Molecular Modelling of Stimuli Responsive Gate

Effects in Flexible Metal Organic Frameworks

This thesis is submitted to
University College London

in partial fulfilment of the requirements for the Degree of

Doctor of Philosophy
by

Benjamin Tam

Supervisors: Dr Ozgur Yazaydin and Dr Michail Stamatakis

Department of Chemical Engineering

2018




Declaration

I, Benjamin Tam confirm that the work presented in this thesis is my own. Where
information has been derived from other sources, I confirm that this has been

indicated in the thesis.

Benjamin Tam



Abstract

Metal-Organic Frameworks (MOFs) are new remarkable nano-porous materials
that exhibit exceptional thermal and chemical stabilities. They have a broad range
of applications ranging from, not limited to, gas storage/separation, molecular
separations, sensor, catalysis, drug delivery and removal of toxic chemicals and
detoxification of warfare agents. The properties of the materials are highly
dependent on the nature of the atomic interactions and structural arrangement of
the crystallise material. This thesis focused on the MOFs that respond to stimuli
where the structure will undergo reversible transformation in which it can lead to

remarkable sorption properties that enhance the material performance.

The selected MOFs, ZIF-8 and Mg-MOF-74 were studied in this thesis. The
materials were evaluated at atomistic and quantum levels. Here, we proposed a new
theoretical concept regarding controlling molecular movements by implanting
molecular machines in Mg-MOF-74. We designed the molecular machines to
respond to external electric field and the machines are anchored within the one-
dimensional pore channel of Mg-MOF-74. The pore opening and closing was
simultaneously controlled by the induced electric field; thus, the flow directions of

methane can be controlled at molecular level.

Moreover, this thesis moved onto the study regarding mechanical ‘gate’ opening
movements in ZIF-8 which are stimulated by introduction of water molecules to
the system. First, we examined with water models response in ZIF-8. Five types of
different water models and six different ZIF-8 force fields were chosen and
simulated with Grand Canonical Monte Carlo method. We found that the simulated
adsorption isotherms are significant diverse in relation to water models. Afterward,
we mimicked experimental water adsorption set up through the use of a graphene
piston in molecular dynamics simulation. Here, we demonstrated through the use
of water that we witnessed experimental ‘gate’ effect. However, we also found that
current atomics force fields in literature were unable to replicate the adsorption
isotherm at experimental conditions, resulting in  the development and

modifications for new force field that tune to water responses in ZIF-8.
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Impact Statement

As the ever desires and growth of human populations, there have been needs to
search for new materials to improve current technology. For the growth in material
efficiency, understanding at atomistic level is essential. In recent years, there have
been strong focuses on nano-technology mechanical functions to improve the
performance of materials. These studies can be performed with very expensive and
state-of-the-art equipment. However, with the ever increasing computational
power, nano-materials functionality can be predicted with an excellent degree of

accuracy and fraction of the expenses.

In recent decades MOFs are one of the emerging nano-technology that have been
widely investigated. These hybrid inorganic/organic crystalline porous materials
can be adapted and designed for a wide range of applications, and they are
considered as potential materials to replace zeolites and other porous materials. In
particular, these materials have the ability to make atomistic movement over
induced stimuli. Thus, in this thesis, we first focused on the development of a novel
concept regarding controlling the molecular movement with electric field. We
implanted dipolar molecular gates within Mg-MOF-74, which can perform like a
butterfly valve and control the flow direction of fluids across the MOFs. Moreover,
we chose to study the ‘gate’ effect within MOFs, due to its saloon-door-like
movement and it enhanced the mixture separation ability. ZIF-8 was found to
perform such movements and have the ability to selectively separate many gas
mixtures. We further proposed study regarding inducing the gate movement

through introduction to water molecules as a stimulus. Therefore, from the
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understanding of the underlying atomistic movement, we will assuredly extend the

use of MOFs for new applications.

v



Acknowledgements

First of all, I would like to express my deep gratitude towards my supervisor Dr.
Ozgur Yazaydin, for his continuous support and guidance throughout my PhD. I
am truly grateful for all the opportunities he has offered and build me up to a self-

efficient learner. Thank you so much for the opportunity to work in the group.

I also would like to give thanks to my second supervisor Dr Michail Stamatakis for
the eye-opening PhD transfer viva that I received; the examination has helped me

with the writing of this thesis.

I would like to give thanks to all my colleagues for their support and guidance
throughout my PhD. In particular, special thanks towards my dear friends, Dr. Isil
Akpinar, Aydin Ozcan and Dr. Sada Namsani for stepping beyond requirements to
help me to finish this PhD and for their personal friendships have helped me
through the ups and down in the years. [ would also like to mention Dr. Naghmeh
Saeidi Bidokthi, Kai Bin Yu and Turan Selman Erkal who were a great support in

the group.

Furthermore, my sincere thanks to Tran, Evita, Elnaz, Zeynap, Dai, Teng, Din,
Marietta, Abeer, Victor, Marti, Illaria, Veselina, Connor, Richard, Elliot, Tom and
Charles for their help and support in my personal life. In particular to mention my
best friend, Zi Wei Leong, his constant communications has been uplifting through
this time, also my thanks extended to Danny Tam and Nicky Wong for their
emotional support. Furthermore, I would like to mention Elena Tsolaki, for the
mischiefs and adventure that we been through. Not a single regret and those

memory definitely the highlights of my PhD.



Also special thanks to the UCL STaEPP department for offering the opportunity
for me to teach in Hong Kong University of Science, Technology and Central
University of Technology and many more opportunities in the future. In particular,
I am very grateful to Naomi, Carla, Joe, Alan, Adam, Kate and Emanuela as

working with them had been a pleasure.

I am very grateful for my parents and my sister, their continuous encouragement,
concern and care have been a great contribution to my PhD. I thank them for their

patience and support and love. Without them, I would not have finished my PhD.

I would also like to dedicate my thesis to my late cat, who sadly passed away during
the final month of my PhD. He was my comfort and my love, always gave warmth
whenever I needed it. He will be forever missed and always have that place in my

heart. May god rest his soul.

And finally, most important of all, I would like thank the almighty God who gave

me strength and relentless determination to finish my PhD.

VI



Publications

1.

B. Tam, O. Yazaydin, “Design of Electric Field Controlled Molecular Gates
Mounted on Metal-Organic Frameworks”, Journal of Materials Chemistry A,
2017, 5, 8690 — 8696

M. Erkartal, U. Erklic, B. Tam, H. Usta, O. Yazaydin, J. T. Hupp, O. K. Farha,
U. San, “From 2-methylimidazole to 1,2,3-triazole: a topological
transformation of ZIF-8 and ZIF-67 by post-synthetic modification”,
Chemistry Communications., 2017, 53, 2028 — 2031

A. Bulut, Y. Zorlu, M. Woérle, A. Cetinkaya, H. Kurt, B. Tam, A. O. Yazaydin,
J. Beckmann, G. Yiicesan, “Short Naphthalene Organophosphonate Linkers to
Microporous Frameworks”, Chem. Select, 2017, 2, 7050 — 7053

S. S. Nair, N. Illyaskutty, B. Tam, O. Yazaydin, C. Woll, H. Kohler, H.
Gliemann, “Membrane based sieving and reduced humidity cross-response for
ZIF-8 and ZnO — A combined experimental and theoretical approach”,
(Manuscript in preparation)

B. Tam, O. Yazaydin, “Grand Canonical Monte Carlo simulations of various
water models in Zeolitic Imidazole Framework-8” (Manuscript in preparation)
B. Tam, O. Yazaydin, “Molecular dynamic simulations of water intrusion in

flexible ZIF-8” (Manuscript in preparation)

Vil



Contents

DeClaration ......ccoueienveeicisnicnsnnicssnnicssnncssssnessssncssssesssssosssssssssssssssssssssssssssssssssssssssses |
ADSEFACE oueeeernrieninneeisnneessneecsssnecssancessanesssssesssssesssssessssssssssesssssessssssssssssssssasssssassssses I
Impact Statement 111
ACKNOWICAGEMENLS ...cceieererunricssssanricsssssrnecsssnseosssssssessssssssssssssssssssssssssssssssssssssssasss \%
PUDLIiCAtIONS c.cconeeeiinirinnirinnticnieiesinnicnnnicsnnecsnnesssncsssseessssncssssesssssssssssessssasssnes A\ 11
List of Figures . XIII
Abbreviation < XXII
1 Introduction . |
1.1 Porous Adsorbent Materials ..........ccccueeeiiieriieeiiieeieeeee e 5
1.1.1 Porous Materials..........cocueeiieiiienieeieee e 5

2 Literature ReVIEW .....ciiiiiiieiseiisieiseinsiineinssecsnisssisseesssesssissssssssssssesssss 7
2.1  Metal-Organic Frameworks (MOFS) .....c.cccccvveiiiiiniieeieeeieeeieeeeeeee 7
2.2 Stimuli Responsive MOFS........ccccvviiiiiiiiiieieeeeeeeeeeee e 10

3 Thesis Aim and OQULHNE .......ccoueiiiiveriisvenissnicsienissnicssencssssssssssssssssecsssessnse 16
3.1 Scope 0f the TRESIS...cc.eeiiiiiieiiieiieeie et 16
3.2 Objectives Of the Thesis........eecueerieriieiieiie e 17
3.3 Outline of the ThesiS.....c.cuoiiiiiiiii e 17

4 Theory and Simulation methods 20
o TN 110 ) o] 5 (o) OSSPSR 20
4.1.1  Introduction to Adsorption Theory.........cccceeevieriiivieniiiinierieeiene, 20



4.1.2  Langmuir Isotherm Model...........ccoveeviiieiiiieiieeeeeeeee e, 21

4.1.3  Freundlich Adsorption Isotherm ..........ccccccovveeiiiiiiiiieieeeeeee, 22
4.1.4  Metal Organic Frameworks Adsorption........c..cceceevvevveneesieneennenn 24
4.2 Molecular Modelling ...........cccuvevieeiieiieiiieiieeieeee et ens 29
4.2.1  Molecular DYNamicCs .........ccceeeueriuieriieeiiieniieeiieniieeieeseeeeiee e 30
422 MONte CarlO....ceeeiiiiiieiieeeeee e 33
4.3 FOrce Field ....ooouiiiiiiiieie e e 36
43.1 General Molecular Interaction Development..........ccccceceevieenennne. 39
4.4  Density Functional Theory (DFT) ......ccccocieiiieiiieniieieeeieeieeeee e 40
4.4.1  Kohn-Sham Approach.........ccccceecveriieiienieiiiienieeieesee e 42

5 Design of Electric Field Controlled Molecular Gates Mounted on Metal-

Organic Frameworks .......ceeienninniensennsnensennsnensnensenssesssessscssssesssssssssssssssss 47
5.1 INIrOAUCHION.....coiiiiiieiieeie ettt et 47
52 ME-MOF = T4 oottt 51
5.3 Molecular MaChines .........ccccceviiiiiiiiiiiiiiniiieeceeeeeee e 55

5.3.1  Unidirectional ROtary .........ccccceeevvieeiiiieieeeieeceeeeee e 55
5.3.2  Application of Molecular Machines............c.ccceeeeuieercrieencrieenieeennee, 65
5.4 Molecular Machines in MOFS .......ccccoceviiniiiiniiniiieciccescceeen 69
54.1 Metal Organic Rotaxane Frameworks (MORFS) ..........cccceveennene 69
5.4.2  Functionalised molecular machines in MOFs..........ccccccoeeviennnnnnen. 72
5.5  Simulation Method ..ot 74

IX



55.1 DEFT CalCUlatiOns ....eeeeeeeeeeeeeeeee e e s 74
5.5.2  Molecular Dynamic Simulations...........c.ccceeeeuieerciieencneeenciieeeree e 75
5.6 ReSUILS and DISCUSSION w.vvvvveeieeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenenes 78

5.6.1  Channel porosity control through electric field and methane

SIITIULATION ...ttt ettt ettt eee e eee e eeeeeeeeeeeeeeeaeeeeeeeeneeeeeeeennennnes 81
5.7 CONCIUSION .ttt eeeeeeeeeeeeeeneeeeenennne 84

6 Grand Canonical Monte Carlo Simulations of Various Water Models in

Zeolitic Imidazole FrameworKk-8...........cciiivuiiiveiinsnrcssnncssnnecssnnecsssnccsseecsnsnes 85
0.1  INIrOAUCTION.....coitiiiiiiiiieie et 85
0.2 ZIF-8 Force Field........cccoiiiiiiiiieiieeeeeeee e 88
6.3 Simulation Method ...........cooiiiiiiiiiiii e 90

6.3.1  Grand Canonical Monte Carlo Simulation.............ccceeverveenenen. 91
6.3.2  Continuous Fractional Component Monte Carlo (CFC MC).......... 92
6.4  Results and DiSCUSSION ......ccueeriieiiiiiiieiierie et 94
6.4.1  Multiple Force Field Adsorption Simulation ..........ccccccceveeeneennennne. 94
6.4.2  Heat of AdSOTPHON ..coceviieeiiiieeiie e 99
0.5 CONCIUSION ...ttt sttt s 103

7  Molecular Dynamic Simulations of Water Intrusions in Flexible ZIF-8

105
7.1 INErOAUCHION. .c..eiiieiiiiiieieeteet et 105
7.2 Simulation Method .........cccooieiiiiiiiiiieee e 108
7.2.1  Piston Molecular Dynamic Simulation ............cccccceeeviierieeiiiennnne 108



7.3 ReSults and DISCUSSION c.euuuueeeeeeeeeeeee e ee e e e e e eeeeaeeenan 111

7.3.1 Piston Molecular Dynamic Simulations............cccceeevveevveeerreeenne. 111

T4 CONCIUSION .ottt sttt 115

8 Conclusion and Future studies .116
8.1 FULUIE SCOPE .eevvieeiiiieeiie ettt et ettt et e st e e sebeeesebeeenes 118

9 Appendix e 120
9.1  Supporting information for Chapter 5 .........ccccceeviiriiiniiniieieeies 120

9.1.1  Details of convergence criteria for DFT geometry optimisation

SIMUIALIONS ...vvieivieeiiie et et et e et et e et e e e te e e e raeesbeeesbeeesaseeesaseeesnseaenns 120
9.1.2  Force field for Mg-MOF-74 .......ccooviiiieieieeeeeeeeieeee e 120

9.1.3  Force field for 4,5-dimethyl -9,10- bis(trifloromethyl)pyrene-2,7-

dicarboXyliC ACIA ...ccuviieiiieeiiieceeee e 124
9.2 Supporting Information for Chapter 6 ............cccocceeriieniiniiienieciiee, 130
9.2.1 Force field for ZIF-8.........cooiiiiiieeeeeeeeeee e 130
9.2.2  Water Model Force Field ..........cccoooiiiiiiiiiiiiieee 133
9.2.3  Water cluster formation at 10 kPa.........c.cccoooiiiiiiiiiiiiniiiiee 134
9.3  Supporting information for Chapter 7 ........ccccceeveevvveencieencieeeie e 135
9.3.1 Krokidas intramolecular Force Field...........ccccoociiiiininiinnnne. 135
9.3.2  Zheng Intramolecular Force Field...........ccccoccoviiiniiiiinniiie 137
9.3.3  Wu Intramolecular Force Field .........ccccoceeviniiniiniiiiniiniicne 140
9.3.4  Snap shot of pore saturation for every 10 nS.......ccceevveerieeiiiennnnne 142

X1



9.3.5  Z-Density plot for TIP4P for ZIF-8 structure described by Krokidas

at 10 MPa (Top) and 30 MPa (BOttom) .........ccccvveeviieeiiieeiieeieeeee e 143

9.3.6  Z-Density plot for TIP3P for ZIF-8 structure described by Krokidas

at 10 MPa (Top) and 30 MPa (BOttom) .........ccccueeeviieeiiieeiieciee e 144

9.3.7  Z-Density plot for SPC/E for ZIF-8 structure described by Krokidas

at 10 MPa (Top) and 30 MPa (BOttom) ........c.ccccveeveenieeiiieniieeiieeie e 145

9.3.8  Z-Density plot for TIP4P for ZIF-8 structure described by Zheng at

10 MPa (Top) and 30 MPa (BOttom) ..........ccceerieeviienieeiienieeieeeieeiee e 146

9.3.9  Z-Density plot for TIP3P for ZIF-8 structure described by Zheng at

10 MPa (Top) and 30 MPa (BOttom) .........cceeeeiieeciiieeieeeieeeee e 147

9.3.10  Z-Density plot for SPC/E for ZIF-8 structure described by Zheng at

10 MPa (Top) and 30 MPa (BOttom) ..........cccceevieeiieniiiiienieeieeeie e 148

9.3.11 Z-Density plot for TIP4P for ZIF-8 structure described by Wu at 10

MPa (Top) and 30 MPa (BOttom) ..........coecuieiiieiiieiienieeieeceeeee e 149

RETETEIICE .. eeerreereneeereereereeeeesssssscssessessssssssssssasssssssssssssssssssssssssssssssssssssasssssssssssanans 150

XII



List of Figures

Figure 1.1 — Visual representations of metal-organic frameworks ...........c..cccceue. 1
Figure 1.2 — Growth of the Cambridge Structure Database and MOF entries since
1972. The inset shows the MOF self-assembly process from building blocks: metals
(red spheres) and organic ligands (blue struts). Adapted with permission from
Moghadam et al., 2017. Copyright (2017) American Chemical Society................ 2
Figure 2.1 — Structure of IRMOR-1 (MOF-5). ZnO4 tetrahedral formed a coordinate
bond with benzenetricarboxylate linkers. The pore diameters ~ 1.2 nm while the
pore aperture around ~0.8 nm. Carbon, hydrogen, oxygen and zinc are represented
by grey, white, red and purple respectively........cooviieviiriiiiiiniieeeeeee e 8
Figure 2.2 — The bridging Imidazole linkers, IM (left) with metal, M which have
similar angle orientation to zeolite (right). Adapted with permission from Park et
al., 2006. Copyright (2006) National Academy of Science ..........c.cccevvcveeerrveennenn. 9
Figure 2.3 — Visual representations of breathing effect of MIL-53 a) with DMF
within the pore, b) vacuum and c¢) with water molecules within the pore. Adapted
with permission from Chen et al, 2013. Copyright (2013) American Chemical
10103 (51 1 2SS USSP 12
Figure 2.4 — Schematic illustration of the concept of guest-to-host structural
transmission. Red and orange objects represent trans-AB and cis-AB, respectively.
The conformational change in the guest molecule by external stimuli triggers a
structural transformation of the crystalline host framework. Adapted with

permission from Yani ef al., 2012. Copyright (2012) American Chemical Society.

XIII



Figure 4.2 — IUPAC adsorption isotherms classification with x and y axis represents
the increasing pressure and adsorbed quantity, respectively. Reprinted with
permission from Q-R Fang et al., Inorganic Chemistry. Copyright Taylor & Francis
L (0101 o TSRS 23
Figure 4.3 — Schematic representation of multi-layer adsorption .............c........... 24
Figure 4.4 — Adsorption isotherms computed at T =300 K with GCMC simulations
in the np (dashed red) and lp (dashed blue) rigid structures. The full black line is a
composite adsorption isotherm, featuring the breathing transitions calculated using
an analytical model in the osmotic ensemble. Adapted with permission from
Bousquet et al., 2006. Copyright (2012) AIP Publishing ..........cccccoeceeiiiiiiennens 26
Figure 4.5 — Comparison of the adsorption isotherms of carbon dioxide and
methane at 304 K on a) dehydrated and b) hydrated forms of MIL-53(Cr). Grey-
and black-filled circles represent two different experiments. Adapted with
permission from Llewellyn et al., 2006. Copyright (2001) John Wiley and Sons 26
Figure 4.6 - ZIF-8 structures at (a) low loading (LL) and (b) high loading (HL) of
N2 sorption. Adapted with permission from Zheng et al., 2006. Copyright (2031)
American Chemical SOCIELY. ......ccueeviuiiiiiiiiiiiieiiie e 27
Figure 4.7 - N2 sorption in ZIF-8 at 77 K versus the pressure of bulk N2 (PO =1
bar) Adapted with permission from Zheng et al., 2006. Copyright (2031) American
ChemiCal SOCIELY.....cuiieiiieeeiie ettt e ettt e e te e et eeeereeetaeeeseeesnseeessseeessseeennnes 28
Figure 4.8 — A diagram to illustrate the time and length scales accessible by various
SIMUIAtion MEthOAS. ........ooiuiiiiiiiiiie e 30
Figure — 5.1 a) Mg-MOF-74 unit cell, b) chemical structure of the gate molecule,
4,5-dimethyl -9,10- bis(trifloromethyl)pyrene-2,7-dicarboxylic acid,(225) c) a
molecular gate placed in one of the Mg-MOF-74 channels, and d) MOF-molecular

X1V



gate complex where all three channels of Mg-MOF-74 were occupied by the gate
molecules. Carbon, oxygen, magnesium, fluorine and hydrogen are represented
with grey, red, green, cyan and white, respectively. ......cocevviieeiiieeiieeeieeeeeeee, 50
Figure 5.2 — Triptycene motor using mecuric ion and EDTA to control the rotation.
Adapted with permission from Kelly et al., 2001. Copyright (2001) American
ChemiCal SOCICLY ....ccviiiiiieeeiieecieeeciee et et eete e e rre e et e e et e e s beeesasaeesnseeessseeensns 57
Figure 5.3 — Lactone molecular motor rotation induced by nucleophile (Nu’) i.e N-
O-dimethylhydroxylamine, LiOH. The directional rotation depends on the
diasteromer once the lactone bond reacts with the nucleophile. Adapted with
permission from Dahl et al., 2005. Copyright (2005) Elsevier(67) .......ccceevenenne 58
Figure 5.4 — Rotation steps of 1-(4-methoxybenzyl oxy)-6H-naphth [2,1-
c]chromen-6-one motor. The rotor involves 4 intermediates steps; in step (1), the
motor ring opens by reduction of the lactone group, phenolic alcohols attached onto
the rotational part of the motor (the motor operate in a solution of toluene solution
with (s)-2-methyl-oxazaborolidine and borane). In step (2), the protection group
para-methoxybenzyl (PMB) is oxidised and undergo lactonization with the
carbocyclic acid. In step (3), the lactone is reduced by the (s)-2-methyl-
oxaborolidine and borane, PMB re-attached as a protection group and swings
across. In step (4), the deportation of the phenol by removing ally group with
Pd(PPhs)4 and the cycle is regenerated to the original form 1. Adapted with
permission from Fletcher et al., 2005. Copyright (2005) The American Association
for the Advancement Of SCIENCE. .......cceevuerviiriiniiriiinieceeeeee e 58
Figure 5.5 — Schematic representation of light induce molecular switch controlled

by absorption of different UV light wavelength and concentration of H'. Adapted

XV



with permission from Feringa, 2001. Copyright (2001) American Chemical Society
) ettt e sttt en et s s s s st nenean 60
Figure 5.6 — Schematic representation of controlled light induces rotor cycle (left)
and free energy diagram (right). The sequence of rotation initiate by photochemcial
cis-trans isomerisation and thermal helix inversion. Adapted with permission from

Ruangsupapichat et al., 2008. Copyright (2008) American Chemical Society. (244)

Figure 5.7 — Schematic representation of clockwise and anti-clockwise rotation of
light induced molecular motor. The clockwise rotation is initiated from the stable
position (3’S)-(M)-1 and through photochemical isomerisation (step 1) to give
(3°S)-(M)-1 followed by thermal isomerisation (step 2). The consecutive repeats of
photochemical (step 3) and thermal isomerisation (step 4) reverted the motor back
to original position. The initiation of anti-clockwise rotation with the same
molecules requires the opposite enantiomer at the less stable (3°S)-(P)-1° by using
base-catalysed epimerization (step 5). Full anti-clockwise rotation (steps 17 — 4”)
proceeds analogously to the clockwise rotation steps. Reversion from anti-
clockwise to clockwise position must use base-catalysed isomerisation at the less
stable rotor position (3’R)-(M)-1". Adapted with permission from Ruangsupapichat
et al., 2010. Copyright (2010) Springer Nature (69)........cccocveveevieneenerienecnennne. 61
Figure 5.8 — Molecular turnstile with inner molecules rotates on the triple bond axis
with R design to be replaced with functional group such as CHs, F, etc. Adapted
with permission from Bedard et al., 1995. Copyright (1995) American Chemical
SOCIELY(200) ..ttt ettt ettt et et e et e st esnte b e enneenneas 62
Figure 5.9 — (a) Molecular turnstile candidates for electric revolving door in (S-
MERD), molecules 1 represents the frame of the revolving door and molecules 2-

