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Abstract

Microporous netal organic frameworks (MOFsire a novel class of materials
formed through seldssembly of inorganic and organic structurallding units (SBUS).
They show great promiséor many applicationshanks to recorthreaking internlasurface
areas, high porositss well as avide variety of possible chemicabmpositions Molecular
simulation has been instnental in the study of MORs date,and this thesisvork aims to
validate and expand upon these efforts through two distinct computational MOF
investigations.

Current separation technologies used for./8 mixtures, found in the
greenhouse gammitting flue gas generated by cdmirning power plantscoud greatly
benefit from the improved cosffective separation MOF technology offeldOFs have
shown great potential for GQapture due to their low heat capacities and high, selective
uptake of CQ. To ensurethat simulationtechniques effectively precti quantitativeMOF
gas uptakes and selectivitigs is important that the simulation parameters used, such as
force fields, are adequatéWe show thain all cases exploredhe force field in current
widespreaduse for N adsorptionoverpredicts upta& by at least 50% of the experimental
uptake in MOFs. We propose a new model, NIMF (Nitrogen in MoFs), that has been
parameterized using experimentdd uptake data in a diverse range of MOFs found in
literature. The NIMF force field yields high accuydd. uptakesandwill allow for accurate
simulated uptakes and selectivities in existing and hypothetical MOF msitanicl will
facilitate accurate identification of promising materials for.@@pture and storage as well

as air separation for oxfyiel canbustion.



We also presentthe results ofgrand canonical and canonical Monte Carlo
(GCMC and canonical MC), DFT and molecular dynamics (MD) simulations as well as
charge density analyses, on both C@nd N,N-dimethylformamide adsorbed in
BaTMA(NO3) and MIL-68(In), two MOFs wth nonequivalent inorganic structural
building units We demonstrate the excellent agreement found betweensimulation
resultsand thesolid-state NMR (SSNMR)experiments carried ouiy Professor Yining
Huang (Western Universityyn these two MOFsMolecular simulation enables discoveries
which complemenSSNMR such as the number, distribution and dynamics of guest binding
sites within a MOFWe show thathe combination of SSNMR and molecular simulation
forms a powerful analytitaprocedure for characterizing MOFs, and this novel set of
microscopic characterization techniquatows for the optimization of new and existing

MOFs

Vi
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turquoise: C of framework, White: H, Bligrey: CH carbon of DMF, Black: C=0 carbon
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1 7 Introduction

Metal orgamc frameworks, also known as MOFs or porous coordination polymers
(PCPs), are an exciting new class of materials which have the potential to be applied to
catalysi$'®, gas capture and separatiths sensin§’, photoluminescenég electrical
conductivity (porous electrodésyrug delivery® and many other fields. These microporous
crystalline materials, which are formed through -ss§embly of inorganic and organic
structural building uits (SBUs), show great promise thanks to redmehking internal
surface areas, high porosity, a wide variety of possible chemical compositions and high
tuneability.

The work in this thesis is composed of two computatiwaasled MOFrelated projects.
Thefirst topic pertains to the study and development of a nevioide field for improved
uptake N predictionswhich leads to better gas mixture (€& and Q/N2) selectivity
predictions. The second topic relates the results of in depth studies of thetiater of both
CO: and N,N-dimethylformamide DPMF) adsorbed on the MOFs M&8(In) and
BaTMA(NOs3). This is done in order to better understand the interactions at play within
these two MOFs, as well as to corroborate ssiade NMR (SSNMR) findings fohese two
MOFs as derived by Professor Yining Huango6s

A more indepth discussion of defining MOF characteristics and examples of MOFs
from literature follows. Then, some of the MOF applications, in particular gas storage and
sepaation, will be explored. Next, an overview of modern MOF characterization techniques
shall be presented, with particular emphasis placed on use of SSNMR in this context.
Finally, computational contributions to the area of MOFs will be reviewed. The iwkgdf

the thesis will be given at the end of the chapter.



1.1 Metal Organic Frameworks (MOFs)

Interest in MOFs reached an-tithe high on the scientific scene in the early 2000s
when Yaghiet al. published their seminal work on M@#!, a now highly studied porous
material, and introduced use of reticutéaemistry to achieve unprecedented systematic and
controlled design of new MOEé®*Bef ore the AMOFO term being ¢
coordination polymer (PCPs) had already been investigated for many years by pioneers
such as S. Kitagaw.Since the discovery of this class of materials, hundreds of new MOF
structures have been discovered and are being actively tested for a wide variety applications.
MOFs have potential for application to a plethora of industrial problems (see section 1.2 for

a more detailed account of these).

Figure 1-1. MOF-5, from its ZrO tetrahedral SBU (randorganic HBDC SBU (b, a single MOF
5 unit cell with yellow spherto indicate pore space)(and finally a slice through the {100} plaoé
the 3D MOF5 material (4.1t

In terms of basic structure and function, MOFs can readily be compared to zeolites.
Conventional zeolites are microporous aluminosiiicataterials which can be naturally
occuring or marmmade, whereas MOFs are microporous materials which can be synthesized
using an infinite combination of inorganic and organic structural building units (SBUS).
With this unlimited number of possible SBU$ anormous number of unique MOFs with
different surface properties and chemistry have the potential to be made. Another major
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difference is that zeolites are significantly more challenging to synthesize. A little over 200
zeolite structures have been rapdrup until nowf and thousands of-Xay crystallographic
MOF atomic coordinates have been deposited in the Cambridgetus#d Database (CSD),
with the number of 3D structures reported doubling on average every 4years.

One property which makes MOFs unique is the presence of coordigativ
unsaturated met al centers, which result in
MOFs present certain advantages over their coordinatively saturated counterparts: the
exposed metal cation site will interact preferentially with guest molequiegiding strong
physisorption character while still remaining energetically well below the strength
characteristic of a chemisorption (< 50 kJ/mol). This type of interaction is ideal for easy
desorption of adsorbed guests, which is an important feaiuradny applications. Because
of strong, localized binding provided by open metal sites;M@f-74, a MOF with
unsaturated Mg sites and ZAJoxido-1,4-benzenedicarboxylate (DOBDC) linkers,
demonstrates high and selective L&ilsorption of 89 g per kg of ®F at conditions
relevant for industrial gas separation and 87% of the capturedc&@0Obe released at room
temperaturé®® These opemetal site materials do present some disadvantages depending
on the application at hand. For example, becafishe ease of access to the metal center,
openmetal site MOFs tend to be much more hydrophilic than many coordinatively saturated
MOFs, and will therefore tend to bind water over other guests when humidity is pfesent.
Although many coordinatively unsaturated MOFs like-M@F-74 show relativelygood
stability when in the presence of water, water stability represents a major challenge for many
MOFs used as industrial sorbents, as humidity is present in many typical adsorption

problems?'?2 Other gas impuriéis found in industrial processes such aS,K5Q and NQ



also have been shown to bind strongly and selectively to certain frameworks resulting in
lowered adsorption capacity for another gas of intéfeStWork on better understanding
these stability problems is challenging, and it is of great interest based on current
literature?226.:27

Recent synthetic advances have allowed MOFs with targeted pore sizes, internal
surface areas, specific topologies and surface chemistry to be made and t€stectav be
made with essentially any metal center, ranging from explatetecting Licentered
MOFs?® to bio-compatible Febased framework&3® and even luminescent/liglemitting
lanthanideorganic frameworké! Pore sizes for these materials may range from mesoporous
(between 20 and 500 A) to microporo(istween 2 and 20 A). IRMQK-IX has pore
space in the mesoporous regime (pore diameter = 61 A) and retains its crystal structure after
inclusion of green fluorescent protein (GFP) (barrel structure with diameter = 34 A and
length = 45 AP? NU-110 is a MOF with exceptional internal surface area (714g)rand
holds the world record pore volume (4.40%g), which is over 4 times greater than that of
average zeolites, silicas or porous carbBri$At the other end of the posize spectrum are
MOFs found in the microporous regime, which can be advantageous for gas separations
when one guest isrgferentially adsorbed thanks to a molecular sieving effelet.other
cases, a MOF will structurally tr alhendbler m or
pore sizes to change significantly and accommodate larger guest mofécildfs also
can have unique topologies (the underlying geometgy fthmework) and exist in a variety
of forms. Traditionally, MOFs tend to be thought of asli®ensional, periodic, highly
organized insoluble micresized crystals, but the MOFs being explored in recent years do

not necessarily have all those qualiti&he first rationally designed MOF nanotube was



recently reported and shows great promise as a-s@miliuctot’, composite materials in
which MOFs are anchored on surfaces or particles are emerging ealiagpndustrial
catalysts and as systems for chromatographic separfitars around 30 amorphous MOF
(aMOF) structures, MOFs which lack any lerapge periodicity, have been reported to date
and show higher mechanical stability congzhto traditional MOFs, which could be very
interesting for drug delivery, ion transport and other applications where the collapse of MOF
around a guest is desirafe.

The constant growing need for new technologies in areas such as power generation
and storage, industrial chemical production and pharmaceutical akligery pushes
synthetic discovery of novel, recelaleaking MOF systems like the ones mentioned in this

section.

1.2 Applications

Application of MOFs to industrial processes, although promising, is still in a
relatively early stage of commercializatibhTheir potential for impact at a larger scale is
certainly recognized, as BAS&rguably the largest chemical company in the world, is now
producing MOFs (Basolite® C 300 {HKUSI}, Basolite ® A100 {MIL-53(Al)} and
Basolite® 21200 {ZIF8}) at kilogram scales. Their interesting hgstest chemistry offers
opportunities in many area$ imdustrial processes, but for the sake of brevity and because
of the nature of the research done for this thesis, only two shall be explored in this chapter:
gas capture/storage and gas separation.
1.2.1 Gas capture and storage

Identifying and implementing remwable energy resources to replace rapidly

decreasing fossil fuel reserves and to reduce the anthropogenic impact on climate change has



proven to be one of our centuryds greatest
replacements for traditionabgoline thanks to their cleaner combustion and superior energy
payout. One major challenge associated with the use of these gases as fuels is their efficient
and highcapacity storage, for example for use in automobiles. MOFs are an excellent
adsorbent abice for this application thanks to their particularly low desorption energy
requirements as well as their ability to adsorb gas at very high capacity. They are seriously
being explored to store alternative fuels, and competitive MOF candidates have been
identified?® 4> MOF-210 can store up to 15 weight percentatl 80 bar and 77K, whereas
the U.S. Depart ment o f, stoEageeis Fy5ywi% an@ 451gflat t ar g et
temperatures between 2333K and under a maximal delivery pressure of 100%44r.
MercedezBenz recently released a research vehicle, the F125, which makes use of a MOF
reservoirto store H gas* BASF announced that they were conducting trials for storage of
methane gas in MBfilled vehicle tankg’® Storage of fuels in MOFs is certainly an exciting

area with a very real potential for application, but gas storage in MOFs is not limited to

fuels.

1.2.2 Gas separation

CQO; is a greenhouse gas which is contributing to the depletion of the ozone layer,
and about 80% of worldwide G@missions are generated through fossil fuel combustion.
60% of worldwide carbon emissions originate from electricity generation, a stationary point
source, which accounts for 28 billion tons of greenhouse gas released iff B@@4use of
its stationary nature and massive L@oduction, a promising strategy to reduce 2CO
emissions is to make use of carbon capture and storage (CCS) to trap the gas directly at the

source. The gas can then be transported and injected into a permanent storage site, such as



empty saline aquifers, gieted oil fields or even buried in the the deep ocean ffodAt
present, large scale CCS is not ocitigy because current GGcrubbing technologies
require too much energy and are not cost effective. One such technology is liquid amines,
which are inefficient due to requiring high regeneration temperatures which arise from high
heat capacity and to a &3 extent the chemisorptive nature of the adsorption protcAss.

key advantage of MOFs is that their regeneration costs are comparably small thanks to their
lower heat capacity. Because amine concentrations in golatast be low to prevent
corrosion of the vessel which contains them, their heat capacities are very close to that of
pure water (g= 4.18 J K! g1) whereas a representative MOF like MOF7 (ZnO(BTB).,

where BTB = 1,3,%enzenetribenzoate) has a muldwer heat capacity at ambient
temperature (€~ 0.5 J K! g%) and even at higher temperatures, €€1.6 J K! g at
498K)>? In addition to the significantly lowered desorption costs, MOFs have shown
excellent capacity for COwith the current capacity recofblder being MOR200
(ZnsO(COY)el BB C wher e B Hlenzenet,3,5trigl -trig(idgnzénad, 1-
diyl)]tribenzoate) with an exceptional G@apacity of 2347 mg/g of MOF (298K, 50 bét).

This translates to potential for storage of 17 times as mucha€@n empty pressurized gas
cylinder at 35 bat’

A major concern with CCS and other gas capture apgpitais separation of the
target gas from a mixture. In the context of CCS, the separation process accounts for around
70% of the cost of the operatiBhAs an example, typically the gas produced from coal
combustion contains 15% G addition to 7377 % N, 57% HO and trace amounts of
0Oz, SQ, NO, CO and HCI which all must be separated fromx®@the sorbent used.In

the event that netarget gases are adsorbed, not only will efforts be wasted extracting and



storing norgreenhouse gases but it is possible that contaminant gases may irreversibly bind

to the framework or even inducellapse of the framework, which may significantly reduce

a MOFo6s capacity for adsorbing carbon dioxic
There are three CCS strategies to mitigate, @issions generated by power

plants®® Two of these sategies can be used when building new power plants, and one

strategy is to be used to retrofit existing plants. The first strategy to be used for new plants is

called oxyfuel combustion. In this strategy; N separated from air to provide a pure O

stream for higher efficiency coal or gas combustion. The final products of this combustion

process are COand HO gases, which needndét be separat

second approach called prembustion separation, also aimed at new power pleo#s,is

first gasified at elevated temperature and high pressure in the presence of oxygen or air to

produce syn gas, which is mainly composed efadd CO. The syn gas is then further

reacted with steam at high pressure and moderate temperatures ta.fand CQ, which

together are known > &dhe fud inierfdédefar comlyustion,gamds 0 . F

therefore must finally be separated from LDhe third and final strategy which is of great

interest because it can be directly applied to existing pplaats is called postombustion

separation. This approach consists of separation of f@ the flue gas generated after

combustion, which contains mostly l[dnd CQ. Evidently, these three approaches involve

separation of very different gas mixturésspite of the differences, MOFs have shown great

promise for separation of the gas mixtures in these three cases as well as in many other areas

including air separation (@N2), landfill gas separation and natural gas purification

(CH4/CQy), hydrocarbor(alkane or olefin) separatidhand even separation of toxic carbon

monoxide, ammonia or chlorine from other gases oafr°



In any of the three CCS strategies listed above, the MOF can be regenerated in a few
different ways. The two main methods used are entitled Temperature Swing Adsorption
(TSA), Pressure Swing Adsorption (PSHE)TSA makes use of temperature increase for
desorption, whereas PSA make use of a decrease in pressure. TSA in particular is promising
because lovwgrade heat emitted by various funcsonithin the power plant can be recycled
for this process, reducing the cost of the operation. Although TSA is promising fer post
combustion CCS, PSA is showing more promise forqmmabustion CCS, because the gas
stream is already pressurized in this psx Combinations of these methods (ie. TPSA)
have also been shown to be effective for certain adsortfdntginy event, the regeneration
method is another parameter to consider in the optimization of MOFs for CCS, as desorption
will be ideal when the regeneration process dimons match those of the selected
adsorbent®

To date, many different reasons for why a MOF has the capacity to selectively adsorb
certain gases over others have been idenfified certain cases, gases can be separated
simply based on their difference in size
This isobserved for C@(smallest dimension: 2.5 A) and Gkmallest dimension: 3.8 A)
gases in the MOF MH96, Ali2O(OH)ig(H20)3(Al2(OH)4)[BTC]6A 2 fOHpore aperture: 2.5
i 3.5 A), which selectively captures G@ue to pore aperture size constraiitddsorbate
surface interactions also tend to play an important role in separation of certain guests. Again,
COz and CH can be compared in this context. £i@as a strong quadrupole moment and it
has been shown that interactions with fr@mework can heavily influence adsorption
capacity>® For other gases like GHvhich has no quadrupole moment, identifying high

capacity mat<iil &li sgios paobs pance meani ng t hat

or



to optimal pore wall kkemistry will provide optimal uptak®.This difference in molecular
properties can be expted for many gas mixtures, as was done by &aal. to optimize
CO, uptake through design of the cavity surface of.(Zd4 , 4 0 ; Bedzenelf®,6 0
tetrayltetrabenzoate)(p@Fs)2]n, Which selectively captures G@ver N thanks to-Cks
functionalizatim intended to interact favourably with carbon dioxileviore complex
reasons for selective adsorption occur, S ucC
where framework flexibility can play a role in selective gas capfturstructural
rearrangements induced by surfacel s or bat e i nteractions,- or ev
openingo pressures. |t I S w o adsolptiom seleativityy h 0 w ¢
mechanisms may result in greater engineering challenges, so rigid MOFs will be more easily
applied for most realvorld problems.

