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Modeling of Adsorption of Molecules in Pristine and Defective UiO-66

Priyanka Bholanath Shukla, M.S.

University of Pittsburgh, 2021

Metal-organic frameworks are nanoporous materials that are used for various applications

such as gas adsorption, storage, and separations. Our work focuses mainly on the UiO family

of Zr-based MOFs, which may be used to capture and destroy chemical warfare agents

(CWA) and their simulants. We have studied the adsorption of molecules such as nitrogen,

isopropanol, and acetone in UiO-66 with different framework and molecule potentials in

order to understand the basic interactions and adsorption mechanism.

The fully coordinated dense structure of UiO-66 has very small pore windows that limit

access of larger molecules and thus decreases the adsorption capacity for CWAs. Thus, we

have created missing linker defects in Pristine UiO-66 in order to increase accessibility to

the pores. Defects may be created experimentally by adding modulators such as acetic acid,

formic acid, hydrochloric acid, and other solvents while synthesizing the UiO-66 material

where they compete with the organic linkers to form bonds with the Zr6 metal clusters.

We have studied the adsorption of molecules in defective UiO-66 with different capping

groups such as hydroxide, formate, and acetate and increasing the level of defects. We have

studied 4%, 8%, 17%, and 33% missing linker defects. We observe that the saturation uptake

increases with the increase in the defect level.

The modeling was done by holding the framework structure rigid in-order to increase the

computational efficiency. However, the intrinsic framework flexibility may have a significant

impact on the adsorption. To further explore this phenomenon, we have studied the impact

of intrinsic framework flexibility on the adsorption of acetone and nitrogen in pristine UiO-

66. The modeling was done by performing GCMC simulations on structures generated from

NVT-MD snapshots of the empty and finite loaded UiO-66 framework. The results show

that introducing framework flexibility increases the adsorption of acetone for both the empty

framework and finite loading acetone framework but does not accommodate more nitrogen

molecules. This suggests that accurate isotherms require NVT-MD simulations with finite
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loading of the desired molecule in the framework, followed by modeling of the adsorption

isotherm.

v



Table of Contents

1.0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.0 Adsorption of Nitrogen in Pristine and Defective UiO-66 . . . . . . . . 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Calculation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Result and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Impact of Framework and Fluid Potentials on the Adsorption of Nitro-

gen in Pristine UiO-66 . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 Adsorption of Nitrogen in Defective UiO-66 for Different Capping Groups 14

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.0 Adsorption of Isopropanol in Pristine and Defective UiO-66 . . . . . . . 22

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Calculation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Result and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3.1 Impact of Different Fluid and Framework Potentials on the Adsorption

of Isopropanol in Pristine UiO-66 . . . . . . . . . . . . . . . . . . . . 23

3.3.2 Adsorption of Isopropanol in Defective UiO-66 for Different Capping

Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.0 Adsorption of Acetone in Pristine and Defective-UiO66 . . . . . . . . . 34

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2 Calculation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Result and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.3.1 Adsorption of Acetone in Pristine UiO-66 at 298 K . . . . . . . . . . . 35

4.3.2 Adsorption of Acetone in Defective UiO-66 for Different Capping Groups 35

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

vi



5.0 Impact of Intrinsic Framework Flexibility on the Adsorption of Molecules

in UiO-66 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2 Calculation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2.1 NVT-MD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2.2 GCMC Simulation for Modeling the Adsorption of Molecules in Intrin-

sic Flexible UiO-66 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3 Result and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.3.1 Impact of Intrinsic Framework Flexibility on the Adsorption of Nitro-

gen in Empty and Finite Adsorbent Loaded UiO-66 Framework . . . . 45

5.3.2 Impact of Intrinsic Framework Flexibility on the Adsorption of Acetone

in Empty and Finite Adsorbent Loaded UiO-66 Framework . . . . . . 45

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

vii



List of Tables

1 Modified UFF Lennard Jones parameters for UiO-66 framework atoms to account

for hydrogen bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 DREIDING Lennard Jones parameters for UiO-66 framework atoms . . . . . . 6

3 Bonded and Non-bonded parameters for TraPPE-UA isopropanol, nitrogen and

acetone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4 N2-PHAST Potential parameters with sites: N2A, N2C and N2F . . . . . . . . 14

viii



List of Figures

1 3x3x3 super cell of UiO-66 MOF. Each unit cell consists of two tetrahedral and

one octahedral pore. The framework consists of zirconium metal cluster and

BDC organic linkers. Carbon, oxygen, hydrogen and zirconium atoms are shown

in gray, red, white and cyan respectively. . . . . . . . . . . . . . . . . . . . . . . 3

2 (a) Pristine UiO-66 framework in a primitive cell. (b) 1 missing linker per prim-

itive cell creating 17% defect level in UiO-66. The defective UiO-66 is capped

with two hydroxide groups for one missing linker. Studies have been done using

other capping groups also. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 (c) Pristine UiO-66 framework in a 2x1x1 super-cell. (d) 1 missing linker per

2x1x1 unit cell creating 8% defect level in UiO-66. The defective UiO-66 is

capped with two hydroxide groups for one missing linker. Studies have been

done using other capping groups also. . . . . . . . . . . . . . . . . . . . . . . . 8

4 (e) Pristine UiO-66 framework in a 2x2x1 super-cell. (f) 1 missing linker per

2x2x1 unit cell creating 4% defect level in UiO-66. The defective UiO-66 is

capped with two hydroxide groups for one missing linker. Studies have been

done using other capping groups also. . . . . . . . . . . . . . . . . . . . . . . . 9

5 (g) Pristine UiO-66 framework in a primitive cell. (h) 2 missing linkers per

primitive cell creating 33% defect level in UiO-66. The defective UiO-66 is capped

with four hydroxide groups for two missing linkers. Studies have been done using

other capping groups also. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6 Defective UiO-66 unit cell capped with modulators: (a) -OH groups (b) formate

groups (c) acetate groups. The capping groups are enclosed in a dashed circle.

Two capping groups are bonded with the Zr6 metal cluster for each missing linkers. 10

7 Nitrogen TraPPE force field schematic diagram. It is a three site model with two

LJ sites and a compensating charge at the COM of the N2 molecule. . . . . . . 12

ix



8 N2-PHAST five site schematic diagram with three different sites as follows:

White: N2F, Black: N2A and Blue: N2C. The COM of the model resides at

N2C. The Lennard Jones sites are N2C and N2A. The potential parameters are

in Table 4. The arrow represents the z-axis. . . . . . . . . . . . . . . . . . . . 13

9 Adsorption isotherm of nitrogen at 77 K via GCMC simulations for various

molecule (TraPPE (red up triangles) and N2-PHAST (blue circles) and frame-

work (UFF and DREIDING) potentials) . . . . . . . . . . . . . . . . . . . . . . 17

10 Adsorption isotherm of nitrogen at 77 K via GCMC simulations with several

level of missing linker defects in UiO-66 and added OH capping group . . . . . 18

11 Adsorption isotherm of nitrogen at 77 K via GCMC simulations with several

level of missing linker defects in UiO-66 and formate capping group . . . . . . . 19

12 Adsorption isotherm of nitrogen at 77 K via GCMC simulations for Pristine and

17% defective UiO-66 capped with OH, acetate and formate groups . . . . . . . 20

13 Adsorption isotherm of nitrogen at 77 K via GCMC simulations for pristine,4%

and 8% formate capped defect levels and its comparison with the Experiments . 21

14 Adsorption isotherm of isopropanol at 291 K via GCMC simulations for various

molecule (TraPPE, SKS and OPLS-AA) and framework (UFF and DREIDING)

potentials and NMR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 27

15 Adsorption isotherm for IPA at 291 K via GCMC simulations at 17% defect with

OH capped group and two IPA potentials - TraPPE and OPLS-AA . . . . . . . 28

16 Adsorption isotherm for IPA at 291 K via GCMC simulations with several level

of missing linker defects in UiO-66 and added OH capping group . . . . . . . . 29