XVI



4 represents the door rotate on the triple bond axis (b) Illustration of S-MERD with
molecules 1-4 linked to two electrodes. Adapted with permission from Hsu et al.,
2013. Copyright (2013) American Chemical Society.(202) .......cccccvveevrveerveeenen. 63
Figure 5.10 — Illustration of unidirectional rotor under the alternate electric field
with frequency of 90 GHz and 6 V/nm. Adapted with permission from Zheng et
al., 2004. Copyright (2004) American Chemical Society. (201) .......cccvvveeereennnee. 64
Figure 5.11 — Molecular turnstile chemical structure (left) ,10-bis((5-mercapto-3-
thiophen-3-yl)ethynyl)-6,7-dimethoxyanthracene-2,3-dicarbonitrile, (right) 2,7-
bis((E)-2-(5-mercaptothiophen-3-yl)vinyl)-9,10-dimethoxypyrene-4,5-

dicarbonitrile) Adapted with permission from J. S. Seldenthuis et al., 2010.
Copyright (2010) American Chemical SOCiety(58) ......ccceevieriiienireiierieeieeniee 65
Figure 5.12 —Illustration of molecular sensor. The rotation stopped by the designate
length of dicarboxylates molecules and the reduce rotation is detected through
fluorescence emission spectra. Adapted with permission from J. Raker et al., 2002.
Copyright (2002) Springer Nature (268).......c.ceveeriiierieeiiierieeieeeie e 66
Figure 5.13 —a) Schematic representation of the light motor b) Liquid — crystal film
doped with molecule (1% by weight) 1 ¢) Glass rod clockwise rotation from left to
right under irradiation with UV light, each frame taken at 15-s intervals d) Surface
structure of the liquid — crystal film. Adapted with permission from R. Eelkema et
al., 2000. Copyright (2000) Springer Nature (64)........ccccceereeerieenieeiieenieeieeeiens 67
Figure 5.14 — Structure of the molecular machines on the glass tube inner surface
(left) and the movement of the oil (NPC-02) droplet in the glass tube (right) due to
irradiation of UV and Blue light. Asymmetric magnitude of UV and blue light move

the droplet around the surface. Adapted with permission from K. Ichimura ef al.,

XVII



2000. Copyright (2000) The American Association for the Advancement of
SCIENCE. (209) ...uiiiiiiieiie ettt e et e e ste e e aeeetaeesnsaeesssaeessbeeensneeeans 68
Figure 5.15 — Illustration of water molecules adsorb onto the molecular gate metal
site and reconfigured the geometry position of the gate. Adapted with permission
from J. Seo et al., 2009. Copyright (2009) American Chemical Society.(113)....69
Figure 5.16 — The polyrotaxane self-assembles with Cu ions to form a 2D structure,
where there are two different size channels shown as A and B. The structure has a
weak Vdw interaction with each layer thus can be stacked upon each other.
Adapted with permission from E. Lee et al., 2001. Copyright (2001) Angew. Chem.
0 R 2« SRS 70
Figure 5.17 — a) Major steps in the synthesis of a molecular shuttle MOF linker
comprising a rigid H-shaped axle with two benzimidazole recognition sites, four
carboxylic acid groups for coordination to metal ions and a [24]crown-8 ether
wheel. b) The synthetic route used to label the MOF linker with 13C enrichment to
aid in characterization of the shuttling motion by 1H-13C CP/MAS SSNMR. C) A
ball-and-stick representation of the single-crystal X-ray of 4, the tetra-methylester
version of the tetra-carboxylic acid MIM linker 5. THF, tetrahydrofuran; TFA,
trifluoroacetic acid. Adapted with permission from K. Zhu et al., 2015. Copyright
(2015) Nature chemiStry. (271) .c.coecierieeiieie ettt 71
Figure 5.18 — The semi rotaxane formation a) and it is attached to NU-1000 through
Solvent Assisted Ligand Incorporation (SALI). b) NU-1000 contains 6 sites where
it can form a coordinate bond with the semi-rotaxane. Adapted with permission

from P. R. McGonigal, et al, 2015. Copyright (2015) National Academy of Science.

XVII



Figure 5.19 — a) DFT optimized closed gate configuration and b) open gate
configuration. Atom colours are same with those in Figure — 5.1. ....................... 78
Figure 5.20 — Energy variation of the MOF-molecular gate complex with the
rotation of the gate molecule with respect to the x-y plane predicted by DFT
calculations. The closed gate configuration, which was taken as the reference point,
is circled with green and the open gate configuration with red............ccoeuneeeeee. 79
Figure 5.21 — The energy of the MOF-molecular gate complex with all three
channels occupied by the molecular gates form the MD simulation. An electric field
with a 3 V nm! strength turned on and off with consecutive periods of 1 ns. The
gate is at the closed configuration when the electric field is turned off (blue line)
and at the open configuration when the electric field is turned on (red line)........ 80
Figure 5.22 — a) Methane molecules placed between the molecular gates and the
graphene wall, and b) molecular gates switched to their open configurations and
the methane molecules diffused towards the empty pore volume after the electric
field was turned on. Methane molecules (blue), all other atom colours are same with
those 1N FIGUIE — 5.1 ciiiiiiiie ettt 82
Figure 5.23 — Number densities of methane along the z-direction averaged over 30
ns with the molecular gates are in a) closed configuration and b) open configuration.
The blue and red dashed lines represent the positions of the gate molecules and the
graphene wall, 1eSpPeCtiVeLY .......couiiiiiiiiiieee e 83
Figure 6.1 — Water adsorption Isotherm with TIP4P water model and force field
from Krokidas (black) , Amrouche (red), Zheng (blue), Hertidg (pink), Wu (green)
and Zhang (cyan). The black and blue dash line represents the experimental

adsorption pressure and experimental loading, respectively. ........cocceeervvenvennenee. 94

XIX



Figure 6.2 — SPC/E (black), TIP3P (blue), TIP4P (pink), TIP4P-2005 (green),
TIP4P-EW (purple) water model are tested with Krokidas force field. The black
and blue dash line represents the experimental adsorption pressure and
experimental loading, reSPECtiVElY. ......ccciieiiiieiiiieieece e 95
Figure 6.3 — Partial pore condensation of TIP4P-2005 in ZIF-8...........c.cccuveee.... 96
Figure 6.4 — CFC MC simulations for SPC/E (black), TIP3P (red), TIP4P (blue)
and TIP4P-2005 (pink) with Krokidas force field to describe the atoms in the
framework. The black dash line represents the experimental intrusion pressure..97
Figure 6.5 — CFC MC simulations for SPC/E (black), TIP3P (red), TIP4P (blue)
and TIP4P-2005 (pink) with Zhang force field to describe the atoms in the
framework. The black dash line represents the experimental intrusion pressure..98
Figure 6.6 — Host (ZIF-8) - adsorbate (water) interactions calculated through CFC
MC (Top) and GCMC (bottom) methods. The black dash line represents the
experimental intrusion pressure. SPCE (black), TIP3P (red), TIP4P (Blue) and
TIP4P-2005 (pink), respectively. The black dash line represents the experimental
INETUSTON PIESSULE. «..euviitinteeuteritenteeteeetesteentesitesteenteeatesbeeteeasesbeenbeeasesbeesesasenseens 100
Figure 6.7 — Adsorbate (water) - Adsorbate (water) interactions calculated through
CFC MC (top) and GCMC (bottom) methods. The black dash line represents the
experimental intrusion pressure. SPCE (black), TIP3P (red), TIP4P (Blue) and
TIP4P-2005 (pink), T€SPECLIVELY. ..eecvieriiieiieiiieiieiie et 101
Figure 6.8 — Average isoteric heat of adsorption through derivation of total potential
energy at pressure between 10 kPA to 70 MPa in CFC MC simulation (Top) and
GCMC (bottom). SPCE (black), TIP3P (red), TIP4P (Blue) and TIP4P-2005 (pink),

respectively. The black dash line represents the experimental intrusion pressure.



Figure 7.1 — Visual representation of the simulation system. The graphene piston
provided a pressure which push water molecules toward ZIF-8 structure and this
mimic water intrusion experiment. The right hand side of the simulation box
1eMAINEd VACUUINL ...eouiiiiiiiiiieiteitete ettt ettt ettt e sae e eanes 110
Figure 7.2 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in
the ZIF-8 membrane where the atoms are described by Krokidas force field. The
pressure difference is 10 (Left) and 30 (right) MPa, respectively. The ZIF-8
membrane is between the two blue dotted lines. ...........ccoceeviiiiiiniiniienieee 111
Figure 7.3 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in
the ZIF-8 membrane where the atoms are described by Wu force field. The pressure
difference is 10 (Left) and 30 (right) MPa, respectively. The ZIF-8 structure is
between the two blue dotted liNes. ..........cooeeiiiiiiiiiiiiiieeee 112
Figure 7.4 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in
the ZIF-8 membrane where the atoms are described by Zheng force field. The
pressure difference is 10 (Left) and 30 (right) MPa, respectively. The ZIF-8
structure is between the two blue dotted lines............ccceeveriiniiiiniiniiniiienee 112
Figure 7.5 — An illustration of the closed and opened 6-ring window of ZIF-8
framework, the dihedral angle is calculated with the atoms N —Zn— N —C1 and N
—Zn—N — C2. The red and green ring represents the pore opening before and after
water Intrusion, TeSPECLIVELY....c.eiiiiiiiieiieiieeie et 113
Figure 7.6 — Probability profile of the imidazolate swing angle (Top) and the
corresponded potential mean force (bottom) as a function of the dihedral angle. The
black and red line represented when the pore is empty and saturated with water,

TESPECTIVELY . ...ttt et 114

XXI



XXII



Abbreviation

Abbreviation

AMBER

BET

BDC

BMI

CFCMC

DFT

EDTA

GCMC

LJ

NMR

MC

MD

MIM

MMM

MOF

MORF

Meaning

Assisted Model Building with Energy Refinement

Brunauer-Emmett—Teller

Benzenedicarboxulate

Barrier Height Imagining

Continuous Fractional Component Monte Carlo

Density Functional Theory

Ethylenediaminetetraacetic acid

Grand Canonical Monte Carlo

Lennard Jones

Nuclear Magnetic Resonance

Monte Carlo

Molecular Dynamics

Mechanically Interlocked Molecules

Mix Matrix Membrane

Metal Organic Framework

Metal Organic Rotaxane Framework

XXII



PMB

PMF

STM

SPC

SPC/E

TFA

UFF

Uuv

Vdw

ZIF

Para-methoxybenzyl

Potential Mean Force

Scanning Tunnelling Microscope

Soft Porous Crystal

Extended Simple Point Charge Model

Trifluoroacetic acid

Universal Force Field

Ultraviolet

Van der Waal

Zeolitic Imidazole Framework

XXIV



This page has been left blank intentionally ~xv




1 Introduction

MOFs, also known as porous coordination polymers, are an emerging class of
crystalline porous materials with high degree of symmetry. These are nano-porous
structures made from self-assembly of organic linkers and metal ions or metal oxide
cluster into high symmetry crystalline structures (Figure 1.1). The materials have
high adsorption affinity for gaseous species, which is similar to natural occurring
zeolite, yet MOFs have greater flexibilities as the size and shape of the pore can be
tuned by the variation in organic linker and metal nodes. Thus, these porous

materials can offer beyond the limitations of zeolites.(1)

These materials were known in the early 1980s, however stable crystallise
structures are only formulated in the late decade of 1990s by Yaghi and
colleagues.(2) Chemical and thermal robustness are the key features of MOFs that
capture industrial interests, in particular high concentration of ions lead to
applications in catalysis and gas storage/separation. Thus, MOFs are considered

potential materials to challenge the current position of porous materials (zeolite).(3-

10)
+
Metal nodes or .. Metal-organic
. Organic Linkers
metal oxide frameworks

Figure 1.1 — Visual representations of metal-organic frameworks



During the last decade, from the perspective of global climate and clean energy, the
research of porous materials have evidently shifted from capture and store gas
molecules (Hz2, CH4, and CO2)(3, 5, 11-13) to applications such as sensors,(14-16)
drug carriers,(17-20) filters,(21-24) energy storage.(25-28) Experimentalists often
require sieving through many promising organic linkers and test assorted MOFs
through trial and errors. Thus, these processes are often expensive and time
consuming as over 70,000 MOFs have been recorded in crystal data bank (Figure
1.2).(2, 29) Furthermore, the large entries are often unchecked due to the limited
resources to thoroughly test each structure integrity, pore volume size or any other
physical properties, therefore, leading to the current data susceptible to inconsistent

result.(30, 31)

900,000
W CSD entries
800,000 -
BMOF entries
o
) TOO;000; s oy e oo o s Sl o B
- ! :
< e ©® \ :
600,000 - 8 1
= REEE IS = :
- o ® l\ -
» 1 o ‘ I
@ 500,000 1 1 I
= e e et e et A e e !
c
D 400,000 -
L
o
@
2 300,000 -
€
2 200,000 -
Estimated number of MOFs:
100,000 - ca. 70,000 i |
0 --ILLl.ll.I.I.I.I.lll I ,,,,,,
L e e e e e N e e - = e W S N S ST SR ST RN SR S X
W W W W W W W W W VW W O W W © © © © © ©o o o o
N N N N 0O 0O 0 0 0 0 O W W O O © © © = =2 a o
N & O 0 O N & O © O N & O O O N & O 0O N O
Year
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To address these issues, MOF community has turned toward computational
simulations in order to give an insight of the structural chemistry. Data such as
adsorption isotherm, surface area, pore volume, heat of adsorptions can easily be
obtained through molecular simulations (12, 32-40) and the speed of evaluation are
only limited by computational power. Therefore, many have combined molecular
simulation with experimental in order to validate their respective results.(33, 34,

41, 42)

Herein, this thesis focuses on the so called “third-generation” functional MOFs
where the dynamics of the flexible structure can change the functionality of the
material.(43) These MOFs have non-rigid structure and undergo reversible
structural transformation in response to stimuli.(35, 44-47) A prominent examples
of MOFs structural transformation is the so called ‘breathing’ effect. The structures
respond to external stimuli (e.g. guest molecule adsorption/desorption)(1, 44, 45)
and have drastic alterations to the unit cell pore volume. This leads to the change
of capacity within the MOFs. Likewise, ‘Gate’ effect is another example of
structural transformation. The linker is induced by stimuli and rotated on it axis
while retaining the original crystalline geometry. The rotation is somewhat
comparable to “saloon-door” opening and can expose to a restricted pore space
within the MOFs. The reported MOFs with this property are duly exploited for
applications such as separation by size and shape, as the flexibility gives the
structure a sieve-like functionality.(7, 33, 47) In both structural transformation
examples, the structure will revert to the original dimension once the stimuli is

removed from the system.



As strong interests in flexible MOFs research were building up from 1990s, another
area of research was gaining momentum is molecular machines. In 2016, Jean-
Pierre Sauvage, Sir J. Stoddart and Bernard L. Feringa were awarded Nobel Prize
for their development and contributions to the molecular chemistry. Their joint
award was granted based on their work in manufacture synthetic supramolecular
structure; where the molecular components can control and perform a repeatable
physical task under the effect of stimuli. The machines are controlled through the
responses to various stimuli, such as chemical,(48-51) photon,(52-56) electric
field(57-59) and used as a fuel to power the physical motion. Their idea brought
forward a novel research pathway where precise molecular movement is
manipulated and enhanced; in such that the chemical reactions, (49, 60) sensing,(56,
61-63) chemical transportation® ¢ %) and many more functionalities are
controlled at molecular level.(56, 62-64, 66-69) Since the directional displacement
at molecular scale is comparable to the movement of a macro machines; these

supramolecular structures are given the name as “molecular machines”.

Propelled by the advancement in both synthetic MOFs and inspired by the stimuli
control in molecular machines, the interest in this thesis will focus on molecular
simulations study of MOFs that undergo structure transformation under the effect
of stimuli. The study further promotes the understanding structure phenomena in
molecular scales. Additionally, only few research groups have successfully
demonstrated the possibility to combine both molecular structures and provided a
new application pathway for the combine complex.(70-72) Thus, building upon the
underexplore idea, stimuli responsive molecular machines with MOFs acting as a

host will further conceptually explored.



1.1 Porous Adsorbent Materials

In this section, the general classifications of nano-porous materials and general

industrial adsorbent materials are covered.

1.1.1 Porous Materials

Due to the large surface area and the potential of interacting with molecules,
throughout the bulk material, strong interests are widely received for porous
materials. In particular, industries are interested in adsorption,(3, 5, 12, 34, 73, 74)
separation,(7, 34, 74, 75) ion exchange,(76-79) catalysis(80-83) and toxic

removal(84-88) where porous materials are widely used.

International Union of Pure and Applied Chemistry (IUPAC) categorise porous
material based on the diameter of the pore.(89) Pores with diameter in the range
less than 2 nm are categorised as ‘micropores’. In between 2 nm to 50 nm pore
diameter, those are known as ‘mesopores’. Whereas the pore diameter is beyond
50 nm, it is known as ‘macropore’.(89) Within the range between 1 to 100 nm, it is
within the subgroup ‘nanoporous materials’. Both porous and nanoporous material
materials can be either organic or inorganics by its composition and constituents.
Here, I am going to give a brief introduction to the well-known porous material,

zeolite, activated carbon and metal-organic-frameworks.

Zeolites are a well-known inorganic crystalline aluminosilcates porous material
with interconnected pores range from 4 — 13 nm.(90) Some of these materials are
naturally occurring; thus, it can be excavated from ground. However, these
materials consist of uniform pore size; this brings advantage as well as drawback

which dependent on the practice. The consistent pore size distribution can be used



for applications such as sieving and separating molecules by size.(91) At the same
time, the separation ability is limited by the pore size distribution and only selective

mixture can be separated.

Activated carbon is an organic porous structure; it is composed of many different
pore sizes and known as amorphous porous materials. The material is prepared
through pyrolysis of carbon-rich materials (i.e. coal, wood char). They possess high
surfaces area, porosity and adsorption capability, but a major drawback is poor

selectivity and the efficiency is dependent on the type of carbon.(92)

MOFs are nano-porous material developed during 1990s, it is a new class of hybrid
crystalline porous material. The structure of MOFs combines organic linkers with
inorganic metals or metal nodes. MOFs are well-defined structures and contain
larger internal surface area.(41) The advantage of MOFs is the highly tuneable pore
size and surface area by changing the metal ions and/or the organic linker.
Furthermore, they also offer high selectivity in comparison to zeolite and activated
carbon due to the interaction between the adsorbate and the metal ions. Further

discussion of MOFs will be given in Chapter 2.



2 Literature Review

In this chapter, a general background on MOFs functionalities and potential
applications. Specific focus will be on flexible porous materials, also known as
“soft porous crystals”, where the material will respond to physical and chemical
stimuli. Furthermore, their future potential in smart material applications is

explained.

2.1 Metal-Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are a class of advanced crystalline materials
with large empty cavities and strong affinities to many gaseous molecules. It is
formed by self-assembly of metal ions and organic ligands through coordination
bonds. On a nanoscale level, MOFs had shown the elegance and mastery in
chemistry synthesis. Theoretically, plentiful MOFs materials can be synthesised by
interchange organic linkers and metal ions. Through combination of various
inorganic and organic components one could adjust the shape and pore size. There
are judicious choice of multidentate linkers, such as polycarboxylates,
phosphonates, sulfonates, amines, imidazolates, pyridyl and phenolates can be used

to design MOFs.(93)

Although MOFs existed since 1980s, the first few MOFs structure collapsed once
solvent was evacuated from the pores. However, in 1990s, Yaghi et al.(94) were
first to synthesise a robust 3D crystalline structure known as MOF-5 (IRMOF-1),
with surface area reaching 3631 m?> g'.(95) It is formed by 14-
benzenedicarboxulate (BDC) coordinated with ZnsO octahedral metal clusters,

which the unit form a cubic framework Figure 2.1 with the formula of



Zn4sO(BDC)3-(DMF)s(CsHsCl). Whereas, the nearest competitive zeolites (zeolite
Y) and activated carbon surface area reach up to 1000 m? g!' and 3500 m? g’!,
respectively.(29, 95) Just of late, the apparent theoretical limit surface areas of

MOFs can reach up to 10,000 m? g'.0®

Figure 2.1 — Structure of IRMOR-1 (MOF-5). ZnO4 tetrahedral formed a coordinate bond with
benzenetricarboxylate linkers. The pore diameters ~ 1.2 nm while the pore aperture around ~0.8 nm.
Carbon, hydrogen, oxygen and zinc are represented by grey, white, red and purple respectively

Another well-known group of MOFs are called Zeolitic Imidazolate Frameworks
(Z1Fs).(97) There are a wide range of interests in ZIFs as these materials have
properties similar to zeolite; permanent porosity, uniform pore size, high stability
and framework diversity. (97-99) The porous cage cavities are interconnected by
small windows which permits gas separation by shape and size.(7, 100) It is formed
by bivalent transition metals coordinate with organic ligands and assembles to

tetrahedral units. The surface area can reach up to 2000 m? g'! and pore volume
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~0.663 cm® gl.(97) ZIFs exhibited similar functionalities to zeolite.(8) One
comparable similarity is the imidazole linkers have a prefer orientation (M — IM —
M) close to 145 degrees and similar to the connectivity orientation that can be found
in zeolites (Si — O — Si units) (Figure 2.2). Thus during the self-assemble, the ZIFs

can form structure that resemble to the zeolite topology.

Figure 2.2 — The bridging Imidazole linkers, IM (left) with metal, M which have similar angle orientation
to zeolite (right). Adapted with permission from Park et al, 2006. Copyright (2006) National Academy
of Science

ZIFs stand above the zeolite in terms of varieties in structure chemistry. Herein,
imidazole can lose a proton and form co-ordinate bond with various metal ions
(Fe(I), Cu(Il), Co(II), Zn(II)... etc.), and self-assemble into structure with high
crystalline and symmetry. High concentration of transition metal ions would be
integrated and lined within the pores, thus desirably, offers the ability for many
catalytic applications.(101) Electronic and steric properties can be manipulated
according to the organic linkers’ functionalisation,(4, 102) incidentally resulted in

the possibility to create numerus applications for ZIFs.

Another example to show the flexibility of ZIFs is one could fine tune the porous

material through modification to the imidazolate linkers. In such that the



hydrophobicity and molecular selectivity can change, leading to the design of
different adsorption properties. This makes ZIFs ideal materials for gas storage and
separation applications.(7, 14, 103) These materials have a strong interest to oil
industries as it is useful for screening small hydrocarbon molecules, such as
separating ethylene/ethane,(7) as the tradition cryogenic distillation is an energy

intensive process.