It is evident that microscopic gudsbst interactions within MOFs must be studied in
order to provideappropriate explanations for observed selectivities and uptake capacities.
Experimental tools do exist to probe these phenomena (for more details on some of these
techniques, see the introduction to Chapter 4), but calculations can provide insights not
otherwise easily obtained through other means. The next chapter discusses some of the

advances iexperimental characterizati@arried out in MOFs.

1.3 MOF Characterization

Finding |inks between properties which ar
and gueshost interactions is of great importance. Experimental characterization of MOFs is
crucial for rational design of better materials as well as for improvement of existing MOFs.

One of the techniques used most often for characterization of maténeluding

MOFs) is singlecrystal Xray Diffraction (XRD), also called-xay crystallography. In this

10



method, a beam of -Xays are projected upon a crystalline material. The crystal will then

di ffract the incident b e a nand irdenstty will lpioxade d i f f r
information regarding the density of electrons within the structure. The electron density can

in turn be correlated with more useful information such as atomic coordinates, chemical
bonds and crystallographic disorder caused hytipte favourable configurations of the

atomic positions.

In practice, it can be difficult to obtain sufficient and/or haghality MOF single
crystals for Xray crystallography experiments. In cases where MOF single crystals are
available, they often hav issues with excessive internal thermal motions, severe
crystallographic disorder as well as the inability to provide information on trapped guest
molecules. In cases where it is impossible to make use of a single crystal for XRD, it is also
possible to prform xray experiments on a powder (powderay diffraction or PXRD), but
these provide more limited structural information for a material. Therefore, other
characterization techniques which do not require single crystals are necessary to better
undersand MOF structure.

Up to date, a large number of experimental tools have been used to characterize MOFs
in different ways. These include (but are not limited to): Infrared spectrdScdpw-
temperature Xay armd neutron diffractiof®3 inelastic neutron scatteritfy FTIR
spectroscopy and Electron Paramagnetic Resare (EPR) SpectroscoffyUse of multiple
characterization tools is also often performed to gain access to information not readily
provided by either tool alorf@®! The characterization tool of main interest for this thesis
however is soliestate NMR (SSNMR). Use of SSNMR as a characterization technique for

MOFs and gas adsorption in MOFs is a fairly recent development in the NMR field.
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However, SSNMR has been used for some time for characterization of microporous
materials on other related porous materials. In terms of zeolite structural characterization,
SSNMR gained wide acceptance early in the 80s, and has since been applied tareawide
of macromolecules and materials, from proteins to polymers to porous c&fBoRSNMR
has also been used extensively to abtarize hybrid organimorganic complexes (ie.
Hybrid silicas, hybrid cationic/anionic clays, biomaterials and coordination polymers such as
MOFs) for some timé&%7° The highly variable compdsn of MOFs has greatly extended
the number of SSNMfctive nuclei under currently investigation for characterization of
nanoporous materiaf§ To better understand the choice of nuclei present in this thesis work,
some background on the common MOF SSNMR nuclei will briefly be presented. Ideas in
NMR crystallography, which forms a major basis for this work, shall also \aewed.
Recent reviews by Sutrisno and Hu@ngand Brunneet al.”® more thoroughly outline the
progress which has been made in M@d#sed SSNMR over the last decade.

SSNMR analyses in MOFs usually aim to accomplish one or both of two goals:
characterization of the framework (1) and characterization eofrtteractions a framework
has with guest molecules (2). SSNMR analyses using specific nuclei will accomplish goals
related in some way to one of these two goals. An established technique used in the study of
porous materials which is used solely for fravoek characterization i$?°Xe SSNMR.
Because of its low reactivity, it serves as an excellent probe to determine the porosity of a
MOF as well as to identify binding locations within a MOF, as many studies have already
shown’# 77 12%9(e SSNMR was even used to follow a phasadition in MIL-53(Al), a MOF
well known for its breathing behavio(ft Deuterium tH) SSNMR is used regularly in the

study of MOFs, as it can indicate the motion of organic SBUs as well as give information on
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the d/namics of organic linker§'8 Of course, SSNMR performed athe nuclei for
elements included within the MOF structure are also performed. In partitidland 1°C,
which are often performed together, are used extensively to confirm organic SBU identity
within a framework, indicate the presence of functional gsoafper linker modification as
well as to probe adsorption of guest molecé2%% SSNMR studies using’C and!H
nuclei to probe guestost interactions have provided insight for a wide varietpaséntial
MOF applications and problems, from testing MOFs for drug del¥exy diffusion of
hydrocarbons in MOFS$ to evaluating C® capture in open metal site MOFS® 1N
SSNMR is used in the sanways, but is comparatively less common thaand*C due to
low natural abundance of the isotdPpé&78° Studies on MOFs usinfO and!!B isotopes
have also recently begun to eme?§.

A category of nuclei which have contributed greatly to theystaf MOFs are metal
nuclei. The most common metal nuclei studied inclt/édé, ‘Ga and**Sc, which have all
been used successfully to directly probe the metal environment in Al, Ga -atht&ming
MOFs86.90919110 The three metals listed are however not the metal centers which are found
in many important MOFs in literature. It is difficult to analyze MOFs containing Zn, Mg and
Zr for example because theroesponding nuclei®’zn, Mg and®zr all have low natural
abundances, low gyromagnetic ratios and large quadrupole moments in addition to being in a
relatively low concentration in MOFs. This results in {eensitivity and broad resonances,
which makegeak assignment and identification challengihBecent advances in SSNMR
methods and instrumentation, such as thighh magnetic fields, has made studies on these
nucl ei possible, as evidenced by reovghnt st u

6Znon ZIFs 7, 8, 4 and 1% and®®Mg on M®@KEHCOO) (commercially known as
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Basosive M50):°2 and CP®27-Mg.1% To the best of our knowledge, SSNMR studies on
190 and ¥1%Ba, which feature prominently in this work, eayet to be reported in
literature.

Al t hough SSNMR spectroscopy can provide
structure and interaction with guest molecules, SSNMR experiments on MOFs and other
microporous materials are often most useful when cduplgh other structure probing
tools. Several examples in the literature of combined SSNMR experiments and calculations
(including DFT calculations, MD simulations and other simulation techniques) have been
shown to provide information which cannot be acepl by either tool alon€.81°1NMR
crystallography is an emerging field in which a combination of NMR studies, powder XRD
and simulations are coupled to elucidate structural informatfdf> These types of muki
component studies are being carried out presently in MOFs as well as other porous materials,

and constitute an especially promising complement andlemppt to pure diffraction

studiest0102

1.4 Molecular Simulation of MOFs

As computational resources continue to increase in power and performance,
computations are playing a more important role in many areas of research andrdenglop
particularly in materials chemistt®1°” Computational chemistry is another
characterization tool which is particularly wsllited for predictive analysis of MOFs, as
these meerials can be time consuming and challenging to synthesize. As these materials are
unique, new computational methods are necessary to make accurate assessments regarding
their chemistry. Efforts have been such in the area of method development fotismaula

in MOFs that they have recently warranted a full revigdNow that the framework
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required for carrying out calculations in MOFs is relatively mature, the potential for
computations to beneffMOF research presents itself in many ways. Studies of this nature
include (but are not restricted to): testing the adsorption properties of hypothetical or real
MOF structures to determine whether they are worthy of expensive experimental synthesis
and teting, providing explanations for macroscopic phenomena (ie. Selectivity for one guest
over anothéf®, high uptake capaciti€, chemical/mechanical stabiliy}, etc.) from
molecular insights and calculating quantities which are difficult to obtain eweetally,

such as gas diffusion properties, guest binding sites and-conffponent gas adsorptiét.

119

In the context of gas adsorption specifically, grand canonical Monte Carlo (GCMC)
molecular simulation can give great insight into prediction and analysis of gas adsorption
properties in MOFs. These calculatsohave been successful in quantitatively reproducing
experimental adsorption data as well as providing atometel information not easily
obtainable through experimental means in MEE34°12°The realer is referred to Chapter 2
for further information on computational techniques used throughout this thesis (including
GCMC), all of which are commonly employed by MOF researchers.

From the first real computational study on a MOF reported in 2004til now, much
progress has been made in computational method development for simulations of MOF
materials as well as iproduction of meaningful, quantitative results which can truly guide
modern MOF chemistry. The work from this thesis contributes to both MOF method
development and applied computational MOF research, as Chapter 3 addresses gas force
field parameterizatioand Chapter 4 demonstrates computatioretperimental synergistic

MOF research. The next chapter provides an outline of the entire thesis.
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1.5 Thesis Goals and Outline

We have observed that a popular force field used for collecting simiNatgds uptake
isotherms in MOFs called NTraPPE typically shows overestimation in uptake compared to
experiment. Thereforehé goal of the first part of this thesis will be forther study the
performance of thé&l>-TraPPE force fieldor gas adsorptiomn MOFs and to dvelopan
improvedforce field for high accuracy Nadsorption in MOFs. @ study the performance of
the existing and neworce fields, we will compare the simulated>Niptake isotherms we
derive with analgous experimental isothermshd new force fieldvill accurately reproduce
experimental data bfjtting the parameters directly to experimentaluytake isotherms in a
wide variety of MOFs.

In the second part of this thesis, we provide an in depth molecular simulation study of
CO; and DMF adsorption in thMOFs MIL-68(In)?> and BaTMA(NO3)*%, This is done to
provide insight on the guebbst interactions within these MOFs as well as to complement
the SSNMR experiments carried out-68dnjan®r of es
BaTMA(NOs3). The broad aim of this part of the thesisascontribute our findings to the
growing field of NMR crystallography, and to validate combined use of SSNMR and
molecular simulation for characterization of MOFs.

The thesis is organized as follows. In Chapter 2, the general theory and methods used
throughout this thesis project will be explored. This includes combined used of Density
Functional Theory (DFT) electronic structure calculations, the REPEAT algorithm for
charge calculation and finally the grand Canonical Monte Carlo (GCMC) algorithm for
detemi ni ng gas uptake i n MOFs. The Automat ed

(ABSL) will also be outlined.
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Although a general introduction is provided in this first chapter, this thesis project
encompasses two distinct parts, each of which addresfedy different research interest
related to MOFs. A more idepth introduction and goals for each project shall be provided
in Chapters 3 and 4. T h e fTralPPEtModpl foo lnpraved, APa
Simulated C@N2and Q/N2Sel ect i vity Predictions in Met a
be presented in Chapter 3 and the second pr
Interpretation of SolicState NMR spectra of Met&®dr gani ¢ Fr amewor kso s he
in Chapter 4In addition to the general methods and theory presented in Chapter 2, specific
methods were used for each project. These will also be presentedsescsabs in Chapters
3 and 4.
Finally, in Chapter 5 conclusions shall be drawn for each part of this thesk conducted
and directions for future work shall be presented. Appendices are available at the end of the

thesis (Chapter 6).
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2 1 Methods

In this chapter, all major components involved in the calculation of gas adsorption
isotherms and other simulation data in MOFs shall be highlighted, and the underlying theory
shall be reviewed. All methods presentedhis tthapter are used throughout this thesis, in
both projects presented in Chapter 3 and 4. This chapter does not contain an exhaustive list
of all methods and theory used, as certain methods which are specifically used in for work in

Chapter 3 or Chaptdrshall be presented in detail in those chapters.

2.1 Fully Automated Adsorption Analysisin Porous Solids (FAPS)

FA3PS is a software package designed and developed by the Woo group to streamline,
automate and facilitate the process necessary for caleulztian uptake isotherm and other
molecularlevel data in nanoporous materials. Several steps are required to compute gas
uptake isotherms and other gas sorption properties, and each step requires specialized input
and instructions to run a calculationtfdugh each MOF is different, members of this class
of materials share many similarities (ie. porosity, pore apertures below certain size
thresholds, organic and inorganic components, etc.). Because of this, many simulation
parameters can be settehoue det er mi ned 6 MOF A tuwrk goalloft 6 par
this software isto make gas adsorption calculatisnaccessible to peopleompletely
unfamiliar with comptational materials methods, as it intends to greatly simplifjning
basic calculations. A schematic for the 38 code is provided below in Figurel2and
each step shall be highlighted in sequential order in the following sections. The underlying

theory for these methods shall also briefly be addressed.
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Figure 2-1. FA’PS Schematic

2.1.1 Periodic Density Functional Theory (DFT)

DFT is a quantum mechanical (QM) method which is very popular in chemistry, and has
made many important contributions to the area irBther so years since its popularizatibn.
With recent advances in computing resources and development of DFT implementation
accuracy, simul ations of sever al hundr eds
compared tavave function methods is that the total electron density is used to calculate the
total energy and todescribe the complicated interactions betweka electrors? In
competing M methods, such as Hartré®ck or more expensive correlated methods, the
electronelectron interactions are calculated by brute force from a complicated-bodgy
wave function that grows in dimensionality as the system size increases and the number of
electrons increase. In DFT, the dimensionality of the total electronic density function does
not increase with system size and apriori knowledge of how the electrons interact with one
another based on the electron density is used, resulting in DFT tymfaliyng significant
compute time savings compared to wave function based methad®dern DFT methods,

there are many ways to evaluate the energy from the electron density, or different
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approaches to express the energy as a functional of the eleetrsityd There is now quite

a proliferation of secalled DFT exchangeorrelation functionals, with many of the popular
ones used in chemical research being parameterized to experimental results-cdllesl so
B3LYP DFT method, which incorporates a fractiof HartreeFock exchange energy into

the calculation is by far the most popular functional used in the chemistry community as it
offers a very favourablecauracy/cost balance for many orgaai inorganisystems’

DFT hasnot only proven its worthfor molecular systemsbut it has also provided
valuable insight in solid state chemistry and physics. In fB&T has been widely
recognized and accepted by the salidte physics community for a longer time than by the
quantum chemistry communify. A major difference in the DFT calculations used to study
solids compared to those used to study molecules, is the nature of the basis sets used to
expand the orbitals and electron density. For molecular systems;catiered basis
functions are used, such as the popular Gaussian basis sets developed by Pople (i.e. 6
311G(d,p)). In the solid state DFT calculations, delocalized and periodic plane wave basis
functions are typically usedThese require the use of pseudopotentials, also cdfesttiee
core potentials (ECPs) which are functions which treat core electrons (the core electrons do
not generally participate in important chemical or physical interactions in solids, and using
pseudopotentials instead of plane waves for their descripsignificantly reduces
computational cost). Additionally, it would be costly and near impossible to analyze infinite
materials using DFT; therefore, the translational symmetry of these systems is exjéoited
periodic boundary conditiorte simplify calalations.