17 Fraction of IPA molecules hydrogen bonded to µ3-OH and added OH groups in

several level of missing linker defects in UiO-66 . . . . . . . . . . . . . . . . . . 30

18 Adsorption isotherm of IPA at 291 K via GCMC simulations with several level

of missing linker defects in UiO-66 and formate capping group . . . . . . . . . . 31

19 Adsorption isotherm of IPA at 291 K via GCMC simulations for Pristine, 17%

defective UiO-66 capped with addedOH, formate and acetate groups . . . . . . 32

20 Adsorption isotherm for IPA at 291 K via GCMC simulations for Pristine, 8%

and 17% formate capped defective UiO-66 and NMR experimental results . . . 33

x



21 Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine UiO-66 38

22 Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine and

all defect levels capped with OH group . . . . . . . . . . . . . . . . . . . . . . . 39

23 Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine and

defect levels capped with formate group . . . . . . . . . . . . . . . . . . . . . . 40

24 Adsorption isotherm for acetone at 298 K via GCMC simulations for pristine,

experiments and 4% and 8% formate capped defective UiO-66 . . . . . . . . . . 41

25 Equilibration plot of nitrogen in 7 loading of acetone in UiO-66 MOF snapshots

at 101430 Pa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

26 Helium void fraction of 7 loading acetone in UiO-66 MOF snapshots . . . . . . 48

27 Adsorption isotherm of nitrogen at 77 K in DFT minimized structure, and

RASPA triclinic cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

28 Adsorption isotherm of nitrogen at 77 K in LAMMPS DFT minimized structure,

7 loading of acetone in UiO-66 and empty UiO-66 framework . . . . . . . . . . 50

29 Adsorption isotherm of acetone at 298 K in LAMMPS DFT minimized structure

and RASPA triclinic cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

30 Adsorption isotherm of acetone at 298 K in DFT minimized structure, 7 loading

of acetone UiO-66 and empty UiO-66 MD generated snapshots . . . . . . . . . 52

xi



1.0 Introduction

Metal Organic Frameworks (MOFs) are nanoporous materials composed of inorganic

nodes connected by organic linkers. The MOFs find many applications in fields[1, 2] such as

catalysis, gas adsorption[3, 4, 5, 6, 7], storage and separation[8, 9, 10, 11], drug delivery and

many more due to the porous structure and large surface area. The organic linkers can also

be tuned by orienting the size and functional group to provide the required practicality to

the framework [12]. The gas adsorption mechanism is driven by the interactions of organic

linker-guest molecule present in the MOFs. The modifications to the linker affects the MOF-

adsorbate interactions and enhances the selectivity for specific adsorbates. Of all the other

MOFs, Zr derived metal organic frameworks have become popular as compared to other

MOFs due to their high thermal and mechanical stability [13, 14, 15, 16, 17, 18, 19, 20, 21].

These materials are also stable in chemical solvents and show high resistance to shear stress

[22]. Thus, Zr-derived MOFs has gained application in several science fields.

Our work focuses mainly on the UiO family of Zr-based MOFs, which are used to capture

and destroy chemical warfare agents (CWAs) and their simulants [3, 23, 24, 25, 26, 27]. We

have performed modeling of adsorption of polar and non-polar molecules such as nitrogen,

isopropanol and acetone in UiO-66. UiO-66 belongs to UiO family and was found in the Uni-

versity of Oslo [13]. It consists of metal clusters of [Zr6O4(OH)4] and 1,4-benzodicarboxylic

acid (BDC) organic linkers. Each Zr6 metal cluster center consists of 4 µ3-OH and 4 µ3-O

groups and is connected to 12 BDC linkers, with each linker shared between the two Zr6

metal clusters as shown in Figure 1. Thus the zirconium atoms in the metal cluster are fully

coordinated. The strong bonding between Zr and carboxylate O atom is due to the high

charge density and bond polarization that makes the structure thermally,chemically and me-

chanically stable [28]. It is also stable in water, organic solvents and acids [29, 30, 31]. The

study of adsorption has widely been done in dehydroxylated UiO-66 which is achieved by

heating or keeping it under high temperature in vacuum [32, 33]. The dehydroxylation of

the framework eliminates the µ3-OH groups. In this work, we have studied the adsorption of

molecules in hydroxylated UiO-66 structure. However, the fully coordinated structure limits
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the access of the pores for adsorption and thus decreases the adsorption capacity of large

molecules [34]. Recent studies have shown that the synthesized UiO-66 material contains

some amount of missing linker defects, by thermogravimetric analysis (TGA)[32]. The UiO-

66 structure can bear the missing linker defect as compared to the other MOFs coordinated

by 4-,5- or 6- organic linkers where the pores collapse and forms the boundary type defect

instead the missing linker defect [35]. Some studies have reported that the UiO-66 pore

structure can be retained even after removing up to 4.3 linkers per Zr metal cluster [36].

Two types of defect may be present in the UiO-66 structure - missing linker and missing

zirconium metal cluster defects. These defects modify the framework properties such as

porosity, surface area, catalytic activities, and other physical and chemical properties. They

also change the adsorption chemistry [37, 38, 39, 40, 41] and enhance the performance in

fields such as separation, catalysis, sorption and many more[35]. Snurr et al. [42] in the

study of impact of missing linker defects on the adsorption of water in UiO-66 has reported

that the defect sites in the MOF makes the material more hydrophilic and shows higher

water adsorption.

Since each linker is shared between the two Zr metal nodes in UiO-66, removing a linker

causes two defect centers forming an unsaturated Zr sites. To create a missing linker defect,

modulators such as formic acid, hydrochloric acid, acetic acid, benzoic acid or any-other

acids are added besides the organic linkers. These modulators compete with the BDC link-

ers to form bonds with the Zr6 metal clusters. They form bonds with the Zr6 metal center

and remain attach to it producing the missing linker defects. This also implies that adding

larger amounts of modulators would lead to more missing linker defects in the framework.

The modulators control the density and chemical functionality of the frameworks. The cre-

ated defects in the framework increase the BET surface area proportionally by increasing

the porosity. These defects allow the adsorption of larger molecules which was inhibited in

Pristine UiO-66 due a pore size of 6 Å as reported by Jiao et al [43]. The paper reported

that the adsorption increased with an increase in the BET surface area (from 1179 to 1808

m2/g)for SO2 with pore size of 4.1 Å. For molecule size greater than 6 Å, the adsorption im-

proved due to the creation of supermicropores by the missing linker defects. This was shown

in one of the studies where the adsorption capacity of toluene increased by 1.8 times than

2



Figure 1: 3x3x3 super cell of UiO-66 MOF. Each unit cell consists of two tetrahedral and

one octahedral pore. The framework consists of zirconium metal cluster and BDC organic

linkers. Carbon, oxygen, hydrogen and zirconium atoms are shown in gray, red, white and

cyan respectively.

in Pristine UiO-66 [44]. Moreover, these missing linker/cluster defects allow mass transfer

diffusion especially of large pore size molecules. This was evident from the study of free

energy of uranyl ion diffusion by Yuan et al. [45], where the free energy was 31 kcal/mol in