2.2 Stimuli Responsive MOF's

As general descriptions and applications for MOFs were introduced in the
former/previous chapter, we are interested in a subset of MOFs that can respond to
physical and chemical stimuli and undergo a reversible physical structural
transformation. These types of MOFs are known as flexible MOFs or Soft Porous
Crystals (SPCs); they have an underlying coordinative network with cooperative
structure transformability to give physical alteration and extra degree of
functionality for MOFs. This mechanical property is associated with anisotropic
elastic behaviour of the materials. Fundamentally, all stimuli dependent phenomena
are related to structural flexibility and the change can lead to the phenomena such
as increased adsorption capacity,(28, 44) entrapped and released molecules(104-

107) and separation molecules by size.(2, 75, 100, 108, 109)

The conceptual and potential applications of flexible framework were recognised
at very early stage in 1990s. Envisioned of the applications are greatly diverse, but
currently the main investigated applications focus on gas separation or gas sensor.
The visions for responsive flexible MOFs are not restricted to the adsorptive — host
interactions, it can also be designed to be activated by other physical stimuli, such

as thermal, light, electric field or electrical.(110-115)

10



With adsorptive gas separation, ideally, high selectivity and capacity are desirable
for efficient separation. Flexible framework in principle can adapt and combine
these two requirements, in which it can sieve through multi-component mixture as
well as providing storage to one component. Here, the engineering challenge is to
design a flexible MOF in a way where only one specific interaction dominates the

pore opening response for a target adsorptive.

Herein, the first prominent example of the reverse structure transformation to
discuss is the so-called ‘breathing’” MOFs, where the unit cell volumes are
drastically changed upon external stimuli. Figure 2.3 is an example of MOF that
can be transformed from closed pore (cp) or narrow pore (np) to large pore (Ip) or
open pore form, and vice versa. Here, the stimuli are the adsorbates where it
intruded into the MIL-53 (Materiaux Institute Lavoisier - 53).(116) With different
adsorbate stimuli, the pore can either be at open or close channel state. Ghoufi et
al. demonstrated the ‘breathing’ effect in MIL-53 (Cr) can also be induced through
the application of electric field.(117) This effectively transformed the structure

without the needs of adsorbate.
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vacuum and c) with water molecules within the pore. Adapted with permission from Chen ef al., 2013.

Copyright (2013) American Chemical Society.

Another special feature in SPCs and also a prominent example of structure
distortion is ‘gate’ opening effect. In broad-term, gate opening occurs are due to
the linkers ability to rotate upon its crystallographic position,(118) thus, exposing
the empty cavity or changing the cell volume to accommodate different size of
molecules into the framework. Frequently, the linkers’ rotations are induced by
adsorptive approaching to the framework. As chapter 2.1 gave an introduction to
ZIFs, there are many reports on ZIFs can accommodated molecules bigger than the

pore aperture size based on their crystallographic data.(1, 26, 119-123) Gate
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mechanism can be exploited in the direction of efficient separation(108, 124) and

entrapment/storage of adsorptive particles.(9, 18)

Some MOFs not only show adsorptive stimuli induced transformation, but also
show stress induced reversible deformation. ZIF-8 is such an example where the
high pressure forced a complete reversible phase transition.(33) Moggach et al.
performed in situ single X-ray diffraction with increasing pressure and showed that
the unit cell volume increased from 4900.5 A3 to 4999.6 A3, up to a pressure of

0.18 GPa.(125)

Remarkably, ZIF-8 also goes through phase transformation by electric field.(114)
Knebel et al. revealed that non-destructive and reversible way to control gas
transportation through a ZIF-8 membrane with the exposure of 500 V mm'. The
unit cell dimension transited from a cubic to monoclinic and triclinic polymorphs.
Knebel implicitly referred that with a sufficiently strong electric field, complete
linker alignment could be achieved. For instance, ZIF-7 and ZIF-11 are good
candidates to test further due to their well-known dipolar moment property within
linkers,(25) sequentially will have greater response to the electric fields.
Additionally, Knebel’s experiment expanded to HKUST-1, a non-soft porous
crystal, and shown electric field cannot induce structural change in rigid
framework. The author demonstrated electric field can only influence MOFs that
displays inherit flexibility. This accruement is huge as there are many known MOFs
do behave as SPCs and polar molecules can easily be functionalised within the

framework.

Photoresponsivity is another pronounced area of research for stimuli responsive

MOFs. It is well understood that some organics molecules change their
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conformation or structure upon interaction with light. In most cases, the MOFs are
functionalised with azobenzene group, and upon the exposure of light, the
conformation changes from trans to cis isomerisation, thus accompanying with the
change of accessible pore volume.(112) Yanai ef al. demonstrated the embedded
azobenzene in the flexible host compound,
[Zno(terephthalate)s(triethylenediamine)], (Figure 2.4) can transform the structure
through the emission of 365 nm wavelength of light.(126) The azobenzene
conformed from trans to cis and this accompany with phase changes in the MOF.
The change exposed the cavity behind the azobenzene and allowed N> molecules
to enter into the empty cavity. Similarly, Brown et al. embedded azobenzene upon
the linkers of IRMOF-74-III where upon the emission of the light, the pore aperture
increased from 8.3 A to 10.3 A.(113) Thus, by the emission of light, molecular
movements can precisely control and lead to the possibility of applications such as

encapsulation and molecule separation by size.

stimuli

inclusion
gas o
molecules stimuli

5% =

Figure 2.4 — Schematic illustration of the concept of guest-to-host structural transmission. Red and

orange objects represent trans-AB and cis-AB, respectively. The conformational change in the guest
molecule by external stimuli triggers a structural transformation of the crystalline host framework.

Adapted with permission from Yani ef al., 2012. Copyright (2012) American Chemical Society.
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Essentially the transformation from crystal-to-crystal or crystal-to-amorphous is a
phase transition. However, only hundreds crystalline structures in the Cambridge
structural database exhibit this effect or related stimuli responsive property. Even
so, only few MOFs have been systematically studied for the flexibility; in which
current literatures mostly concentrated on MIL-53,(28, 44, 116, 117, 127, 128)
MIL-88,(129-131) paddle-wheel based pillar frameworks(132-134) and ZIF-8.(9,

105, 114, 135)
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3 Thesis Aim and Outline

3.1 Scope of the Thesis

Gas storage, molecular separation and energy storage are one of the potential areas
of development in MOFs community. To reduce wastages and contributions to
global warming, it is utmost important to find effective materials as the demand for
efficient and low-cost devices ever increasing. Thus, there is a strong push to the
advancement in the development of MOFs (41, 136) as it can provide multitude of
benefits, such as low cost, low energy requirements, mixture separation and storage
of greenhouse gas.(5, 12, 137-141) Wastage during synthesis can be reduced if one
understood interactions at atomistic level. Therefore, based on fundamental
theories and characteristic of atoms one could conceptually design materials to

match the purpose of the application.

In this direction, we are to conceptually combine molecular machines and host it
within MOFs to create a novel material, in particular we focused on Mg-MOF-74
and a molecular turnstile design that was influenced by Horinek et al.(142) and
Seldenthuis et al.(58) The molecular machines are designed to respond to electric
field and we are to demonstrate the designed complex can conceptually utilised for

gas storage applications.

Consequently, to gain further understanding of structural flexible and stimuli
responsive MOF at atomistic scale, we dedicated our attention to ZIF — 8 and
investigate the effect of water model to the structural framework. Here, we further
explore the hydrophobicity of ZIF — 8 and systematically study different structural

force field within the MOF community.
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3.2 Objectives of the Thesis

The objectives of the thesis are given as follows:

1. Verify suitable MOFs for hosting molecular machines

2. Combine molecular machines and MOFs in order to form a new complex
that is controlled through the use of electric field.

3. Demonstrate the concept of using electric field as a stimulus to control
adsorption in MOFs

4. Clarify different water models effect within ZIF-8 by using Monte Carlo
and CFC MC methods.

5. Replicate experimental water intrusion set up in molecular simulation,
where using water as a stimulus and induce ‘gate’ opening in ZIF-8 through
graphene piston MD simulations.

6. Comparison study of water responses in various known flexible force field

for ZIF-8

3.3 Outline of the Thesis

Through the literature descriptions and the theories that were mentioned above, the

outline of the thesis to deliver the following:

Chapter 4 will explain a general concept of Molecular Dynamics (MD), Monte
Carlo (MC) and Density Functional Theory (DFT). MD and MC methods required
an accurate force field to account for the interactions of the materials, therefore a
general description of common force fields is described. DFT were used to

calculate the interactions between adsorbate — adsorbent.
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Chapter 5 aims to conceptually demonstrate the possibility of controlling a dipolar
molecular machine within the host Mg-MOF-74 by electric field; thus leading the
proposition to utilise the concept of flow direction and sorption control in molecular
scale. We simulated the theoretical design through the combination of Molecular
Dynamics (MD) and Density Functional Theory (DFT). It is demonstrated the
control of the methane flow direction by using electric field. Finally, the designed
complex was proposed to be applicable for industrial purposes such as gas storage

and loading of pharmaceutical molecules.

Chapter 6 concentrates on studying the experimental phenomena that were
described in chapter 2.2, where the ZIF-8 ‘gate’ effect and water adsorption were
not thoroughly investigated computationally. The investigation will first involve a
comparison study with current six existential force fields and probe with water
TIP4P model. Secondly, five different water models will be compared and the
interaction between the adsorbate and adsorbent will be investigated. This will give
an insight regarding the effect of water model and the adsorbent and provide a
general reference to future computational simulation for hydrophobic MOFs. This
investigation will involve Monte Carlo (MC) and Continuous Fractional

Component Monte Carlo (CFC MC).

Chapter 7 focuses on the ‘gate’ effects in ZIF-8 and replicates experiment set up in
molecular simulation. We are to simulate a non-equilibrium MD for ZIF-8 structure
by utilising a graphene piston in order to provide a directional pressure. Multiple
force fields description of ZIF-8 that found in literature is tested with three different

water models.
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Chapter 8 concludes the main results in this thesis and a future scope is given for

the further advancements to the work that was presented.

Chapter 9 contains the appendix and supplementary information for the thesis.
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4 Theory and Simulation methods

In the following sections, I am going to give a brief insight of the techniques that
were used throughout this thesis. Firstly, an introductory theory regarding to
adsorption will be given. Then due to the fact that the systems we investigated are
in molecular scales, thus techniques such as Molecular Dynamics (MD), Monte
Carlos (MC) and Density Functional Theory (DFT) are used to explain the
phenomena that occurred in experiments. The reasoning for using each technique

will become apparent in the following sub-chapters.

4.1 Adsorption

In this section, I am going to introduce the basic of adsorption theory and give a
general background for the phenomena that is observed when gas is introduced into
porous material. Each type of isotherm will be explained and how it is related to

the structural properties of any MOFs.

4.1.1 Introduction to Adsorption Theory

Adsorption is the process for the adhesion of atoms, ions or molecules from gas or
liquid onto a surface, resulting accumulation of the substance at interface between
two phases, such as gas/solid or liquid/solid. Adsorption physical mechanisms are
split into two categories: physisorption and chemisorption. Physisorption occurred
when a solid surface held the substrates by Van der Waal (VdW) forces and
electrostatic forces without modification to the molecule chemistry, whereas
chemisorption forms a chemical bond with the substrates resulting change in the
molecule properties.(143) In general, transition from physisorption to

chemisorption occurs when heat of adsorption beyond the region of 50 kJ mol™.
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Prior to the adsorption of species upon the solid interface, the species are known as
‘adsorptive’. As adsorption occurs at the interface, the species become ‘adsorbate’
and it is adsorbed onto the solid substrate known as ‘adsorbent’. Here, the key
parameter for adsorbate adsorption capacity dependent on surface area, accessible
pore and defects within the adsorbent.(144-146) A promising adsorbent should
have large surface area that is accessible to the adsorbates. Microporous materials
with a large internal surface area are regards as promising adsorbents, with the pore
network allows transport of adsorbate to the interior.(147) Defects comes in various
form, such as pore blockage, missing linkers, functionalisation of the surface which

can trigger an increase or decrease in adsorption capacity.(144, 146, 148, 149)

4.1.2 Langmuir Isotherm Model

Langmuir Isotherm Model is the most common and simplest model for adsorption
isotherm; this model can be applied to both physisorption as well as chemisorption.
The model quantified the adsorbed amounts of adsorbates on an adsorbent. Here,

the theory relies on four basic assumptions:

- Molecules are adsorbed at well-defined localised sites on the homogenous
adsorbent surface

- Each active site can only adsorb one adsorbate

- Energetically equivalent for all sites

- No interaction between neighbouring adsorbate

Based on the assumption mentioned, Langmuir model describe a single molecular
later (monolayer) adsorption on the adsorbent surface and gives a constant
adsorbate capacity. Molecules are assumed in contact with the adsorbent surface in

monolayer adsorption. (Figure 4.1)
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Adsorbent

Figure 4.1 — Schematic illustration of monolayer adsorption

4.1.3 Freundlich Adsorption Isotherm

Freundlich Isotherm Model is an empirical model that represents adsorption -
multilayer adsorption process with non-uniform energy distribution heat of
adsorption and affinities. Due to multiple layers of molecules, not all adsorbates are
in contact with the adsorbent surface. The adsorption heat and affinities are due to
interactions between the adsorbate, adsorbent surface and functional group on the

adsorbent surface.
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Figure 4.2 — IUPAC adsorption isotherms classification with x and y axis represents the increasing
pressure and adsorbed quantity, respectively. Reprinted with permission from Q-R Fang et al,

Inorganic Chemistry. Copyright Taylor & Francis Group.

Information regarding the shape of the adsorption isotherm can deterministic
specific adsorption phenomenon. International Union of Pure and Applied
Chemistry (IUPAC) classified six types of sorption isotherm (Type L, I, III, IV, V,
VI).(150) The isotherm is depicted at Figure 4.2. Type 1 isotherm expressed
microporous and accessible micropores volume dominates the adsorbates uptake
limitation at relatively high pressure. Type II isotherm are due to nonporous or
macroporous unrestricted monolayers layer formations until at point B, where the
point indicates the monolayer fully saturate and multiple layer adsorptions begin.
Type III isotherms show the strong adsorbate-adsorbate interactions in comparison
to adsorbent-adsorbate interactions. Type IV and V isotherm correspond to
multilayer adsorption and followed by capillary condensation in mesoporous

adsorbents. The initial part of type IV isotherm follows type II isotherm, however
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the hysteresis loop attribute to the filling and emptying by capillary condensation
in mesopores. Whereas type V is related to type III isotherm, in which the
adsorbent-adsorbate interaction is weak but hysteresis loop is observed. Type VI
isotherm represents stepwise layer by layer adsorption on a uniform surface.

(Figure 4.3)
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Adsorbent

Figure 4.3 — Schematic representation of multi-layer adsorption

4.1.4 Metal Organic Frameworks Adsorption

Adsorption isotherm is an important tool for giving structure information inside the
MOFs or any nano porous adsorbents. Information such as surface area and volume
metric can be calculated through the data in adsorption isotherm. The relation
between the adsorbate and the adsorbent can be given through the shape of the
graph. Often, inert gaseous species such as nitrogen, argon are used to probe the
framework.(151) For rigid porous materials, these adsorption isotherms are easily
obtained through Monte Carlos (Chapter 4.2.2) simulations or obtained through
experiment by the usage of Brunauer-Emmett-Teller (BET) machine. However,
this thesis focused on flexible metal organic frameworks and the adsorption
isotherms drastically change with structure deformation. Thus, the surface area and

pore volume coincide with the transition of the structure. This transformation can
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be induced by external stimuli, such as and not limited to, pressure, stress, adsorbate
and any other external field.(152-155) MIL-53 is an example for exhibiting pore
expansion and shrinkage caused by the present of adsorbed molecules or pressure,
in particular these phase transition is known as “breathing effect”.(156) The
transition caused the surface area change from ~1100 m? g!' (narrow pore, NP) to
~1500 m? g'!(large pore, LP). (157-159) Llewellyn et al. have shown the CH4 and
CO> produced different adsorption isotherm with different pore size of thee
framework.(157, 160) The NP (hydrated) pore showed no adsorption for CH4
whereas LP (anhydrated) has adverse effect (Figure 4.5). Bousquet et al. studied
the transition of MIL-53 from LP to NP through molecular simulation (Figure
4.4).(161) The authors have shown the pore remained at LP metastable structure
until 0.1 bar, then the structure exchange to NP until ~25 bar. Beyond 25 bar the
structure reverted back from NP to LP due to pore being forcefully filled with the
gaseous species. This breathing effect is not limited to MIL-53 and also be found

in MOFs such as MIL-47 and MIL-101.(162-164)
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Figure 4.4 — Adsorption isotherms computed at T = 300 K with GCMC simulations in the np (dashed
red) and lp (dashed blue) rigid structures. The full black line is a composite adsorption isotherm,
featuring the breathing transitions calculated using an analytical model in the osmotic ensemble.

Adapted with permission from Bousquet ez al., 2006. Copyright (2012) AIP Publishing
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Figure 4.5 — Comparison of the adsorption isotherms of carbon dioxide and methane at 304 K on a)
dehydrated and b) hydrated forms of MIL-53(Cr). Grey- and black-filled circles represent two
different experiments. Adapted with permission from Llewellyn ez al., 2006. Copyright (2001) John

Wiley and Sons
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ZIF-8 is another well-known example of MOFs that can go through phase
transition.(122, 165) Here, the MOF linkers rotated which accompany with the pore
volume adjustment. Further information of flexible ZIF-8 will be further discussed
in Chapter 7. The phase transitions change the surface area from 1270 m? g’! to
1706 m?> g'.(105) Fairen-Jimenez et al. compared and demonstrated in
experimental and simulation study that the structure transformation change the
adsorption curve ZIF-8.(33, 105) Zhang et al. identified 3 distinctive regions of
ZIF-8 transition in Figure 4.7.(166) The authors have identified region I as High
Loading (HL) structure (Figure 4.6 (b)) and region III as Low Loading (LL) (Figure
4.6(a)) and the transition period where it is a mixture of HL and LL pore and gives

a distinctive adsorption curve.
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Figure 4.6 - ZIF-8 structures at (a) low loading (LL) and (b) high loading (HL) of N2 sorption. Adapted

with permission from Zheng et al., 2006. Copyright (2031) American Chemical Society.
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Figure 4.7 - N2 sorption in ZIF-8 at 77 K versus the pressure of bulk N2 (PO =1 bar) Adapted with

permission from Zheng et al., 2006. Copyright (2031) American Chemical Society.

However, sampling phase transition behaviours due to adsorption is not simple to
simulate, as the difficulty lies in the sampling full phase space and the contributing
large energy barrier from one phase to another. Resulting the probability of phase
transition is greatly limited in molecular dynamic simulation. Hybrid Monte Carlo
and Molecular Dynamic were utilised by Zhang et al.(166) and they were able to
replicate experimental transition for N2 adsorption. Another method to simulate
flexible framework was approached by Coudert et al. through the usage of osmotic
ensemble.(167) The osmotic ensemble method uses the free energy of the host
framework and the adsorbates to calculate the probabilistic transition of the
structure. Thus it was used to demonstrate the breathing effect in MOFs. Zang et
al. further demonstrated the osmotic ensemble methods used in predicting structural

transitions and adsorption in other nano porous materials.(168, 169)
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The accuracy of adsorptive induced structure transformation by using osmotic
ensemble comes at the cost of computational power. Dunne et al. simplified the
breathing effect to a one dimensional problem and explored osmotic ensemble by
using transfer matrix method to evaluate the breathing effect of MIL-53. The
authors also further demonstrated their method can be used to deal with binary
mixture in MIL-53(Al).(169, 170) However, the interests of the structure
transformation usually lie with the metastable states of the structure. Thus, if the
structure metastable states were known and crystallographic positions were given,
Grand Canonical Monte Carlo (Chapter 4.2.2) method is sufficient for the

generation of adsorption isotherms.

4.2 Molecular Modelling

Computational simulation is simply a tool for modelling a system by inputting a set
of parameters to a pre-set algorithm and an output will be generated through a
repeat cycle calculation. Herein, molecular modelling, it is referred to the ways of
modelling the behaviour of a molecules and molecular system. This involves in
several algorithms or simulation techniques; in which the methods will provide new
understanding of the procedures for the simulation, thus, specific material design
can be engineered, ranging from the scale of atoms, molecules to macroscopic
level. The available computational methods take different time spans to perform
the simulations depending on the sizes of the system. Figure 4.8 shows the time,

length scale and the techniques can be used for simulating different systems size.
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Figure 4.8 — A diagram to illustrate the time and length scales accessible by various simulation methods

4.2.1 Molecular Dynamics

Molecular Dynamics (MD) is a technique to observe transport and equilibrium
properties in the many-body classical systems through computational simulation.
In here, classical system is under the context where the nuclear motions obey the
law of classical mechanics. Thus, the technique provides a good approximation for
broad range of materials when sufficient intermolecular interaction information

was delivered.

Simulation starts with a model system where N numbers of particles are prepared
and Newton’s equation of motion is solved until the properties of the system do not
change with time. At equilibrium, one could perform actual measure to get the

thermodynamic properties.
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The basic of MD simulation starts with this set of instruction:

1) Parameters and specific conditions are set before the start of simulation (i.e.
Initial temperature, particles, time steps... etc.)

2) Initial position and velocity are provided before initialising simulation

3) Forces acting upon the particles are calculated

4) Newton’s equations of motion are integrated. This step and previous step
are repeated until the system reaches the desired length of time

5) The average measurements are printed and the simulation stop

The most time-consuming part of the simulation is the force calculation, as there

. : N(N-1) . .
are N particles in the system, we must evaluate Ww-1) pair distance. The force

calculations are based on equation that are mentioned in chapter 4.3

Newtonian’s law of motions is the fundamental basis of classical mechanics, in
which momentum and positions of the nuclear are known. It is sufficient by using
Newton’s equation to understand MD. Here, Verlet algorithms are broadly used in
molecular simulations, the derivation starts with simple Taylor expansion of

particle coordinate, (t) in relation to time, t:

Equation 4.2.1

r(t+At) =r(t) + v(t)At+&A1:2 T ‘7>'+

Where f(t) is the force applied onto the atom, m is the mass of the atoms and v(t)

is the velocity of the atoms. The co-ordinate from previous time step are given by:
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Equation 4.2.2

3
r(t —At) = r(t) — v(t)At +f( ) %;4

By summing the two equations together:

Equation 4.2.3

r(t + At) + r(t — At) = 2r(t) +f( )A(tz)

Here, the new position can be calculated by simply rearrange the equation and by
means of the previous location of the coordinate:

Equation 4.2.4

r(t + At) = 2r(t) — r(t — At) + UG )A(tz)

The numerical derivation between t + At and t — At , gives the velocity of the

particle in the system:

r(t + At) —r(t — At) = 2v(t)At

r(t + At) — r(t — At)
2At

v(t) =

In MD simulation, the time evolution of the system is observed through using
different ensemble. This thesis focused on canonical ensembles (NVT) and isobaric
and isothermal ensemble (NPT). Both ensembles required to maintain the
temperature and/or pressure of the system at the anticipated value. Thermostats and
barostats are built within the simulation algorithm to maintain the temperature and

the pressure of the system. Usually, the constant temperature is achieved by
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coupling the velocity of the atoms to dynamical variables and the pressure is
maintained by altering the box volume. Examples such as Nose-Hoover
thermostat,(171) Berendsen barostats and thermostat,(172) Andersen
thermostat(173) and Parrinello-Rahman barostats(174, 175) are commonly used in

simulation for maintaining the temperature and the pressure..

4.2.2 Monte Carlo

Monte Carlo (MC) is another molecular simulation technique that uses probabilistic
approach to sample a molecular system. The algorithm of MC is relatively simple

as the core of most programs followed these rules:

1) Random selection of a particle and calculate its energy

2) Then randomly displace the particle and calculation the new energy

3) Accept the movement of the particle from old configuration to new
configuration with the pre-set probabilities.

4) The steps are loop until satisfactory cycles are obtained.

This thesis focused on Grand-Canonical Monte Carlo (GCMC), where the
temperature, volume and the chemical potential are fixed (u, V, T ensemble). Here,
the number of molecules can fluctuate in a way such that the chemical potential of
the gas inside and outside the adsorbate are equal. This ensemble allows us to study

the amount of gaseous molecules adsorption into MOFs.

