
-0.759860
-0.372620
0.186290
0.188520
-0.375480
0.186510
0.187470
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Table A.13. Atomic positions and point charges (NBO) of [BMIM][DCA] optimized at

O I T T O I T O I T O

6.971515

6.995151

6.505530

8.409790

8.876509

8.387138

9.275808
10.295621
9.346951

8.853906

-1.008955

0.735415
0.170249
1.704355
0.972643
0.005021
1.538147
1.720010
1.873154
1.162385
2.706923
-1.156441

-0.886118
-1.830734
-1.123160
-0.405259
-0.169116
0.537883
-1.426619
-1.052751
-2.369624
-1.657393
0.947355

-0.376950
0.186020
0.186300
-0.381050
0.186480
0.186700
-0.569540
0.197460
0.191280
0.191280
2.527980

B3LYP/6-311+G(2d,p).

Atom X Y Z Charge (e)
C 1.258575 -0.708176 -0.853109 -0.186320
C 2.275490 -0.792610 0.289041 -0.385430
C 3.599466 -0.118429 -0.099762 -0.397480
C 4.629324 -0.154680 1.035107 -0.568110
N -0.034981 -1.343336 -0.502965 -0.354750
C -1.152847 -0.698850 -0.143969 0.305290

N -2.102776 -1.601436 0.137727 -0.354910
C -1.574678 -2.866084 -0.046293 -0.026730
C -0.279607 -2.703768 -0.444818 -0.020430
C -3.474982 -1.278547 0562192 -0.374410
H 1.058310 0.339864 -1.095079 0.270430

H 1.621968 -1.214351 -1.753529 0.201530
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Table A.14. Atomic positions and point charges (NBO) of [BMIM][DBP] optimized at

Z O 2Z2 O 2 T r r r T T T T T T T I T

1.855357
2.451546
4.015824
3.391609
5.565206
4.258462
4.865296
-1.303490
-2.159901
0.479129
-4.179410
-3.657740
-3.569375
-1.064813
-2.027112
-2.911321
0.093545
1.145915

-0.290262
-1.842933
-0.616504
0.920136
0.326636
0.376089
-1.184713
0.371929
-3.758298
-3.429514
-1.684429
-1.722527
-0.189849
3.520542
2.672486
1.922547
3.002110
2.569969

1.170180
0.565548
-0.988070
-0.382694
0.729359
1.920580
1.334073
-0.081166
0.115323
-0.693606
-0.168211
1.543920
0.615529
-0.009504
0.242678
0.473358
-0.353105
-0.664319

0.208900
0.185550
0.183610
0.233130
0.205680
0.199070
0.187570
0.278130
0.232880
0.233860
0.206830
0.207000
0.282080
-0.699470
0.494520
-0.632560
0.476110
-0.591560

B3LYP/6-311+G(2d,p).

Atom X Y Z Charge (e)
C -2.571748 -1.240041 0.253250 0.297700
-4.291304 -2.634682 0.196530 -0.070330
C -4.521619 -1.639251 -0.709584 -0.060480
N -3.436139 -0.779590 -0.658776 -0.360380
H -1.593315 -0.832912 0.511118 0.313460
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-4.879784
-5.348809
-2.121420
-3.208507
-3.819797
-3.625713
-5.350729
-3.481156
-3.366961
-5.884208
-5.696202
-5.785491
-6.978380
-5.488388
-5.593783
-3.067409
-2.361852
-2.924183
-2.261921
-1.373277
2.836330
3.514643
3.161339
3.336854
4.966138
1.714226
3.320112
3.829964

-3.499188
-1.476731
0.558325
0.446277
1.702833
0.250754
1.725561
2.545364
1.854926
3.054553
0.907165
1.542079
3.047367
3.254197
3.893994
-2.363974
-3.154071
-3.131947
-4.184885
-2.706000
4.352608
3.998389
2.548910
4.647606
4.164176
2.403782
1.898022
2.190908

0.463103
-1.382726
-1.529412
-1.461307
-0.832713
-2.454882
-0.731401
-1.451174
0.155634
-0.181871
-0.084193
-1.726011
-0.114536
0.821640
-0.825748
0.785119
1.802927
2.740349
1.453636
1.938788
-0.584615
0.205341
0.567048
1.075853
-0.261600
1.037398
-0.302364
1.362961