Pristine UiO-66 and 17.4 kcal/mol in Defective UiO-66. The type of modulator determines

the linker vacancies in UiO-66. Modulators such as TFA and formate are dominant mod-

ulators than acetic acid due to the lower pKa (0.23) value than of acetic acid (4.76) and

generate highly defective UiO-66 structures. These defects are created due to competitive

binding of the BDC linkers (pKa = 4.82) and modulators with the metal cluster. Adding

TFA creates more deprotonated modulators than deprotonated BDC linkers that compete to

bind with the carboxylate sites of the metal cluster giving more defective UiO-66 structure

[46]. Whereas adding acetic acid doesn’t compete much with the BDC linkers and creates

less defective structures. In this study, we have emphasized on the adsorption of molecules

in defective UiO-66 with different capping groups such as hydroxide, formate, and acetate

and increasing the level of defects. We have studied the adsorption of molecules in 4%, 8%,

17% and 33% missing linker defects. These capping groups act as charge neutrality for the
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unsaturated metal sites created by the missing linker. Lastly, we have studied the impact

of intrinsic framework flexibility on the adsorption of acetone and nitrogen in Pristine UiO-

66. The modeling was done by performing GCMC simulations on structures generated from

canonical ensemble (NVT) molecular dynamics snapshots of the empty UiO-66 framework

and also with a loading of 7 acetone per unit cell of UiO-66. The results show that the finite

loading has a nontrivial impact on the adsorption ability of the framework.

1.1 Methods

The non-bonded interactions are defined by the Lennard Jones 12-6 potential which is

a pairwise-additive interaction as defined in equation (1-1). σij , εij and rij are Lennard-

Jones size, depth and the separation, respectively for all pair of atoms i and j, where i

is for framework atoms and j is for the guest molecule. The Lennard Jones parameters

are calculated with the Lorentz-Berthelot combining rules for the unlike pair of atoms as

described in equation (1-2)-(1-3)

.

U(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(1-1)

σij = (σii + σjj) /2 (1-2)

εij =
√
εiiεjj (1-3)

For TraPPE-United Atom (UA) model, the bond lengths are kept fixed for the molecules.

Nevertheless, the change in energy due to bond stretch and contract can be defined by

Harmonic bonding potential as described in equation (1-4)

U =
1

2
p0 (r − p1)2 (1-4)

The bond angle bending is measured by harmonic bending as described in equation (1-5)

where θijk, p1 and p0 are the measured angle, equilibrium bend angle and force constant,
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Table 1: Modified UFF Lennard Jones parameters for UiO-66 framework atoms to account

for hydrogen bonding

Atom ε/kb(K) σ(Å)

Zr 34.722 2.783

O 30.193 3.118

C 52.838 3.431

H 22.142 2.571

mu3O 93.00 3.020

mu3H 0.000 0.000

respectively.

Ubend =
1

2
p0 (θijk − p1) (1-5)

The intramolecular rotations are defined by Fourier expansion torsional potentials for atoms

separated by three bonds as shown in equation (1-6) where c0, c1, c2 and c3 are the Fourier

coefficients.

Utors = c0 + c1 [1 + cos (θ)] + c2 [1− cos (2θ)] + c3 [1 + cos (3θ)] (1-6)

We have used Universal Force field (UFF) and DREIDING to describe the Lennard Jones

parameters of the framework atoms as described in Table 1 and 2. The LJ parameters of µ3-

OH oxygen and hydrogen in UFF were changed to TraPPE isopropanol O and H parameters

to capture the hydrogen bonding phenomenon. The bonded and non-bonded parameters for

nitrogen, acetone and isopropanol are described in Table 3

We have created 4%, 8%, 17% and 33% missing linker defects in pristine UiO-66. All the

structures were generated and relaxed by Xin Wei, Graduate Student at the University of

Pittsburgh. The pristine primitive cell consists of one SBU unit (comprised of 6 Zr atoms, 4

µ3-OH and 4 µ3-O groups) and 6 BDC linkers. To create 4% missing linker defect, a super

cell of 2x2x1 (contained 4 SBUs and 24 linkers) was generated and a linker was removed as

5



Table 2: DREIDING Lennard Jones parameters for UiO-66 framework atoms

Atom ε/kb(K) σ(Å)

Zr 34.722 2.783

O 48.159 3.033

C 47.859 3.473

H 7.6497 2.846

shown in Figure 4. 8% defective UiO-66 was generated by developing a supercell of 2x1x1

(contained 2 SBUs and 12 linkers) from a formula unit cell and removing a linker (Figure

3). 17% defect level was generated by removing a linker from a formula unit (Figure 2).

Similarly, two linkers were removed from the primitive cell to create 33% defect in UiO-66

(Figure 5). The generated defective cell structures were then relaxed with density functional

theory and atomic charge densities were computed from DDEC6. When a linker is removed

it creates unsaturated Zr metal sites, opening four metal sites; two sites each on both the

metal clusters. To balance the charges created by removing the linkers, we add several charge

balancing groups such as hydroxyl, formate and acetate groups. These capping groups are

added on each side of the open metal cluster to saturate it. Studies have shown, that there

are two ways of adding OH groups on each side of the removed missing linker. The two

ways are adding OH groups either on trans or cis form, of which trans configuration gives

lowest energy structure, explained by the electrostatic and steric hinderance effects reported

by Bristow et al. [47]. There is only one way to add formate and acetate groups for the

removed linker as shown in Figure 6.

6



Table 3: Bonded and Non-bonded parameters for TraPPE-UA isopropanol, nitrogen and

acetone

bond-stretch r0 (Å)

CHx –CHy 1.540

CHx –OH 1.540

O–H 1.540

CHx –C 1.520

C––O 1.229

bend θ (degree) p0(K)

CHx –(CH)–CHy 112.0 62500

CHx –(CHy)–O 109.5 50400

CHx –C(––O)–CHy 117.2 62500

CHx –C––O 121.4 62500

CHx –(O)–H 108.5 55400

Torsion co(K) c1(K) c2(K) c3(K)

CHx –(CH)–(O)–H 215.96 197.33 31.46 -173.92

Atom ε/kb(K) σ(Å) q

N N2 36.0 3.310 -0.482

N com 0 0 +0.964

(CHx )2 –(CH)–OH 10 4.330 +0.265

CHx –(O)–H 93 3.020 -0.700

(CH3)–CHx 98 3.75 0

C(sp2) 40.0 3.820 +0.424

O(sp2) 79.0 3.050 -0.424

CH3(sp
3) 98.0 3.750 0

7



Figure 2: (a) Pristine UiO-66 framework in a primitive cell. (b) 1 missing linker per primitive

cell creating 17% defect level in UiO-66. The defective UiO-66 is capped with two hydroxide

groups for one missing linker. Studies have been done using other capping groups also.

Figure 3: (c) Pristine UiO-66 framework in a 2x1x1 super-cell. (d) 1 missing linker per

2x1x1 unit cell creating 8% defect level in UiO-66. The defective UiO-66 is capped with two

hydroxide groups for one missing linker. Studies have been done using other capping groups

also.
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Figure 4: (e) Pristine UiO-66 framework in a 2x2x1 super-cell. (f) 1 missing linker per

2x2x1 unit cell creating 4% defect level in UiO-66. The defective UiO-66 is capped with two

hydroxide groups for one missing linker. Studies have been done using other capping groups

also.
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Figure 5: (g) Pristine UiO-66 framework in a primitive cell. (h) 2 missing linkers per

primitive cell creating 33% defect level in UiO-66. The defective UiO-66 is capped with four

hydroxide groups for two missing linkers. Studies have been done using other capping groups

also.