To understand statistical mechanic basis for the GCMC, we must first understand

the partition function of the N molecules interacting molecules:
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Equation 4.2.5

VNV — V)MV

N,M T) =
Q( ) ,V,V(), ) A3MN|(M_N)|

f dsMN f ds™ exp[—BU(s")]

Where V is the volume and M — N is the ideal gas molecules in volume V, — V. A

h

J2mmkpT

is the thermal de Broglie wavelength and it is determined through A =
The particle in the system can be varied, thus the equation becomes:

Equation 4.2.6

VN (Vo — V)MV

M T) =
Q( JV;VO; ) ABMN'(M—N)'

stM‘NstN exp[—LU(sM)]

For ideal gas, the integral over the reduced co-ordinate s™ N becomes 1. Thus the

probability density for a system with M — N particles at reduced co-ordinates s™~VN

in volume V' =V, — V and N particles at reduced coordinates s" in volume, V'V:

Equation 4.2.7

VNVIM—N

N(s™N) = (M, V, V', TYASMNI (M — N)!

exp[—pU(s")]

Here,as M - o, V' — oo, (M/V") = p. The chemical potential of an ideal gas, p

is related to particle density, p by

Equation 4.2.8

u = kgTInA3p

As M /N — oo, the partition function becomes:
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Equation 4.2.9

oo

oy.my =y PPV [ v exp(—pu(s™)
N=0
And the probability density
Equation 4.2.10
exp(BuN) VN

Ny, r(sM; N) o exp(—pU(s™))

A3NN!

So now, after core equation for GCMC simulation is derived, the simulation

becomes like this:

1. Random particle is selected and a displacement is given to the particle. The

move is accepted with the probability:

Equation 4.2.11
acc(s » s") = min(1, exp{~B[U(s"") — U(s™)]})
2. A particle is inserted or deleted following the acceptance probability:

For insertion and deletion are given respectively:

Equation 4.2.12

acc(N - N + 1) = min [1, exp{Blu— UGN + U(SN)]}]

A3(N+1)

Equation 4.2.13

[ AN ]
ace(N - N —1) = min ll,Texp{—ﬁ[u F UGN - u(ﬂ)]}]
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4.3 Force Field

Force field is a set of equations and parameters that is used for calculating the
potential energy of a system. It is not always possible to capture an accurate force
field since this requires either specific experimental data or a large set of quantum

mechanics calculation.

The force field is used in the calculation of the overall potential energy in the

system. It is defined by 4 components (Equation 4.3.1):

Equation 4.3.1

ue) = Z iy (L — 1) + Z ki (8 — Oijis)”

bond angles

+ Z Vijia (1 + cos(ng — ¢iji, )

Torsions
N N 0'.. 12 O'.. 6 q.q.
ij lj 1)
£ ) (4%' <<—> B <—> )+4n—)
i=1 j=i+1 Y Y 0%

Where U(r") represents the potential energy. The first term describes the potential
energy of a bonded pairs and this increase with the deviation from the equilibrium
bond length. The second term describes the sum of angles in the molecules; the
third term is the torsions potential as the bond rotated. The last term is the potential
energy of non-bonded term; this potential can be separated into an electrostatic term

and Van der Waals term.
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Equation 4.3.2
v() = k(L — 1)

The first term, bond stretching, can be explained by using the harmonic potential
equation (Equation 4.3.2) for computational simplification purpose. However,
harmonic potential does not truly express the true resonant of the bond. There are
other forms of the equation such as Morse curve to improve the accuracy of bond
stretching or by increasing the number of Tayler series expansion terms; however,

this will not be discussed further.

Equation 4.3.3

v(0) = k(6 — 6,)?

Angle bending energy v(6) can be presented with harmonic potential (Equation
4.3.3). Many regards angle bending and bond stretching have “hard” degrees of
freedom, in that a significant amount of energies are needed to cause structure
deformation. Sequentially, substantial structure deformation energies contributed

by torsional and non-bonded terms.

Equation 4.3.4

v(w) = Z V(1 + cos(ng — ¢y))
n=0

Torsional/dihedral (Equation 4.3.4) term describes the existence of barriers to
rotation about chemical bonds. It is fundamentally important to the structure
properties as it favours energy at lowest state. V describes the ‘barrier’ height, the

maximum energy position of the structure orientation, and can have multiple
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maximum and minimal energy. This leads to multiple favourable positions that a

structure can be achieved.

Non-bonded interactions separate into electrostatic interaction and other weak
interaction (Van der Waals). Electrostatic interactions are properties depicted from
electronegative elements; strong electronegative element attracts electrons from
less electronegative element. Due to the uneven spread of electrons, unequal charge
distributions are spread across a molecule and often represented through an electron
density map. Thus one common approach to the spread of electrons is an
arrangement of fractional point charges throughout the molecules. Electrostatic
energy potential U, is calculated through as a sum of interaction between two

particles by using Coulomb’s law:

Equation 4.3.5

N
U _Z( qiq; )
a = »
— 4megty;

Where N represents the numbers of molecules, g;and q; represents the fractional
point charge of molecules i and j, €, is the permittivity of free space and 7y;is the

distance between the two different charges.

Lennard — Jones potential is a model that approximates the weak force interaction

(Van der Waals) between a pair of atoms or molecules:

Equation 4.3.6
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¢ is the potential well and g;; is the finite distance that the inter-particle potential is

Z€10.

4.3.1 General Molecular Interaction Development

In the computational area of MOFs community, it is common to describe Van der
Waal potential of individual atoms with a general force field, such as Universal
Force Field (UFF), (176) AMBER,(177) DREIDING,(178) CHARMM(179) etc.
as it is sufficient to describe most adsorption of neutral molecules. However, in the
case where the molecules have a permanent dipole moment, it is important to take
consideration of electrostatic charge potentials within the framework. Quantum
mechanics are applied to calculate the electrostatic potential surface and point
charge are assigned to the individual atoms on the framework. As mentioned in
chapter 2.2, some MOFs respond to stimuli and undergo phase transition and the
intramolecular force field were also derived from one of the mentioned general
force field. In this thesis, we are to focus on UFF and AMBER force fields since
they are widely used in the community, thus a brief review of each force field is

given in the following paragraph.

A. K. Rappe developed Universal Force Field (UFF); the parameters are based on
physical data such as the bonded distance and non-bonded distance.(176) This force
field is created for generalising all common atoms and molecules. However, with
this type of generalisation does not full capture specific system characteristics,
therefore these inaccuracies could accumulate and resulting simulation deviated
from experimental results. An improved version can be specifically designed for a
group of molecules, example as such are UFF4MOF,(180) BTW-FF(181) and
MOF-FF(182) are used to increase the accuracy in MOFs simulation. They
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improved the force field by generating the metal ions parameters through QM

calculations.

J. Wang et al(177) developed a General force field which is known as General
AMBER Force Field (GAFF). The force field is designed for organic molecules
specifically compatible for proteins and nucleic acids. Effectively this is related to
MOFs as the linkers are made up of organic molecules. AMBER force field has
been compared the force field parameters with various quantum methods and force
field, such as Moller—Plesset perturbation theory (MP2) and CHARMM force field,

and yields compatible results in both cases.(177)

4.4 Density Functional Theory (DFT)

DFT approach has been extensively used in scientific field for observing property
of the material at quantum level. The method addresses important problems in
widespread range of areas of research with high degree of accuracy and efficiency.
DFT allows all properties to be determined and explained by using electron
density, p(7), which is a function of positional variable, 7 = r(x,y, z). In this

section, a basic discussion of DFT concepts and its construction are presented.

Schrodinger equation describes the time independent form of the energy for a

molecular system with the following equation:
HY = E¥Y

Where H is the Hamiltonian, W is wave function and E is energy. The Hamiltonian
of a system contains information of Ny, nuclei and N, electrons. A very important
aspect of quantum mechanics is the wavefunction; itself contains all information

that can possibly be known about the quantum system at hand.

40



Equation 4.4.1

—

W(Zy, oo, Xy, Ry, oo, Ryy)

which stands for the wave function of the i’th state of the system. The wavefunction
depends on the 3N spatial coordinates {#;}, the term {X;} is a collective

representation of N spin coordinates {S;} of the electrons and the last term 3M

spatial coordinates of the nuclei, {13 M}. It is worth noting that the wavefunction ¥
is not observable, physical interpretation can only be associated with the square of

the wave function in that

Equation 4.4.2
- - = = 2 - -
|LP(x1, v, Xy, Re, ...,RM)| dxq, ..., dxy

represents the probability that electrons (1, ..., N) are found simultaneously in the
volume/orbital dX;, ..., dXy. This probability must not change if the coordinates of

any two electrons are switched. However, because electrons are fermions with
spin = -, the wavefunction have to be antisymmetric with interchangeable spatial

and spin coordinates of any two electrons, (here 1,):
Equation 4.4.3
LP(xl, ey Xiy Xj, ...,xN) = —‘P(xl, ey Xjy X, ...,xN)

and does not violated the quantum-mechanical generalisation of Pauli’s exclusion

principle (no two electrons can occupy the same state).
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4.4.1 Kohn-Sham Approach

For many materials studies, it is apparent that the system will contain many atoms
in order to obtain meaningful results, for each atom will contain N number of
electrons and each electron position needed to be calculated. Therefore, the
computational calculation is enormous. Furthermore, interaction between the
electron-electron and electrons-nuclei are not independent and leads to many-body
problem. Hohenberg-Kohn theorems allowed a construction of a rigorous many-
body theory by utilising the electron density, p(#). The framework of the ground

state energy of an atomic or molecular system can be written as

Equation 4.4.4
Bo = min (Flp] + [ () Vaed7)
p-

where [ p(#) Vy.d7 is the energy due to external potential, it simply determined by
the density and is independent to the wave function generating the density. The
universal functional F[p] contained the individual contributions of the kinetic
energy, the classical Coulomb interaction and the non-classical portion due to self-
interaction correction, exchange (i.e. antisymmetric) and electron correlation

effects.
Equation 4.4.5
F[p(F)] = T[p(F)] +][p(7)] + Enal [p(F)]

Where T[p(7)] is the kinetic energy, J[p(7)] is the classic coulomb interaction
between electron-electron and nuclei-electron, and E,,[p(#)] is non-classical

energy portion due to self-interaction correction, exchange and electron correlation
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effects. Only J[p(7)] is known, while the other two contribution terms explicit form

remains unknown.

Kohn-Sham equation gives a better formulation on the kinetic energy in

comparison to Thomas — Fermi as the density is not dependent on coarse
5

estimations [ p3 (#)d7. Kohn-Sham introduces the followed separation of the

functional, F[p(7)]:

Equation 4.4.6

Flp()] = T[p(P)] + J[p(F)] + Exclp ()]

T is the exact kinetic energy of the non-interacting reference system and defined
in Equation 4.4.7, J[p(7)] is the classic coulomb interaction and Ey[p] is known
as the exchange — correlation energy. Here, one must point out that the non-
interacting kinetic energy is not equal to the true kinetic energy of the interacting

system, Ts < T.

Equation 4.4.7
N
1 2
Ts = —EZWIV lp)
i

Where ¢ is the spin orbital and V? is the Laplacian operator is defined as a sum of

differential operators in Cartesian coordinates Equation 4.4.8:

Equation 4.4.8

0 N 0 +a
- 0x2  dy? 0z
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Hence exchange — correlation energy is defined by Equation 4.4.9:
Equation 4.4.9

Exclpl = (Tlp] = Tslp]) + (Eeelpl = JpD) = Telp] + Enailp]

Where T, the residual is part of the true kinetic energy and E,[p] is the non-
classical electrostatic contributions. Thus, one could look at Exc[p] is the
functional which contains everything that is unknown. The term contains the non-
classical effects of self-interaction correction, exchange and correlation and a

portion belonging to the kinetic energy.

The expression for the energy of the interacting real system Equation 4.4.10 is
formulated in the following order; exact kinetic energy of non-interacting reference
system, electron-electron electrostatic energy, exchange-correlation energy and

nuclear-electron electrostatic energy:

Equation 4.4.10
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Due to the fact that searching all eligible functions is obviously not possible,
variational principle is applied to the equation above in order to minimise the

energy and thus gives the equation:

Equation 4.4.11
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One must notice that Vy. (%) is still an unknown term. An expression is given to
relate the exchange energy and density:
Equation 4.4.12

6Exc
5p

Ve =

The success of the DFT approached based on the exchange correlation functional.
Different approximations Vy(#;) function has different DFT methods, like Local

Density Approximation (LDA), Generalized Gradient Approximation and so on.

LDA method is based on the assumption of uniform electron gas, where all the

electron density is constant throughout all space.

Equation 4.4.13
VEPA[(r)] = f pP)exe(p(r))dr

Exc (p(r)) is the density function of exchange correlation energy per electron in a
uniform gas. GGA are still local approximation, however the spin of the electron

and the gradient of the density at the local position are considered.
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Equation 4.4.14
VEAP0] = [ pWIe(pr) 10(r) LT 1,p() 1) dr

DFT functions are important to analyse the electronic structure of atoms and
molecules. Here, in this thesis, we chose to use Perdew-Burke-Ernzerhof (PBE)
hybrid functional(183) as it is accurate enough and computationally less expensive

in comparison to other hybrid functional.
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5 Design of Electric Field Controlled Molecular

Gates Mounted on Metal-Organic Frameworks

In this study, we propose and computationally demonstrate the concept of electric
field controlled molecular gates mounted on the open-metal coordination sites in
MOF materials. The MOF-molecular gate complex functions by opening and
closing under the effect of an electric field. Our design involves Mg-MOF-74, a
MOF with hexagonal channels with open-metal coordination sites at each corner,
and a multifunctional gate molecule with permanent dipole which anchors itself on
the host MOF material and responds to changes in the direction of an electric field
by rotating around its backbone which acts as an axle. By carrying out density
functional theory (DFT) calculations and molecular dynamics (MD) simulations,
we show that the MOF-molecular gate complex can be switched between two stable
configurations, open and closed, by turning on and off an external electric field. We
further show that the molecular gate can be controlled to block or allow the
diffusion of methane molecules through the channels of the MOF like a nanoscale
butterfly valve. Electric field controlled molecular gates mounted on MOFs can
pave the way for new molecular machines and nanodevices which can store, deliver

or select molecules on demand and with atomic precision.

5.1 Introduction

Molecular machines are supramolecular structures designed to transform external
stimuli to coordinated collective mechanical movements which mimic those
occurring at the macroscopic level.(184, 185) Examples of molecular machines are

rotors,(186) switches, (56, 62, 63) gates,(106, 187) elevators,(188, 189) motors(56,
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67-69) and tweezers,(66) most of which were inspired by nature.(190, 191) More
sophisticated designs include molecular machines which can move objects 10,000
times greater than their mass(64) and a molecular car.(59, 65) In the mid-1990s,
Bedard et al.(192) was the first to suggest the concept of electric field controlled
molecular doorways by employing dipolar molecules. Later Zheng et al.(193)
synthesized a molecular rotor and characterized its response to an electric field by
scanning tunnelling microscopy and barrier height imaging. Horinek et al.,(142)
Hsu et al.(194) and Seldenthuis et al.(58) reported molecular simulations of similar

unidirectional rotational control of supramolecular machines by an electric field.

Another area developing rapidly, like molecular machines, and have harnessed
great interest recently, is MOFs.(2, 41, 195-197) MOFs are inorganic-organic
hybrid porous crystalline materials formed by the self-assembly of metal ions and
organic ligands via coordination bonds. In principal, with a judicious choice of the
inorganic and the organic building blocks it is possible to fine tune the pore size
and shape and chemical functionality of MOFs.(198, 199) Thanks to such
versatility MOFs have been investigated for a wide range of applications, such as
separations,(200) gas storage,(11, 73) drug delivery,(41, 201, 202) sensors,(16, 41,
203) luminescence(203, 204) and catalyst.(101, 205, 206) Structural and chemical
properties of MOFs can also be tuned by post-synthesis modification.(198, 207,
208) This is usually achieved by ligand functionalization or grafting molecules on
open-metal coordination sites. The latter forms the basis of our study. By grafting
ligands on open-metal coordination sites, majority of previous studies aimed at
tuning the pore size and chemistry of MOFs for various separation and catalyst

applications.(208-215) More recently, Stoddart and colleagues demonstrated the
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idea of positioning redox-active molecular switches within MOFs by grafting them

on the open-metal coordination sites.(51, 70)

Propelled by the advancement in both synthetic molecular machines and MOFs,
here we propose to mount molecular gates on the open-metal sites of MOFs and
control their opening and closing by utilizing changes in an electric field.(5% 192-194)
The molecular gate consists of three basic features; anchors, a permanent dipole
and an axle. The strong attraction provided by the open-metal coordination sites in
MOFs provide anchoring points for the gate molecule and the permanent dipole
allows the gate molecule to be influenced by an electric field and rotate around an
axle to block or allow the diffusion of molecules in a channel. In our MOF-
molecular gate design we first identified a MOF suitable for hosting a gate
molecule. M-MOF-74 (M-CPO-27, M»z-dhtp) (M = Mg, Ni, Co, Zn, Mn, Fe)(86,
216, 217) materials have been studied for the adsorption of different species,

including light gases and hydrocarbons.(5, 32, 40, 86, 137, 218-223)
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Figure — 5.1 a) Mg-MOF-74 unit cell, b) chemical structure of the gate molecule, 4,5-dimethyl -9,10-
bis(trifloromethyl)pyrene-2,7-dicarboxylic acid,(224) c) a molecular gate placed in one of the Mg-MOF-
74 channels, and d) MOF-molecular gate complex where all three channels of Mg-MOF-74 were
occupied by the gate molecules. Carbon, oxygen, magnesium, fluorine and hydrogen are represented

with grey, red, green, cyan and white, respectively.

M-MOF-74 is composed of 2,5-dihydroxyterephthalate ligands and one of the
named metal ions, forming a structure with hexagonal one-dimensional channels
which are about 12 A in size and bear a high density of open-metal coordination
sites. The open-metal sites facing one another in M-MOF-74 provide anchoring
points in order to mount the gate molecules and its one-dimensional channels are
ideal for the demonstration of the gating effect; i.e. closing or opening the pore. Of
particular interest to us is Mg-MOF-74 (Figure — 5.1a) due to the strong binding

energies reported for various adsorbates.(23, 139)

For the gate molecule, we considered 4,5-dimethyl-9,10-bis(trifloromethyl)pyrene-

2,7-dicarboxylic acid (Figure — 5.1b). The carboxyl groups on both ends can
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coordinate to the open-metal sites thus anchoring the molecular gate. The central
pyrene allows the molecule to rotate around an axle like a rotor. Finally, the
negatively charged fluorine groups and the positively charged methyl groups create
a permanent dipole which enables the molecule to respond changes in an electric
field. Figure — 5.1¢ shows a molecular gate placed in one of the channels of Mg-
MOF-74 and Figure — 5.1d shows all three channels of the Mg-MOF-74 occupied

by the gate molecules.

This chapter is organised as follows. First, discussions regarding to Mg-MOF-74
will be given, then the discussion will move on to current review regarding to
molecular machines. Afterward, the chapter move onto review of the current
research on synthesising molecular machines in MOFs. This is followed by the
method that were used in simulating proposed molecular machines in Mg-MOF-

74, Finally, a discussion of the main results and concluding remarks will be given.

5.2 Mg - MOF - 74

Since the first discovery and synthesis of M — MOF — 74/CPO 27 by Rosi et
al.,(225) this one dimensional hexagonal MOFs has become a well-known material
in the nano-porous material community. The fame is owned to the chemical and
thermal stability through a range of conditions and high surface area (1525 m? g'!);
in which the ~14 A pore diameter channels are easily accessible to guest molecules.
It is known that M-MOF-74 has strong affinity to gaseous molecules. This is due
to the unsaturated open metal sites on the pore surface where a co-ordinate bond
can form. These sites exhibited large guest molecules uptakes (i.e CO2, N2, CHs...
etc)(5, 10, 32, 86) and regenerated in relative low temperature.(6, 226) These open

metal sites are found to have high selectivity in a mixture of gaseous species,

51



especially where the molecules have similar chemical structure (i.e.

acetylene/ethylene) or relative size (i.e. CO2/CHa4).(3, 6, 227-229)

Thus these implicit properties gave birth to the idea of industrial applications such
as gas storage (i.e. Hz, CH4),(38, 230) toxic gas filtration(24, 84-86) and chemical
separations.(6, 226, 229) Although currently zeolite dominates chemical industries
for their adsorption properties and catalytic usage, MOFs synthesis procedure are
maturing. The development has lower over production costs and leading towards

to the region where it is competitive for industrial applications.(226, 231)

M-MOF-74 has a very flexible range of design in which it can accommodated
specific needs. The diversity comes from open metal site are exchangeable by
various transition metals (M = Mg, Ni, Co, Zn, Mn, Fe) during synthesis
process.(86, 216, 217) Each element gives diverse degree of physisoportion as the
ion has different electron configuration. In general, guest species and MOFs
interaction mechanisms are similar for all metal ions, the attraction comes from
charge transfers between the molecules and the unoccupied orbitals in the
metal.(232) However the difference between the binding affinities had led to the
success in tuneable selectivity by doping different percentage of metal ion in the

framework.(39, 228, 233)

Furthermore, the adaptability expand to the pores diameter as the lengthen linkers,
variation from 1 phenylene ring to 2 — 9 rings in chain, can be altered into MOF-74
during synthesis while retaining one dimensional pore.(199) Extension of the pores
size can permit larger compounds (i.e. biomolecules and enzyme)(82, 234) to be
entrapped and release, thus potentially lead to the exploration in the direction for

drug delivery.(17)
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Now in this study we have selected Mg-MOF-74 for this MOF has a strong binding
affinity with O atoms. Mg-MOF-74 has been considered the leading MOF for
carbon storage(235-237) as its strong adsorption of CO; can take on the climate
change arising from increasing atmospheric CO; level. Its high capacity uptakes of
COz (1 Mg ions per 1 CO» adsorption) and regeneration ability make it an attractive
area of research for reduction of global warming. However, in the study, the
attentions are not focus on CO; capture but the well-rehearsed mechanism between
the O atoms in CO; and the Mg atoms in MOFs. Similar with the influenced of
water molecules, the O atom is the reason for adsorption to occur as the electrons
can be easily transferred to the metal ions. In experiment, the heat of adsorption of
CO: is found to between -39 to -72 kJ mol™! (5, 228, 238) and quantum mechanics

simulation agrees to the experimental results.

However, this MOF is susceptible to the environment where high concentration of
water presented and porosity channel will be disassemble in less than 24 hrs.(239)
Tan et al. studied the disintegration mechanism through ab initio DFT simulation.
Strong adsorption binding on the metal sites bring facile dissociation or intrusion
by the O atoms in water molecules.(232) As the H>O approached the open metal
sites, charge-density between the O atoms of the linker and metal ion redistributed.
Metal ions break off with the water molecules and lead to disintegration of the
hexagonal structure. Although it is known water instability can be lessen by doping
with different metal within the framework, the mechanism behind is yet to

explore.(39)

Though there are broad ranges of experiment had been done with Mg-MOF-74, in
which some experimental results can be replicated with simulations (adsorption

isotherm, BET, heat of adsorption... etc).(32, 105, 240, 241) There are certain
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degree of uncertainty that we ignored during computational simulation, such as
structural impurities and defects. Reasoning is due to the limitation in
computational power and understanding of molecular crystallisation still elusive
with current knowledge. Thus, with this in mind, these factors may have
contributed to the inconsistency in simulation when it is compared with
experiments. However, this will not explore further and beyond the scope of this

study.

It is common to use Universal force field (UFF)(176) or AMBER force field(242)
for simulating MOFs structure. There are notable reliability issues on the mentioned
general force field as the intramolecular interaction cannot replicate correct
flexibility under experimental conditions. The complication comes from interaction
between the metal sites and the linkers, where UFF and AMBER often fail to
describe the connection. Addicoat et al. have addressed the problem with a refined
UFF and developed a force field specific for MOFs (UFF4AMOF), in which he added
general bonding parameters for metal ions and organic linker interactions.(180)
Fortunately, M-MOF-74 series is a rigid MOF and no underlying structural
deformation is observed in experiment, thus flexibilities will have minimal impact

in the study that is conducted in this thesis.