The use of periodic DFT as the first step of a8 calculation serves two different

purposes. First and foremost, it is a method used to compute the electrostatic potential (ESP),
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which is needed for the REPEAT atomic charge calculation (sgmrsel.1.2 for further
details regarding the ESP and this method). The second objective is to refine the positions of
the H atoms included as a part of the framework structure, as well as to relax other
framework atoms if necessary. This is because katoms are generally not observed with
X-ray crystallographythe most common method for characterizing the detailed structure of
MOFs. Often the crystallographic information files (CIF) provided for MOF structures do
not contain H atom positions at ald their positions must therefore be inferred based on a
combination of chemical intuition and information provided in the article in whiglyX
structure data was published. With respect to relaxing framework atoms, this is often
necessary when the Clbresents crystallographic disorder: that is, when a same atom or
group of atoms has several possible positions within the structure. For all work carried out in
this thesis, MOF frameworks are kept rigid for gas adsorption to reduce computational costs
(this is shown to be a reasonable approximation for many MOFs)insure a correctly
relaxed, rigid framework for adsorption calculations, a favoured configuration is first
seleted based on occupancy in order to resolve the disorder, then only those positions which
were selected are DFdptimized to insure lowest framework energy. In certain cases where
several different disordeelated configurations are equally favourablecafifigurations are
tested to identify the lowest energy one, and further gas adsorption studies are sometimes
carried out on all relaxed structures to verify differences in binding locations and
guantitative uptake results.

The Vienna Ab Initio Softwar®ackage (VASP)!? as well as the Spanish Initiative for
Electronic Simulations witiThousands of Atoms (SIESTR)are two of the péwdic DFT

implementations included in the PRS package, both of which were used for the work
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carried out in this thesis. For all work in VASP, the PBE exchaogelation functional
and the default projector augmented wave (PAW) pseudopotentials/preojeei@ used*1°
For SIESTA, the PBE exchgecorrelation functional was also used alongside double zeta
polarized basis sets, for which parameters were tuned to give the same accuracy as VASP.
terms of the difference between VASP and SIESTA, it was stated earlier in this section that
plane wavebasis sets are used for DFT calculations in the stéite (VASP), however
localized atorrcentered basis sets can also be used for-staté calculations (SIESTA).
Comparable a@lculations using SIESTAre faster than those run in VASP, which can be
especially useful ifa MO F Gssvery large and has a large unit cén the other hand,
accurate pseudopotentials are available for nearly all elements of the periodic table in VASP,
while the pseudopotentials in Siesta are quite limited, and less accilatee wave basis
sets are alsdree of the basis set superposition errors which occur whewy Uscalizel
atomic basis sets. For thesasons, the VASP code was used whenever possible for this
thesis.
2.1.2 REPEAT Charge Calculation

The second step FRS tales towards calculating a gas adsorptigstherm isthe
calculation of atomic charges. REPEAT, the Repeating Electrostatic Potential Extracted
Atomic charge method, was developed by the Woo group in 20D8is method derives
charges for each atom in the solid based on a-8¢fived ESP grid located outside the Van
der Waals radispheres centered on each atomic site. The electrostatic potential (ESP) is
defined as the energy required to bring a unit charge from an infinite distance away from a
point r. The REPEAT method was an important advance in derivation of atomic charges for

periodic materials, as no one had ever before derived charges from thaf BSferiodic
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DFT calculationciting the difficulty in defining theeference stattor the ESHn an infinite
periodic system’ Many researchers have successfullgcuREPEAT to predict adsorption
properties and other physical properties for periodic materials, especially ¥&Hsdeed,
Watanabeet al. compared many different charge calculation methods to calculate
thermodynamic properties of the MOF Z8-and REPEAT showed the best agreement with

experimental dat&

2.1.3 GCMC
Once hydrogen atom positions have been determined, framework atoms have been
relaxed (if necessary) and atomic charges have been comfhgeghs adsorption isotherm
can be simulated usinggrand canonical Monte Carlo (GCMC) simulatiof.h e fAgr and
canoni c adf GCME cefereniceshe name of the statistical thermodynamitsemble
which oneutilizes in thesimulation. An ensemble is a collection of a large number of
replicas of a system of interest, for example a collection of porous MOF unit cells containing
adsorbedgad. n t hi s ensembl e,  ttemperatwrke €randthelsysierot e nt
volume ) are kept constan{The chemical potential ia fundamental thermodynamic
property of a system, which shows how potential energy changes as a function of the number
of particles in a given system.) In a GCMC simulatibe humber of particles (N) may
change, meaning that the number of guests within a host can increase or decrease. Final
simulation results which make use of the grand canonical ensemble will display thermal and
chemical equilibrium because thermodynamic \
As for the AMonte Carl oo portion of grand
reference to the propensity for visitors in Monte Carlo, Monaco to gamble. Most forms of

gambling are both random and repetitive activities, and this is at the very dbeeMbnte
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Carlo method. Monte Carlo methods have been applied to problems in mathematics,
finances, physics, biology, chemistry and even as a means for artificial intelligence to beat
world chanpions at games likehess*# 2’

In Monte Carlo methods applied to chemical problemsnpdamly selecte@tom or
guest moleculds first perturbed in some way through different move types including
rotation, translation oconformationchange. Once theewly perturbed configuratiors
created, the potential energy of the engiystemis calcdated. Three possible scenarios may
occur at this point: the potential energy of the new configuration can be lower, slightly
higher or significantly higher than that of the configuration prior to the perturbation. If the
energy of thenew configuration islower than that of the prior configuration, the
configuration is automaticall y f(Arceoserpbteed 0 a
average is the mean of a quantity, such as potential energy in this osaseall
configurationsaccepted in the sinfation) If the energy of the new configuration is slightly
higher than that of the previous cmufration, ithas a chance of being accepted based on
Boltzmanntype weighting criteria, which enables sampling to hop over potential energy
barriers. Final, if the potential energy of the new system configuration is much higher than
that of the prior configuration, then the new configuration uslhallyb e fir ej ect ed o0,
prior configuration will be readded to the ensemble average. In this scenargimportant
for the prior configuration energy to be added to the ensemble average because a more
heavily favoured configuration needs to be sampled niibsbould be noted that even high
energy configurations have a small, re®ro probability of beig accepted and added to the
ersemble average due to the Boltzmaype weighting. The process of producing a

perturbed configuration, evaluating its potential energy and adding it to the ensemble
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average is repeated until the ensemble average has conwehged it is assumed that the

macroscopic properties which depend on microstates will also be cedverg
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Figure 2-2. Plots of thenumber of adsorbed gussih a MOF (top) and total energy (bottom)
throughout the course of a GCMSImulation Equilibration and production phases are indicated on
both plots.

When coupling the grand canonical ensemble with Monte Gamk has two additional
perturbations that cabe performed on the system to generate new configurapantcle
insertion and deletion. In this way, inserted guest molecules which interact favourably with
the host will produce a lower potentiahergy configurationandhave a higher chance of

being accepted and used as the starting point for next configurafidms highlights one
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major difference between GCMC and MC: & pure MC scheme acceptance of new
configurations is based solely on potential energy, whereas for GCMC it is based on both
pat enti al ener gy a n dhiscshveyalbweaehergy configunation s hot ( € )
immediately added to the ensemble aveiagdeCMC. Figure 22 above shows a typical plot
for the change in the number of guests and the potential energy chandesa@m®a of the
number of GCMC steps taken. The two stages which are typical of GCMC adsorption are
indicated on the figure: equilibration (1) and production (2). In the equilibration phase, it is
more favourable for guest to be adsorbed than deletedskarp increase in guest is noted,
as seen until around 3.5 million GCMC steps in Figu& After many guest insertions are
accepted, the MOF pores become more saturated with adsorbate and it is no longer as
favourable to add guest to the pore. The cdt@sertions becomes equal to that of deletions,
as can be seen in Figur22when the number of guests fluctuates around an average value.
This indicates that equilibrium has been reack@tte equilibrium is reached, the chemical
potential of adsorbetho | ec W) e $ s( &@8qual t o t h agseupoThisigaseou:
a key conceptual gdedddesm lor o WBIC MICo 4isis dllsth enain atg a s e s
equilibrium, and the expression for ideal gas can be used in the acceptance pydbabilit
GCMC simulations.This is why equilibriumphase datérom GCMC can beused for
calculation of adsorption equilibrium properties such as gas uptake isotherms, heats of
adsorption, gest probability density, etdBecause of its ability to efficiently rpduce
equilibrium adsorption properties and relative simplicity, GCMC forms a powerful
procedure which has been pivotal in the study of gas adsorption in MOFs fo date.

Our graup maintains its own GCMC implementation, denoted FastMC. It can also be

easily modified to work for other Monte Carlo ensembles, such as the canonical Monte Carlo
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ensemble (which has constant number of particles (N), system volume (V) and temperature
(T)). As a sidenote, canonical Monte Carlo in pauiar is useful for simulations in which
the number of guest molecules is known and does not change, such as might occur in a
material containing trapped solvent molecules for exampteer a GCMC simulationis
completed in FAPS, final posprocessing scripts generate the desired output, notably gas
uptake isotherm plots as well as guest probability density plots within the framewerek.
it is useful to introduce the idea of isosurfaces and isovalesisosurface is a -3
dimensional contour plot representing points of a constant value, and produces a
representation of the probability densiBar our simulations, thisepreserdtion showshe
probability per & associated with a guest being in a certain region of accessible MOF pore
volumeover the course of the simulation (see Figuf®i section 2.2 for the appearance of
a typical probability density plot for GQadsorbed in a MOF). In an isosurface plot, al
points that make up the surface have the same value of the function. In this case, the higher
the sacalled isovalue, the higher the probability of finding the guest molecule. Given that
the isosurface values represent probability in this work, theyaiithys be between 0 (low
probability) and 1 (high probabilityHHigh probability areas indicate probable binding sites.
Our group maintains a peptocessing package which automatically identifies binding sites
from this probability density. Its generairfctionality will be highlighted in the next section.
2.2 Automatic Binding Site Locator (ABSL)

In addition to providing gasdsorptionisotherms, GCMC simulations allow us to
identify binding sites of guest molecules inside the MO&sed on the probability
distributions that are generated from the simulatioABSL (Automatic Binding Site

Locator) is anotheralgorithm developed by the Woo groupat is able to automatically
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locate the binding sites from the probability distributiofibis code interfaces with FRS
and is intended to be run followirgGCMC calculation.

Although they may be disperse isomematerials,the binding sites argenerally well
localized inmostguest/MOF combinationdue to electrostatiand dispersion ingractions
between the guest and theetal ions, functional groups or specific organic groopshe
MOF. Finding these binding sites normally requires careful manual inspection of GCMC
derived probability density distribution$his is a timeconsuming andedious process in
most casesABSL is a robust algorithm which identifies the binding sites automatically from
the noisy probability distributions using Gaussidters to smooth the dataFigure 23
shows what a typical, fi mooks dike,0andpthieordsaltimg, | i t y
Gaussiarsmoothed binding sites as identified by ABSL. ABSL also includes functionality
for deriving the binding energy of each binding site. The binding site energy is also
separated into its electrostatic and van der ¥/eamponents, providing further information

to analyze the nature of the binding
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Figure 2-3. Overview of ABSL function and resul®n the left, a probability distribution of CO2 in

a MOF is plotted (y = probability of finding guest, x = angular distribution) with the original signal
(blue), Gaussian smoothed signal (green) and finally AB&tcted peaks (red). The image on the
top right shows the original CO2 probability density (red = Oxygéana probability, Grey =
Carbon @om probability) which corresponds to the original unsmoothed signal as represented by the
blue curve in the graphical plot. On the lowsght is the final, ABE-detected distribution of CO
within the MOF, where distinct CGQyuests are seen instead of density distributions (red = Oxygen,
blue = Carbon).
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3 1 Parameterization of N0 TraPPE Model for Improved
Simulated COx/N2 and Oo/N2 Selectivity Predictions in Metal
Organic Frameworks

In this chapter, a parameterized fidrce field fit simultaneously to 28 experimental
isotherms for high accuracy uptake isotherms in the pressure andaawmpeanges relevant
to CQ/N2 and Q/N2 gas separation is presented. This model, called NIMF (Nitrogen In
MoFs), addresses issues we identify with theTRaPPE force field, in common use for
generating simulated uptake isotherms in MOFs. We fit theR\iidMice field parameters in
conjunction with the UFF and ESferived charges to calculate electrostatic interactions for
framework atoms, as the combination of UFF and-B&f#ed charges is the most common
strategy employed for MOF simulatioh®lIMF enables better predictions of Mptake in a
wide range of MOFs, and by extension improves the accuracy efNe@nd Q/N:
adsorption selectivity predictions. The work presented in this chapter has bedattesiifor

publication inLangmuir.

3.1 Introduction

Due to recorebreaking selectivities, uptakes and relatively low cost, MOFs are being
actively developed as solid sorbants for industrial carbon capture applications using
temperature and pressure swingagton system$.For example, one MOF reported by
Baeet al, Zmp(bttb)(Ck-py)., was found to have flue gas & selectivity considerably
higher (3037) than that of the best commercial zeolites (19) and activated carboris (15).
Since postombustion flue streams are -73% N and 1516% CQ, high CQ/N:
selectivity isan important property for carbon capture because adsorption of other gases will

bot h r educ e chpacty ahNiOvil desult i€ ®lower purity G&tream. The purity
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of the post capture COstream is important since it costs more energy to compress,
transport, and store impure gases. Nitrogen adsorption selectivity is also important in other
clean energy applications. For example, in-fugl combustiofy fuel is burned in pure
oxygen which generates a pasimbustion flue stream which, following condensation of
water, is primarily composed of G@vhich can then be prepared for storage. In-fmey
systems, the gageparation occurs before the combustion where oxygen is removed from air
to provide pure oxygen. Thus high/@> selectivities are required, and MOFs have also
shown promise for separatingg @om N.. For example, the MOF &BTC). exhibits an
O2/N; selecivity of 22 that is significantly higher than for many other porous soriSests.
present, expensive cryogenic air separation units are used to supply high purity axygen f
coal combustion, and their use accounts for most of the elevated cost of tfigeloxy
combustion processBecause of their great potential in separatiagr@n Nz, MOFs could
provide greater efficiency and lower costs than currentfogl/combustion solutions.