Figure 6: Defective UiO-66 unit cell capped with modulators: (a) -OH groups (b) formate

groups (c) acetate groups. The capping groups are enclosed in a dashed circle. Two capping

groups are bonded with the Zr6 metal cluster for each missing linkers.
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2.0 Adsorption of Nitrogen in Pristine and Defective UiO-66

2.1 Introduction

In this project, we have studied two models of nitrogen molecule to perform the adsorp-

tion of nitrogen molecules in UiO-66. The nitrogen potentials are nonpolarizable all-atom

transferable potential for phase equilibria (TraPPE) forcefield and potential with high accu-

racy, speed, and transferability (PHAST) forcefield. The TraPPE N2 model uses Lennard-

Jonnes potentials for the overlap and dispersive interactions and simple point charges for the

first order induction and electrostatic interactions. It is a three site model with two Lennard

Jones sites separated by the bond length of 1.10 Å. These Lennard Jones sites have point

charges of -0.482 e. The center of mass (COM) of the nitrogen molecule has a point charge

of +0.964 e to maintain the charge neutrality. The schematic diagram of N2-TraPPE model

is shown in Figure 7. PHAST forcefield neglects the effect of polarization for making the

potential suitable for molecular dynamics and Monte Carlo simulations. It is a transferable

potential and includes all essential potential energy interactions for describing complex sys-

tems . The potentials includes contribution to the many-body polarization, electrostatic and

the electronic repulsion/dispersion as shown in equation (2-1).

U = Upol + Ues + Urd (2-1)

N2-PHAST is a five site nitrogen model. The two sites are atom-centered and are the only

mass containing sites. Third site is at the center of the nitrogen molecule. The remaining two

sites are at the extremes of the molecules. The positions of these two sites were constrained

to the z-axis, ensuring the equal displacement of the COM as shown in Figure 8.
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Figure 7: Nitrogen TraPPE force field schematic diagram. It is a three site model with two

LJ sites and a compensating charge at the COM of the N2 molecule.

2.2 Calculation Methods

Grand Canonical Monte Carlo (GCMC) simulations were performed to simulate N2 ad-

sorption isotherm at 77 K in pristine UiO-66, using the RASPA software package [48].The

simulations assumed rigid framework to calculate the adsorption isotherms as done com-

monly for large adsorbent structures[49]. The Peng-Robinson equation of state was used to

calculate the fugacity, which was used in the simulations. The ideal gas rosenbluth weight

was calculated to be 1.0 for nitrogen. Each pressure in the isotherm used 20,000 equilibra-

tion cycles and 20,000 production cycles to compute the ensemble averages. In each Monte

Carlo cycle, an average of N moves were performed, where N is the number of adsorbate

molecules in the system. A 3x3x3 super cell of UiO-66 was used. The primitive cell of

UiO-66 comprised of 114 framework atoms, thus 3048 framework atoms in the 3x3x3 super

cell. Translational, rotational, reinsertion and swap moves were performed with the relative

probabilities in the ratio of 1:1:1:2. A cut off of 14 Åwith standard tail-corrections was
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Figure 8: N2-PHAST five site schematic diagram with three different sites as follows: White:

N2F, Black: N2A and Blue: N2C. The COM of the model resides at N2C. The Lennard

Jones sites are N2C and N2A. The potential parameters are in Table 4. The arrow represents

the z-axis.

used to approximate the van der Waals interactions beyond the cut-off [50].Lorentz-Berthlot

combining rules were used for the unlike interactions. The Helium void fraction was calcu-

lated to be 0.47 by probing the helium molecules in the framework at room temperature.

Ewald summation [51] was used for calculating the coulombic interactions of both adsorbate-

adsorbate and adsorbent-adsorbate interactions. Atomic charges for the UiO-66 framework

atoms were computed using Density-derived electrostatic and chemical charges (DDEC6)

[52, 53, 54, 55].The Lennard Jones paramaters were taken from the UFF[56] and DREID-

ING forcefields [57] except for Zr which was taken from UFF for all the UiO-66 framework

atoms.

13



Table 4: N2-PHAST Potential parameters with sites: N2A, N2C and N2F

site Q (e) R (Å) ε (K) σ (Å)

N2C 1.0474 0.000 25.6443 3.4442

N2F 0.000 ± 0.788 15.5320 3.0729

N2A -0.5237 ± 0.549 0.000 0.000

2.3 Result and Discussion

2.3.1 Impact of Framework and Fluid Potentials on the Adsorption of Nitrogen

in Pristine UiO-66

Figure 9 shows the plot of N2 adsorption isotherm at 77 K via GCMC simulations. Our

simulations were compared with the literature data to validate its accuracy. The impact

of the fluid potential on the adsorption was examined by two N2 models - TraPPE and

N2-PHAST. The impact of framework potential was studied by UFF and DREIDING force-

fields. We observe that both the framework and N2 potentials gave the same amount of

N2 molecules adsorbed at the saturation loading. N2-PHAST fluid potential gave approxi-

mately similar results to TraPPE N2 and UFF framework potentials in low pressure regime.

The intermediate part of the N2-PHAST model was in between TraPPE-UFF and TraPPE-

DREIDING forcefields. The simulation isotherm shapes and saturation loading for N2 in

pristine UiO-66 are in good agreement with the experimental results published by Katz et

al. (Figure S10) [12] and Shearer et al. (Figure S27) [46].

2.3.2 Adsorption of Nitrogen in Defective UiO-66 for Different Capping Groups

We have also studied the impact of different capping groups on the adsorption of N2 at

77K in Defective UiO-66 via GCMC simulation. Figure 10 shows the adsorption isotherm

of N2 in OH capped (2 OH groups for each missing linker) Defective UiO-66 in different
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defect levels. At low pressure regime, the N2 uptake decreases with the increase in the level

of defects. This is because the lower pressure regime of the adsorption isotherm is governed

by the surface area which is highest for Pristine UiO-66 followed by 4%, 8%, 17% and 33%

defect levels. More availability of the surface atoms allows more number of N2 molecules to

interact with the available framework atoms which increases the adsorption loading. The

adsorption loading of Pristine and 4% defective UiO-66 are similar at low pressure. This

is because as we remove the linker to create a defect, the surface area of the framework

decreases but the framework mass increases due to the increase in molecules per unit cell.

Thus these two counter phenomena nullify the effect and give us similar adsorption at lower

loading. After the cross-over at 1 Pa, the high pressure regime is dominated by the free

volume of the framework. Thus the adsorption increases with the increase in the level of

defects. Figure 11 shows the adsorption isotherm of N2 in several level of defects in UiO-66

capped with the formate group. At low pressure regime, the adsorption decreases with the

increase in the level of defects since the number of surface atoms decreases for the nitrogen

atoms to interact with. For P>1 Pa, i.e., at higher pressure part of the isotherm, the order is

reversed because the adsorption is governed by the available free volume which is highest for

33% defect level followed by 17%, 8%, 4% and Pristine UiO-66. Note that the adsorption is

higher for formate capping groups than OH capping group in the low pressure regime because

the formate group is bigger than OH group which leads to more number of available surface

atoms. We have also compared the impact of OH, formate and acetate capping groups on

the adsorption of nitrogen in 17% defective UiO-66 as shown in Figure 13. The adsorption

is highest for Pristine followed by acetate, formate and then OH capped Defective UiO-66

in low pressure regime. At high pressure regime, the order is exactly reversed because of the

free volume argument. We have also compared the adsorption isotherm of the synthesized

sample of UiO-66 with the simulated isotherms of Pristine UiO-66 and Defective UiO-66

capped with formate groups as shown in Figure 13. The synthesized UiO-66 depicts type

I adsorption isotherm with a BET surface area of 1100 m2g−1 which is consistent with the

result of Shearer et al. [58] for minimum level of defects in UiO-66. The higher pressure

part of the experimental adsorption isotherm was similar to 8% defect level capped with

formate group. However, all of our simulated isotherms in Figure 13 rises steeply than
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increasing gradually as shown by the experiments. This could be due to the assumption of

the uniform pores and perfectly crystalline structure of the framework in our simulations

while the synthesized UiO-66 has complex pore structure. At saturation pressure,the N2

uptake deviates and increases indicating the presence of mesopores in the prepared UiO-66

sample. The simulated adsorption isotherms do not show such increase at the saturation

pressure because of the uniform pore structure.