Intermolecular interactions placed a more important role for the study in M-MOF-
74 as the interest lies with the structure abilities on gaseous species adsorption.
Interactions between the guest molecules and the MOFs are dependent on the non-
bonded parameter, i.e. Coulomb charges and Van der Waals (VdW) interaction.
For this thesis, partial point charges are calculated through periodic Density

Functional Theory (DFT) in combination with Electrostatic Potential Mapping.
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To conclude, Mg-MOF-74 is well-known MOFs with high chemical and thermal
stability. It is adaptable and can be tailored to specific needs as the metal ions and
the linkers can interchange while retaining the hexagonal one dimensional pore. It
is theoretically and experimentally proven that the material has strong binding
affinity with molecules contains O atom and available force field to be used.
Therefore with the mentioned reasoning, this MOF is chosen to be further study in

this work.

5.3 Molecular Machines

This review will consolidate relevant literature in molecular machines to give an
overview the possibilities of synthetic molecular machines, following on with the
discussion on the current development in synthetic molecular machines that design
to respond to various stimulants and convert energy into mechanic motions. In this
section, I will first discuss the concepts and gives examples of synthetic molecular
machines. Then I will explain the progressive unidirectional control mechanisms
development. Finally, the discussion will end with examples of application of

various synthetic molecular machines.

5.3.1 Unidirectional Rotary

Molecules rotate freely in respective to the surrounding environment, and by
controlling the rotation, direction and position one could create a unidirectional
molecular rotary machine. At the early stages of the development of synthetic
rotary molecular machines, the machine depends on Brownian ratchets system. At
the later stage of developments, for the reasons discussed later in the chapter,
unidirectional rotaries uses different stimulants such as electromagnetic

spectrum(53, 243, 244), thermal fluctuation(184, 245, 246) and chemical fuel(247,
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248) to power molecular rotors. Further theoretical approaches such as electron
tunnelling(249) and coulomb interaction driven motors(250) were mentioned as a
potential fuel source for the rotary motor. Molecular machines such as nano-

turbine(251) for power generation may provide future applications in industries.

‘Brownian ratchets’ are a well-known rotary system;(184, 245, 246) they are
designed to permit thermally activated motion in one direction only. Feynman
stated in an isothermal system, net motion of a ratchet and pawl system cannot be
achieved if all components of the devices are treated consistently in order for 2"
thermodynamic law not to be violated, thus the clockwise rotation will be equalled
to the anti-clockwise motions. Astumian(246) discussed Feynman’s statement and
showed the net motions can be achieved if a biased is added into Brownian motion
system; by designing the system through a non-equilibrium chemical reaction(252-
255) or supplied external fluctuations,(256-258) an unidirectional movement can
be achieved due to the gradient difference. Physical ratchets system(191, 259, 260)
is a typical choice of conserving unidirectional movement. Faucheux et al.(245)
had suggested creating a Brownian ratchet by using optical infrared tweezer to limit
the motion of molecular motor; this ratchets idea was not developed further in the
direction of molecular machines but later was used on various applications such as

isolation of particles in fluid(261) and electronic devices.(262)

One of the first reports on making synthetic molecular machines, Kelly et al. (247,
260) designed an electrochemical braking system with triptycene structures (Figure
5.2). The rotation pivot was designed with a single bond, thus allows free intra-
rotation of the molecules and the triptycene wheel have free rotations at 30°C. Hg*
ions used as a ‘brake’ and halt the rotation by appending bipyridyl, similar to a

“stick” stuck in the “spokes” of the wheel and restrict the movement. One should
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note that this machine has no control on the rotation direction as this is concluded
in the investigation by Kelly et al. It is revealed that clockwise rotation was equal

to the anti-clockwise rotation through NMR experiments.(263)

23 (brake off) 24 (brake on)

Figure 5.2 — Triptycene motor using mecuric ion and EDTA to control the rotation. Adapted with
permission from Kelly et al., 2001. Copyright (2001) American Chemical Society

Dahl et al. built a new molecular machine (Figure 5.3) with the intention of showing
unidirectional rotation.(67) The machine is grounded on supramolecular
disateroselectivity structure, one could identify the rotation direction through
observing reaction rates; with 2aR (R axial chirality) rotation speed different to 2aS
path (S axial Chirality). However, the authors pointed out the disatereomers were
not uniformed and the ratio of disatereomers cannot be determined due to the
conversion from step 1 to step 2aS or 2aR and reverse was too fast to observe.
Fletcher et al. approached Feynman ratchet and pawl with a new molecular
machine (Figure 5.4) which builds upon the idea of Dahl.(264) Fletcher’s machine
and successfully demonstrated the unidirectional molecular rotor through 4 steps
chemical step. The rotation occurred around the C-C single bond, where a lock and
swing mechanism minimised reverse motions. Fletcher built the molecular machine
based on stereoselectivity and regioselectivity, and powered by consumption of (s)-

2-methyl-oxaborolidine and borane. Although a complete 360° unidirectional
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rotation is achieved, the whole rotation process is not instantaneous and required

time and multiple chemical reactions to achieve each step.
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Figure 5.3 — Lactone molecular motor rotation induced by nucleophile (Nu’) i.e N-O-

dimethylhydroxylamine, LiOH. The directional rotation depends on the diasteromer once the lactone
bond reacts with the nucleophile. Adapted with permission from Dahl ez al., 2005. Copyright (2005)

Elsevier(67)

Figure 5.4 — Rotation steps of 1-(4-methoxybenzyl oxy)-6H-naphth [2,1-c]chromen-6-one motor. The
rotor involves 4 intermediates steps; in step (1), the motor ring opens by reduction of the lactone group,

phenolic alcohols attached onto the rotational part of the motor (the motor operate in a solution of
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toluene solution with (s)-2-methyl-oxazaborolidine and borane). In step (2), the protection group para-
methoxybenzyl (PMB) is oxidised and undergo lactonization with the carbocyclic acid. In step (3), the
lactone is reduced by the (s)-2-methyl-oxaborolidine and borane, PMB re-attached as a protection group
and swings across. In step (4), the deportation of the phenol by removing ally group with Pd(PPhs)4 and
the cycle is regenerated to the original form 1. Adapted with permission from Fletcher ez al., 2005.
Copyright (2005) The American Association for the Advancement of Science.

Koumura et al. reported a light driven molecular motor in 1999 and presented a
new era of conformation control of synthetic molecular machines by using cis-trans
isomerisation and inducing different electromagnetic wavelength under different
temperature to achieve rotation.(56) Few years later, Feringa and colleagues
developed multiple versions of light driven switches, which were designed to
positional lock by steric hindrance and proton transfers after UV light initiate
positional change (Figure 5.5).(53, 244) Klok et al. further developed and devised
a modified version of the switch and built a rotary motor that operate under room
temperature (Figure 5.6) by removing one end functional group, which reduced the
steric hindrance and lower conformation energy barrier height.(243) The authors
characterised the molecular machine with NMR and concluded that it has capable
of achieving 3 Mhz rotation. Different function group on the stator (lower part of
the machines in Figure 5.6) were tested in order to find the best conformation for
rotation. Delden et al. attached the light driven rotor onto gold nanoparticle surface
with organic alkane chains and proposed the synthesised method can enable large

ensemble of functionalised molecular mechanical devices to be attached on metal

surface.(68)
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Figure 5.5 — Schematic representation of light induce molecular switch controlled by absorption of
different UV light wavelength and concentration of H*. Adapted with permission from Feringa, 2001.

Copyright (2001) American Chemical Society 349,
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Figure 5.6 — Schematic representation of controlled light induces rotor cycle (left) and free energy
diagram (right). The sequence of rotation initiate by photochemcial cis-trans isomerisation and thermal
helix inversion. Adapted with permission from Ruangsupapichat et al., 2008. Copyright (2008) American

Chemical Society. (243)

The previous mentioned light driven molecular rotors are unidirectional, but the

motion is not reversible. Ruangsupapichat et al. revealed by adding Lewis base
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solution as a catalyst, clockwise and anticlockwise unidirectional rotation is
achievable (Figure 5.7).(69) The based solution changed the motor to its opposite
enantiomer conformation, thus the structural change leads to the directional
changes of the rotation. Similar conformation changes that affect the rotation were
found on different motor by Greb ef al., the authors managed to reduce the steps

required for a rotation while retaining unidirectional rotation.(265)

{FRRF1

Figure 5.7 — Schematic representation of clockwise and anti-clockwise rotation of light induced
molecular motor. The clockwise rotation is initiated from the stable position (3’S)-(M)-1 and through
photochemical isomerisation (step 1) to give (3’S)-(M)-1 followed by thermal isomerisation (step 2). The
consecutive repeats of photochemical (step 3) and thermal isomerisation (step 4) reverted the motor back
to original position. The initiation of anti-clockwise rotation with the same molecules requires the
opposite enantiomer at the less stable (3’S)-(P)-1’ by using base-catalysed epimerization (step 5). Full
anti-clockwise rotation (steps 1° — 4°) proceeds analogously to the clockwise rotation steps. Reversion
from anti-clockwise to clockwise position must use base-catalysed isomerisation at the less stable rotor
position (3’R)-(M)-1°. Adapted with permission from Ruangsupapichat ez al., 2010. Copyright (2010)

Springer Nature (69)
Thus one could see it is difficult to control the rotation of a molecular machine
without a double bond or a ratchets system. Bedard et a/.(192) designed and

synthesised a molecular turnstile encased with organic chemical (Figure 5.8). The

alkyne in the compound ensured the turnstile retained rigidity along the plane and
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allowed free rotation by the benzene ring. They designed and synthesised the group
R in the figure (Methyl, bromine, and so on...) to be influenced by ferroelectric
liquid thus one could control the rotation speed. Following on the idea, Hsu et al.
investigated the idea of electric revolving door (Figure 5.9) inspired by Bedard’s
organic structure through simulation.(194) Hsu discussed with the electric field >
0.2 V/A, molecule 4 (Figure 5.9) was able to exhibit open and close revolving door
motion, and mentioned if the pore is too close to the outer ring, the steric repulsion
between the hydrogen atoms of the outer ring and the hydrogen (fluorine) atoms of
the inner benzene (the distance < 1.8 A) significantly raised the rotation barrier

energy.

Figure 5.8 — Molecular turnstile with inner molecules rotates on the triple bond axis with R design to be
replaced with functional group such as CHs, F, etc. Adapted with permission from Bedard ez al., 1995.

Copyright (1995) American Chemical Society(192)
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Figure 5.9 — (a) Molecular turnstile candidates for electric revolving door in (S-MERD), molecules 1
represents the frame of the revolving door and molecules 2-4 represents the door rotate on the triple
bond axis (b) Illustration of S-MERD with molecules 1-4 linked to two electrodes. Adapted with

permission from Hsu et al., 2013. Copyright (2013) American Chemical Society.(194)

Zheng et al. synthesised similar inner rotors to Hsu (Figure 5.10) and reported
molecular rotors responded to electric field.(193) They mounted the molecular
turnstile onto a gold plate and a current 200 pA with voltage 200 mV applied send
through which induced electric field. It is reported the ‘blinking’ effect during
Scanning Tunnelling Microscope (STM) and Barrier Height Imagining (BMI) are
due to the rotation of the turnstile. Horinek and Michl further investigated the effect
of the molecular machines through molecular dynamic simulation and applied 1 to
5 V nm! of alternating electric field upon the turnstile.(142) Horinek concluded
on the importance of conformation diastereomers as it affects the free energy

rotational barriers. Thus this explains only a fraction of molecular machines

63



responded to the electric field in the experiment by Zheng; because the synthesised

of the molecular rotors are not uniform diastereomers.

Figure 5.10 — Illustration of unidirectional rotor under the alternate electric field with frequency of 90
GHz and 6 V/nm. Adapted with permission from Zheng et al., 2004. Copyright (2004) American

Chemical Society. (193)

Seldenthuis ef al. simulated a theoretical molecular turnstile (Figure 5.11) by using
DFT calculation and Green’s function method, Seldenthuis calculated the force
required for the turnstile to rotate is around 4 V/A.(58) However, the simulation
environment operated at 15K and free rotation occurred at 77K in or absence of
driving force. Therefore, the authors proposed to replace anthracene (Figure 5.11,
left) with pyrene (Figure 5.11, right) to decrease steric hindrance between the rotor
and the axles. The changes increased the rotational barrier (15.9 kcal mol™),
preventing free rotation of the motor at room temperature. However, these changes

consequently increased the critical electric field to 17.5 V A" at 300K.
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o

Figure 5.11 — Molecular turnstile chemical structure (left) ,10-bis((5-mercapto-3-thiophen-3-yl)ethynyl)-
6,7-dimethoxyanthracene-2,3-dicarbonitrile, (right) 2,7-bis((E)-2-(5-mercaptothiophen-3-yl)vinyl)-9,10-
dimethoxypyrene-4,5-dicarbonitrile) Adapted with permission from J. S. Seldenthuis er al, 2010.

Copyright (2010) American Chemical Society(58)

5.3.2 Application of Molecular Machines

Restriction on the thermal movements of various submolecular components or
exploitation of thermal motion with additional ratcheting remains the main
procedure to extract useful work at molecular scales. For any practical applications,
the integrity of the molecular system must be conveyed to macroscopic world.
Thus, the challenge of constructing devices with physical implications, which in
turn, put further demands on the fidelity of the molecular-level mechanical
processes over a range of conditions. Here, I am going to give examples of current
applications of molecular machines to produce a functional property change or

performed a physical task.
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Stimuli-induced cessation of rotation motion can be employed as a chemical
detector. Glass and Raker developed a sensor which exploits allosteric binding
effects achieved in molecular brakes (Figure 5.12) with multiple binding site.(266,
267) The first dicarboxylate group binds onto the guanidinium group and freeze the
rotational freedom; the restriction pre-organized and favours the receptor for a
stronger second binding. When the two fluorophores in proximity hold by single
dicarboxylates monomer, the fluorescence emission spectra in machines is
changed. The change of emission is therefore measured and leads to identification
of specific short dicarboxylates in a mix aqueous solution of monocarboxylates.
Glass and Raker further proposed the sensors can be tailored through the binding

sites and distance between them to match for a specific dicarboxylate.
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Figure 5.12 — Illustration of molecular sensor. The rotation stopped by the designate length of
dicarboxylates molecules and the reduce rotation is detected through fluorescence emission spectra.

Adapted with permission from J. Raker et al., 2002. Copyright (2002) Springer Nature (267)
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With the previously discussion on light induced unidirectional motor (Figure 5.5),
Eelkema ef al. demonstrated uniformed rotation of a glass rod on a nonpolymeric
liquid-crystal film doped with light driven motor (Figure 5.13).(64) Upon
irradiation of the film with ultraviolet light, a photochemical isomerisation around
the central double bond occurs resulting in changing the organisation of the liquid
crystal. The rotation process gradually decreases until the process halts after about
10 mins, consequently this indicates photostationary state are being reached. It is
demonstrated that collectively the molecular machines can move an object that is

many time bigger than the machines.

Figure 5.13 — a) Schematic representation of the light motor b) Liquid — crystal film doped with molecule
(1% by weight) 1 c) Glass rod clockwise rotation from left to right under irradiation with UV light, each
frame taken at 15-s intervals d) Surface structure of the liquid — crystal film. Adapted with permission

from R. Eelkema et al., 2000. Copyright (2000) Springer Nature (64)

A monolayer of photochromic azobenzene unit (Figure 5.14) provided a reversible

photoisomerisation which controlled the motion of liquid droplets. Ichimura et al.
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deposits a drop of olive oil on the all-cis surface and illuminated asymmetric UV
light with the wavelength of 436 nm so that more isomerisation occurred at one
end.(268) Cis rich state transformed back to Trans state by illuminate blue light
with wavelength 436 nm. By repeating the process, one could use the asymmetric
light to “chase” the droplets across the membrane surface. The potential application
can be demonstrated in several ways; a liquid droplet could be used to transport
millimetre-size glass bead across the surface; the approach could be used for
transportation liquid in a functionalised capillary tube; thus, it could perform a

chemical reaction by bringing two droplets together.

R = —~(CH,),CH,

Figure 5.14 — Structure of the molecular machines on the glass tube inner surface (left) and the
movement of the oil (NPC-02) droplet in the glass tube (right) due to irradiation of UV and Blue light.
Asymmetric magnitude of UV and blue light move the droplet around the surface. Adapted with
permission from K. Ichimura ef al, 2000. Copyright (2000) The American Association for the

Advancement of Science. (268)

Seo et al. synthesised a simplistic model of a molecular gate that responses to the
guest molecules inclusion.(106) The gate has a rotatable pillar made out of 2,5-
Bis(2-hydroxyethoxy)-1,4-bis(4-pyridyl)benzene with ethylene glycol arm acts as
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the locking/unlocking gate (Figure 5.15). The guess molecules (water) distorted the
octahedral environment of the Cd*", once it is saturated the gate open and allows
the guess molecules through the channel. Thus, one could control the microscopic

environment condition based on saturation of the guess molecules.

Hydrogen bond
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Figure 5.15 — Illustration of water molecules adsorb onto the molecular gate metal site and reconfigured
the geometry position of the gate. Adapted with permission from J. Seo et al., 2009. Copyright (2009)

American Chemical Society.(106)

5.4 Molecular Machines in MOFs

This review will introduce the recent exploration of molecular machine built within
MOF. Molecular machines are integrated into the MOFs by either pre-synthesis the
machines within the linkers and self-assembly in a heated bath or post-synthesis
MOF and attached the machine onto the un-coordinate metal site. Currently, this
area of science is still in the early stage of development, therefore, there are limited

literatures regarding this technology.

5.4.1 Metal Organic Rotaxane Frameworks (MORFs)

Mechanically Interlocked Molecules (MIMs) such as rotaxane and catenanes has
received high interest since the beginning of 1990s, this is due to their intriguing

structures as well as their potential applications. Here, at the beginning of 2000s,
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Lee et al. were interested in the poly-rotaxane and experimentally demonstrated the
supramolecular machines can self-assemble to a 2 dimensional structure that
resembles to MOF (Figure 5.16), as the rotaxane formed coordination bonds with
Cu ions. The new poly-rotaxane is named as Metal Organic Rotaxane Frameworks

(MORF).(269)

Figure 5.16 — The polyrotaxane self-assembles with Cu ions to form a 2D structure, where there are two
different size channels shown as A and B. The structure has a weak Vdw interaction with each layer thus
can be stacked upon each other. Adapted with permission from E. Lee ez al., 2001. Copyright (2001)

Angew. Chem. Int. Ed.

Later on, Loeb and colleagues created a 3D polyrotaxane structure by assorting
different linkers. The structure has a permanent porosity with the rotaxane ring are
still able to be detect through C'* NMR.(71, 72) However, a major setback in the
current structure is the high sensitive to the environmental changes and breakdown

when the temperature is beyond ~498 — 523 K. This is due to the inherit problem
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where the rotaxane ring interfered with the co-ordinate bond between the linkers

and metal ions, thus weaken the overall structure stability.
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Figure 5.17 — a) Major steps in the synthesis of a molecular shuttle MOF linker comprising a rigid H-
shaped axle with two benzimidazole recognition sites, four carboxylic acid groups for coordination to
metal ions and a [24]crown-8 ether wheel. b) The synthetic route used to label the MOF linker with 13C
enrichment to aid in characterization of the shuttling motion by 1H-13C CP/MAS SSNMR. C) A ball-
and-stick representation of the single-crystal X-ray of 4, the tetra-methylester version of the tetra-
carboxylic acid MIM linker 5. THF, tetrahydrofuran; TFA, trifluoroacetic acid. Adapted with
permission from K. Zhu et al., 2015. Copyright (2015) Nature chemistry. (270)

In the latest work, Loeb et al. overcame the interference of the rotaxane ring on the
coordinate site by synthesising a rigid H shape linkers with 4 carboxylic acid group
to form a coordinate bond with metal ions (Figure 5.17).(270) This design removed
the interference by the vibration of the ring and thus allowed further stability in the

crystal. This linker formed a MOF structure that resemble to IRMOF-15 and

exhibited stability for a prolong exposure in solution at 358 K for 48 hours.
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5.4.2 Functionalised molecular machines in MOFs

In general, most of the MOFs are classified as mono-functional. There have been
several investigations on synthesising multi-functional MOFs, either adding
functional group onto the bridging ligands or adding an extra ligand branch to post-

synthetic MOFs.

It is common to functionalise the bridging ligands of the MOFs post-synthesises.
Functionalising bridging ligands enhanced the adsorption characteristic of CO2 in
MIL-53(AI*") MOFs as this was reported by Torrisi. By simply adding a functional
group OH", COOH", NH*, and CH5 to the bridging ligands, they found the
enthalpies of adsorption are stronger than the original MIL-53 with bare open metal
sites. The result was confirmed by DFT geometry optimisation and energy
calculation. COOH" functionalisation yielded the strongest binding to CO2 with
binding energy -21.5 kJ mol™! whereas original yielded -11.9 kJmol™'. Same concept

was also applied in NH> and CH3 functionalisation to increase H> adsorption.

Panda et al. experimentally functionalised amino acid group onto the ligand in
Zeolitic Tetrazolate Framework 1 (ZTF-1) before synthesis.(271) Resulting amino
group formed a strong co-ordinate bond with the metal Zn ions, effectively
increasing the CO» uptake to 5.6 mol kg™ of framework with the binding energy of
CO; approximately -25.4 kJ mol!. Similar procedure was used on IRMOF series

and the increased adsorption of CO; confirmed by Zhang.(272)

Functionalisation of ligands are not limited to any particular MOFs; In IRMOF
series, it is particularly common to form a MOF using the organic ligands 2,5 —
dioxidoterephthalate. Chemically speaking, the hydrogen in the benzene ring is

particularly easy to replace by a functional group or more electronegative elements.
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Henceforth, some MOFs that considered being inert (Zr — based UiO-66 MOF) can
be functionalised and became chemically active. In a computational study of UiO-
66 after functionalisation, the authors mentioned that functionalisation of —SOsH
and —CO2H in the MOF increased the selectivity of CO> within the CO2/CH4
mixture. Another study showed functionalisation on the organic ligand by using
halogen can reduce the energy band gap to conduct electricity, thus one can use

MOFs to design conductive membranes for fuel cells.

It is equally possible to functionalise the open metal site within MOFs. The open
metal sites provided a good binding site for negatively charge molecules (i.e.
amines and alkoxysilane functional group). However, the bond is relatively weak
because it is not a full covalent bond hence in comparison not as stable to
functionalisation onto the bridging ligands. The additional functional group on the
open metal site can help obtain stronger binding with adsorbates i.e. water to
encourage a stronger bond with CO, adsorption. In the paper by Yazaydin and
colleagues, they explained when water molecules attached to the metal open site,
the coulombic force increased due to polarity of the water molecules which leads

to stronger binding strength with CO, molecules.(210)

Li and Zhang et al. reported to successfully mount ethylenediamine onto the open-
metal sites of MIL-101-Cr.(208) Ethylenediamine attached onto the metal open site
enhanced the stronger binding with the CO; in comparison to the bare ion. The

addition of the amine resulted in increased CO; storage by 150 wt%.

J. Fraser Stoddart, a chemistry Nobel Prize laureate regarding his work in molecular
machines, collaborated with Farha group who synthesised a MOF which hosted a

semi-rotaxane molecular switches.(70) In their work, they selected NU-1000 as a
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host for semi-rotaxane molecular machines. NU-1000 is formed by a tetratopic
4,4' 4" A"-(pyrene-1,3,6,8-tetrayl)tetrabenzoate linkers (PyTBA) self-assemble
with hexa-Zr-joints. The structure has a one-dimension hexagonal shape channel
with the BET surface area of 2315 m? g''.(273) This MOF is versatile as it can be
functionalised easily with different carboxylate group, as the carboxylate can form
a coordinate bond with the Zr atoms in the metal corner cluster.(274) Thus, with
those inherited function in the MOF, it is a promising candidate for hosting a semi-

rotaxane group which contains a carboxylate functional group. (Figure 5.18)
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Figure 5.18 — The semi rotaxane formation a) and it is attached to NU-1000 through Solvent Assisted
Ligand Incorporation (SALI). b) NU-1000 contains 6 sites where it can form a coordinate bond with the
semi-rotaxane. Adapted with permission from P. R. McGonigal, ez al, 2015. Copyright (2015) National

Academy of Science.