0.259430
0.261460
0.324320
-0.273260
-0.482370
0.239440
-0.479370
0.256900
0.255800
-0.686780
0.229380
0.228550
0.240170
0.237190
0.235810
-0.363470
-0.485480
0.245170
0.245360
0.310250
0.233110
-0.474700
-0.495520
0.228470
-0.683570
-0.110230
0.245420
0.232350
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5.190146
5.671297
5.166114
1.538368
1.014294
1.410879
0.707387
-0.228253
0.152337
1.970741
2.957712
3.891918
2.458073
3.518507
4.996494
4.340719
3.296500
5.580655
4.540014
5.940317
6.718868
5.392304
6.439922

5.208354
3.849994
3.555506
3.036673
2.705916
1.064351
-0.006314
0.705439
-1.128501
-0.561048
-1.397747
-1.928903
-2.220227
-0.812216
-2.832376
-1.078433
-2.482005
-2.273813
-3.675506
-3.372911
-4.014203
-3.966467
-2.554484

-0.513083
0.518880
-1.152731
1.916691
0.249353
1.459181
0.428151
-0.524981
1.288835
-0.468663
0.150989
-0.930168
0.678442
0.893708
-0.364986
-1.462140
-1.669947
0.380951
0.174122
-1.446258
-1.014898
-2.189504
-1.980481

0.233920
0.229760
0.231960
0.212320
0.230070
-0.870720
2.584350
-1.193480
-1.192990
-0.869660
-0.111980
-0.484090
0.223050
0.209960
-0.475010
0.236790
0.236800
0.232190
0.231010
-0.683810
0.234820
0.229890
0.231040
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APPENDIX B: Supplementary Information for Chapter 4%

Table B.1. Dual-site Langmuir* fit parameters for [BMIM][DCA]/CuBTC and
[BMIM][DBP]/CuBTC.

[BMIM][DCA]/CuBTC [BMIM][DBP]/CuBTC

CO;  CHq N, CO;  CHq N,
qi(cm®g)  40.3959 145218 458415 50.4451 142506 10.7770
ki(1/bar)  2.49303 1.19885 0.05632 0.07153 0.02644 0.20329
qe(cm®g)  147.202 93.6937 0.52610 64.9687 13.6346 4137.12
ko(l/bar)  0.03454 0.08022 2.63945 0.69015 0.65831 0.000217

*Dual-site Langmuir isotherm:

X P k, X P

1
P)=qy X ————— X —
n(P) = a, 1+k1><P+q2 14k, XP

where P is the pressure, q: and gz is the saturation capacity of adsorption sites 1 and 2

and kg and k> are the affinity constants.

§ The results given in this chapter were published in Chemical Engineering Journal with following
reference: Polat, H. M.; Zeeshan, M.; Uzun, A.; Keskin, S, Unlocking CO; separation performance of
ionic liquid/CuBTC composites: Combining experiments with molecular simulations. Chemical
Engineering Journal, 2019, 373, 1179-1189. This chapter is the reformatted version of the mentioned

research paper.
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Figure B.1. SEM images of (ab) pristine CuBTC [BMIM][DCA]/CuBTC, (c,d)
[BMIM][DCA]/CuBTC and (e,f) [BMIM][DBP]/CuBTC at different magnifications.
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Figure B.7. Experimental adsorption isotherms and dual-site Langmuir fits of
[BMIM][DCA]/CuBTC and [BMIM][DBP]/CuBTC. Lines represent the corresponding

dual-site Langmuir fit.
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APPENDIX C: Supplementary Information for Chapter 5

Table C.1. Freundlich* fit parameters for N2 adsorption isotherms of UiO-66 and
[BMIM][BF4]/UiO-66.

UiO-66 [BMIM][BF4]/UiO-66

q (cm3/g) 66.2182 45.9076
k (1/bar) 1.61113 1.84788
N 1.35242 1.39723
R? 0.999 0.999

*Freundlich isotherm:

(k xP)*

n(P) =4 X T e x pyn

where P is the pressure, q is the saturation capacity, k is the affinity constant and n is

the Freundlich constant.



Appendix

109

Table C.2. Dual-site Langmuir fit parameters for N2 adsorption isotherms of UiO-66
and [BMIM][BF4]/UiO-66.

Table C.3. Notes about the structures of MOFs that show APS increase higher than 10-

UiO-66 [BMIM][BF4]/UiO-66

gz (cm®g)
ke (1/bar)
gz (cm*/g)
ka2 (1/bar)
RZ

1.6100 1.4470
18.3336 15.6860
869.241 236.899
0.00386 0.01114

0.999 0.999

times upon IL-incorporation.