2.4 Conclusion

We have modeled the adsorption of N2 at 77 K in pristine UiO-66 with different N2

models and framework potentials. The modeled simulations are in good agreement with

the experiments and follow Langmuir Type I isotherm. Moving forward we have studied

the impact of different capping groups such as hydroxide, formate and acetate groups on

the adsorption of N2 in Defective UiO-66. We have studied missing linker defects in this

work with 4%, 8%, 17% and 33% defect levels. For all type of defects, the low pressure

regime is dominated by available surface are and so the N2 is highest for Pristine, followed

by increasing level of defects. However, the high pressure regime is governed by free volume

in the framework and thus the order is exactly flipped. We have also shown the impact

of different capping groups on the adsorption of N2 at 17% defect level. The argument for

the behaviour is governed by available surface area and pore volume at low pressure and

high pressure regime respectively. Thus, at low pressure, the loading is highest for pristine,

followed by acetate, then formate and lastly hydroxide group. The high pressure regime is

dominated by the free volume, so the order gets flipped.
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Figure 9: Adsorption isotherm of nitrogen at 77 K via GCMC simulations for various

molecule (TraPPE (red up triangles) and N2-PHAST (blue circles) and framework (UFF

and DREIDING) potentials)
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Figure 10: Adsorption isotherm of nitrogen at 77 K via GCMC simulations with several level

of missing linker defects in UiO-66 and added OH capping group
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Figure 11: Adsorption isotherm of nitrogen at 77 K via GCMC simulations with several level

of missing linker defects in UiO-66 and formate capping group
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Figure 12: Adsorption isotherm of nitrogen at 77 K via GCMC simulations for Pristine and

17% defective UiO-66 capped with OH, acetate and formate groups
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Figure 13: Adsorption isotherm of nitrogen at 77 K via GCMC simulations for pristine,4%

and 8% formate capped defect levels and its comparison with the Experiments
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3.0 Adsorption of Isopropanol in Pristine and Defective UiO-66

3.1 Introduction

In this project, we have studied three different isopropanol (IPA) models - TraPPE, SKS

and OPLS-AA and two different UiO-66 framework potentials - DREIDING and UFF for

modeling the adsorption of IPA in pristine UiO-66 at 291 K. TraPPE [59] and SKS are united

atom forcefields where as OPLS-AA is an all atom force-field.

All the models include non-bonded interactions defined by the Lennard-Jones and Coulom-

bic interactions. The IPA united atom model consists of a hydrogen site, an oxygen site and

the two sites of CH3 groups centered on the carbon atom. A positive net charge equivalent

to the -OH group is placed on the carbon atom attached to the hydroxyl group. This makes

the IPA molecule electroneutral. The SKS potential uses fixed bond length and bond angles

and dihedral potentials for more than three sites. The TraPPE-UA model uses fixed bond

length and harmonic bond bending and dihedral potentials. The other force-field studied in

the work is optimized potential for liquid simulation All-Atom (OPLS-AA). It is one of the

best overall force-field to describe the small organic molecules in liquid phase because of its

ability to reproduce the thermodynamic properties such as density, enthalpy of vaporization

and many more properties of the liquid phase which is often not easier with AMBER and

other force-fields [60]. OPLS-AA is all atom explicit potential with 12 interaction sites for

IPA molecule. All atom model allows more flexibility for charge distribution and also for

torsional energetics as reported by Jorgensen et al.

Further simulations for Defective MOFs have been carried out by using TraPPE-UA IPA

potential because it is computationally efficient as there are 5 interaction sites for IPA in

United Atom model compared to 12 interaction sites in all-atom model.
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3.2 Calculation Methods

We have simulated absolute adsorption isotherm of IPA at 291K in pristine and Defective

UiO-66 via Grand Canonical Monte Carlo (GCMC) simulations, using RASPA software. The

adsorption isotherms were calculated in 3x3x3 unit cell for pristine, 17% and 33% defective

UiO-66. 1x105 equilibration cycles followed by 2x105 production cycles have been performed

for each pressure in the isotherm. Ewald charge method was applied with a cut off of

14 Åand with standard tail corrections. The Ideal Gas Rosenbluth for TraPPE IPA and

OPLS-AA IPA model were computed to be 0.2411 and 0.04831 respectively. The relative

probabilities for Monte Carlo moves were 1:1:1:2 for translation, rotation, reinsertion and

swap probabilities. UFF and DREIDING framework force-fields were used for Pristine UiO-

66. The later simulations used only UFF framework potential. The Helium void fraction

was calculated to be 0.47508, 0.509683, 0.513973 , 0.533021, 0.58203 for pristine, 4%, 8%,

17% and 33% defect levels in UiO-66.

3.3 Result and Discussion

3.3.1 Impact of Different Fluid and Framework Potentials on the Adsorption

of Isopropanol in Pristine UiO-66

We have studied the impact of different fluid potentials and framework potentials on the

adsorption of IPA in Pristine UiO-66 at 291 K as shown in Figure 14. The isotherms include

three IPA potentials - TraPPE-UA, SKS and OPLS-AA. All the model descriptions have

been provided above. The effect of the framework potential has been elucidated by studying

the UFF and DREIDING forcefields on TraPPE IPA model. SKS and OPLS-AA use UFF

framework potential. From Figure 14, we observe that all the fluid potentials overestimate

the NMR results for P
P0
<0.03 whereas underestimate the saturation loading. The reasons for

the disagreement in the simulated and experimental results could be due to the presence of

defects in the prepared samples of UiO-66 or due to inaccurate framework or fluid potentials.
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We have investigated the impact of IPA fluid potentials by studying the adsorption of IPA

in Pristine and 17% defect (one missing linker per formula unit). From Figure 15, we can

see that OPLS-AA gives lower amount of IPA uptake as compared to TraPPE-UA for both

pristine and 17% defect level at high pressure. This can be explained by the reason that

TraPPE model is more compact with only 5 interaction sites than OPLS-AA which has 12

interaction sites for IPA molecule.

3.3.2 Adsorption of Isopropanol in Defective UiO-66 for Different Capping

Groups

To further explore the reason of disagreement, we studied the adsorption of IPA molecules

in defective UiO-66 with different capping groups - hydroxide, formate and acetate as the

experimental groups have investigated that the capping groups for their prepared samples

were either primarily formate or a mixture of formate and acetate or TFA, based on the

modulator they used to prepare the samples. Previously, the experimental groups believed

that the capping group was hydroxide and so the GCMC simulations for the OH capped

group (two OH groups added for each missing linker to make the Zr open metal cluster

fully coordinated) showed an increase in IPA uptake at low pressure with the increase in the

defect levels as shown in Figure 16. The adsorption loading increased with the increase in the

defect level upto 17% defect (one missing linker per formula unit) at 1 Pa and then decreased

for 33% defect (two missing linker per formula unit). At saturation pressure, the amount

of IPA uptake increased with the increase in the level of defects for OH capped groups.