5.5 Simulation Method

5.5.1 DFT Calculations

In order to assess the stability of a molecular gate mounted on Mg-MOF-74, we
carried out DFT calculations. The crystal structure of Mg-MOF-74 was obtained

from Cambridge Crystallographic Data Centre (CCDC).(275) There are 162 atoms

74



in a unit cell of Mg-MOF-74, and the unit cell dimensions and the angles are
a=25.873, b=25.873, and ¢=6.930 and ©=90.00, B=90.00 and y=120.00,
respectively. For the DFT calculations, Mg-MOF-74 unit cell was replicated 2
times in the z-direction to give a 1 x 1 x 2 structure. The gate was placed in one of
the three channels of Mg-MOF-74 with the carboxyl groups positioned
approximately 2.5 A away from the magnesium atoms (Fig. 1c). The MOF-
molecular gate complex was then geometry optimised (flexible cell) with periodic
planewave DFT calculations using ultrasoft pseudopotentials with the CASTEP
16.1 software(276) with the gate molecule at different rotational angles with respect
to the x-y plane. Details of convergence criteria are given in Appendix 9.1.1. The
PBE functional(183) with semi empirical dispersion corrections derived by
Tkatchenko and Scheffler (DFT-D2)(277) was used with the cut off energy and the
k-point mesh set at 500 eV and 1x1x1, respectively. Binding energies of the gate
molecule in the optimized configurations were calculated by subtracting the
energies of the MOF and the gate from the energy of the MOF-molecular gate

complex.

5.5.2 Molecular Dynamic Simulations

MD simulations were carried out with the GROMACS(278) software in order to
investigate the effect of an external electric field on the molecular gates mounted
on Mg-MOF-74. Because of the external electric field an additional force is exerted
on the atoms due to partial charges. This force is calculated according to the

following formula,
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where F,, is the force provided by the electric field, ¢ is the partial atomic charges
and E, is external electric field. The total force acting upon an atom becomes:

_6U(r)

AF, =
z 0z

qE,

au(r)
Z

AFE, is the change of force at z direction upon an atom. is the change of

potential energy in respect to the change of z distance with the interacting atoms.
Thus, this is applied to the Verlet algorithm during the integration of motion for the
z direction component and it is changed according to the strength of the electric

field.

Here, the molecules in the system is assumed not be ionised or polarised by the
electric field, as this is not possible to calculate without the usage of ab initio
molecular dynamics and system is too large for such calculation. Also, there is no
polarised force field developed for MOFs thus polarised effect cannot be estimated.
Furthermore, the screen effect in the system is ignored due to no mobile charge
carriers and the gate molecules are relatively rigid within the framework. Thus, the
Coulombic equation is sufficient to estimate the molecular interactions. The long
range charge potentials were calculated by Ewald summations and it is rely upon

to calculate the screening effect at long distance.

The electric field was applied in the z-direction which Mg-MOF-74 channels run
through. Mg-MOF-74 unit cell was replicated 5 times in the z-direction to obtain a
1 x 1 x 5 structure. We considered two different gated structures; in the first one a
single gate molecule was placed in one of the channels (Fig. 1¢); and in the second
one, a gate molecule was placed in each channel, resulting in a structure with all

three channels occupied by the gate molecules (Fig. 1d). Furthermore, for the fully
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gated complex we simulated a system with methane molecules present in order to
investigate the possibility of controlling fluid transport in the channels of Mg-
MOF-74. For this purpose a graphene wall was placed 2.5 nm away from the gate
molecules, and the pore volume between the graphene wall and the molecular gates
was saturated with methane such that the distance between the centre of methane
molecules and the centre of atoms of MOF, graphene wall and the gate molecules
was slightly larger than the sum of their van der Waals radii. Here, there are no
partial charge are given to the graphene wall and is set to have no interaction with
the MOF frameworks. Furthermore, the graphene is not considered as a conductor.
Thus, the graphene is only used as an artificial wall to keep the methane molecules
between the gate molecules and ensure no diffusion through the periodic box at z
direction. In total 103 methane molecules were inserted. UFF(176) force field was
used to model the MOF and the gate molecules and the graphene wall. MOF and
the gate molecules were treated as flexible bodies. Methane was modelled as an
united atom and it is described by the TraPPE force field.*’” The REPEAT®*"
method was used to derive partial atomic charges by fitting them against the
periodic electrostatic potential of the optimized MOF-molecular gate complex at
the closed configuration obtained from DFT calculations. Duration of the MD
simulations ranged from 1 to 30 ns. Verlet velocity algorithm®®! was employed to
integrate Newton’s equation of motion with a time step of 1fs. The cut-off distance
was set at 12 A. MD simulations were run at 298 K and 0 bars in the NPT ensemble
using a Nose-Hoover thermostat and barostat for the MOF-molecular gate systems
with no methane molecules; whereas, the system with the graphene wall and the

methane molecules were simulated in the NVT ensemble.
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5.6 Results and Discussion

Figure 5.19 — a) DFT optimized closed gate configuration and b) open gate configuration. Atom colours

are same with those in Figure — 5.1.

Closed (Figure 5.19a) and open (Figure 5.19b) configurations of the MOF-
molecular gate complex with one gate molecule were optimized with periodic
dispersion corrected DFT calculations. Binding energies of the gate molecule in the
closed and open configurations were calculated as -357 kJ mol! and -278 kJ mol!,
respectively. These indicated that both the closed and open gate configurations
were stable and the gate molecule binds to the MOF strongly. Furthermore, the
MOF-molecular gate complex preserved the original hexagonal shape of the Mg-
MOF-74 channels. For instance, for the closed gate configuration the cell
dimensions and the angles showed small deviations with respect to the
experimental values and changed from a=25.873, b=25.873, and c¢=13.860 to
a=26.526, b=26.345 and c=13.861 A, and from 0=90.00, p=90.00 and y=120.00 to

a =90.30, f=89.68 and y=121.16, respectively.
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Figure 5.20 — Energy variation of the MOF-molecular gate complex with the rotation of the gate molecule
with respect to the x-y plane predicted by DFT calculations. The closed gate configuration, which was
taken as the reference point, is circled with green and the open gate configuration with red.

Figure 5.20 shows the changes in the total energy of the complex obtained by DFT
calculations with respect to the closed configuration as the molecular gate rotates
until it reaches to the open configuration. Two rotational barriers were identified,
one is 20 kJ mol'! and located around 40 degrees, and the other one is 73 kJ mol!
and located at 75 degrees. Closed and open configurations of the MOF-molecular
gate complex with one-gate molecules were also optimized with classical MD
simulations in the NPT ensemble. Binding energies of the molecular were -203 kJ
mol™! and -126 kJ mol™! for the closed and open configurations, respectively. These
values are lower than those obtained by the dispersion corrected DFT calculations;
but still indicate the molecular gate is predicted to bind strongly to the MOF in
classical MD simulations. The stability of the MOF-molecular gate complex with
one gate molecule was further tested under increasing electric field strengths. It was

found that the complex retained its structural integrity up to 8 V nm™'. On the other
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hand, the minimum electric field to overcome the intrinsic rotational barrier of a
single molecular gate and bring it from the closed to open configuration was found
tobe 0.5 Vnm'. A system with all three channels occupied by molecular gates was
also considered (Figure — 5.1d). Figure 5.21 shows the total energy of this system
with the electric field (3 V nm™) turned on and off with consecutive periods of 1
ns. The simulation started with molecular gates at their closed configurations and
run for 1 ns. Then the electric field was turned on in the z-direction for 1ns during
which the molecular gates switched to their open configurations. When the electric
field was turned off for the next 1 ns, the molecular gates reverted back to their
closed configurations. The energy difference between the closed and the open

configurations was about 350 kJ mol™.
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Figure 5.21 — The energy of the MOF-molecular gate complex with all three channels occupied by the
molecular gates form the MD simulation. An electric field with a 3 V nm! strength turned on and off
with consecutive periods of 1 ns. The gate is at the closed configuration when the electric field is turned

off (blue line) and at the open configuration when the electric field is turned on (red line).
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5.6.1 Channel porosity control through electric field and methane

simulation

The complex with all three channels occupied by the molecular gates was further
tested with methane molecules placed between the gates and the graphene wall in
an NVT ensemble MD simulation (Figure 5.22a). First, the system was simulated
with the gate molecules in the closed configuration for 30 ns and no electric field
was applied. The molecular gates resisted to rotation despite the pressure due to the
presence of methane molecules and remained in closed configuration as shown in
Figure 5.22a. During this period no methane molecules diffused to the empty pore
volume behind the gates. This was visually confirmed and quantified with the
number density of methane along the z- direction (Figure 5.23a). Then the electric
field in the z-direction was turned on (3 V nm™') and the system was simulated for
another 30ns. With the electric field turned on, the molecular gates switched to open
configuration (Figure 5.22b) and the methane molecules diffused to the empty pore

volume (Figure 5.23b).

It should be noted that gate effects reported in the MOF literature are substantially
different than the molecular gate concept we present in this study. Rather than
involving a door type mechanism which opens and closes, previously reported gate
effects were all based on either the reorientation of ligands or a shift in the topology
of the structure, such that the pore volume decreased or increased up on exposure
to external stimuli, e.g., gas adsorption or light.(10% 107 138) To the best of our
knowledge, this is the first specific molecular gate design in MOFs dedicated to
open and close the MOF pores for diffusion of molecules without the MOF
undergoing any structural change. Overall, the MOF-molecular gate complex we

designed resembles a butterfly valve mounted inside a pipe in order to regulate or
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prevent flow. By employing different functional groups it would be possible to
adjust the electric field required to open or close this nanovalve. One could also
imagine controlling the degree of opening of the valve by applying an electric field

with different angles with respect to the x-y plane and thus regulating the flow rate.

Figure 5.22 — a) Methane molecules placed between the molecular gates and the graphene wall, and b)
molecular gates switched to their open configurations and the methane molecules diffused towards the
empty pore volume after the electric field was turned on. Methane molecules (blue), all other atom

colours are same with those in Figure — 5.1
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Figure 5.23 — Number densities of methane along the z-direction averaged over 30 ns with the molecular
gates are in a) closed configuration and b) open configuration. The blue and red dashed lines represent
the positions of the gate molecules and the graphene wall, respectively

We recognise that the synthesis of a device which integrates a MOF and a molecular
gate responding to an external electric field is a daunting task. However, there have
been recent reports of experimental work which demonstrated the incorporation of
molecular machines in MOFs. Stoddard and colleagues(51, 70) mounted rotaxane
and catenane based molecular switches on the open-metal coordination sites of NU-
1000 MOF.(273) Zhu et al. synthesized a molecular shuttle in the form of a crown-
8 wheel which moved back and forth on the ligands of UWDM-4 MOF.(270) The
use of an electric field as an external stimulus has also been demonstrated. Zheng
et al.(193) used the tip of a scanning tunnelling microscope (STM) to create an
electric field in order to switch the configuration of a fluorine functionalised
phenanthrene molecular turnstile between two different stable positions.
Remarkably, the strength of the electric field used in the study of Zheng et al.,
which was 1 V nm!, compares very well with the range of electric field we used in
our computational study. In another ground breaking study, again an STM tip was
used to drag a molecular car over a distance of several nanometres.(59) At the very
least these experimental studies suggest that the incorporation of more complex
molecular machines controlled by an external electric field in MOFs, or in other
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porous materials, such as the molecular gate we propose, can one day go beyond

the level of conceptual design based on molecular simulations and become reality.

5.7 Conclusion

By taking advantage of open-metal coordination sites in MOFs we computationally
designed a molecular gate mounted on MOFs. Mg-MOF-74, a MOF with
hexagonal channels with open-metal coordination sites at each corner, was used as
the  host material. For the gate molecule 4,5-dimethyl-9,10-
bis(trifloromethyl)pyrene-2,7-dicarboxylic acid was considered. This gate
molecule has carboxyl groups to coordinate to the open-metal sites, a permanent
dipole to respond to an electric field and a pyrene backbone to act as an axle. By
carrying out dispersion corrected DFT calculations we showed that the gate
molecule binds to the MOF strongly. MD simulations demonstrated that the gate
molecules switch between two stable configurations, closed and open, by turning
on and off an electric field. We then showed that this can be used to control the
flow of methane molecules in the channels of Mg-MOF-74. The concept of electric
field controlled molecular gates mounted on MOFs presented in this study can
inspire the rational design of new molecular machines and nanodevices which can

store, deliver and select molecules on demand and with atomic precision.
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6 Grand Canonical Monte Carlo Simulations of

Various Water Models in Zeolitic Imidazole

Framework-8

Adsorption of different water model in hydrophobic ZIF-8 was studied by the
means of Grand Canonical Monte Carlo (GCMC) simulation and continuous
fractional component Monte Carlo (CFC MC). This study reveals the impact of
different water models (SPC/E, TIP3P, TIP4P, TIP4P-EW and TIP4P-2005) and
the framework force field evidently played a lesser role in finding the adsorption
isotherm at experimental conditions. Through GCMC simulation, we found SPC/E
and TIP4P-2005 shown good agreement with experimental adsorption data while
the common water model TIP3P and TIP4P performed poorly in this hydrophobic
framework. We confirmed our finding with CFC MC method and noted the strong
adsorbate — adsorbate interaction was the driver to the formation of a stable water

cluster in the hydrophobic pore.

6.1 Introduction

With the global demands for energy growing with population, there are exponential
progress in the development for finding a clean and renewable alternative energy
solutions. Economic and environmental conscience drives the search for efficient
energy usage with the possibility to store and restore unused energy.(282, 283)

MOFs are one of the most exciting recent advance in nano porous materials
science,(153, 196, 284) MOFs are crystalline materials formed by self-assembly of
metal clusters and organic linkers via coordination bond. The topologies and energy

landscapes are similar to those found in zeolites,(97, 285, 286) but it is
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comparatively more flexible as the material have tailorable pore size, large surface
area (up to 10,000 m? g ) and different pore geometries as well as thermal and
chemical stability of the zeolites.(29)

Among the MOFs materials, ZIF-8 is a one of the most investigated MOFs because
of its thermal and chemical stability, permanent porosity and uniform pore size.(97-
99) It is assembled from a tetrahedral zinc metal centers and bridged by imidazolate
linkers. The crystallized structure has a sodalite topology where the smaller cages
are inaccessible to molecule intrusion. Whereas the larger cages (diameter of ~11.6
A) are interconnected and accessible by the six-membrane ring opening (diameter
of ~3.40 A). Albeit ZIF-8 is considered as rigid, it has been known that the ring
aperture linkers can rotate and open further; movement that reassemble to the
opening of “saloon door” and molecules larger than the aperture can diffuse into
the pore. Petroleum industry has undertaken great interest in the material as the
restricted pore potential has the potential of separation by shape and size, thus can
be used as an alternative to energy intensive separation.(7, 100, 108)

Another well-known property of ZIF-8 is the hydrophobicity and remains stable
under submergence in water.(97, 287) Though the structure contains no hydrophilic
functional group and have weak polarity, water can condensed in the pores of ZIF-
8 under high pressure (>26.6MPa) and exhibit type V isotherm with hysteresis
loop.(26, 27) Ortiz et al., explored the idea of using hydrophobic with hysteresis
cycle to store and recover mechanical energy.(26, 27) As mechanical energy supply
to compress water into the hydrophobic material (intrusion) are stored, energy
dissipate when the pressure release (extrusion). Thus, the act of sorption can be
exploited as a spring, shock absorber or bumper.(26, 28) ZIF-8 can recover

mechanical energy without notable irreversible structure deformation. This robust
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material has shown to endure water intrusion-extrusion over several cycles with a
repeatable energy storage yield close to 85% of the first cycle. (27)

In general, TIP4P is a widespread water model choice for water adsorption in the
MOF community as this water model describes the structural properties of bulk
liquid water in the best manner.(288) We noticed that there has been inconsistency
during the selection of water model for computational simulation in ZIF-8. Ortiz et
al. demonstrated that ZIF-8 and TIP4P water model in simulation and found the
water model did not reflect experimental intrusion pressure.(4, 122) Zhang et al.
further explored modulated water model such as TIP4P-EW(289) and TIP4P-
2005(290) in ZIF-8, however their study did not reproduced adsorption isotherm at
experimental pressure.(37) TIP3P water model is another popular choice of water
model to use within MOFs community.(291, 292) Hu et al. utilized the water model
in desalination simulations with ZIF-8 membrane.(22) Yet, in most of the studies,
the reasoning to use such a model is unclear and diverse. Thus, we are to do an
extensive study on the selected water models.

Here, the first goal of this chapter is to further probe TIP4P water model responses
towards different proposed force field in the literature. To the best of knowledge,
current available force fields for ZIF-8 are developed in the system for non-polar
organic molecules;(4, 293-296) thus, the polar adsorbates response toward the force
field are unknown. We are to assess the performance of individual force field and
provide a clear sense of the adsorption isotherm in relation to framework force field.
Krokidas et al., Zheng et al., Hertag et al. Amrouche et al., Wu et al. and Zhang et
al. ZIF-8 force fields were chosen to be studied in this work.(4, 37, 135, 293-296)

An in depth literature review of the force field is discussed in the later chapter 6.2.
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Then, the second goal of this work is to determine the adsorbate — adsorbent
interactions between different water model and ZIF-8. We intended to investigate
the well-known TIP3P, TIP4P, TIP4P-2005, TIP4P-EW and SPC/E(297) and
explore the adsorption performance in the hydrophobic MOFs. TIP3P and SPC/E
are 3 sites rigid model, where the point charge is situated at the center of the
associate atoms. While TIP4P, TIP4P-2005 and TIP4P-EW are 4 sites rigid model,
the negative charge is distributed on the pseudo-atom in order for the molecule to
remain neutral. ZIF-8 force field created by Krokidas et al. were used to probe the
water interaction with the framework.(294)

This chapter will establish in this order. First, a comprehensive review regarding
the six flexible force fields that were found in literature will be given. Then the
chapter will move onto an introduction to the methods that were used in this study.
Finally, a discussion and concluding remarks regarded to the result which was

generated from the simulation will sum up in the final section of this chapter.

6.2 ZIF-8 Force Field

ZIF-8 has a sodalite topology and formed by self-assemble of zinc ions and
Imidazolate linkers. The sodalite cages are interconnected by double four-
membrane rings and molecules can enter the cage through a six-membrane ring
opening. It has a surface area of 1630 m? g'! and the pore diameter of ~3.40 A and

the cavities around ~11.6 A.

There are wide range of force field developed for ZIF-8. The force field are
obtained from a well-known database (AMBER, UFF, DREIDING, .etc) with
empirical modifications added to describe the ZnNy tetrahedral torsion

parameter.(4, 34, 295, 298, 299) Individually, each force field gives comparable
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result for a specific experimental set up and no common force field that can describe

and reflect all experiments.

In the work of Hertdg et al., the group developed the ZIF-8 force field specifically
for H, and CHy diffusion.(293) Hertdg used AMBER and DREIDING to describe
the interaction parameters of the lattice atoms. They found DREIDING force field
over emphasised the stiffness of the framework. Thus inspired by the work of
Hertdg, Krokidas et al.(120) and Zheng et al.(295) developed their ZIF-8 force field
based on AMBER database. Both group looked into the force field provided by
Hertdg and individually concluded the force field provided cannot replicated
accurately for many adsorbates diffusivity and crystal structure flexibility. Thus,
Krokidas created a force field to study the propylene and propane separation while

Zheng created a force field for CO; adsorption.

Zheng et al. have approached on flexible force field through modification in
AMBER force field and neglected selective dihedral angle for ZnN4 to give
flexibility that mimic experiment.(295) They validated the force field through
focusing on the structural properties of ZIF-8 crystal, however this model was
investigated through canonical (NVT) and mircocanonical (NVE) ensemble and
did not validate through different pressure. Wu et al. found that Zheng force field
predicts COz system accurately, but lack transferability to other gaseous molecules
(N2, CH4, H2).(296) Hence, Wu also developed a force field by combining UFF (for
the description of Zinc) and AMBER (for the description of the organic linkers)

force field.

In some cases, rigid force field are enough to describe adsorption process, such as

force field developed by Fairen-Kimenez et al. who successfully replicated
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experimental CO2/CH4 adsorption results; the group modified the force field by
reduction in UFF Lennard-Jones energy well depth & parameter.(33, 105)
Interestingly, with a different parameter but also originated from UFF, Amrouche
et al. able to replicate CO; adsorption isotherm at low pressure, where the UFF

force field are used without modifications of Lennard Jones parameter.(12)

However, it is important to note that force fields mentioned before are tested with
non-polar molecules. Ortiz ef al.(122) used Amrouche force field and found the
water isotherm simulations were greatly exaggerated, intrusion point was found to
be at 140 MPa whereas the experimental value is around 26.6 MPa.(27) Zhang et
al., derived the force field from DREIDING and found water condensed at low
pressure.(37) Thus, to the best of knowledge, currently there are no ZIF-8 force

field is developed for water related investigation.

To sum up, ZIF-8 has generated strong interests in scientific community due to its
molecular selectivity, hydrophobicity and the ‘gate’ effect due to rotation of the
linker. Although there are many force fields to describe ZIF-8, not one common
force field which can effectively describe all gaseous adsorption system.
Furthermore, there is a lack of comparative data on force field regarding the study
of ZIF-8 — water system. Thus, one could see a knowledge gap in this well-known

material.

6.3 Simulation Method

By employing Grand Canonical Monte Carlo (GCMC) and continuous fractional

component Monte Carlo (CFC MC) simulations, in the range of 1 MPa to 180 MPa
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and at 298K, we are to demonstrate drastic difference in adsorption pressure with

different water model as well as the response towards different force field models.

6.3.1 Grand Canonical Monte Carlo Simulation

Grand canonical Monte Carlo (GCMC) method was used to simulate the adsorption
of TIP4P, TIP4P-2005, TIP4P-EW, TIP3P and SPC/E in ZIF-8. The system is
simulated in the range from 10MPa to 180 MPa with 10 MPa increment.
Simulations for adsorption in ZIF-8 simulations were conducted at the temperature
of 298 K. All simulations were carried out with RASPA molecular simulation
software.(300) The ZIF-8 atoms were kept fixed at their experimentally determined
crystallographic positions and the ZIF-8 unit cell was replicated by 2 x 2 x 2 to
achieve the dimension of a=b=c=33.982 A.(97) For ZIF-8 atoms force field
parameters were taken from the work of Krokidas et al.,(294) Hertag et al.,(293)
Zheng et al.,(295) Wu et al.,(296) Amrouche et al.(4) and Zhang et al.(37) Periodic
boundary conditions were applied in all three dimensions and the cut-off distance
was set to 14 A. Ewald summation was used to compute coulombic interactions
and short range interactions were handled with the Lennard Jones potential. The
Lorentz-Berthelot mixing rule was used to determine interaction parameters
between alike atoms. Each simulation was equilibrated for 500,000 cycles followed
by a 500,000 cycle production run. One cycle is equal to N steps where N is the
number of molecules present in the system. For all GCMC simulations, translation,
rotation, insertion, deletion and reinsertion moves were sampled with equal

probability for water molecules.
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6.3.2 Continuous Fractional Component Monte Carlo (CFC MC)

Grand Canonical Monte Carlo (GCMC) simulations can accurately predict
equilibrium adsorption in materials. The volume, temperature, chemical potentials
are kept at constant while the number of molecules in the simulation box fluctuated.
New system configurations are dependent on the imposed free energy (chemical
potential) and the compositions change in respond to the chemical potential relative
to the old system configurations. The compositions or evaluation the chemical
potential in the system are changed by insertion or deletion of molecules. The
precision and accuracy of the simulation are critically dependent on the abilities to
perform insert and delete moves. However, in a dense/high pressure system,
infrequent acceptance of the new system configuration due to unavailable suitable
size cavity for accommodate new molecule leading to poor sampling. Thus, long
simulations time is required to compensate the low acceptance probability of new

molecules.