Increase in
Refcode ! Notes about structures
APS (times)
ALICEE 194.007 No problems in the structure.
No problems in the structure. Na* ion is kept, which
FAGZES 115.135 )
it should.
No problems in the structure. Na* ion is kept, which
FAGZAO 102.694 )
it should.
ALICII 92.018 No problems in the structure.
MITGAX 80.553 No problems in the structure.
OHOFIA 79.052 No problems in the structure.
Same structure with OHOFIA, but without the guest
OHOFOG 69.547
water molecules.
HAHPIQ 48.009 Cationic framework. NO3™ ions are in the structure.
AlaZznOAc. Framework is cationic. CI" ions are
BEPNIV 39.273

missing in CCDC therefore in our set.
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LARVIL

MUSMET

XEWDUA

GAVBIP

SERKAC

KIGCEK
HOZBUV
QOSXAY

ILUCIC
ILUCOI

BEPPOD

JOYKUF
CANYUN

ILUCUO

BEPNOB

ISOHEE
FAKLUA

IBICUT

34.589

29.598

29.534

27.856

27.311

25.643
23911
22.594
22.199
22.089

21.973

21.623

20.951

20.928

20.367

20.365

20.216

18.335

No problems in the structure.

Compound 5 in the paper. No problems in the
structure

Compound 2 in the paper. No problems in the
structure

Same structure with reported. But composed of
mononuclear units, not connected together.
Compound 3 in the paper. No problems in the
structure

ThrZnOAc. No problems in the structure

Complex8. No problems in the structure.

Hydrogen atoms are missing.

MOF8. No problems in the structure.

No problems in the structure. Er complex.

Compound ValZnFor, similar structure with
BEPNIV. CI" ions are missing in CCDC therefore in
our set.

Structure has chemisorped COs..

Compound 1. Desolvation of the compound leads to
some disorder, not complete collapse.

No problems in the structure. Sm complex
Compound  AlaZnFor, similar structure with
BEPNIV. CI ions are missing in CCDC therefore in
our set.

Structure collapses without water molecules.

Anionic framework, but it seems to be fine with Zn*
ions in the middle of the pores

Compound MOF1°. No problems in the structure.



Appendix

111

XUMMUP

BEPLUF

VACFUB

BEPPIX

ILUDAV
DETHEQ
BIDQOU

HAWMAT

ZASIJIAG
SERKEG

BEPMEQ

BEPMAM

VACFUBO1

BEPNUH

SEGBOX
REZXIE

18.045

17.628

17.585

15.646

15.577

14.852

13.743

13.705

13.663
13.293

12.765

12.760

12.604

12.560

12.369
12.277

Complex 3. CI is present in a water complex but
waters are erased, Cls are not.

Compound  AlaZnFor, similar structure with
BEPNIV. CI" ions are missing in CCDC therefore in
our set.

Hydrogen atoms are missing.

Compound ValZnOAc, similar structure with
BEPNIV. CI" ions are missing in CCDC therefore in
our set.

No problems in the structure. Tb complex

NO3" ions were deleted. They were a part of the
structure.

Hydrogen atoms are missing.

Structure is composed of units that are not connected
to each other.

No problems in the structure.

Same structure with SERKAC, but with Y atoms.
Compound AlaznCl, similar structure with BEPNIV.
No problems in the structure.

Compound  AlaZnFor, similar structure with
BEPNIV. CI" ions are missing in CCDC therefore in
our set.

Same structure with VACFUB but hydrogens were
added. No problems.

Compound AlaznBr, similar structure with BEPNIV.
No problems in the structure.

No problems in the structure.

Not the structure from the article.



Appendix

112

BEPMIU

REZXIEO1
AJAGOI
CETHEQ

GEXFOG

TEJLIF
IBICED
XESKOX

CADZOY
QALGUH

IBIDAA

11.732

11.508
11.376
11.099

10.826

10.518
10.442
10.429

10.395

10.383

10.347

Compound AlaznCl, similar structure with BEPNIV.
No problems in the structure.

Not the structure from the article.

Compound 4. No problems

Compound 1. No problems

Complex 6. Composed of 1D units held together by
pi interactions. CIO4™ anions are in the structure

No problems in the structure.

Structure MOF2. No problems in the structure.
Hydrogen atoms are missing.

Composed of 1D wunits held together by pi
interactions. Hydrogen atoms are missing.
Mil-53(Cr). No problems in the structure.

Same with IBICED but without water molecules.

Structure MOF2. No problems in the structure.