The IPA uptake is higher in low pressure regime due to increased hydrogen bonding of IPA

molecules with the added OH groups and µ3-OH groups present in the SBUs. To confirm

our hypothesis, we tried to find the fraction of molecules hydrogen bonded to µ3-OH and

added OH groups based on our findings that the hydrogen bonding happens at a distance less

than 2 Å . According to the Figure 17, more than 50% of total IPA molecules are hydrogen

bonded to µ3-OH and added OH at low pressure. The fraction of IPA hydrogen bonded

increases with the increase in the level of defects and decreases with the increase in pressure

for the corresponding defect level. However, we are not confident with the hydrogen bonding
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analysis as the framework is rigid and for accurate results, the flexibility of the MOF should

be considered. Even the hydrogen bonding results with the rigid MOF give us confidence

with our adsorption isotherm showing higher IPA uptakes at low pressures.

Since our experimental group confirmed that formate was the major capping group, we

modeled 4%, 8%, 17% and 33% defect levels in UiO-66 with formate capping groups (two

formate groups for each missing linker). As shown in Figure 18, the molecule adsorption

decreases with the increase in the level of defects capped with formate groups in contrast

to increase in adsorption loading with the increase in defect levels with OH capped groups

(Figure 16) at low pressure. At high pressure, saturation loading increases with the increase

in the level of defects for both OH and formate capped groups. We have also simulated

adsorption of IPA in 17% defective UiO-66 capped with acetate group (two acetate groups for

each missing linker). From the comparison plot (Figure 19), the adsorption in acetate capped

17% defective UiO-66 resembles that of Pristine at low pressure. The higher pressure loading

for acetate group is in between formate and Pristine adsorption loading. This is because in

low pressure regime, the physics of the isotherm is dominated by the available surface area.

Thus, the adsorption is highest for Pristine followed by acetate and then formate capped

Defective UiO-66. The OH group has highest adsorption loading due to the formation of the

hydrogen bonding of IPA molecules with the OH capped group and µ3-OH at low pressure.

At high pressure regime of the isotherm, the adsorption is controlled by free volume which

is higher for OH capped followed by formate capped and then acetate and lastly Pristine

UiO-66.

Lastly we have found an approximate range of the defect in the synthesized UiO-66

sample by the experimental group. From Figure 20, we observe that 8% formate capped

defective UiO-66 is in good agreement with the experiments in the low pressure regime.

However, it under predicts the experimental saturation loading for P
P0
> 0.2 and 17% defect

level simulation over predicts the loading at high pressure. Thus, the experimental results

can be achieved by defect level in between 8% and 17% defect level.
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3.4 Conclusion

We studied the adsorption of isopropanol at 291 K in Pristine UiO-66 using different IPA

models and framework potentials. All types of adsorbate potentials showed higher uptake

than the NMR results for P
P0
<0.03 and lower uptake for pressure beyond that. This reveals

that either the potentials are unable to capture the adsorption accurately or the synthesized

UiO-66 possesses some level of defects which exists in real life. We modeled adsorption of IPA

in Defective UiO-66 and studied the impact of different capping groups and level of defects.

We have also studied the impact of missing linker defect level on the hydrogen bonding of

IPA with the metal cluster. The standard UFF framework potential does not account for

hydrogen bonding. We have created modified potential to allow hydrogen bonding between

IPA and UiO-66 framework atoms. The adsorption of IPA increased with the increase in

defect levels due to hydrogen bonding of IPA with µ3-OH groups for hydroxide capped group.

We have shown that the fraction of IPA hydrogen bonded to µ3-OH is a function of pressure

in all level of defects. The hydrogen bonding increases with the increase in the level of defects

due to more number of added OH groups. We then studied the adsorption of IPA in formate

capped groups with different level of defects in UiO-66. Finally, we studied the impact of

different capping groups on the adsorption of IPA in 17% defect. The adsorption was highest

for hydroxide capped group due to hydrogen bonding, followed by pristine, then acetate and

finally formate capped group at low pressure due to available surface area argument. The

high pressure regime of the isotherm was governed by the free volume and so the order

exactly flipped. According to the comparison plot of experimental adsorption isotherm with

the modeling, we believe that the synthesized UiO-66 framework has a defect level in between

8-17%.
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Figure 14: Adsorption isotherm of isopropanol at 291 K via GCMC simulations for various

molecule (TraPPE, SKS and OPLS-AA) and framework (UFF and DREIDING) potentials

and NMR experiments
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Figure 15: Adsorption isotherm for IPA at 291 K via GCMC simulations at 17% defect with

OH capped group and two IPA potentials - TraPPE and OPLS-AA
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Figure 16: Adsorption isotherm for IPA at 291 K via GCMC simulations with several level

of missing linker defects in UiO-66 and added OH capping group
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Figure 17: Fraction of IPA molecules hydrogen bonded to µ3-OH and added OH groups in

several level of missing linker defects in UiO-66
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Figure 18: Adsorption isotherm of IPA at 291 K via GCMC simulations with several level

of missing linker defects in UiO-66 and formate capping group
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Figure 19: Adsorption isotherm of IPA at 291 K via GCMC simulations for Pristine, 17%

defective UiO-66 capped with addedOH, formate and acetate groups
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Figure 20: Adsorption isotherm for IPA at 291 K via GCMC simulations for Pristine, 8%

and 17% formate capped defective UiO-66 and NMR experimental results
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4.0 Adsorption of Acetone in Pristine and Defective-UiO66

4.1 Introduction

In this work, we have studied the adsorption of acetone in pristine UiO-66 before ex-

ploring the effect of missing linker defects on adsorption. We chose acetone as our guest

molecule because of its small size and ability to form hydrogen bonds only with the SBUs.

Wardzala et al. [61] reported the diffusion of Acetone in UiO-66 and that the standard

UFF Lennard Jones terms does not include the hydrogen bonding of the µ3-OH with the

guest molecules. This is because the Lennard Jones parameter for hydrogen in the µ3-OH

restricts the oxygen atom of acetone from coming closer than about 2.8 Å; whereas hydrogen

bonds are formed at distance less than 2 Å. The findings have been confirmed by the DFT

calculations where they’ve reported the hydrogen bonding distance of 1.8 Åbetween H atom

of µ3-OH group and oxygen atom of the acetone molecule. Thus, adsorption isotherms for

this work have been studied by modifying the standard UFF Lennard Jones parameters for

H and O atom of µ3-OH and replacing with O and H parameters of the TraPPE isopropanol

potentials.

4.2 Calculation Methods

The acetone in Pristine and Defective UiO-66 is simulated with 70000 equilibration cycles

and 1x105 production cycles. The Ideal Gas Rosenbluth weight of acetone was calculated

to be 1.01. We have used the TraPPE-UA model of acetone to model the adsorption [62].

A cut-off of 14 Å was applied with standard tail corrections. The interactions were defined

by the Lennard-Jones parameters along with Lorentz-Berthlot mixing rule for unlike pairs.

Ewald summation method was used. Standard UFF framework potential was used with slight

modification to incorporate hydrogen bonding phenomenon of acetone molecules with the

framework atoms. 1:1:1:2 relative translational, rotational, reinsertion and swap probabilities
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were used. The charges for the UiO-66 framework atoms were computed using DDEC6. The

super cell of 3x3x3 cell was used to model adsorption in Pristine UiO-66. The adsorption

of acetone was also studied in Defective UiO-66 with 4%, 8%, 17% and 33% defect levels

and different capping groups such as hydroxide, formate and acetate groups. The super-cell

of 2x3x3 was used for 4% and 8% defective UiO-66 while the rest was done with 3x3x3

super-cell.