Continuous Fractional Component Monte Carlo (CFC MC) targets this type of
system.(36) The method drawn on many features on various biasing methods and
accelerate the acceptance for insertion and deletion of molecules in Grand
Canonical ensemble (u,V,T).(301) It offers various attractive features for
simulating in phase transition system, in particular where the method offers a self-
adapting biasing capability without the needs of foreknowledge for any biasing

function.

In GCMC simulation, often Lennard Jones equation was used to calculate

electrostatic interactions. The energy potential is cut and shifted as the following:
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Here, the method introduced a pseudo-continuous parameter A and it is imposed on
the coupling molecules. A are utilised to scale down the repulsion force potential,
which effectively changed the inserted molecule to a “fractional” component. The
insertion of an “integer” molecule is replaced with the insertion of a “fractional”
molecule, the reduce molecule has a higher probability of accepting into a system.
Once the fractional molecule inserts into the system, a set of Metropolis-like
acceptance rules can be derived for making changes in the value of A and if the
parameter is > 1, then the existing fractional molecule is converted to an integer
molecule. Then a new fractional molecule is randomly position into the system with
a A — 1 coupling parameter. Vice versa, if the A parameter is < 0, the fractional
molecules are removed from the system and next fractional molecule is randomly

inserted into system with the A + 1 parameter.
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¢ is an adjustable parameter that was set as 0.5, 7;; is the distance between integer
species, A is the scaled parameter between 0 to 1 and when normal Lennard Jones
is recovered when A reaches 1. This type of scaling significantly reduced the
repulsive force when atoms come close to each other. Subsequently, the coulombic
interactions will only turn on when A > 0.8. Thus, the system is well behaved where
there is overlapped during insertion stage. The general set up of the simulation are

to be exactly the same as the mentioned in GCMC, where the insertion and deletion
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are replaced with continuous fractional lambda swap probability. Here, we sampled
the pressure range from 1 to 70 MPa with 10 MPa increment. The continuous
fractional lambda swap has equal probability as translation, reinsertion and rotation

move.

6.4 Results and Discussion

6.4.1 Multiple Force Field Adsorption Simulation
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Figure 6.1 — Water adsorption Isotherm with TIP4P water model and force field from Krokidas (black)
, Amrouche (red), Zheng (blue), Hertig (pink), Wu (green) and Zhang (cyan). The black and blue dash
line represents the experimental adsorption pressure and experimental loading, respectively.

First, we are going to present the TIP4P water adsorption isotherms in ZIF-8 at 298
K. Figure 6.1 is the result of the adsorption isotherm of water between 10 MPa up
to 140 MPa. The figure point to minimal water adsorption and no indication of
adsorption occurred at experimental intrusion pressure (26.6MPa, expressed by the

dotted line).(122) We observed no vapour phase of water in ZIF-8 during the
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simulation; a clear indication of the established hydrophobic nature of the solid. At
the range beyond 140MPa, adsorption occurred for Krokidas, Amrouche, Hertdg
and Zhang force field. However, the pore condensation did not reach experimental
loading value. Zheng’s force field shows the start of pore condensation adsorption
at 160 MPa, while no condensation was observed in Wu’s force field. Further

higher pressures are not explored as the range is beyond experimental condition.
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Figure 6.2 — SPC/E (black), TIP3P (blue), TIP4P (pink), TIP4P-2005 (green), TIP4P-EW (purple) water
model are tested with Krokidas force field. The black and blue dash line represents the experimental
adsorption pressure and experimental loading, respectively.

Then we move on to the investigation regarding to water model. Figure 6.2 shows
the effect on different water model and the condensation behaviour. It is clearly
shown that different water models have a substantial difference and adsorption

pressure on ZIF-8 framework. SPC/E and TIP4P-2005 clearly shows pore

condensation at 40 MPa and this is in relative proximity to experimental intrusion
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pressure. The water model reached experimental water loading (~ 615 cm?/ cm?

pore volume of ZIF-8 or 80 molecules/unit cells).(122)

TIP4P-EW indicated adsorption to occur at 80 MPa and it will reach full saturation
at 100 MPa. Whereas TIP3P reached pore saturation level at 150 MP and it does
not reach experiment water loading. TIP4P only begin to display adsorption at 160
MPa and above, yet it does not exhibit full loading within the 500,000 production

run.

-

Figure 6.3 — Partial pore condensation of TIP4P-2005 in ZIF-8.

In the analysis of the production cycle, the results reveal that the process of

adsorption and condensation is dependent on adsorbate — adsorbate interaction. It
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1s more energetically favourable for two water molecules to occupy inside a single
cage in comparison to individual water molecule occupation per cage. Thus, the
formation of metastable clusters is first to occur (Figure 6.3) before the adjacent
cage is filled with water. However, the hydrophobic nature of ZIF-8 implicitly
causes high rejection rate of insertion which needs prolong simulation time to

sufficiently sample all of phase space.
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Figure 6.4 — CFC MC simulations for SPC/E (black), TIP3P (red), TIP4P (blue) and TIP4P-2005 (pink)
with Krokidas force field to describe the atoms in the framework. The black dash line represents the
experimental intrusion pressure.

Thus, CFC MC are utilised to bias the acceptance move for these prolong
simulation. From Figure 6.2, it is apparent to choose SPC/E and TIP4P-2005 model
as the adsorption isotherm are in proximity with experimental intrusion pressure.

TIP3P and TIP4P are simulated with this method in order to test the current model

that is broadly used in the MOF community.
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Here, we used Zhang and Krokidas force fields for the description of ZIF-8
framework atoms. The simulation results of the adsorption isotherms for the
mentioned water models are presented in Figure 6.4 and Figure 6.5. In both force
field models, there are no adsorptions occurred for TIP3P and TIP4P water model;

this is in agreement with the GCMC simulations.

In Figure 6.4, Krokidas’ description of ZIF-8 atoms illustrated TIP4P-2005 was to
form water aggregation at 10 MPa (appendix 9.2.3) and implied full system
saturation will occur with longer simulations. Remarkably, SPC/E water cluster
formed at 30 MPa and above in the simulation; only gaseous phase was observed

and no sign of pores condensation at 20 MPa or below.
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Figure 6.5 — CFC MC simulations for SPC/E (black), TIP3P (red), TIP4P (blue) and TIP4P-2005 (pink)
with Zhang force field to describe the atoms in the framework. The black dash line represents the

experimental intrusion pressure.

Figure 6.5 shows the Zhang’s description of ZIF-8 atoms that SPC/E and TIP4P-

2005 is presented within the framework at pressure below experimental. It is
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notable water cluster presented in the pore for SPC/E and TIP4P-2005 at low
pressure. Thus, the simulations suggests both water model will reach full

framework saturation level with longer simulation cycle.(37)

6.4.2 Heat of Adsorption

We derived isosteric heats of adsorption by using the derivative of the total

potential energy:

1 <6(U ))
9=\
g \oamwy),
We broke down the potential energy to host — adsorbate (Figure 6.6) and adsorbate
— adsorbate (Figure 6.7) interactions and finally the sum of the interactions (Figure

6.8). We further probed the method GCMC and CFC MC by the comparison of

heat of adsorption energy.

As you can see from Figure 6.6 (Top), by using CFC MC method, TIP3P and TIP4P
have a relative strong host — adsorbate interactions with decreasing pressure (~ 50
— 35 kJ mol!). The adsorbate — adsorbate interaction remains relatively weak (~ 5
kJ mol) and it remains steady with increasing pressure (Figure 6.7, Top). A
constant host — adsorbate interaction is observed for SPC/E and TIP4P-2005 and
the interaction energy is found at ~10 kJ mol™!, however the interaction between
adsorbate — adsorbate are relative high and reach ~40 kJ mol™!. However, one must
notice the relatively large error bar for Figure 6.6 and Figure 6.7. This is due to the
infrequent molecule acceptance into the hydrophobic framework and the error will

reduce with longer simulation cycle.
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This is a stark contrast to GCMC adsorption calculation (Figure 6.6, bottom) where
all water models exhibited similar host — host interaction energy, at the region of
~10 kJ mol™!. The GCMC adsorbate — adsorbate interactions (Figure 6.7, bottom)
clearly demonstrated relatively weak adsorbate — adsorbate interactions at 10 MPa.
At > 20 MPa, SPC/E and TIP4P-2005 reveal an increase of adsorbate — adsorbate

energy to ~36 kJ mol™! and water clusters were found in the pore. However, TIP3P

and TIP4P have a relatively weak interaction (< 10 kJ mol™") between adsorbates
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and resulting low loading of water as shown in Figure 6.2. This is in agreement
with the work done by Vega et al. on bulk water simulation where the strength of

adsorbate interaction is in the order TIP4P/2005 > SPC/E > TIP4P > TIP3P. (302)
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(red), TIP4P (Blue) and TIP4P-2005 (pink), respectively. The black dash line represents the
experimental intrusion pressure.

In Figure 6.8, the total average isosteric heats of adsorptions are shown for CFC
MC and GCMC. In CFC MC simulations, we can see consistent heat of adsorption
level for SPC/E and TIP4P-2005 where it remains around ~48 kJ mol™', whereas
TIP3P and TIP4P display a decrease of heat of adsorption with increasing pressure
due to the decreasing host — adsorbate interaction. In contrast, GCMC have shown

that TIP3P and TIP4P have low heat of adsorption energy (~10 kJ mol™) in the

sampled pressure range, whereas SPC/E and TIP4P-2005 at 10MPa. The low value
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of heat of adsorption energy related to unfavourable insertion of water molecule

and leads to low loading of water molecules.

6.5 Conclusion

We simulated the isotherms for water in six different ZIF-8 force fields and found
that all showed pore condensation occurred at pressure 140 MPa and above. Thus,
from that we put forward the assumption that water models have similar responses
to the current available intermolecular force field. Then, the study turned toward
the investigation towards water model responses to force field proposed by
Krokidas. We found a great degree of variance in the response between water
models. It is notable the common water model (TIP3P, TIP4P) did not show pore
condensation at lower pressure, while SPC/E, TIP4P-2005 and TIP4P-EW showed
condensation at lower pressure <100 MPa. TIP4P-EW condensed at 100 MPa thus
it is discarded and not investigated further. Afterward, we assessed the method,
GCMC and CFC MC, and found CFC MC overestimated the host-adsorbate
interaction for TIP3P and TIP4P. This might be due to unrealistic equal weight
probability that was given to continuous fractional lambda factors, however, the
weighting probability will not further explore here. SPC/E and TIP4P-2005
demonstrated consistent host-adsorbate interactions for GCMC and CFC MC,
however in CFC MC the interaction between adsorbate — adsorbate was
overestimated at low pressure for Zhang force field. This was not observed in
Krokidas force field. Evidently TIP3P and TIP4P have shown no pore condensation
within ZIF-8 in CFC MC and GCMC simulation, while SPC/E and TIP4P-2005
displayed adsorption in close proximity of experimental adsorption pressure. Thus,
the preliminary results shown SPC/E and TIP4P-2005 are good candidates for

water simulation in this hydrophobic MOF.
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However, we acknowledged there are number of limitations in this simulation
study. 1) A rigid model was used in the simulation of ZIF-8 structure. The
flexibility may change the adsorption/intrusion pressure of water. 2) As the ZIF-8
cage is greater than the pore entrances, the direct insertion moves in MC will bypass
the resistance provided by the small pore aperture. 3) Inherit sampling issue in MC
may play a major role for TIP4P and TIP3P, as no condensation was reported in
this study as mentioned by Zhang et al., where the group shows pore condensations
for TIP4P water model after 110 days simulations.(37) Despite these limitations,
this simulation study demonstrated alternative water models such as SPC/E and
TIP4P-2005 provided better descriptions for molecular simulation in ZIF-8.
Because the mention inherited problems, we instigate further on the investigation

regarding water and ZIF-8 with MD simulations.
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7 Molecular Dynamic Simulations of Water

Intrusions in Flexible ZIF-8

Instigated with the previous chapter, we investigated and performed molecular
dynamics simulations for flexible ZIF-8 model and water systems in order to mimic
experimental water adsorption set up. A graphene piston was employed in the NVT
ensemble simulation to provide a pressure gradient. We simulated TIP4P, TIP3P
and SPC/E water models with the atomistic ZIF-8 flexible force fields descriptions
provided by Krokidas, Zheng and Wu. Here, we found the current available force
field fail to replicate experimental phenomenon and further studies are required to

address the problem.

7.1 Introduction

In recent years, researches related to nano porous materials were broadly examined.
MOFs are the latest class of crystallised porous materials. The choices of pore size
and structure topology are controllable by varying organic linkers and metal nodes.
Thus the volume, porosity and functionality can be tailored to specific needs. In
particular, many MOFs exhibit chemical/thermal stability in various conditions and
can have an internal surface area up to 6000 m? g''. Diverse potential applications
such as gas storage,(3, 9, 230, 303) separation,(3, 85, 120, 229, 304) sensor,(15, 16,
203, 204) catalysis(81, 203) and drug delivery(17, 82, 305, 306) can be
implemented. However, the progression in potential applications involving water
has been less successful, due to many MOFs are known to destabilise in liquid
water or even under humid conditions. Early periods MOFs such as IRMOF-1,
HKUST-1, M-MOF-74 are example of thermal and chemical stable, yet it loses

crystallinity with the present of polar solvents.(239, 307) Given that, there are
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MOFs have shown stability in water which soaked for days (UIO-66, ZIF-8).(97,
239, 308) In particular, our interested lies with a branch family of MOFs called
Zeolitic imidazolate frameworks (ZIFs), where the topology mimics those
aluminosilcate zeolites and transition metals (zinc, cobalt, copper etc.) are used as

a connective node to link with imidazolate or benzimidazolate linkers.(97, 102,

119, 309)

ZIFs have interesting properties and vast amount of effects have been invested for
the understanding of the underlying molecular mechanisms. Many investigations
have shown the dynamics and thermodynamics of the guest molecules are
dependent on the selective choice of metal atoms, organic linkers and structure
topology.(1, 129, 229, 296) In contrast to rigid framework of zeolites, ZIFs have
inherited flexibility feature within the structure. For example, the 2-
methylimidazole organic linkers in ZIF-8 can re-orientate and goes through phase
transition.(35, 37) At the ground state, ZIF-8 has a pore aperture diameter of 3.4 A
and cage diameter of 14 A,(12) however the pore aperture linkers can rotate and
allowed molecules (methane, ethane and propane) to intrude into the cage albeit the
molecule sizes are larger than the aperture. This physical mechanic movement in
the structure while retaining the crystallography position and symmetry is known

the ‘gate’ effect.(33, 35, 105)

This ‘gate’ effect in ZIF-8 has been broadly investigated and multiple studies have
given the energy required to cross the aperture barrier. Zheng ef al. approached the
investigation of ZIF-8 ‘gate effect’ by the application of an artificial harmonic
bond, which derived through DFT calculation, between the pore carbons atoms and
compute molecular dynamic simulation.(135) This idea gave a novel insight to

simulate gate opening mechanisms. The energy profile to cross the gate is found to
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be ~ 20.92 kJ mol! for selective light hydrocarbons. This result is in agreement
with Tanaka et al. where the maximum rotational energy is found at ~18 kJ mol”
1.(299) Many approached the gate opening mechanism with molecular dynamics
simulation. Krokidas et al. created a force field and observed the pore opening as
various light petroleum and small gaseous molecules (He to n-butane).(120) In their
work, the authors found the gate opening energy around ~27 kJ mol™! for various
molecules and the force field retained the crystallographic atoms distance of ZIF-

8.

Our interested of this study aligned with the proposition from Ortiz ef al. The author
utilised the ‘gate’ effect in ZIFs and proposed the usage of hydrophobic materials
for the shock absorber applications.(25, 26) ZIF-8 is known for its hydrophobicity
and under high pressure it is possible for water to condense in the hydrophobic
cages.(26, 27, 122) The material has shown to exhibit type V isotherm and endured
water intrusion-extrusion over several cycles without irreversible structure
deformation.(27) By utilising the properties of ZIF-8, one can used the porous

material for shock absorber or as storage units for mechanical energy.

However, to the best of knowledge, there is no force field designated for water —
flexible ZIF-8 molecular simulations. The current available force fields are
generated for system that polar molecules are not presented. Thus, various water
studies have found the intrusion pressures to be either over or under exaggerated
the adsorption pressure.(37, 122, 310) In this work, we demonstrated current force
field cannot mimic water intrusion at correct pressure range. We replicated the
water intrusion experiments by utilising a graphene piston in molecular dynamics
simulations. The piston provided a pressure gradient toward the water-ZIF-8

system which imitated water pushed through the ZIF-8 crystals in experiment.
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The structure of this chapter is the following: Firstly, we are to give a description
of the methodology that was employed in this chapter. Afterward, the ZIF-8
structure is tested with TIP4P, SPC/E and TIP3P water model in order to distinguish
the responses upon the crystal. Here, we used Krokidas et al., Zheng et al. and Wu
et al. work to describe the atomic interaction of ZIF-8.(294-296) Following on, we
compared the water intrusion pressure with available experimental data. Finally, a

conclusion is specified for the work that has been done in this chapter.

7.2 Simulation Method

7.2.1 Piston Molecular Dynamic Simulation

Here, in the molecular dynamic (MD) simulation were carried out with GROMACS
software in order to investigate water intrusion into ZIF-8 membrane.(278) A total
945 atoms single layer carbon graphene piston covered the x-y plane of the
simulation box and accelerated toward z direction in order to provide a pressure.

The graphene is not considered as a conductor.

Considering the potential energy of an atom, U(7) as it is mentioned in chapter 4.3,

the force acting upon an atom at z direction is calculated through the equation:

au(r)
9z

AF, =

au(r)
z

is the change of potential energy in respect to the change of distance with the

interacting atoms. Here, we applied an extra force through the acceleration of an
individual graphene carbon atoms and it is calculated according to Newton’s

second law of motion,

g = Mga,
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where F; is the force that applied on the individual graphene’s carbon atom, my is

the mass of the carbon atoms of the graphene piston and a, is the acceleration
provided at the z direction. The acceleration is provided to the GROMACS
software. Therefore, the total force acting upon individual carbon atoms on the

piston becomes:

oUu(r)
AF, = — 57 +mya,

Here, the GROMACS software will use the equation above to integrate in Verlet

algorithm at z direction. However, to calculate the desire pressure, we know that

au(r)
dz

. . o au(r) .
& mga, in order for the piston to move. Therefore it is assumed % is

negligible and the equation becomes:
AF, = mya,
The force is related to the pressure at z direction by following equation,

_ YwAF,

AP, )

where AP, is the pressure provided by the piston and 4 is the x-y dimension surface

area of the piston with N carbon atoms.

The force exerted by the piston pushes the water towards the MOF. Furthermore, it
is understood that water density change is negligible when the pressure is
<100MPa, thus it is assumed incompressible.(311) Frictional forces and gravitation
has negligible effect on the system. Thus, by moving the graphene piston, the water
feels the acceleration from the piston which corresponded as the pressure. This

pressure-driven operation condition has been widely used in non-equilibrium MD
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such as pervaporation, desalination and reverse osmosis.(22, 312-318) The piston
is to provide 10 MPa and 30 MPa of pressure towards the system at Z direction as

represented in Figure 7.1.

Graphene piston ZIF-8

/

[\ AT
/ ¥ w x b
4 g NN/
'\ N N

water IL;
-

T

Figure 7.1 — Visual representation of the simulation system. The graphene piston provided a pressure
which push water molecules toward ZIF-8 structure and this mimic water intrusion experiment. The

right hand side of the simulation box remained vacuum.

ZIF-8 was taken from the work by Semino et al. and have a dimension of 50.98 x
48.06 x 118 A in the x, y and z direction respectively.(319) The simulation box is
expanded at z direction to 500 A in order to avoid artificial electrostatic interactions
and the periodic image have been turned off at Z direction to avoid overlap
interactions.(320) 8573 of the water molecules were incorporated at left side of the
box, while the ZIF-8 membrane separated the right vacuum chamber. TIP4P, TIP3P

and SPC/E were utilised for the description of water molecules.

The flexible frameworks atoms were described by the work of Krokidas et al.,(294)
Wu et al.(296) and Zheng et al.(295) The coulomb charges are modified in order
to achieve neutrality for the Semino’s ZIF-8 structure. Ewald summation with the
correction term (EW3DC) were used to compute coulombic interactions and short
range interactions were handled with the Lennard Jones (LJ) potential and the cut-
off distance was set to 14 A.(320) Lorentz-Berthelot mixing rule were used to

determine interaction parameters between alike atoms, while the graphene piston
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only interact with oxygen of water atoms. Verlet velocity algorithm was employed
to integrate Newton’s equation of motion with a time step of 1f5.2%D MD
simulations were run at 298 K in the NVT ensemble and controlled by Nose-
Hoover thermostat. 1-4 interaction for LJ and coulomb is scaled according to the
respective force field. The system initially is subjected to energy minimisation
using steep descent method with the maximum step size of 0.01 nm and a force
tolerance of 0.1 kJ mol™! nm™. Then the system is subjected to 1 ns of equilibration

run and followed by up to 300 ns production run.

7.3 Results and Discussion

7.3.1 Piston Molecular Dynamic Simulations
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Figure 7.2 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in the ZIF-8 membrane
where the atoms are described by Krokidas force field. The pressure difference is 10 (Left) and 30 (right)
MPa, respectively. The ZIF-8 membrane is between the two blue dotted lines.

While there are many comparison studies regarding water models, there are only
few comparison studies of water model in nano porous crystal.(290, 302, 321)
Thus, we first sampled TIP4P, SPC/E and TIP3P responses towards the ZIF-8
membrane at room temperature and high pressure. Krokidas’ description of ZIF-8

framework atoms was used in Figure 7.2. Here, TIP3P saturated the ZIF-8 structure
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and reached the end of the surface within 70 ns (Appendix 9.3.6). Whereas, TIP4P

required 220 ns and 180 ns to reach the other side of the surface for 10 and 30 MPa,

respectively (Appendix 9.3.4). Similarly, SPC/E required 240 ns and 220 ns for

water to diffuse across the membrane at 10 and 30MPa, respectively (Appendix

9.3.7).
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Figure 7.3 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in the ZIF-8 membrane

where the atoms are described by Wu force field. The pressure difference is 10 (Left) and 30 (right) MPa,

respectively. The ZIF-8 structure is between the two blue dotted lines.
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Figure 7.4 — Z direction density plot of TIP4P, SPC/E and TIP3P water model in the ZIF-8 membrane

where the atoms are described by Zheng force field. The pressure difference is 10 (Left) and 30 (right)

MPa, respectively. The ZIF-8 structure is between the two blue dotted lines.
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Interestingly, with the force field produced by Wu and Zheng, pore condensation
was not observed for any water models. Figure 7.3 and Figure 7.4 clearly displayed
that TIP3P, SPC/E and TIP4P will not diffuse across the ZIF-8 structure after 100
ns simulation. The frameworks have relative strong rigidity and no pore apertures

opening were observed when water approached the pore gate.

Figure 7.5 — An illustration of the closed and opened 6-ring window of ZIF-8 framework, the dihedral
angle is calculated with the atoms N — Zn — N —C1 and N — Zn — N — C2. The red and green ring represents
the pore opening before and after water intrusion, respectively.

Hence, we focused and probed further into the force field created by Krokidas. The
transition of the dihedral angle of Zn — N — Zn — C1 and Zn — N — Zn — C2 was
isolated as these angle responds to the linker rotations (Figure 7.5). In the work
mentioned by Krokidas, it is expected the gate can swing open from 3.44 A to ~
4.0 A and allowed water diffused through the gate.(294) From visual inspection of
the trajectory of water molecules, only one water molecule can go through the pore
aperture at a time (kinetic diameter ~ 2.56 A). The present of the first water
molecule prompt as a platform for further water molecules to cluster in the pore.