Molecular simulation and speiélly grand canonical Monte Carlo calculations have
been successful in quantitatively reproducing experimental adsorption data in MOFs as well
as providing atomistitevel information not easily obtained through experimental means.

In order to reproduce experiment correctly, however, it is critical to select appropriate
simulation parameters. For gas adsorption in MOFs,fahee fields which are used to
reproduce noibonding interactions between guest molecules and framework atoms are of
particular importance, as they dictate gas uptake and binding locations within the
framework. Generalized force fields such as the UnateForce Field (UFF)aim to
reproduce a wide variety of interactions forsnof the periodic elements. More specialized

force fields exist for certain gases, for which parameters are typically set to reproduce certain
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specific physical properties of the bulk gas. For example, the 0@ N TraPPE force
fields are fit to reprodee liquidvapour equilibri. These force fields, which are fit to bulk
properties of the molecule, are not always appropriate for use in adsorption, as gas properties
will change once adsorbed. In the context of MOFs, the fGe field used for simulating
gas adsmtion created by Caleret all® has been shown to accurately predicQ@take in
MOFs!¥ However, N TraPPE, a force field ommonly used to simulate adsorption in
MOFs, overpredicts N uptake consistently in a series of U88 MOF derivatives. This
occurs in spite of the DREIDING force field, which was used to define the potential
parameters for framework atoms, being rescafsztifically to improve uptake accuracy for
a variety of gase¥ Use of N TraPPE for adsorption in MOFs can be problematic, as
evidenced by o#r simulated Nuptake isotherms not matching experimental uptake results
when N TraPPE is used (see section 3.3 for further evidence of-iSFor caes in which
simulated gas uptake isotherms do not match experimental data, parameterization of the
existing force field, for example, training it to reproduce experimental or high accuracy
computational adsorption data, can be employed. In fact, adjusthexisting gas force
field parameters for adsorption on porous materials is a procedure which has successfully
been employed to improve accuracy of simulation in other sofBastsvell as MOF$% 20

In this work, we present a thrsge N> model fit simultaneously to 28 experimental
isotherms fohigh accuracy uptake isotherms in the pressure and temperature ranges relevant
to CO/N2 and Q/N2 gas separation, henceforth called the NINMrogen In MoF3$ model.
This model aims to address the systematic overestimation abtike obtained with thid:
TraPPE model, which is in common use for generating simulated adsorption isotherms. The

NIMF model is conceived for use in conjunction with GFEnnardJones parameters and
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ab initio derived electrostatic potential fitted partial atomic charges for the framework atoms,
as this combination is most commonly employed for MOF Eitions! NIMF enables
better predictions of Nuptake in a wide range of MOFs, and by extension will improve the

accuracy of C@N2 and Q/N2 adsorption selectivity predictions.
3.2 Theory

3.2.1 Force Fields

I n Quantum mechanics (QM), various strat ec
equation, thereby providing a full description of the chemical system (see Chapter 1 for a
more in depth overview of-levé) dscalculatiche aré yi ng
accurate at the expense of efficiency. Because of their elevated costs, only systems
containing hundreds of atoms can be analyzed using-levgh QM methods. Many
chemical problems, for example enzyme chemistry, surface adsorption and polymer growth
requre treatment of thousands or even millions of atoms for a proper description of the
chemistry at play. For many years, Molecular Mechanics (MM) or force field methods have
been regularly applied to these large systems. The improved efficiency afforddi by
techniques is a result of opting not to so
parameters which have been fit to experimental data and/or high level computational data are
used to describe the system. Another result which stems fromrmotsolg t he Schr 7 c
equation is that the atom is the basic unit used for description of MM systems, in sharp
contrast to QM systems in which electrons serve as the fundamental unit. The MM atom
based approach relies on the assumption that structuralbgrsimits in different molecules
tend to be similar. An example of this would be to assume that3amybpdized carbon

should have approximately the same connecting bond lengths and angles in two different
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organic compounds. An $parbon is an examplef an atomtypewhich might be included

in a force field, the container of all parameters and potential forms necessary for MM
simulations. The atom type i1 dentity wil/ de
what the atom is bonded to. An importtamonsequence of this is that bonding information
must be provided explicitly to make use of MM methods, unlike in QM methods where
bonding is determined from the calculation itself. Inclusion of atom typing based on
connectivity justifies the CHARMM (Cheistry at HARvard Macromolecular Mechanics)
force field having over 20 different carbon atom typeRarameters for each atom type in a
force field will include both bonded terms (bond stretching, angle bending, rotational
torsion) and no#bonded terms (van der Waals and electrostatic interactions) to describe
interactions between different atom typesheTforce field energy is a sum of the
contributions from each of these different componéfts.

An enormous variety of force fields exist today. Some aim to serve as general force
fields which work for most chemical systems (URHRd DREIDING? are examples) or a
subset of chemical systems (MM3 for hydrocarbbos CHARMM for peptides and nucleic
acidg?) and contain many different atom types. Others aim to reproduce the behaviour of a
few specific systems, for example many force fieldstespecifically for modelling water,
which has proven challenging to treat accurately due to its unusual chemiBrge field
patameterization is considered as a kind of art within science. Obtaining accurate parameters
even for systems containing few atoms such as water #rin@al, and more general force
fields being used today such as UFF are the products of decades ofresearc

In all work carried out in this thesis (including work in Chapter 4), framework atoms are

always fixed throughout simulations, and all adsorbed guest molecules, although free to
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move within the framework, are rigid models. For small guests Ipan G-, in situations

where dispersion forces and weak electrostatic interactions dictate adsorption binding sites,
accounting for internal flexibility of the guest is more expensive and cumbersome for small
guest molecules as it will mostly account for snwalest vibrational motion¥. For this
reason, the work carried out in this chapter places particulahasigpon notbonded

energetic contributions (van der Waals and electrostatic interactions).

3.2.2 Nonbonded interactions

As stated previously, nelmonded interactions included in force fields can be broadly
separated into two categories: electrostatic intemastiand van der Waals interactions.
Generally, these interactions will be calculated for atom pairs which are connected through
no less than 2 atoms and are called 1,4 interactions.

Electrostatic interactions represent the effect of internal redistribofi@bectrons.
These effects can be quite strong and can also occur over long distances. They can be
separated into four different categories:-ion interactions, iofdipole interactions, dipole
dipole interactions and higher multipole moment interasti@hese include quadrupolar and
octapolar interactions). The total electrostatic energy will be composed of a sum of all
distinct interactions in a system. In order to calculate the interaction energy between ions
and/or dipoles, partial atomic chargesg asssigned to all atoms in the system. For smaller
Ssystems, the <charges are assigned to corre
permanent dipole. In larger more complex systems, the atomic charges are typically derived
through fitting to the ESP, ian analogous way to the atomic charges derived with the
REPEAT method for griodic materials (see Chaptér?2In any event, partial atomic charge

is not a physical observable like a permanent dipole or a magnetic moment for example, so
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there are several other existing methods to assign charges to atoms, for example Mulliken
chages, which are very easy to calculate thanks to their dependence on convenient nuclei
centered basis functiodIn cases where partial atomic charges cannot coyresproduce

multipole moments, it is also possible to place charges upon the system which are not
centered on atoms (see Figur83 wher e charges are pllhee on .
electrostatic interactions are especially important in reproducergngment molecular

multipole moments, which are paramount in the description ofoeoded interactions such

as hydrogen bonding.

Van der Waals interactions represent the stanrge steric repulsions and mighge
dispersive attractions between atoms \whace not bonded directly to each other. These are
very important, as they serve to capture induced digipiele interactions and London
dispersion forces. It is the main interaction betweenrpaar molecules (eg. Alkanes) and it
is the only possible teraction between rare gas atoms. Unlike with electrostatic interactions
involving partial atomic charges, there 1isn
behaviour. To accurately capture these effects, it is only necessary to select a funiction w
presents certain characteristics, including:

At long interatomic distances;jr Evawtends towards zerm¢ van der Waals
interaction between two very distant particles);

1 At short §, Eww should become very positive (due to highly repulsive
energy;

1 At intermediate i, E.aw Should achieve a slightly negative minimum. This
represents the lowest energy distance which separates two particles at

equilibrium.
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The most popular function which obeys the general requirements for van der Waals
interactionis the Lennardlones potential. Others exist, such as the Buckingham potential for
example, but the Lennasibnes form is favoured by many as it only has two parameters and
is computationally quite efficie’. The latter reason derives directly from the Lennard

Jones equat i olmedushefdsaussed indhe mext section.

3.2.3 LennardJones Potential
LennardJones models reproduce nbonded interactions using a pairwiseditive

LennardJones 15 potential function:
Yi T- — — (1)

Wherefji s the distance bet we ejisthe patentblwel i nt e
d e pt hjisatlmedepdration between the two particles when the potentig))(i$(zero.
The reason the Lennabnes potential is more computationally efficient thaheot
potential forms is because of its-6@Zunctional form. In computing, calculating exponential
functions (needed for the Buckingham potential form) or square roots is around 5 times more
expensive than multiplication and additions. In the Lendarksl12-6 form, a 6 power
calculation is required, and because of this calculation thed®er calculation (the square
of the @" power) is not very much more effort. However, with other potentials, such as a
higher accuracy Lennafibnes 1210 form, calclation of both a 10 and 12 power
becomes significantly more expensfVe.

Interactions between different atom types are calculated using the L-8emitelot

mixing rules, which are:

" — ()
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In this way, Lennardlones parameters can be calculated for all atom pairs in any
system, so long as parameters are defined for every individual atom type. An example of
LorentzBerthelot mixing as well as the shape of the Lemdamtks potential ishown in

Figure 31 below.
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Figure 3-1. The Lennaredones potentials for UFderived H--H (blue), He--He (green), and
LorentzBerthelot mixed H-He (red) van der Waals interactions are shown. The |gfioreof the

plot shows the behavior of the potential when the atoms are brought very close together (increase in
energy) while the right part of the plot shows the behavior of the potential when the atoms are
brought very far apart (the energy tendstoward 0) . The units for si gma
epsilon (U) are kcal/ mol
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3.3 Literature Review

Before beginning to describe any kind of parameterization effort, it is useful to more
deeply explore the literature relevant to simulated adsorption of nitgagerin this section,
we aim to describe what current models exist foahd other efforts in parameterization.

Previous studies have been performed to compare the accuracy of different N
models for adsorption in porous media, which demonstrate rithdifferent sorbents and
circumstances, certain nitrogen force fields will be more appropfiftén certain cases,
MOF scientists have even taken existing frce fields and due to poor performance,
parameterized them for their specific experimenmt. fact, a force field for hfor adsorption
in coordinatively unsaturated MOFs has alreadynleated by Dzubadt al'®, and another
for adsorption in ZIF$>32PHAST-N_, a polarizable fivesite N force field parameterized to
reproduce higHevel electronic structure calculat®nwvas recently developed by Cicsteal
for general material sorption and separation procédsdswever, a force field for N
created using the simple Lennaldnes potential parameters for specific use in
coordnatively saturated MOFs, which compose a major part of the scope of MOFs
examined today, has never been explored.

Force fields produced through parameterization fall into two major categories: so
called ab initiebased models which are fit to reproduceensive high level quantum
calculations and empirical models, which are fit to reproduce experimental data. Both
methods have advantages and disadvantages, and neither approach is better than the other
because both will contain approximaticfisSeveral ab initio force fields have been dedive
for small gases in specific MOFs (g\2 and HO in opeametal site MOF74 for different

metal SBUs {Mg, Zn and Fé%%353% CH, in openmetal site CtBTC!® H; in 5 different
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MOFs” and CQ in a variety of MOFs and ZIR§. Other first principles force fieldsra

meant for gas adsorption in adsorbents more generally, such as the re®HASTES and
CO2PHAST® models. The polarizable ab initio G@nd N force fields derived by
Schmidt et al., although not meant explicitly for use in adsorption and with extra
parameterization for adsorbaadsorbent parameters, have been used successfully to model
adsorption in ZIF€%% In terms of experimentalgerived force fields, many exist which
reproduce physical properties of the bulk molecule, such as:;tieQd and alkane TraPPE
models, which reproduce experimental liguipor equilibrie However, these gas force
fields may be problematic for use in adsorption, as their properties may change once
adsorbed. Although experimentaligrived force fields have not been explored much for
MOFs specifically, a force field fit to experimental zésluptake isotherm inflexion points

was developed recently by Gar@anchez et &f In a similar vein, several researchers have
re-parameterized the force field parameters which characterize interactions between zeolite
framework atoms and gas molecules (the parameters which would normakyemided

from mixing rulesf'* We are unaware of any.Norce field which has been fit to
reproduce experimental isotherm data, much less to reproduce experimental MOF isotherm
data.

The N TraPPE modé] which is parameterized to reproduce pure gas ligajbur
equlibria, is frequently used in the literature for simulating nitrogen gas uptake in
MOFs!416:17489 and in certain related porous sorbefit@/e find that the TraPPE nitroge
force field overestimates the amount of &sorbed for all coordinatively saturated MOFs
tested, as shown in Figure23for two MOFs. We also find that although there is always

overestimation of uptake of nitrogen gas in MOFs, the proportion by whsbr@itn is
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overestimated is not constant: as can be seen in Figlranertain cases, overestimation is
around 50% the corresponding experimental value (M®@F! in Figure 32) but in other
cases, it is well over 100% (TH&1°2 in Figure 32). It should however be noted that these
estimation errors appear only when ikl adsorbed at temperatures higher than 77K. This is
because NTraPPE was originally designed for liquid simulations, anddiing point is
77.355K. Thereforesimulated uptake isotherms used RET methodcalculations which
makes use of 77K Nyas adsorbed at pressures up to 1 bar, should be acédfate.

TIF-Al at 298K MOF-177 at 298K
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Figure 3-2. Test isotherms for performance of -NeaPPE model (redriangles) in MOFs TIFA1
and MOF177 at 298K show overestimation of experimental N2 uptake (blue squares). Experimental
isotherm data is obtained from references 34 and 33 respectively.

The atomic and COM charges found om NaPPEwere not subjected to the
parameterization carried out in this work. Prior computational studies by Liu antf Ssit
well as by Karra and Walténon coordinatively saturatedlOFs, namely MIL47(V) and
IRMOFs1, 3, 11, 12, 13 and 14 show that the effect of electrostatic interactions on N
adsorption in the MOFs tested was negligible. Indeed, socaigponent adsorption of gases
in MOFs can in certain cases be accurately medelking a force field without charge, as is

sometimes done with the model developed by Muethgl ># >¢ Although the charges onzN

TraPPE donodt significant]!l y-dedaved charde sigade upt a
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important and should be maintained for a genetdioite field destined for adsorption in
MOFs, especially if bing gas adsorption studies with €0r O, are to be performed. As
experimental multcomponent gas adsorption is rather challenging, the effect of gas co
adsorption is often calculated based on experimental single component adsorption using the
Ideal Adsorled Solution Theory (IAST) method, for exampldt is relatively simpé to
model multtcomponent gas adsorption, therefore simulations can provide very valuable data
on the effect of adsorbing gas in the presence of other guests. For this reasbargds
were maintained in our force field.