4.3 Result and Discussion

4.3.1 Adsorption of Acetone in Pristine UiO-66 at 298 K

We have simulated adsorption isotherm of acetone in Pristine UiO-66 at 298K and up

to 105 Pa pressure as shown in Figure 21. The saturation vapor pressure of acetone is 30.6

kPa. The acetone is modeled using TraPPE-UA force-field as described in the calculation

method section. From Figure 21, there are 5.93 ± 0.13 molecules of acetone per unit cell

at saturation pressure. To expore very high of acetone beyond saturation pressure, we have

done simulations at 100, 1000,10000 and 100000 kPa which gave absolute loading of 5.90

± 0.1, 5.94 ± 0.2, 6.1 ± 0.4, 7.4 ± 0.1 respectively. The high pressure simulation uses

configuration biased Monte Carlo moves. The framework should be modeled flexible at very

high pressure. The impact of framework flexibilty on adsorption has been studied in the

later section. In our published paper, we have shown that the acetone molecules hydrogen

bond with µ3-OH groups of framework.

4.3.2 Adsorption of Acetone in Defective UiO-66 for Different Capping Groups

We have modeled adsorption of acetone in missing linker defects in UiO-66 capped with

OH groups (two hydroxide groups for eaching missing linker). As shown in Figure 22,

we have simulated 4%, 8% and 17% defect levels capped with OH groups and compared

their adsorption loading with that in Pristine UiO-66. The saturation loading at 100 kPa

for Pristine, 4%, 8% and 17 % is 82.8 ± 1.47, 90.0 ± 1.0, 97.9 ± 3.01 and 116.0 ± 2.39
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respectively. The absolute loading increases with the increase in defect level due to the

hydrogen bonding between acetone molecules and µ3-OH and added OH groups. At low

pressure i.e. P < 100 Pa, the loading is higher for Pristine followed by increasing level of

defects. The loading order reverses after a cross-over as it depends on the free volume at

high pressure which is higher for 17% defect level. Our experimental groups have studied

adsorption of acetone in UiO-66 which used primarily formic acid or TFA as modulator.

Thus, we have studied adsorption in UiO-66 capped with formate groups (two formate for

each missing linker to saturate open Zr metal sites) as shown in Figure 23. The behaviour of

isotherm is similar to that of OH capped Defective UiO-66 with a intersection at about 100

Pa as seen for adsorption in OH capping results. However, the saturation loading is slightly

lower for formate capping than OH capping group because now the hydrogen bonding is

only between acetone and the µ3-OH groups of UiO-66 framework. The loading at 100

kPa for Pristine, 4%, 8% and 17% is 82.8 ± 1.47, 88.0 ± 0.95, 97.0 ± 0.98, and 111.0 ±

1.94 respectively. We have also tried to find the level of defect which gives the absolute

saturation loading close to our experimental data. Our colleagues believe that they have

synthesized Pristine UiO-66 but for real materials there is some level of defect present in the

material. Figure 24, shows experimental adsorption and desorption isotherms with closed

and open squares respectively. Our modeled adsorption in Pristine UiO-66 underpredicts

the experimental adsorption isotherm indicating some level of defect. As we can see, the

adsorption isotherm is in good agreement with 8% defect capped with the formate groups.

Thus, we believe that the synthesized UiO-66 might have possessed 8% defect.

4.4 Conclusion

We have studied the adsorption of acetone in Pristine and Defective UiO-66 capped with

different modulators at 298K. The adsorption of acetone beyond high saturation pressure is

modeled accurately with introducing the flexibility in the framework atoms. The adsorption

of acetone in hydroxide and formate groups increases with the increase in the level of defect

at high pressure. However, the amount of acetone adsorbed differs slightly for OH and
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formate capping groups. This is due to the triangular planar geometry of acetone and thus

the chemistry is different than that of isopropanol. We have compared our results with the

experimental results and deduced that the synthesized UiO-66 material might have about

8% defect level.
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Figure 21: Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine

UiO-66
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Figure 22: Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine and

all defect levels capped with OH group
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Figure 23: Adsorption isotherm for acetone at 298 K via GCMC simulations in pristine and

defect levels capped with formate group
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Figure 24: Adsorption isotherm for acetone at 298 K via GCMC simulations for pristine,

experiments and 4% and 8% formate capped defective UiO-66
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5.0 Impact of Intrinsic Framework Flexibility on the Adsorption of Molecules

in UiO-66

5.1 Introduction

Molecular modeling is used to study the adsorption of molecules in various MOFs [63,

64, 65, 66, 67]. However, the modeling of adsorption of molecules in MOFs is often done by

holding the MOF structure rigid. This increases the computational efficiencies [68, 69, 70, 71].

During the adsorption of molecules, some MOFs undergo structure deformation such as

swelling or transition between bi-stable states[72] whereas some of them do not show any

change in the volume. Despite this, all MOFs undergo slight displacement due to the thermal

vibrations of the framework atoms [73, 74, 75]. This phenomenon is known as the intrinsic

flexibility of the framework atoms as reported by Jongwoo et al [76]. This intrinsic framework

flexibility has a significant impact on the adsorption modeling as reported by several studies

[77, 78, 79, 80]. All the published works have shown the impact of intrinsic framework

flexibility by creating an ensemble of empty frameworks. However, our hypothesis is that

the structure of any MOF linker would be perturbed by the presence of guest molecules in

the ensemble. This would lead to a significant difference in the configuration of the empty

and finite loaded MOFs with the guest molecules. To test our hypothesis, we have studied

the impact of intrinsic framework flexibility on the adsorption of acetone and nitrogen guest

molecules in Pristine UiO-66 by performing GCMC simulations on NVT MD generated

snapshots of empty UiO-66 framework and 7 loading acetone in UiO-66.
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5.2 Calculation Methods

5.2.1 NVT-MD

The snapshots for modeling adsorption was done by performing NVT MD simulations

of empty UiO-66 framework and 7 loading acetone per unit cell in UiO-66 using classical

forcefields [81] in LAMMPS software. The method of generating snapshots was studied

by Gee et al [79, 80] but it was performed only for empty framework structures and not

for the snapshots created by generating an ensemble of molecules present in the UiO-66

framework. NVT MD simulations were performed using LAMMPS software [82] at 298K

and with a timestep of 1.0 fs. The MD simulations were done for empty and finite loading

of acetone in the framework. The simulations used 2x2x2 supercell of UiO-66 that consists

of 32 primitive cells with each formula unit consisting of one octahedral and two tetrahedral

pores. We have used flexible TraPPE/Rogge classical potential [83] to describe the UiO-

66 forcefield. The charges were computed by DDEC6 and Chargemol programs for Rogge

potential. Periodic boundary conditions were applied in all the directions with a cutoff of

12.5 Å. Hybrid mm3 Harmonic bonding and harmonic angle potentials were used for the

framework atoms modeled with 7 loading of acetone. For bonds separated by more than

3, hybrid OPLS fourier torsion potentials were used. The acetone was modeled by using

TraPPE-UA potential. The system was equilibrated by a Nose-Hoover thermostat [84, 85]

for 100 ps in NVT ensemble with a decay period of 0.1 ps. The paper by Agrawal et al. [80]

uses production run of 1 ns with the snapshots taken every 100 ps. For better uncorrelated

MD snapshots [80], the data consisting of only framework atoms coordinates and charges

were dumped from the production run of 2 ns in the NVT emsemble for every 100 ps. This

gave us 20 snapshots representing intrinsically flexibility in empty and 7 loaded acetone

UiO-66 framework. Some studies have also shown an alternative procedure of generating

snapshots via ab initio MD simulations [86, 87]. However, DFT MD simulations are more

computationally expensive than classical MD potentials.
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5.2.2 GCMC Simulation for Modeling the Adsorption of Molecules in Intrinsic

Flexible UiO-66

We have performed the adsorption of acetone at 298 K and N2 at 77 K molecules via

GCMC simulations using RASPA software. TraPPE potentials were used for both the

molecules. The adsorption isotherms for acetone and N2 were also performed on DFT

minimized rigid UiO-66. 11 MD generated snapshots were used to model the adsorption

isotherm simulations in empty and 7 loading of acetone UiO-66 framework. Each snapshot

was held rigid during the simulations. A cubic unit cell of box length 41.9568 Å was used

consisting of 3648 UiO-66 framework atoms. This unit cell had 32 formula units with four

primitive cells in each formula unit. 1x105 equilibration cycles along with 70,000 production

cycles were used to simulate each pressure in the acetone adsorption isotherm where each

cycle consisted of N steps and N is the number of adsorbate molecules. For simulating N2

adsorption isotherm, 8000 equilibration and production cycles were used for each pressure.