Thus, after the intrusion of first water molecule, the pore condensation will
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followed. Zhang et al. reported once the cluster of water are found within ZIF-8,
adjacent cavities are facilitated by the water condense pore and will saturate
first.(37) This phenomenon was also observed in the simulation as first pore first
saturated before the remained adjacent pore are filled with water molecules.
(Appendix 9.3.4)
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Figure 7.6 — Probability profile of the imidazolate swing angle (Top) and the corresponded potential
mean force (bottom) as a function of the dihedral angle. The black and red line represented when the
pore is empty and saturated with water, respectively.

The top graph in Figure 7.6 shows histogram distribution of the dihedral angle of
Zn — N — Zn — CI and revealed the responses when the pore is saturated with and
without water. The figure clear displayed the shift of the dihedral angle from the

central point ~ 120° to ~ -90°. The potential mean force (PMF) as a function of the

angle was shown at the bottom graph of Figure 7.6. This is generated based on the
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equation, F(6) = —kTIn(P), where the probability,(P) is obtained from the
histogram above. The swing motion for the linker peaked at = 15 kJ mol™ and = 12
kJ mol™! for the vacuum and water saturated pore, respectively. The results are in
agreement with the calculation done by Coudert on ZIF-8 swing motion.(322) It is
notable the water in the pore has lower the energy required for the gate to swing

open.

7.4 Conclusion

We demonstrated the current available ZIF-8 flexible force fields were unable to
reproduce water intrusion at experimental pressure. Firstly, we focused on TIP3P,
TIP4P and SPC/E water model and their respective response towards the force field
of Krokidas, Zheng and Wu. We revealed that water model choice have no impact
on intrusion pressure. In the force field described by Zheng and Wu, water pore
condensation was not observed in the 100 ns simulation. Whereas in Krokidas’
force field displayed water intrusions at pressure 10 MPa. It is notable that TIP3P
diffused through ZIF-8 at shorter amount of time in comparison to TIP4P and
SPC/E. Then we probed the gate opening motion with Krokidas’ force field and
found the central distributions of the swing motion changed from ~120° to ~ - 90°
thus permit water to diffuse through the crystal. Furthermore, the torsion barriers
were reduced from 15 kJ mol” to 12 kJ mol! by the present of water. This
observation affirmed water stimulated and changed the free energy landscape of

the pore aperture in ZIF-8.
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8 Conclusion and Future studies

The main aim of this thesis was to investigate the stimuli responsive effect in
flexible. These materials have attracted widespread attention and used in a wide
range of applications due to their intriguing properties, including, but not to limited
to, tuneable structure (volume, pore size, aperture size etc) and their chemical

properties (hydrophobic, hydrophilic etc).
The key findings of the research are listed as following:

In chapter 5, we concentrated on the development of a theoretical material that will
respond to the imposed electric field; the material is based on the host, Mg-MOFs-
74 and a gate molecule that contains a permanent dipole moment. The gates are
mounted on the open metal sites within the host and the permanent dipole response
to the direction of the electric field, thus the gate can rotate on its axis which
intrinsically allows to control over the direction of flow. 3 V nm™' of electric field
were applied onto the system in parallel to the channel and the channel open. Once
the electric field was turned off, the gates return to close position. We demonstrated
potential applications with methane molecule where the gate managed to withhold
30 MPa of pressure and diffused once electric field is applied. Therefore, we
successfully demonstrated using electric field to stimuli the system to control the

direction of the flow.

In chapter 6, we identified 5 water models (SPC/E, TIP3P, TIP4P, TIP4P-2005 and
TIP4P-EW) and six force fields for ZIF-8. We simulated and produced water
isotherm in order to understand the responses for different ZIF-8 force field. It is
concluded and identified force field played a lesser role in comparison to the water
model in generating water isotherm that resemble to experiment. Afterward, the
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system with TIP4P and all ZIF-8 force field adsorbed at 140 MPa and above. Thus,
this leads to investigation on simulating with 5 different water models by using
Krokidas ZIF-8 force field. We observed a vastly different water adsorption
isotherm, where the performance by SPC/E and TIP4P-2005 intruded into the
framework nearby experimental intrusion pressure. To further examined the water
model, we used the state of the art method, continuous fractional component Monte
Carlo to further simulate with different water model and found TIP3P and TIP4P
water model were not adsorbed onto the ZIF-8. This is different from the work
proposed by Zhang et al.(37) as they mentioned adsorption for the mentioned
models occurs at 1000 kPa. Furthermore, we noticed that the force field produced
by Zhang showed pore condensation for TIP4P-2005 and SPC/E at lower pressure
whereas at the same pressure, Krokidas force field showed gaseous phase of TIP4P-

2005 and SPC/E in the crystal.

In chapter 7, we used MD simulations to reproduce experimental set up at atomistic
scale. By using a graphene sheet, we provided a pressure towards water press
through ZIF-8. 3 difference force fields atomic description for ZIF-8 (Krokidas,
Zheng and Wu) and 3 water models (TIP3P, TIP4P, SPC/E) were tested. Here, with
flexibility of the framework taken into account, we found that the flexibility play a
role in the intrusion of water, which is in contrast to the conclusion that generated
from chapter 6. Zheng and Wu force field was unable to reproduce water intrusion
for all water model while Krokidas force field showed water intrusion at pressure
lower than experimental value. Furthermore, we probed the dihedral angle rotation
in ZIF-8 linkers are stimulated by the intrusion of water molecules. Also, it has
shown that the present of water condensation changed the free energy landscape of

the pore aperture.
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Overall, we demonstrated the effect of the stimuli (electric field and adsorbates
intrusion) and their responses upon the structure that we studied. A narrow but deep
insight toward stimuli responsive MOFs were given and established in this thesis.
In conclusion, by using computational tools to simulate the crystalline systems, we
efficiently and effectively revealed microscopic properties in consequence to the
effect of stimuli. Thus, by comprehending and control physical motions at nano-

scale, this will give further insights during the process of creating smart materials.

8.1 Future Scope

From the research conducted in the thesis, insights regarding the MOFs and their
potentials applications are given by understanding their responses at nano-scale. It
is anticipated that the studies can lead to further scope and progress in the field. The
following is derived from the progress and recommendations for the future work

are given:

1) Design different electric field responsive gateway that anchored onto MOFs
that contain metal-open sites. Here, the molecular gate designed should
have lower rotational barriers, thus leading to smaller electric fields that are
required to rotate the gate. Furthermore, these studies should expand to
other MOFs that consist of open metal sites.

2) Proposed and use different stimuli, such as magnetic field or temperature,
for the study of stimuli responsive gate effects in various MOFs.

3) Investigate and demonstrate e suitable molecular machine in order to
reproduce rotator motions, here we proposed to use asymmetric permanent
dipolar molecular machines as it may be able to produce uni-directional

rotation on its axis when one directional electric field applied.

118



4)

5)

6)

7)

8)

9)

Optimised Lambda weighting factor in CFC MC method for ZIF-8 — water
simulation and diagnosed the reasons for water condensation at low
pressure for Zhang force field.

Extend simulations for the CFC MC simulation for water adsorption until
reaching saturation level; this will also lead to reduction in sampling and
numerical error.

Expanded the investigation of water model in different flexible MOFs and
observation of the structure different deformation effects, including, but not
limited to, breathing effects and replicated observations in experiments.
Modify the ZIF-8 force field that was described by Krokidas and added the
dihedral term N — Zn — N — C1 and N — Zn — N — C2 in order to replicate
experimental intrusion pressure.

Examine and modify the ZIF-8 force field that was described by Wu and
Zheng, propose changes in the electrostatic charges in order to replicate
experimental intrusion pressure.

Investigate SPC/E, TIP3P, TIP4P and TIP4P-2005 on different
hydrophobic MOFs and analysis the water adsorption curve in order to
discover a common water model that can be used for all hydrophobic

MOFs.
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9 Appendix

9.1 Supporting information for Chapter 5

9.1.1 Details of convergence criteria for DFT geometry
optimisation simulations

Energy tolerance

2.0 e-6 eV/atom

Max. force tolerance

0.05 eV/Angstrom

Max. stress tolerance

0.1 GPa

Max. displacement tolerance

0.002 Angstrom

9.1.2 Force field for Mg-MOF-74

Lennard Jones potentials

Atoms Sigma, nm Epsilon, kJ mol™!
Mg 0.2691 0.4647
C 0.3431 0.4396
O 0.3118 0.2512
H 0.2571 0.1842
F 0.2997 0.2093
Methane (CH4) 0.3730 1.2300
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Intramolecular force field for Mg-MOF-74

Charges

Atoms Charges
Mg 1.566
Cl 0.936
C2 -0.325
C3 0.457
C4 -0.235
Ol -0.915
02 -0.768
03 -0.907
H4 0.191
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Bond

kij(lij — 1ij,)?
i j Kbond, kJ mol™ nm | Opond, N
Cl 01 501905.602 0.1346
Cl 02 451545.168 0.1394
C3 03 674291.146 0.1219
Cl C2 325952.190 0.1461
C2 C3 387408.861 0.1379
C2 C4 387408.836 0.1379
C3 C4 387408.861 0.1379
C4 H4 299306.278 0.1081
Angle
kg (6 — 6)*
i j k Kangle, kJ Mol | Bangle, degree
rad?
o1 Cl 02 2162.321 120.000
o1 Cl C2 1373.527 120.000
02 Cl C2 1563.552 120.000
Cl C2 C3 1102.913 120.000
Cl C2 C4 1102.913 120.000
C2 C3 03 1508.734 120.000
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C2 C4 H4 620.3582 120.000
C2 C4 C3 1205.193 120.000
C2 C3 C4 1205.193 120.000
C4 C2 C3 1205.193 120.000
03 C3 C4 1508.734 120.000
Torsion
k(1 + cos(np — ¢y))

i j k 1 n | Kiorsion, kI | Otorsion,

mol! degree
o1 Cl C2 C3 2 5.234 180.000
o1 Cl C2 C4 2 5.234 180.000
02 Cl C2 C3 2 5.234 180.000
02 Cl C2 C4 2 5.234 180.000
05 C5 Co6 C7 2 5.234 180.000
Cl C2 C3 03 2 5.234 180.000
Cl C2 C3 C4 2 14.104 180.000
Cl C2 C4 H4 2 14.104 180.000
C2 C3 C4 C2 2 14.104 180.000
C2 C4 C3 03 2 14.104 180.000
C3 C2 C4 H4 2 14.104 180.000
C3 C4 C2 Cl 2 14.104 180.000
C4 C2 C3 03 2 14.104 180.000
C4 C3 C2 C4 2 14.104 180.000
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9.1.3 Force field for 4,5-dimethyl -9,10- bis(trifloromethyl)pyrene-

2,7-dicarboxylic acid

l-.

Ny \
HORgO ,

Charges

Atoms Charges
C5 0.794
C6 -0.089
C7 -0.162
C8 0.120
C9 0.007
C10 -0.030
Cl1 -0.172
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Cl12 -0.267
CI13 0.634
04 -0.605
05 -0.515
HO 0.342
H7 0.132
H12 0.108
F -0.201
Bond

kij(lij — Lijy)?
i j Kbond, kJ mol™! nm™ | Opond, nm
04 C5 479397.137 0.1366
05 C5 479397.137 0.1366
05 HO 504455.078 0.0966
Cs Co 327968.383 0.1458
Co6 C7 387408.836 0.1379
C7 H7 299306.278 0.1081
C7 C8 387408.836 0.1379
C8 C10 387408.836 0.1379
C8 Cl1 387408.836 0.1379
C8 C9 387408.836 0.1379
C9 C9 387408.836 0.1379
C9 CI12 309776.253 0.1486
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C10 C10 387408.836 0.1379

Cl1 Cl1 387408.836 0.1379

Cl1 C13 309776.253 0.1486
Cl12 HI2 277224.263 0.1109

Cl13 F 349820.315 0.1382

Angle
ko(0 — 6,)°
i ] k Kangle, kJ mol™ | Oangle, degree
rad™

04 Cs5 05 1794.000 120.000
04 Cs5 C6 1348.928 120.000
05 Cs5 C6 1348.928 120.000
C5 C6 C7 1106.499 120.000
C6 C7 H7 620.3582 120.000
C6 C7 C8 1205.193 120.000
C7 C8 C10 1205.193 120.000
C7 C8 Cl1 1205.193 120.000
C7 C6 C7 1205.193 120.000
C8 C10 C8 1205.193 120.000
C8 C10 C10 1205.193 120.000
C8 Cl1 Cl1 1205.193 120.000
C8 Cl1 CI13 1073.514 120.000
C8 C9 C9 1205.193 120.000
C8 C9 Cl12 1073.514 120.000
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C9 C9 Cl12 1073.514 120.000
C9 C8 C7 1205.193 120.000
C9 C8 Cl10 1205.193 120.000
C9 Cl12 H12 494.503 109.470
C10 C8 Cl1 1205.193 120.000
Cl1 Cl1 CI13 1073.514 120.000
Cl1 Cl13 F 927.0964 109.470
HO 05 Cs 737.4562 104.510
H4 C4 C3 620.358 120.000
H7 C7 C8 620.358 120.000
H12 Cl12 H12 306.579 109.47
F Cl13 F 942.705 109.47
Torsion
k(1 + cos(ngp — ¢,))

i j k 1 n | Kiorsion, kJ | Otorsion,

mol! degree
04 Cs Co6 C7 2 5.234 180.000
Cs Co6 C7 H7 2 14.104 180.000
C5 Co6 C7 C8 2 14.104 180.000
Cé6 C7 C8 C9 2 14.104 180.000
Cé6 C7 C8 C10 2 14.104 180.000
Co C7 C8 Cll1 2 14.104 180.000
C7 Cé6 C7 C8 2 14.104 180.000
C7 Co C7 H7 2 14.104 180.000
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C7 C8 C9 C9 14.104 180.000
C7 C8 C9 C12 14.104 180.000
C7 C8 C10 C8 14.104 180.000
C7 C8 C10 C10 14.104 180.000
C7 C8 Cll1 Cll1 14.104 180.000
C7 C8 Cll1 CI13 14.104 180.000
C8 C9 C9 C8 14.104 180.000
C8 C9 C9 Cl12 14.104 180.000
C8 C9 Cl12 HI12 0.349 -180.000
C8 C10 C8 C7 14.104 180.000
C8 C10 C8 C9 14.104 180.000
C8 C10 C8 Cll1 14.104 180.000
C8 C10 C10 C8 14.104 180.000
C8 Cl1 Cll1 C8 14.104 180.000
C8 Cll1 Cll1 C13 14.104 180.000
C8 Cll1 C13 F 0.349 -180.000
C9 C9 Cl12 HI12 14.104 180.000
C9 C9 C8 C10 14.104 180.000
C9 C8 C10 C10 14.104 180.000
C10 C8 Cl1 Cl1 14.104 180.000
C10 C10 C8 Cl1 14.104 180.000
Cl1 Cl1 C13 F 0.349 -180.000
HO 05 Cs C6 10.467 180.000
HO 05 Cs 04 1.047 0.000
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H7 C7 C8 C9 14.104 180.000
H7 C7 C8 C10 14.104 180.000
H7 C7 C8 Cll1 14.104 180.000
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9.2 Supporting Information for Chapter 6

9.2.1 Force field for ZIF-8

Y(TN) — z z 4‘£ij U _ Y + _tty
rij rij 47T€0Tij

i=1 j=i+1

C3

n

9.2.1.1 Amrouche et al.

Atoms Sigma, A Epsilon, K Charges
Cl 3.259 36.483 -0.08

C2 3.259 36.483 0.64

C3 3.259 36.483 -0.67

H2 2.440 15.288 0.144
H3 2.440 15.288 0.144

N 3.997 23.974 -0.54

Zn 2.338 43.084 1.1

130



9.2.1.2 Hertag et al.

Atoms Sigma, A Epsilon, K Charges
Cl 34 43.28 -0.1
C2 34 43.28 0.81901
C3 34 55.06 -0.4780
H2 2.511 7.55 0.1270
H3 2.65 7.89 0.1140
N 3.25 85.56 -0.685
Zn 1.96 6.29 1.2660
9.2.1.3 Krokidas et al.
Atoms Sigma, A Epsilon, K Charges
C1 34 43.28 -0.0622
C2 34 43.28 0.7551
C3 34 55.06 -0.2697
H2 2.511 7.55 0.0912
H3 2.650 7.90 0.0499
N 3.25 85.56 -0.6822
Zn 1.96 6.29 1.3429
9.2.1.4 Zheng et al.
Atoms Sigma, A Epsilon, K Charges
Cl 34 43.28 -0.1924
C2 34 43.28 0.4339
C3 3.4 55.06 -0.6024
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H2 2.511 7.55 0.1585
H3 2.650 7.90 0.1572
N 3.25 85.56 -0.3008
Zn 1.96 6.29 0.7362
9.2.1.5 Zhang et al.
Atoms Sigma, A Epsilon, K Charges
Cl 3.473 47.856 -0.196
C2 3.473 47.856 0.4190
C3 3.473 47.856 -0.6010
H2 2.846 7.649 0.1680
H3 2.846 7.649 0.1680
N 3.263 38.949 -0.3130
Zn 4.045 27.677 0.7200
92.1.6 Wuetal

Atoms Sigma, A Epsilon, K Charges
Cl 3.431 33.55 -0.0839
C2 3.431 33.55 0.4291
C3 3.431 33.55 -0.4526
H2 2.571 14.03 0.1128
H3 2.571 14.03 0.1306
N 3.261 22.03 -0.3879
Zn 2.462 39.59 0.6918
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9.2.2 Water Model Force Field

Type Atoms Sigma, A Epsilon, K Charges
SPC/E H - - 0.4238

O 3.166 78.18 -0.8476
SPC-P H - - 0.3650

O 3.196 80.48 -0.7300
TIP3P H - - 0.417

O 3.15061 76.55 -0.834
TIP4P H - - 0.52

O 3.15365 77.94 -

M - - -1.04
TIP4P 2005 | H - - 0.5564

O 3.1589 93.204 -

M - - -1.1128
TIP4P_ EW | H - - 0.5242

O 3.1644 81.90 -

M - - -1.0484
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9.2.3 Water cluster formation at 10 kPa
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9.3 Supporting information for Chapter 7

9.3.1 Krokidas intramolecular Force Field

Bonds
kij(lij — lij,)?
i j Kbond, kJ mol'! nm | Obond, nm
Zn N 52802.1 0.20111
N Cl 253048.3 0.13350
N C2 253048.3 0.13700
Cl C3 203760.8 0.14900
C2 C2 339991.8 0.13500
C2 H2 327690.9 0.10800
C3 H3 286855.0 0.10900
Angle
ko (0 — 6p)°
i j k Kangle, kJ mol! | Qangle, degree
rad
N C1 N 955.630 112.161
N C1 C3 958.970 123.921
N C2 C2 909.610 108.650
C2 C2 H2 552.290 125.681
Cl C3 H3 565.680 109.320
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Cl N Zn 462.740 128.330
C2 N Zn 462.740 128.333
Cl N C2 1077.80 105.270
N C2 H2 549.780 125.682
N Zn N 296.230 109.480
Torsion
k(1 + cos(ngp — ¢y))

i j k 1 n Kiorsion, kJ | Ororsion,

mol! degree
Zn N C2 H2 2 25.1 180
Zn N C2 C2 2 25.1 180
Cl N C2 C2 2 25.1 180
C1 N C2 H2 2 25.1 180
N C2 C2 H2 2 90 180
N Cl N C2 2 41.8 180
N Cl N Zn 2 41.8 180
C3 Cl N Zn 2 41.8 180
C3 Cl1 N C2 2 41.8 180
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9.3.2 Zheng Intramolecular Force Field

kij(lij — lij,)?
i j Kbond, kJ mol! | Obond, nm
nm-
Zn N 32813.0 0.20111
N Cl1 203984.0 0.13350
N C2 184007.8 0.13700
Cl C3 144855.0 0.14900
C2 C2 225824.1 0.13500
C2 H2 153406.0 0.10800
C3 H3 142120.0 0.10900
Angle
kg (6 — 6)?
i j k Kangle, KJ mol! | Qangle, degree
rad-
N Cl N 315.825 112.161
N Cl C3 275.943 123.921
N C2 C2 308.275 108.650
C2 C2 H2 206.705 125.681
Cl C3 H3 201.008 109.320
Cl N Zn 203.482 128.330
C2 N Zn 135.754 128.333
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Cl N C2 297.842 105.270

N C2 H2 206.705 125.682

N Zn N 147.303 109.480
Torsion

k(1 + cos(ng — @)
i j k 1 n Kiorsion, kJ | Ororsion,
mol! degree

Zn N C2 H2 2 9.7185 180

Zn N C2 C2 2 9.7185 180

Cl N C2 C2 2 9.7185 180

Cl N C2 H2 2 9.7185 180

H2 C2 C2 H2 2 21.527 180

N C2 C2 H2 2 21.527 180

N Cl N C2 2 20.9 180

N Cl N Zn 2 20.9 180

C3 Cl N Zn 2 20.9 180

C3 C1 N C2 2 20.9 180
Improper Dihedral

k<p (lgo - l<po)2

Ktorsion, kJ mol!

etorsion,

degree
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N C3 C2 N 8.36 180
Cl H2 Cl N 8.36 180
C2 Zn N Cl 8.36 180
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9.3.3 Wu Intramolecular Force Field

kij(lij — lij,)?
i i Kbond, kJ mol'! nm | Opond, nm
Zn N 35965.2 0.1987
N Cl 204179.2 0.1339
N C2 171462.0 0.1339
Cl C3 132569.4 0.1492
C2 C2 339991.8 0.1375
C2 H2 153479.4 0.0929
C3 H3 142188.0 0.0959
Angle
ko (6 — 6o)?
i j k Kangle, kJ mol™ | Oangle, degree
rad
N Cl N 292.74 112.17
N Cl C3 292.74 123.89
N C2 C2 292.74 108.67
C2 C2 H2 209.1 125.67
Cl C3 H3 209.1 109.5
Cl N Zn 209.1 127.5
C2 N Zn 146.37 128.0
Cl N C2 292.74 104.5
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N C2 H2 209.1 125.67
N Zn N 43911 109.47
Torsion
k(1 + cos(ngp — ¢,))
i j k 1 n Kirorsion, KkJ | Otorsion,
mol! degree
Zn N C2 H2 2 20.074 180
Zn N C2 C2 2 0.4182 180
Cl N C2 C2 2 0.4182 180
Cl N C2 H2 2 20.074 180
H2 C2 C2 H2 2 16.728 180
N C2 C2 H2 2 16.728 180
N Cl N C2 2 20.074 180
N Cl N Zn 2 0.4182 180
C3 Cl N Zn 2 0.4182 180
C3 Cl N C2 2 17.355 180
N /n N Cl 3 0.7277 0.0
N /n N C2 3 0.7277 0.0
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Improper Dihedral

k(1 + cos(ngp — ¢y))

i j k n Kiorsion, kJ | Otorsion,
mol! degree

N C3 C2 2 4.598 180

Cl H1 Cl 2 4.598 180

9.3.4 Snap shot of pore saturation for every 10 ns
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9.3.5 Z-Density plot for TIP4P for ZIF-8 structure described by

Krokidas at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.6 Z-Density plot for TIP3P for ZIF-8 structure described by

Density, kgam™

Density, kg m”

Krokidas at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.7 Z-Density plot for SPC/E for ZIF-8 structure described by

Krokidas at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.8 Z-Density plot for TIP4P for ZIF-8 structure described by

Zheng at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.9 Z-Density plot for TIP3P for ZIF-8 structure described by

Zheng at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.10 Z-Density plot for SPC/E for ZIF-8 structure described by

Zheng at 10 MPa (Top) and 30 MPa (Bottom)
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9.3.11 Z-Density plot for TIP4P for ZIF-8 structure described by

Wu at 10 MPa (Top) and 30 MPa (Bottom)
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