Initial testing of the Lennard ones parameters (G and U) s
N2 parameters yielded different changes in the simulated isotherms for different MOFs. This
is shown for MOFs CALA5'2°8and UMCM-1*° in Figure 33 below. Models in which the
TraPPE Lennard ones O and efld mddied @ither byeadding o subtracting
10% of their value were tested to observe the effect of changing parameters on uptake. In
Figure 33 below, this is particularly obvious in the case of the TraPPE parameters in which
the G val ue d st hleD %) hviagthueer iasn 10% | ower : t he
for an explanation of excess/nercess uptake) becomes lower than that predicted by
TraPPE for CALF15 and higher than that predicted by TraPPE for UMCNMhis is
evidence that the searclpage for parameters is complex, which is why search space
optimization must be performed to identify a better parameterization set.

The normalized least squares grid search approach was taken to identify the best set
of LennardJones parameters for ous férce field. Other search space methods exist such as
the genetic algorithm (GA), inspired by natural evolution, which has been used to determine

the ideal force field parameters for MOF framework atom force fields and for gas models
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meant for adsorptiom MOFs8%° We chose the normalized least squares approach over

others for several reasons. Namely, it was important to find the best possible solution to our
problem, while ot her t edution,iby noenecessarily the bestt e nt i |
because of the weighting factors for each MOF included in the parameterization (see section
3.4.3 for details), It was necessary to sel
be necessary to repeat cal¢aas each time the weighting was changed; finally, although

the search space is quite | arge, it is not
forceo, meaning that optimization technique

space vey quickly are unwarranted.

UMCM-1 at 298K

CALF-15 at 273K
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Figure 3-3. Effect of change in sigma and epsilon parameters upon adsorption isotherms for CALF
15(273K, up to 1 bar) and UMCH (298K, up to 25 bar). These tests show thas#mee change in
LennardJones parameters do not have the same effect on how the isotherm changes with respect to
the TraPPE isotherm, for example when using the
CALF15 excess uptake decreases with respectraPPE uptake but increases with respect to

TraPPE uptake for UMCM..
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3.4 Methods

3.4.1 N2 TraPPE Model

The existing TraPPE Nforce field, which is frequently employed for simulated
nitrogen adsorption in MOES174449 was used as a starting point for our parameterization
This moeel has three charge sites, two of which are centered on each N atom and one of
which is found on the COM. The two N atom sites each have a char§e482 and the
COM site has a charge of +0.964, which accountt@r 8l exper i ment al qguadr
(Q =-1.4 x 10? esu)® It is important that thenitrogen model we produce retain its
guadrupole moment, as it has been shown that important interactions between the gas can be
attributed to electrostatid$®? We use the experimental nitrogémitrogen bond length of
1.10 A, which is the same as that of TraPPE N schematic diagram includingdetails of

the N TraPPE model is shown below in Figurd 3

N, TraPPE _

-0.482 0964 g 48>
|

¢ =0.331 nm
e/kg=36.00 K

[j——

1.10 A

Figure 3-4. Characteristics and relevant values for tNe TraPPE force field, in common use for
simulating N uptake isotherms in MOFs
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3.4.2 Parameterization Procedure

Parameterization is performed to improve the TMaPPE potential parameters by
fitting simulated GCMC isotherms to experimental isotherms. This is achieved by testing a
large number of Lennardones parameter combinations. To lesxte how well given
LennardJones parameter sets perform, a normalized least squares fitting approach was
empl oyed. Every G and U combinati on for
identification of the best Lennaiibnes parameter set. In this Wofor each isotherm and
for each U and 8 combination we calcul ate
closely the simulated isotherm matches the experimental isotherm. The following equation

describes how this single numbesyeSis generated:

Y +:  -B —— (4)

Where Uimis the simulated uptake at a given pressuegitithe experimentally determined

uptake at a given pressure, n is the number of points (or different pressures) selabied

isotherm and K¢ the average squared residual, serves as a metric for a given set of LJ

par amet &) gedormgnée for that isotherm. In addition to the Lerwdantes

parameters, 5 also depends on MOF identity and isotherm temperatume.closer Qeis

to 0, the better the performance of the given LJ parameters for a specific isotherm.
Performance f pandiaalugsiiswetermiredhy summinglup over all

isotherms for a MOF at a given temperature and all MOFs in thenpsgrzation set. To

avoid over accounting for similar features (structural, metal center type and temperatures) or

less relevant features (very high or low temperature isotherms, very high pressures),
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weighting factors]( ) were used in the summatiofhe following equation expresses
evaluation of fitness:
QQoeOhi B Bl Y ,h (5)

For details regarding the weighting scheme used for parameterization, see the next section
(3.4.3).

Simulation was only perfaned at points for which there is an experimental value,
i.e. there is no interpolation. 10 pressure points (n in equation 4) were selected from the data
provided for each experimental isotherm. In cases where fewer experimental isotherm data
points were cltected, 7 or 8 points were selected for parameterization. The pressure points
are selected above 0.1 bar. Due to the shape of the isotherm curve being fairly different
below 0.1 bar, inclusion of these points would have made obtaining an optimal
parametaration very challenging. Points were selected to give slightly better coverage
within the 0.751 0.8 bar range. This is done to account for the need for highly accurate
uptake in this region, as it is the pressure region used for separation fatidncapture)
or O, (oxy-fuel separation) from a flue stream containing mosty*M\ series of Python
scripts were written to perform data generation, collection and analysis in a mostly
automated fashion for the large @aumts of data generated. The greaypned Wooki cluster
as well as the Shared Hierarchical Academic Research Computing Network (SHARCNET)
were both used to run the large number of calculations necessary for this work. A scheme
showing the name, purpose anh order each of these codes is available in Appendix A.

20 G values (1.64 § O G O 3.73 j) and 20
for a total of 400 parameter combinations as initial search space. Once the.£0er&

obtained for each isothm, fithess was calculated for each parameter set using the weighting
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factors discussed in the next section (3.4.3). Once this initial search had been performed and
a minimum fitness was identified (i.e. the best parameter set), a refined parameten set wit
another 400 & and U (2.393 § O a O 2.629
combinations was used to identify a high precision best parameter set.

3.4.3 Parameterization Weighting Scheme

A rationally determined weighting scheme for the parameterizationasetreated so as not

to overaccount for common features (see Appendix B for a summary of the numerical
weighing factors). In the weighting scheme used, five factors are used to determine the
overall weight for each isotherm in the parameterization set:

Metal Center Type (1 in Table 2)

This factor is used in order to account for the different metal center types present in MOFs
equally. For example, many MOFs are made with Zn secondary building units and our
parameterization set reflects this, as it corstasotherm data for several Zn containing
MOFs. For this reason, the contribution of@wntaining MOFs to the final parameterization
was reduced slightly from a factor of 1 (fully contributing) to 0.75 for all MOFs.

Organic Secondary Building Unit (SBU) Type (2 in Table 2)

If different MOFs had similar or the same organic SBUSs, their organic SBU weighting factor
was reduced.

MOF Similarity (3 in Table 2)

In several cases, we received experimental Optake isotherms at different
temperatures/pressures for a same MOF. It was important not t@aaarnt for a MOF

because it had several data sets, as this would skew the best parameterization in favour of
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that MOF. As an example, we used 4 differentadsdts for ZIFB in the parameterization,

and for this reason we reduced its MOF Similarity factor to 0.45 from unity.

Temperature (4 in Table 2)

Uptake temperatures significantly higher or lower than 298 K were penalized, as they are of
lesser relevand® CQ; capture from a flue stream.

Pressure Range (5 in Table 2)

Adsorption of N from a flue gas stream takes place at around 0.8 bar. For this reason, all
data sets in which uptake obas measured up to 1 bar were accounted for fully. Data sets
where adsorption takes place at much higher pressures (for example, up to 20 bar) were
accounted for to a lesser extent.

The final w ejjicansistsiofnagmulfipkcatibnoof all five wghting factors. For

our parameterization set, the final weighting factors range from low (0.135) to high (0.8)
depending on the MOF and relevance of uptake conditions. It should be stressed here that
the weighting scheme aims not to caecount for anydatures so the force field which is
generated, although preferentially fit to highly accurately reproduce experimental data at
0.75 bar and 298K, is still widely applicable (Note: Generally,-postbustion C@capture

will occur at around 31333 K, so i@ally the range fit for highest accuracy should be 1bar,
323K 583 A limitation of this work is that most experimental léotherms are measured at
273K T 298K, near room temperature. We find that it is a reasonable xapyitmon to
parameterize according to these limits instead, as air separatidl» §@paration) necessary

for oxy-fuel combustion takes place closer to room temperature. Therefore, this compromise
is necessary and reasonable). Isotherms included in @hempterization range from

temperatures of 195K 350K and pressures of 0.1 ha40 bar.
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3.4.4 Molecular Simulation

Underlying theory and selected implementations of the molecular simulation
techniques used throughout this thesis (including periodic DFT,RIBBEAT charge
calculation method, GCMC and ABSL) have been presented in detail in Chapter 2. Section
3.4.4 serves only to present certain details specific to the project which were omitted from
that chapter.

The interaction potential between, Nnolecules ad the MOF framework was
modelled using UFF Lennaitbnes parameters and partial atomic charges for the framework
atoms® LennardJones parameters for the framework atoms were taken from the UFF force
field, using the LorentBerthelot combination rules. A full list of the Lennaldnes

parameters used for simulaiis given belw in Table 31.
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Table 3-1.UFF LennardJones parameters for all MOF atom types used in parameterization set

Atom Type U /b (K) 8 (i)
Zn 62.4 2.4616
Cr 7.5 2.6932
Mo 28.2 2.719
Ni 7.5 2.5248
Cu 2.5 3.1137
Co 7.0 2.5587
H 22.1 25711
C 52.8 3.4309
O 30.2 3.1181
N 34.7 3.2607
Si 202.3 3.8264
F 25.2 2.997

GCMC simulations were performed with thehouse code FastMC, in which all
framework atoms were kept rigid for simulations. GCleNeleswere employed (a cycle
consists of N number of trial steps, where N is the number of guest molecules present at any
given time). This is a useful strategy for determining equilibration and production phases of
GCMC simulations on a wide range of differdm®Fs without resorting to imposing a strict
number of steps for each phase. This strategy has been employed successfully by others for
gas adsorption in MOF¥%:%° For the refined screening, 25,000 cycles for equilibration and

25,000 cycles for production were used for each MOF.
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3.5 Parameterization Results

3.5.1 Parameters

14 distinct experimentally observed MOFs were used in the Ledosaes
parameterization set: CAELF5'?2°8 [Co(HL)]2H.0%, CPF6%, CROFOUR1-Ni®,
p[Cu(Me-4py-trz-ia)]®®, Cu(bpyl)(SiFs)’®, Cu(bpy2)x(SiFs)’®°, MOF-177!, MOOFOUR
1-Ni® NiDABCO"!, NJU-Bai3’?, PCN-26*", TIF-A1°? and ZIF8"3, (See Figure % below
for structures andinkers used in these MOFs). This set contains 6 different metal centers,
most of them commonly found in experimental MOFs (Zn, Cu, Cr, Ni, Mo, andFigpjre
2 depicts several MOFs and their organic SBUs that we used to parameterize the force field.
Nitrogen adsorption had been measured experimentally at multiple temperatures of interest
for several of the 14 MOFs. Isotherms collected at very different temperatures were also

used in the parameterization giving a total of 28 experimental isotherms.
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14 Parameterization Set
MOF Topologies and Organic SBUs
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Figure 3-5. Parameterization set MOF names & chemical formulae, corresponding topology and
organic SBUs.
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Almost all adsorption data obtained was for low nitrogen uptake at ambient
temperatures. This ariseedause the gas separation applications involviag(il. air
separation for oxyfuel combustion and carbon capture) require that MOFs capture little
nitrogen gas compared to the other gas of interest (€Q»), meaning MOFs with low N
uptake are consided more promising and therefore most common in the literature. We
were, however, fortunate to obtain data at higher pressures (and therefore with comparatively
high Ne uptakes), which improved the diversity of our parameterization set.

To properly treathe experimental data, it is important to distinguish between excess
and absolute adsorption. Excess adsorption represents the fraction of guest molecules in the
pore which are in excess of those which would be present at a given pressure without
adsorptim at the density of the bulk gas. When no corrections are applied, GCMC measures
absolute adsorption, whereas modern instrumentation (usually volumetric instruments) will
measure excess adsorption by deffuExperimentalists can directly measure absolute
adsorpton using more expensive gravimetric instruments, which monitor the change in mass
of a sample under isobaric conditions. The buoyancy effect incurred by the gravimetric
experimental setup requires correction of absolute adsorption by He gas adsorptiting res
i n an Afexcesso adsor pt iderived corectiorh appegrd to bes e o f
relatively standard procedure when working with gravimetric instruments in the literature,
there has been discussion regarding the validity of using He as-adaehing gas’>’® In
any event, a correction must be applied theoretically when comparing with experimental
volumetric excess adsorption (ordderred¢ed gravimetric adsorption) in order to accurately
compare simulated and experimentalye r i ved fAexcesso i sother ms.

situations in which pore volumes are negligible compared to the adsorption second virial
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coefficient, the differencébetween excess and absolute adsorption is usually not very
significant, but for the purposes of this study, these small differences become significant for
the calculation of §.’* We observed that even the small change generated from the
correction applied coulthake an important difference for thg.seven at low pressures. For

this reason, we were careful to convert our calculated absolute uptakes to excess uptakes
(using either a Blor He probe depending on the experimental data collection technique to
calculae void volume in the pore) in order to make accurate comparisons with experimental
excess uptake. Conversely, in cases where gravimetric absolute adsorption was measured
experimentally, we compared with our own uncorrected absolute uptakes. Talhel@v

gives information about the type of isotherm data collected based on the instrument used for

collection as well as communication with the researchers.
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Table 3-2. Parameterization Set MOFs, Isotherm Experiment Instruments and Corresponding

Isotherm Types (Gravimetric/Volumetric, ExcessHR@ness)