8000 equilibration cycles were enough to equilibrate the system as shown in the Results and

discussion below. The cutoff radius of 14 Å along with standard tail corrections was used

for both acetone and N2 systems. UFF and TraPPE Lennard-Jones parameters were used to

compute the van der Waals interactions and electrostatic interactions of adsorbate-adsorbate

and adsorbate-adsorbent molecules. WE have used modified UFF potential to include the

hydrogen bonding of the adsorbate-adsorbents atoms. The unlike pair interactions were

defind by Lorentz-Berthelot mixing rules. Ewald summation method was used to calculate

the electrostatic potentials. Swap, transational, reinsertion and rotation moves were applied

in the ratio of 2:1:1:1. The Helium void fraction for the DFT minimized structure was cal-

culated to be 0.508064. The Helium void fractions for all snapshots were also calculated

and are discussed below. The ideal gas Rosenbluth weight for acetone and N2 are 1.01 and

1.0 respectively. The GCMC simulations of each snapshots generated from MD simulated

were averaged to model adsorption of molecules in intrinsic flexible MOFs. We have used

11 snapshots to model the adsorption and these number of snapshots are enough to produce

converged results as reported by Agrawal et al [80].
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5.3 Result and discussion

We have compared the adsorption isotherms of N2 at 77 K for RASPA triclinic cell and

DFT minimized crystallographic structure of rigid UiO-66 framework. The RASPA unit cell

lattice parameter are: a = b = c = 14.834 Å , α = β = γ = 60◦, cell volume = 62319.45

Å3, box-length = x = y = z = 44.5020 Å for 3x3x3 super-cell used in the simulations. DFT

minimized crystallographic structure is a 2x2x2 cubic super-cell with 32 primitive cells and

cell parameters, a = b = c = 41.9568 Å (each primitive cell a=b=c=13.9856 Å ) , α = β

= γ = 90◦, cell volume = 73859.62 Å3. To compare DFT structure consisting 32 primitive

cell volume with RASPA triclinic cell, 4x4x2 super-cell has a volume of 73860.086 Å3 and

box-length = x = y = 59.336, z = 29.6680.

5.3.1 Impact of Intrinsic Framework Flexibility on the Adsorption of Nitrogen

in Empty and Finite Adsorbent Loaded UiO-66 Framework

The N2 adsorption isotherms in RASPA triclinic cell and DFT minimum energy structure

are in good agreement in low pressure and high pressure regime as shown in Figure 27. The

uptake in the intermediate region is slightly higher for DFT structure than RASPA triclinic

cell due to higher volume. The saturation loading of N2 is 296.32 cm3/g for both the cells.

From Figure 25, we can observe that 8000 equilibration cycles are sufficient to equilibrate

the system for all the snapshots used for running GCMC simulation of N2 in intrinsic flexible

UiO-66 framework. We have also calculated the Helium void fraction of the 7 loaded acetone

MD generated snapshots used in the calculations and found that there is no correlation

between the N2 saturation loading and the Helium void fraction as shown in Figure 26.

5.3.2 Impact of Intrinsic Framework Flexibility on the Adsorption of Acetone

in Empty and Finite Adsorbent Loaded UiO-66 Framework

The adsorption isotherm of acetone at 298 K in DFT minimized structure and RASPA

triclinic cell are also in good agreement within the error bars in low pressure and high pressure

regime. The adsorption of acetone for pressure above the saturation in DFT structure is
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Figure 25: Equilibration plot of nitrogen in 7 loading of acetone in UiO-66 MOF snapshots

at 101430 Pa

3.70 ± 0.059, 3.64 ± 0.11 and 3.82 ± 0.19 at 1, 10 and 100 bar. The adsorption of acetone

for pressure above the saturation for RASPA triclinic cell is 3.69 ± 0.065, 3.72 ± 0.12 and

3.82 ± 0.23 at 1, 10 and 100 bar. We have also studied the adsorption of acetone in empty

UiO-66 and 7 loading of acetone in UiO-66 frameworks MD snapshots. The average of all

the snapshots represent intrinsic flexible framework. Figure 29 shows the comparison plot of

adsorption of acetone in DFT minimized structure, empty framework and 7 loading of acetone

in framework. The acetone uptake is lower for rigid DFT minimized structure as there is

no movement of organic linkers in the presence of an adsorbate. Flexible framework shows

higher adsorption loading than rigid DFT minimized structure due to different orientations

of the organic linker. The loading of acetone is highest for acetone loaded MD structures.

However, the saturation N2 uptake is lower in 7 loaded acetone frameworks as seen before.

Thus, acetone loaded MD structures accommodate more acetone but not more N2 molecules.

This suggests that one should do MD simulations of the molecule in order to measure the

isotherm. The saturation loading of acetone in empty framework is 3.94 ± 0.07, 3.94 ±
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0.08 and 4.05 ± 0.089 at 1, 10 and 100 bar. The saturation loading of acetone in 7 loading

acetone framework is 4.33 ± 0.051, 4.33 ± 0.046 and 4.38 ± 0.073 at 1, 10 and 100 bar. This

confirms that the framework flexibility has a significant impact on the adsorption ability

with the presence of similar molecules in the framework.

5.4 Conclusion

We have studied the impact of intrinsic framework flexibility on the adsorption of acetone

and N2 by creating an ensemble of empty and acetone loaded frameworks. We have performed

GCMC simulations using independent NVT MD snapshots of empty and loaded frameworks

by holding each snapshot rigid. We have averaged each independent GCMC simulations of

the guest molecules in empty and highly loaded acetone in UiO-66 MD snapshots to model

the intrinsic flexibility in the MOF. N2 saturation loading is always lower in loaded acetone

snapshots. The adsorption of acetone increases at high saturation pressure in 7 loaded

acetone MD snapshots, followed by empty framework MD snapshots and finally in DFT

minimized structure. This implies that one should perform MD simulations of the molecule

for which we want to measure the adsorption isotherm.
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Figure 26: Helium void fraction of 7 loading acetone in UiO-66 MOF snapshots
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Figure 27: Adsorption isotherm of nitrogen at 77 K in DFT minimized structure, and RASPA

triclinic cell
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Figure 28: Adsorption isotherm of nitrogen at 77 K in LAMMPS DFT minimized structure,

7 loading of acetone in UiO-66 and empty UiO-66 framework
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Figure 29: Adsorption isotherm of acetone at 298 K in LAMMPS DFT minimized structure

and RASPA triclinic cell
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Figure 30: Adsorption isotherm of acetone at 298 K in DFT minimized structure, 7 loading

of acetone UiO-66 and empty UiO-66 MD generated snapshots
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