MOF name Apparatus Used  Isotherm Type Excess?  Probe Type
Used
CALF15 Micromeritics ASAP  Volumetric Yes N2
2020
CPF-6 Micromeritics ASAP  Volumetric Yes N2
2020
CROFOUR1-Ni | Micromeritics ASAP  Volumetric Yes N2
2020
MOF-177 Micromeritics ASAP  Volumetric Yes N2
2020
MOOFOURI1-Ni | Micromeritics ASAP  Volumetric Yes N2
2020
NJU-Bai3 IGA-003 gravimetric ~ Gravimetric No N2
adsorption
instrument (Hiden
Isochema, UK)
PCN-26 Micromeritics ASAP  Volumetric Yes N2
2020
TIF-Al Micromeritics ASAP  Volumetric Yes N2
2020
CoHLH202 Belsorpmax Volumetric Yes N2
volumetric gas
instrument
Cubpy1SiF6 Micromeritics ASAP  Volumetric Yes N2
2020
Cubpy2SiF6 Micromeritics ASAP  Volumetric Yes N2
2020
NiDABCO Rubotherm Magnetic  Gravimetric Yes He
Suspension Balance with He Excess
Correction
Cu-1,2,4triazolyl- | Rubotherm Magnetic ~ Gravimetric Yes He
isophthalate Suspension Balance with He Excess
Correction
ZIF-8 Rubotherm Magnetic  Gravimetric Yes He

Suspension Balance with He Excess

Correction
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Using the procedure described in the Methods section, the parameter scan was
performed for the 28 isotherms in the parameterizag&in The results of the scans used to
identify the overall best parameter set are shown in Figielt3is found that for both the
coarse and refined scans (both included in Figu@®, 3he area in which the global
minimum occurs is very flat, meaningat & and U values close to
global minimum will produce similarly accurate uptake results. Also of particular note in the
coarse screening graphical plot (top of Figuré) &re the red regions, which indicatgeS
values much grater than 10. Although the area where the minimum is found is quite flat, the
areas searched immediately adjacent to the flat region quickly have veryJhighl&es,

and near the limits of the parameter sets tested,v&8lues become increasingly larg

indicating undesirable parameter sets for reproduction of uptake isotherms.
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Figure 3-6. Graphical result of least squares analysisaofinitial coarse screening Jand final refinedscreening (b of 400 sigma and epsilon
combinations for 28 isotherms. The arrows on the figure indicate the parioenof NIMF and TraPPE paranegtsets. Green areas indicate low
SweValues, which translates to good parameter performance. In the case of the coarse screening performed, the worst e sultsistigwre

are capped at a value of,$=10. This was done iarder to provide a cle@r picture of the good parameter sets, as many parameter sets (those in

the dark red region) have a.s>> 10. For example, the a for theTraPPE model parameters is 22
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The final parameters obtained from this work for amniddelfor specialized use in
MOFs, NIMF, are shown below in Table33 along with the parameters for the original
force field used for parameterization,r a P P E . As can be seen, t h
the 0 value i s s marhPAPE modaWwhempramparat totthe forcehfield N
parameters derived from>N'raPPE for specific use in CuBTC by Calesbal, for both
NI MF and their parameters, U increas™s and
comparison of NIMF and Cal erod0s parameters
identified for @@ much smaller, however it s
be applied to a single open metal site M@Fwhich N0 may behave differently than for
coordinatively saturated MOFs, which were exclusively used for this parameterization set.

Table 3-3. LennardJones Parameters, Bond Distances and Charges of Nitragd Center of Mass
(COM) for Various Parameterized:hodels Used for Adsorption in MOFs

Model Name Uk a N-N bond Charge (e) refs
[K] [A] distance N COM
(A)
This work (NIMF) 40.000 2.450 1.10 -0.482 +0.964 -
N2 TraPPE 36.000 3.310 1.10 -0.482 +0.964 9
N2 (in CuBTC) 38.298 3.306 1.10 -0.405 +0.810 31

3.5.2 Parameterization Set MOF Uptakes

Figure 37 shows experimental and simulated isotherms for a variety of MOFs in the
parameterization set. The comparison of TraRR& NIMF simulated isotherms are shown,
and in all instances, the NIMF force field better reproduces experimental uptake. For certain
MOFs, the NIMF force field does a better job of reproducing the isotherm than for other
MOFs. This arises because it igifg fitted to all isotherms simultaneously and due to the
use of the weighting scheme for the parameterization set. As an example, the experimental

data provided for adsorption in ZB was measured at high pressure (up to 25 bar), a
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pressure range whidh not truly representative of oxyfuel or carbon capture applications. In
addition, three experimental isotherms at different temperatures were available fr ZIF

which translates to a decrease in weighting of each isotherm for this MOF. Final$, ZIF

has Zn met al centers, which are very common
MOFs in general), so a weighting factor for metal center type further reduces the
contribution of this specific isotherm to the determination of an overall best parasaete

Overall, the NIMF force field is successful at reproducing the parameterization set

experimental isotherms.
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Figure 3-7. Comparison of experimental uptake isotherms (blue), N2 TratElatedisotherms
(red triangles) and NIMF uptake (green circles) for four MOFs in the parameterization set.

Experimental data for ZH8, [Co(HL)]2H20, PCN26 and CROFOUR-NIi is taken from references

73, 66, 47 and 68 respect i Veeduge of aHe grob&tr detersnme Upt a |
void volume for excess calculations, as a gravimetric instrument with He buoyancy correction was

used for collection of the ZIB N isotherm data. In all other cases, & Nrobe was used to

determine void volume.

3.5.3 Beyoml Selected Parameterization Region
Near the lower limit of sigma and upper limit of epsilon parameters shown in the

coarse screening plot in Figure63 (t hi' s corresponds5U3dK,0 = 2.

where the minimum occurs, it appears as thougldleilated Semay continue to decrease

[}

as the 0 and U values become more distant (

overall weighted surface attains a global minimum at the indicated point, andwthe S
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becomes | ar ger reases. The fdllevdng is ansaecsuht Of workioarried out to
confirm that a global minimum was attained where the NIMF parameters were determined to
lie.

For the initial coarse screening (results shown graphically in Figéren3section
3.5.1) we selected 400 combination parameter space which roughly placedtfieaRPE
parameters in the center of our search area. Coarse screening analyssati€& across
all MOFs showed certain interesting trends. Firste Encr eases with incre
(whil e U is kept C 0 N St \Values along aAdiagonal lmexip theosearch g S
space (1 e. Il ncreasing U while decreasing @
Adi agonal | i n ewsvoa lhuaess ,t heev elno weps tt oS valeasin | ow
our coarse parameterization search space. For this reason, we searched a separate, extended
space withultrd ow @ ahnidg hul® rvaal ues for four equally
parameterization set (CALE5 at 293K {up to 1 bar}, THALl at273K {up to 1 bar}, TIF
Al at 298K {up to 1 bar} an@d[Cu(Me-4py-trz-ia)] at 298K {up to 40 bar}). The results

from this screening are shown in Figur8 Below.
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Figure 3-8. Result of exploré&dn of parameter search beyond that of the coarse screening search space. The search was performed for 500

parameter sets (20 sigma and 25 epsilon values) for 4&1d4@AA®I |1y we
indicated in the figuréy a dotted white linésee text for discussion of this limit).
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From this search, we can make certain observations regarding screeninglaghltra
U andl ouw tor.a First, b e | aewalues Betome extremdly ladge. #is 1. 4 6
interesting to note that our search present
kept constant, &i ncreases as a function ofiidlmcWeasd
ultral ow G p ar a mens, ¢he overalnobvésGvtal ue is i denti fie
(2.56889, 43.9).

The best parameter set selected from our
U) = (2.45, 40. 0)oneBhepaNlamMfetlearsnaracc2. 45, U:
best parameter set identified from the exten
to select a parameter set which more closely resembles fraRPE force field parameters,
as do the NIMF parameters compared to this extesdatth parameter séthis is because
N2 TraPPE is fit to reproduce physical properties gf &hd the new force field we generate
should preferably be able to reproduce those physical properties. In fact, in the future we
hope to test t he NI MF magehefdrcé §eldpfie to feprodota n c e &
bulk phase nitrogen properties. (see Chapter 5 for more on these future directions).

For these reasons, a refined scan was performed on the top performing parameter set from
the coarse screening and not from this extdrsdeeening.
3.5.4 Experimental MOF Data not Used in Parameterization

A significantly larger amount of data than that used in the parameterization set for
this work was obtained. The 10 MOFs (20 isotherms, see TableeBw for further details
regarding tempeaiture and pressure conditions) for which data was obtained but not used in

parameterization are as follow: BMOF-1177, FIR-2"8, MOF-57°, ZIF-67%°, TIF-A1-NH%!,
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CoHLDMFH0°®, {[Ni(L)2]4H20}n and {[Co(L)2]4H20}n®, MIL-53(Al) (Basolite ®
A100)°° and CuDABCG!. In all these cases, the corresponding numerical data was not
included in the parameterization set because it was not possibledtfy nii@ original N
TraPPE parameters in such a way to reproduce this experimental data with high accuracy. In
other words, in order to correctly reproduce these experimental uptake isotherms, it would
have been necessary to make a much greater chatige ¢oiginal N TraPPE parameters

than the change made in this work. As it is important for the NIMF parameters to remain
somewhat close to the TraPPE parameters in order for the force field to correctly reproduce
interactions between JNmoleculesas well as with the adsorbent, large changes to the
TraPPE parameters are not desirable.

The reasons why this occur are varied, but a few of the common reasons shall be
covered here. The first relates to experimental measurement of thetierm. As has been
discussed earlier, in the overwhelming majority of the data acquired in this studptake
is quite low. This is due to the fact that &£/ and Q/N: selectivity should be as high as
possible for real applications, becausgd\not a harmful gas and glld be released into the
atmosphere, not captured by a sorbent. It follows that research groups would only publish
data which demonstrates this. Unfortunately, because very lowpbhke occurs, if all
solvent or other impurities present in the MOF aredsgfassed properly prior to adsorption
of a new gas, this may have a more important impact on the uptake than if the target gas
interacts strongly with the framework being studied. An example of this is shown in Figure
3-9 below, which shows the experimahlN: isotherm at 273K up to 1 bar for BMOF-11,
which we received from Rost al/’ As can be seen from the plot, negative uptake occurs at

low pressures up until 0.15 bar. Using this to fit the Lendartes force field parameters
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results in errors, as it is impossible to obtain tiggauptake. The initial shape of the curve
suggest that something else may have been adsorbed on the framework prior to exposing
bio-MOF-11 to N, and that the amount of gas adsorbed at higher pressures may in reality be
higher than what was registeredthg instrument due to the initial negative adsorption.

Anot her problem which may affect the 1iso
synthesized sorbent. Liet al. published an article in 2007 which demonstrated that open
metal site MOF C«BTC coul display differences in uptake of 100% depending on the
synthetic route employed to synthesize the same météhatelated issue has to do with
the model chosefor simulation: a perfect, infinite repeating unit cell MOF model is used
but in reality MOFs will contain defects and imperfections, and will possibly even have
some amorphous character. In order to insure that this was not the main reasen for N
TraPPE werestimating uptake in the MOFs used in our parameterization set, we compared
the experimental BET surface areas, a technique for surface characterization which has been
validated for use in MOFs, and calculated accessible internal surface area (uSinfy fsx1
probe radius) for parameterization set MG¥As can be seen from the data in Tabig, 3
these surface areas are very similar, indicating that there is little disorder in the MOF crystal,
and that using agsfect, infinite model is a reasonable approximation. Further evidence that
the data we acquired from many different groups is accurate is demonstrated in the near
identical uptake isotherms for M@EF7 which were sent to us separately by Dehgl.”®

and Longet al>.

74



Table 3-4. Collected Experimental Isotherms which were not included in parameterization set along
with temperatures and maximum pressures of adsorption experiments.

MOF Name T (K) Max P (bar) Ref
Bio-MOF-11 273 1 77
Bio-MOF-11 298 1 77
FIR-2 273 1 78
FIR-2 298 1 78
MOF-5 298 1.07 79
ZIF-67 273 1 80
TIF-A1-NH> 273 1 81
TIF-A1-NH> 298 1 81
CoHLDMFH20 273 1 66
CoHLDMFH20 298 1 66
{INi(L)2]4H20}n 273 1 82
{[Ni(L)2]4H20O}n 298 1 82
{[Co(L)24H20O}n 273 1 82
{[Co(L)24H20O}n 298 1 82
MIL-53-Al 273 50 69
MIL-53-Al 298 50 69
MIL-53-Al 323 50 69
CuDABCO 294 25 71
CuDABCO 314 25 71
CuDABCO 350 25 71
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Figure 3-9. Experimental isotherm data collected by Retsal.for N, adsorption on bieMOF-11 at
298K up to 1 bar(data presented in reference 7PBroblematic negative uptake is indicated by
yellow circles.

Table 3-5. Experimental BET and calculated Internal Surface Areas for MOFs in Parameterization

set

MOF Name BET Surface Area (mMg?) Calculated Surface Area (Ag?)
NiDABCO 1904t 1925
Cubpy2SiF6 2718° 2627
ZIF-8 12733 1336
TIF-Al 4932 436
MOF-177 4690 4761
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Finally, a comment should be made regarding the number of isotherms used in the
parameterization set. In section 3.3, a comparison of experimental data for the MOF
UMCM-1 (at 298K, up to 25 bar) was shown, however this data does not appear in the
parameterization set or in the rejected data set presented in this section. This is because
numerical data was not received for a large amount of MOFs which were identified as
promsing for parameterization. This includes several dethwn MOFs which are of
interest in the literature for their interesting sorption properties: UMEMNJIU-Bai7,
NJU-Bai8 and SYSE; CAU-18° and a large number of ZIFs, including Z8B8-70,78,79,81
and 82 It is unfortunate that data was not receivier these MOFs, as it would have
contributed to better performace of NIMF in accounting for a wider variety of MOFs
(namely, ZIFs would have had better representation in the parameterization set). In spite of
this, especially because the amount of expental data existing for Nuptake in MOFs
ranging from 273400K is not very common in the literature, the 28 isotherms we were able

to obtain for our parameterization still form an excellent basis for fitting.
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3.6 Validation of Parameterization

3.6.1 NIMF UptakePredictions

Zn,(Atz),(oba) Ni4-PyC
Figure 3-10. Topologies and organic linkers for MOFs in NIMF Validation Set

It was important to include as much experimental isotherm data in the
parameterization set as possible to obtaimghly transferable set of parameters. It is also
important to verify how well this parameter set predictsgdtherms for a set of MOFs not
used for parameterization of the force field. The NIMF force field was used to evaluate N

uptake predictions on gest set of fourstructurally distinct MOFs not included in the

parameterization set:  ZI68%6,  [Znx(atzp(oba)F’, CdSDB ( SDB
sulfonyldibenzoaté$ and Ni4PyC®. As is shown in Figure 5, the NIMF force field

predictions are much closer to thgperimental uptakes than the>-NraPPE simulated
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uptake predictions. Table 2 shows the uptake overprediction errors associated with uise of N
TraPPE, as well as the higher accuracy prediction afforded using the model developed in this
work. In particularfor the MOF CdSDB, the improvement in uptake prediction using NIMF

is of around 700%. This is accomplished in spite of the MOF containing Cd, which is not a
metal center which was included in the parameterization set. In addition, CdSDB has a V
shaped bentrganic SBU, which does not resemble any of the organic linkers used in the
parameterization set. From computational study wghTMPPE alone, it is likely that this
MOF would have been identified as a low performer due to lowered selectivity. Indeed,
calculated simulated selectivities for the three test set MOFs show that use of TraPPE will
lead to underprediction of selectivity by factors ranging from 3 to 6. TalZlen3section

3.6.2 shows the difference in simulated selectivity using both TraPPENEWE force

fields.
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Figure 3-11. Comparison of experimental uptake isotherms (blue squares}r&NZPE simulation
isotherms (red triangles) and new N2 FF (green circles) for MOFs not contained in the
parameerization set. Experimental data for 288, [Zn2(atz)2(oba)], CdSDB and NiPyC is taken
from references 86, 87, 88 and 89 respectively. In all other casespiide was used to determine
void volume for excess calculations.

Table 3-6. Error in uptake for TraPPE and NIMF Nitrogen force fields compared to experahent
data at 0.8 bar for the fouVlOFs included in the test set.

Absolute Error in Uptake  AbsoluteError in Uptake

MOF Name Prediction using TraPPE Prediction using NIMF
(mmol/g (%)) (mmol/g (%))
ZIF-68 | 0.157 (160) 0.006 (7)
[Zn2(atzp(oba)] \ 0.538 (437) 0.095 (77)
CdSDB \ 0.535 (721) 0.026 (34)
Ni4-PyC | 2.485 (106) 0.643 (28)
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3.6.2 NIMF Selectivity Predictions
To estimate selectivity from singleomponent GCMC isotherms, the following

relationship can be used:
"YQ& Q00 Q08 ® (6)

Whereny  andr] are the partial pressures of £@nd N respectively, and
andny are the uptakes of G@nd N at their respective partial pressure conditions. As we

wish to identify the improvement in selectivity afforded when using NIMF instead of

TraPPE (Overestimation Selectivity Ratio), the following equation can be used:

00 Qi Qi 0 Q@D O Q¢ @)

In equation 7, the uptake and partial pressure for 2@ be removed entirely (these
will be the same, ideal CQuptakes for both TraPPE and NIMF cases). Addilly, the
partial pressure for Nvill be the same, as we aim to compare selectivity at the same

conditions for TraPPE and NIMF. Expression 2 therefore reduces to equation 3 below:
00 Q1 Qi 0 DN ODEDD Q60— (8)
Equation 8 directly shows the effect of fdrce field type on selectivity. In all cases shown

in Table 37 below, selectivity is underpredicted using the TraPPE model and better

predictions are afforded using the NIMF fofesd.
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Table 3-7. Overestimation Selectivity Ratios for &R selectivity in three test set MOFs when using
the N TraPPE force fied against the NIMF force fiel¢all N2> simulation uptake data taken at 0.8
bar)

TraPPE N2 NIMF N 2 Overestimation
MOF Name Uptake Uptake Selectivity Ratio
(mmol/g) (mmol/g) (Eq.3)
ZIF-68 . 0.255317 0.091767 2.8
[Zn2(atzp(oba)] \ 0.661507 0.218336 3.0
CdsSDB \ 0.609548 0.100163 6.1
Ni4-PyC | 4.820493 1.692508 2.8
3.7 Summary

We have developed a force field for simulated adsorption xoinNoordinatively
saturated MOFs, thWitrogen In MoFs (NIMF) modelWe used the NTraPPE force field
parameters designed to reproduce liquid vapmuilibria for pure M gas as the starting
point for modification. This force field, combined with UFF and ESP charges for the
framework atoms, is in current widespread use for simulating gas adsorption in MOFs, and
we have found that it significantly orestimates experimentaloNiptake. The NIMF force
field parameters are fitted to a wide variety of experimental isotherm data from literature,
and further validated with experimental isotherm data. Our tests show this force field to be
transferable for anyoordinatively saturated MOF, and its use results in much higher
accuracy uptake isotherms. This force field can therefore be used to predict uptake in MOFs
which have not yet been synthesized. This work will enable computational studies to more
accuratey predict CQ/N2 and QJ/N: selectivities, which will greatly benefit the

development of emerging carbon capture and oxydagibustion technologies.
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4 7 Using Molecular Simulation to Aid in the Interpretation of
Solid-State NMR spectra of MetatOrganic Frameworks

Through prior collaborative wotkwe have found that coupling molecular simulation
with solid-state nuclear magnetic resonance (SSNMR) results in deep insight into behaviour
of guest molecules iIMOFs. Our simulations enabfimdings thatcomplement th&SNMR
results such as charge tragrsinteractions, the number and distribution of guest binding sites
within a MOF, guest binding energies and dynamic behaviour of guest molecules within
MOF pores. The techniques we have successfully used include forcedgdd molecular
dynamics (MD) oupled with a spatial distribution functirgrand canonical Monte Carlo
simulation, energy decompgtien, DFT studies, ab initio MD and Bader charge analysis. In
addition to an overview of how the simulations are used to elucidate sometimes complex or
unusual spectral data, we present the results we derive in suppgd@, ét9n and*Ba
SSNMR spect measured for a variety of MOHs.this Chapter, we examine the gubest
interactions in two MOFsBaTMA(NO3) and MIL-68(In) in collaboration with Professor
Huangdés group.

4.1 Introduction

The use and development of analytical tools to characterieeporous materials
important, as ihding links between desirable performance for a given application and
structure is crucial to the development of new materials as welheasptimization of
existing materials.

NMR crystallography is an emergingeld in which a combination of NMR studies,

powder XRD and simulations are coupled to elucidate structural infornfatibimese types

"Two manuscripts are in preparation in collaboration

explored in this work, BEMA(NG;) and MIL-68(In).
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of multi-component studies are hgicarried out presently in MOFs as well as other porous
materials, and constitute an especially promising complement and supplement to pure
diffraction studies:*° For a full review of experimentakchngues used in the study of
MOFs (including SSNMR), the reader is referred to section 1.3 of Chapter 1.

The work carried out in this chapter represents thstinct efforts in the NMR
crystallography realm aimed at better understan@iiogtguest interactions in MOFs. Our
molecular simudtion studies on MOFs MH68(In) and BaTMA(NO3) aim to shed light on
the interactions of C&and N,Ndimethylformamide (DMF) with these two frameworks, as
well as to supplemerxperimentaSSNMR studies carried out by Professor Yining Huang

(Western Uniersity).
4.2 Theory

4.2.1 Solidstate NMR Theory

This section aims to familiarize the reader with some fundamental concepts of SSNMR,
as well as background necessary for understanding the spectral data presented in this work. It
is not intended to be a thorough v of SSNMR theory or practical considerations.
Several comprehensive resources which outline practical considerations, underlying theory
and detailed background have been produced, and should be consulted for further knowledge
on this analytical technigf’ As well, some reviews exist which outline the SSNMR
techniques used specifically for study of microporous materials including MOFs.

Nuclear Magnetic Resonance (NMR) spectroscopy is a type of analytical tool which
probes interactions between spin, an intrinsic property of atomic nuclei, and an external
oscillating magnetic i€ld (Bo). It finds application in many areas and there are many

di fferent i f | a-dinecsiomalotechsiguesh (tradit®nal cspeetra which give

90



insight on structure), twdimensional techniques (correlation diagrams which are used in
the study ocomplex molecular systems), time domain NMR (studies the dynamics of probe
molecules in solution) and solgtate NMR (SSNMR), the main focus of this section, which

is used in the study of the molecular structure of solidslllnases, the chemical shift}i
obtained will be characteristic of the NM&Rtive nucleus within a given system, and will
provide information on molecular structure.

SSNMR gained a steady following over the last forty years, and took much longer to
gain wide use compared to solutistate NMR because of the comparatively low spectral
resolution it affords. The broad spectral lines which are characteristic of unaltered or static
SSNMR analysis arise due to orientatgpecific (anisotropic) NMR interactions, which
include chemical sHianisotropy (CSA), dipokgipole coupling and quadrupole coupling. In
solutionstate NMR, these effects are rarely present due to rapid random tumbling of
molecules, which averages all these interactions to 0. However, in solids such as crystals,
powders and molecular aggregates, Brownian motion is not present, which is why
orientationdependant interactions have a strong influence on the spectrum.

SSNMR has distinct advantages over other popular characterization techniques (for
example, XRD is limitedd the study of crystalline lattices whereas SSNMR can provide
analogous information for amorphous or inhomogeneous systems), and because of this
significant efforts have been invested in the development of methods to provide improved
spectral resolutionOne such techniquealled Magic Angle Spinning (MAS), where
artificial motions are introduced to the so
axis of 54.74 with respect to the external magnetic field now routinely usedOther

enhancement teoiques exist and are frequently used, such as -passization (CP), in
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which systems containing protons will transfer the magnetization associated with the protons
to a dilute (isotopically or chemically) nucleus X (R€) during a contact time to enfamn

signal. Different resolution enhancement approaches can also be used in combination, as is
done in crospolarization magic angle spinning (CPMAS) SSNMR. It is important to note
however that experiments conducted without techniques for improved spestiation are

also valuable, as this very broadness can provide information on molecular/electronic
structure not easily provided by other means. For example, eipmdée coupling can be

used to determine internuclear distances with relatively higiracy.

I n addi tion t § therehaemathergohramstérs Wwhich afetimportant in
characterization of all SSNMR spectral data. Because chemical shielding is anisotropic, one
of the parameters called the Chemical Shift Anisotropy (CSA),dm@malized chemical
shifft ensor with pr iuneiamakd Rianmotmesgerineipalt cempanents,
three parameters are derived and often used to describe SSNMR spectra. Tliese are
i sotropi c cish) ehich is thd avesapei of the tfpincipal compoentthe skew
(@) which represents the asymmetry of the
the breadth of the CSpowderpattern.

This particular work includes spectral data acquired using quadrupotéei, meaning
atomic nuclei having spin greater than . (The nuclei present in this worklaréspin
9/2), 13513Ba (spin 3/2 and*3C which is a spin ¥ nucleus.) Compared to spin ¥ nuclei, they
have norspherical distribution of positive electricharge. There are two additional
parameters used to characterize qupdiar coupling, which are theudlear quadrupole
coupling constant (§ which defines the magnitude of thaeaglrupolar interaction and the

asaymmetry parameter (edmore chlieregidg ta freatl tream spin &c | e i
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nuclei, and the effectfacchangingCoand d@ upon data can depend
system. Research on systems containing quadrupolar nuclei is ongoing, and advanced

technology is being actively developed toteetleconvolute broad, complex lineshapes.

4.2.2 Molecular Dynamics (MD)

Molecular Dynamics (MD) is a simulation technique which is able to probe the
dynamic (ie. Timedependant) behaviour of systemisthe atomistic levelThis technique,
based on classicAlewtonian mechanics, evaluates how positions, velocities and forces upon
a collection of particles changes through timdrajectory refers to the positions, velocities
and forces of all particles of interest over time.

To run an MD calculation, a configation of initial positions must be generated. The
forces upon the particles in the system are then calculated. Based on the forces, the velocities
and accelerations can be determined. Once the velocity and acceleration have been
determined, the system che propagated through timusing classical equations of motion
foroneusedef i ned ti mestep ( pt) . At the end of
particles are revaluated and resulting velocities and accelerations are computed. With these
newrsul ts, the system is once again propagat e
cycle continues as long as desired, but in order to determine meaningful thermodynamic
data, the simulation should continue until the thermodynamic values of interest hav
converged. This is but an overview of the general procedure in existing MD simulation
codes. Modern MD simulation software will contain other components, such as for example
the application of thermostats and barostats for temperature and pressuré afotiteo

system.
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To run MD simulations, we have made use of the DL_POLY é&cotlee chosen
timestep for simulations was 1 femtosecond. It is important to select a timestep which is
short enough to observe molecular motion, but not so short that computational exgsnse go
to wasteNVT dynamics, described as MD run with a constant number of particles, constant
volume (achieved through use of a rigid framework) and constant temperature (achieved
through use of a thermostat), were used exclusively throughout this tinetesms of the
force fields used for simulation, they are identical to those used for the GCMC simulations.

More information on force fields used are available in Chapter 2.

4.2.3 Binding energy calculation

Calculation of binding energy and decomposition ofilsig energy into its dispersive
and electrostatic components for GCMEtermined binding sites is included within the
ABSL code which is included within FRS (See chapter 2 for descriptions of ABSL and
FASPS). The GCM@ased energy calculation and decosipon functionality is provided
by the DL_POLY codé.

After having obtained the binding sites and energies from the GCMC simulation, we
can gain new insight on these binding sites using DFT calculations (the electronic structure
code VASP is used for all DFT calations throughout this thesis, see Chapter 2 for details).
This is not to say that studying binding sites using GCMC is less valid or somehow
incorrect: both approaches have their advantages and disadvantages in this context. With
GCMC, temperature effectse taken into account, whereas in DFT, the optimized geometry
obtained will resemble aero temperature structurAs well, DFT is able to capture strong
charge transfer interactions, whereas GCsii@ulations with the classical force fields used

will not feature this type of interaction.
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In any event, the underlying principle used to calculate binding energy is similar in
both GCMC and DFT. Binding energy of a guest to a host should include only the
interaction between these two entities. It is not pdssiio evaluate this quantity
independently, therefore three different configurations must be evaluated separately in order
to calculate the energy associated with binding. The first configuration which must be
evaluated is the guest within a void volumehacomparable dimensions to that of the host
(Note: throughout this work, there were cases in which the host void volume allows
interaction of the guest with its own periodic image which leads to an erroneous energy
value. In such cases, it is necessarynake use of different cell dimensions for guest
optimization.). The second configuration is that of the host which does not contain the guest
of interest. The final third configuration which must be evaluated is the host and bound guest
configuration forwhich binding energy is desired. Once energy is evaluated for all three
configurations, binding site energy (BSE) can be evaluated according to the following
equation:

0 "YO O O O

By subtracting the energy of the host and the energy of the guest from the combined
energy calculated for guest and host, all that should remain is the energy associated with the
interaction between the host and guest.

4.3 MIL -68(In)

In this section, GCMC and/D simulations in addition to DFT calculations are
performed to better understand the interactions of &@N,N-dimethylformamide (DMF)
with MIL-68(In) (chemical formulain(OH)(OC-CsHs-COz)), a MOF with norequivalent

octahedral In units and twdifferent channel types. Temperatgiependant canonical MC
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simulations are also performénlunderstandhe effect of temperature on €0inding sites
The CO, binding sites in MIL-68(In) arecompared tdhose ofan isostructural MOF, MIL
68(AI)° Throughout this section, simulation results are compared to the SSNMR spectral

data acquired by the Huang group when possible.

4.3.1 Structure and SSNMR Analysis

MIL -68(In) (chemical formula: In(OH)(&2-CeH4-COz), built up from infinite chains
of octahedral metainits {MO4(OH),} linked through terephthalate or benzenedicarboxylate
(BDC) linkers) is a thredimensional MOF first made and characterized by a group at the
Insitut Lavoisier Porous Solids Group responsible for the MIL (Materials Insitute Lavoisier)
MOF series! It has a Kagoméype lattice, which presents two different types of-one
dimension& channels: larger hexagonal channels (aperture diameter: ~ 17 A) as well as
smaller triangular channels (aperture diameter: ~ 6 A).-88(n) presents a respectable
BET surface area of 746%ng!, can be fully evacuated of solvent by heating up t@50
under vacuum and shows reversible tptake of 1.98 wt% at 77K and 40 bar pressure.
Additionally, a study was carried out more recently in which M8(In) was functionalized
with amino groups, and this provided some improvement.adnd CQ uptake capacity in
the MOF*2

The different channelypes, which run parallel to infinite chains of the inorganic
units, arise due to the existence of +smuivalent metaSBUs, which we will refer to
throughout this work as In1 and In2. The octahedral In SBU of In1 and In2 differ in their
different InO bond lengths (as seen from the XRD determined structure): in the case of In1,
In-O bond lengths may be 2.10 @&d 2.16 A for In-O and IROH bonds respectively,

whereas In2 lengths are 2.02afd2.15 A for InO and InROH bonds respectively. This is
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confirmed through unpublishe¥® n SSNMR performed by Prof es
Figures 41 and 42b) below show the differeninO4(OH). octahedral arrangements in the

lattice, resultingMOF lattice and SSNMR spectra for the activated M&An SSNMR
experiments were also carried out on the soh@aded andCO-loadedMOF (see Figure4

2a) and c)). The results of these stadibow that C®loading has little impact on théIn

signal, but the solvent, DMF, has a significant impact ontthe NMR signal, specifically

on the Inl signal.

In2 In2 In2
(a) X\x x}K\ !}K © [t
IH%JP% ‘5%2—1!‘-7@11 2.10 A
<
N 7/ \f 226y @®in
¢ ®o
C
In2 H
2.02 A .N
¢
3.154
(-
HO
o
o)
OH

Figure 4-1. View of the MIE68(In) MOF 3D lattice along the ¢ axis showing both triangular (red)
and hexagonal (blue) chaels formeda). A view of theMIL-68(In) MOF 3D lattice alonghe aaxis
shows the infinitelrains on the metal SBU)(br'he two In@(OH), octakedral units In1 and In2 are
shown and distinguished (ckinally, the organic SBU, BDC (benzenedisaxylate) is shown §d
In1 and In2 centers are indicated within the 3D structures.
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Figure 4-2. ™n SSNMR spectra forMIL-68(In) loaded with C@(a), activated MIL68(In) (b) and
asmade MIL68(In), which retains some of the DMF solvent. (€dr each series of spectra,
simulated spectra are indicated in black tod signal, In2 signalas wellthe combinatia of both

In1 and In2 signals. In colour, the experimeritaln SSNMR spectra are showfhe assignment of

In1 and In2 signals can be made based on the higher symmetry of the In1 octahedron, which presents
sharper peaksSimulated and experimental spectaquired and provided by Professor Yining
Huang (Western University)

In addition to™ n SSNMR, Professor 0s ;ddsomtiomin gr oup
MIL -68(In) using®*C SSNMR. These redsl showed the following: firstin SSNMR*C
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experiments with a lowading of CQ (0.1 COy/In), static SSNMR results showed there

were at least two different Ginding environments; seconoh SSNMR®C experiments

with a higher loading of C£(0.4 CO/In), SSNMR results showed there were three different

CO; binding ewvironments. Figure -8 below depicts thé3C SSNMR spectra acquired by
Professor Huangos group. The SSNMR exper
information about C®binding sites, such as the number of unique binding sites and their
influence on themetal atom environment, but other information which would be of interest

is not available using this technique. For example, the exact location ointiagosites

within the MOF (whethebinding sitesarefound in the hexagonal space or triangular space)
whether certain channels are preferred for different gas loadings, and how binding sites
change as a function of temperature (although temperature dependant SSNMR spectra were
acquired, they are not a simple tool for ascertaining the effect it has obhenuwh
localization of binding sites. See section 4.3.2 and FiguBe fdr information about

temperature dependant spectra).

99



a) 13C static SSNMR
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High Loading CO,
180 160 140 120 100 30 60
C) 13C MAS (3 kHZ) SSNMR T T T T T T
High Loading CO, 128 126 124 122
>\ A,
180 160 140 120 100 80 60

13C Chemical Shift (ppm)

Figure 4-3. Spectral data in a) shows statifc SSNMR data for low GQoadingin MIL-68(In) (0.1
CO/In). The static spectrum in a) shoasleast two binding sites?C SSNMR static (b) and MAS
(c) data for high loading of C£adsorbed in MIL68(In) are also shown (0.€0,/In). Deconvolution

of the NMR peak shown in green in c)whdhat the peak is in reality the sum of three overlapping
peaks, indicating three different binding environments fop Gte: **C signal is not show for
organic SBU contributions:*C-enriched CQ gas was loaded into the activated framework to
increase the C®signal. Data acquired and provided by Professor Yining Huang (Western
University).
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In addition to analysis of the interactions of Ofith the framework, it can also be
of interest to study dw other gases interact with the framework. Not only can this provide
insight on the interaction of different guest molecules with the same framework, but our
conclusions can further validate the combined use of SSNMR and calculations for
investigation otthe behaviour of gases within MOFs. Nginethylformamide (DMF) is an
interesting molecule to study in this context, as it is used as a solvent for the published
synthesis of MIL68(In)1! Often, traces of solvent can be found even within evacuated
MOFs, so it is relevant to discover where the DMF coordination sites are within the MOF,
including hav the DMF interacts with the two In centers. In order to validate the combined
use of theory and SSNMR as a tool for analysis of gas adsorbed in MOF, we carried out
calculations to probe binding of DMF within Mi&3(In).
Our computational investigation dfIL-68(In) aims to elucidate the following:
1 The number and localization of GOinding sites within MIL68(In);
1 The temperaturelependence of CObinding site number and localization within
MIL -68(In);
1 The number and localization of DMF binding sivéhin MIL-68(In);
1 A comparison of our binding site analysis and that obtained for an isostructural
MOF;
1 A qualitative picture of the dynamic behaviour of £kinding sites within Ml

68(In).
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4.3.2 CO2Results
4.3.2.1 Binding site analysis
Figure 44 presentshe probability distributions resulting from ti&MC simulation
of COz in MIL-68(In) at 298 K and 1 baFour general binding sites are identified. Tables 4
1 and 42 show all relevant binding distances and binding energies feeltheding sites. In
this section, the four binding sites will be discussed individually in order of decreasing

binding energy (from strongest to weakest).
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Figure 4-4. Isosurface plots of the probability density showing, ®ding sites in activated MH

68(In) at highemprobability isovalue (0.02) jaand slighly lower isovalue (0.01) {bT =298 K, P =
1.0 bar.Black: C@- C, Red: O, Pink: In, Light blue: MOF C, White: H. In2 are indicated on the

figure, and all other unmarkegink In atoms are Inl.
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The first and second binding siteB1{CO2 and B2-CO2) are found within the
triangular channel, and are shown in Figusg. Before proceeding with analysis of these
binding sites, It should be noted that the:
regionso. As wil/ b e tdwos cduisssteidn c ta | fit rheoguigohn stoh
favourable CQorientations can be identified within the regions.
In Figure 45, a sideview of the triangular channel shows tiEg#-CO2 (yellow) is found in
the interstices formed by the linkers, wher8dsCO:2 (purple) is found directly under the
linkers. All DFT-optimized binding sites within binding regioB4-CO2 (1.1 and 1.2) and
B2-CO2 (2.1 and 2.2) are shown. For both binding regions, the closest atoms to the CO
binding site are the benzene ring (from thB@ linker) hydrogens. The DF®ptimized
binding site energy values are all close, except binding site 2.2 which appears to be distinctly
more favourable, likely due to thelbbnding taking place between the £8xygen and In2

OH along with the aforementi@a interaction with benzene H atoms.
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Figure 4-5. Front view of GCMGderived binding site81-CO; (purple) andB2-CO; (yellow) in
activated MIL68(In) (left), and side view of GCM@erived binding sites.1 and 1.2 (purple) and

2.1 and 2.2 (yellow) (right), showing how the binding sites are different in their localization with
respect to the linkers. T = 298 K, P = 1.0 bar. Black: .GC@, Red: O, Green: In, Light blue: MOF

C, White: H. In2 are indicatednothe figure, and all other unmarked In atoms are Inl.

The next strongest binding sitB3-CO2, appears within the hexagonal channel nearest to
In2. As shown in an enhanced view in Figuré,4he CQ binding site is well localized, and

is orientedparallel to the InZ2DH-In2 chains. A few interactions contribute to the binding
strength: notably, an4dond from CQ oxygen to the In20H, H-bonds from C@oxygen to

the benzen¢l atoms (from the BDC linkers) and @@arbon interactions with the BDC

linker carboxylateO atoms. (Note: throughout this texfiderlined atomsdicate the atom

with which that in question is interacting. The reason this nomenclature is used is because
there are several unique O, H and C species within the MOF, and underhigirggom
involved in the interaction as a part of its immediate connecting atoms allows for easier

understanding of the interacting species.)
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The final binding siteB4-COg, is the weakest of all binding sites identified within
MIL -68-In. It is located witin the hexagonal channel closest to In1 centers (see Figite 4
The key interaction involved in this binding site is thebé#hd formed between a GO
oxygen and an InDH. Because this binding site is weaker, it will only appear at higher

pressures (ie. igher CQ loading) compared to the other three binding sites.

Figure 4-6. DFT optimizedB3-CQO, in MIL-68(In) with the In2CO, distance noted (allbther
relevant interatomic distances are giverTiable4-2). T = 298 K, P = 1.0 bar. Black: CO C, Red:

O, Green: In, Lighblue: MOF C, White: H. In2 isdicated on the figure, and all other unmarked In
atoms are Inl.
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Figure 4-7. DFT optimizedB4-CO, in MIL-68(In) with the OHCOQO, distance noted (allbther
relevant interatomic distances are giverTiable4-2). T = 298 K, P = 1.0 bar. Black: CO C, Red:

O, Green: In, Light blue: MOF C, White: H. In2 are indicated on the figure, and all other unmarked
In atoms are In1.

Table 41 shows relevant binding distances and energie81e€02 and B2-CO,
and Table £ shows analogous information fonding sitesB3-CO2 andB4-CO:.. It is of
interest to note the difference in the composition of binding enbeiween different
binding sites. ForB1-CO2 and B2-CO: found in the triangular pore, the electrostatic
component of the total binding energy is less than 10%, meaning physisorption is mostly
dictated bydispersioninteractions. However, in the caseB8-CO2 and especiall{34-COz,
the electrostatic component accounts for 10% and 13% of total binding energy respectively.
(Note: it was only possible to obtain energy decomposition for G@Ei@ed binding sites,
meaning that the binding energy electrostatictavalent contributions will change after

DFT optimization.)In terms of comparison with the SSNMR results obtainedftm and
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13C in Figures 4a) and 43, our results agree well with the experimental finding thag CO
does not interact directly with the In centdreleed,adsorption ofCO; has little effecton
the 1%9n spectrum as shown in Figure24) compared to the®In NMR spectrum obtained
for the activated framework (Figure2b)) because we find that all CG®inding sites
identified interact mainlyith nearby hydrogen atome/hether from the BDC linker or the
hydroxy groups connecting the infinite In1 or In2 chains

Table 4-1. Binding energy and distances to frawork atoms for C@binding sites found in MH
68(In). Note that IndOH is not accessible to GOn the triangular pore. * Energy decomposition
values from nomptimized GCMC results.

B1-CO, (under linkers in A pore) GONIC: eclc, DEFLL  DEFL2
1.1 1.2 (VASP) (VASP)
Shortest Distance of CO, Oxygen to In2-OH (4) 4.93 4.58 4.88 4.37
Shortest Distance of CO, Oxygen to linker-benzene H (A) AT 3.58 2.72 3.44
Shortest Distance of CO, atom to Inl (A) 5.26 6.18 5.29 6.07
Shortest Distance of CO, atom to In2 (&) 5.74 5.78 5.66 5.46
Total Binding Energy (kJ/mol) 33.2 33.2 2541 224
Electrostatic Component of Binding Energy (%)* 9 = - -
Noncovalent Component of Binding Energy (%)* 91 91 - -
B2-CO, (interstices formed in A pore) GCMC:  GUMC  DEF2L DEI22
21 2.2 (VASP) (VASP)
Shortest Distance of CO, to In2-OH (A) 4.77 3.24 4.69 221
Shortest Distance of CO, Oxygen to linker-benzene H (A) 3.19 4.87 31y 3.98
Shortest Distance of CO, atom to Inl (A) 5:33 6.87 539 6.33
Shortest Distance of CO, atom to In2 (A) 6.83 AT 6.81 4.41
Total Binding Energy (kJ/mol) 321 324 2B 292
Electrostatic Component of Binding Energy (%)* 7 i - -
Noncovalent Component of Binding Energy (%)* 93 93 - -
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Table 4-2. Binding energy and distances to framework atoms fos Kifiding sites found in MH
68(In).

B3-CO, (near In2) GCMC DFT
(VASP)

Shortest Distance of CO, atom to In1 (A) 8.61 8.51
Shortest Distance of CO, atom to In2 (A) 443 4.05
Shortest Distance of CO, Oxygen to In2-OH (A) 3.87 3.65
Shortest Distance of CO, Oxygen to linker-benzene H (4) 2.86 2.66
Shortest Distance of CO, Carbon to linker-carboxylate O (A) 3.48 320
Total Binding Energy (kJ/mol) 26.7 222
Electrostatic Component of Binding Energy (%)* 10 -

Noncovalent component of Binding Energy (%)* 90 -

B4-CO, (near In1) GCMC DFT

(VASP)

Shortest Distance of CO, atom to In1 (A) 5.05 4.57
Shortest Distance of CO, atom to In2 (A) 11.15 11.16
Shortest Distance of CO, Oxygen to In1-OH (A) 2.83 2.23
Shortest Distance of CO, to linker-benzene H (4) 3.56 288
Total Binding Energy (kJ/mol) 245 19.9
Electrostatic Component of Binding Energy (%)* 13 -

Noncovalent component of Binding Energy (%)* 87 -

C pinding site2 £0 Chinging sie3 Average Distance (&) - 8

4.3.2.2 Temperature dependant binding site analysis

VariabletemperaturgVT) 13C SSNMR experimentsvere carried out by the Huang
group to study the temperatudependane of CQ binding in MIL-68(In) (spectral data
shown in Figure 48 below) VT SSNMR experiments are used to deteghamicprocesses
occurring on the NMR timescale The experimental results show thaittwincreasing
temperature, the bretn (q) decreases gdually owing to enhancd motional averaging
effects The spectral data also show that at higher temperature such Ks(d4€& Figure 4

8(c)), a peak which closely resembles that of free 3@e Figure 8(d) for free CQ °C

109



SSNMR spectrum)dominate the spectrum, buthe broad lineshape observed at lower
temperatures (see Figure8fa)) still shows a contributionto the full spectrumTo validate
and shed further light on these observations, we carriedamainical MCsimulations for
CO: in MIL-68(In) at three different temperatureBor details on the canonical MC
techniqueand MC techniques more generallye reader is referred section 2.1.3 found in
Chapter 2.

The canonical M&@lerivedprobability density plots shown in Figure84agree well
with the findings provided by théT 3C SSNMR spectra fo€O, adsorbedn MIL-68(In).
At 150K, the spectral peak corresponding to.@@ast resembles that of free £@as (also
shown in Figure 4B). This suggests that very little or no £0s A f r etme@orayantd h i n
that essentially all COmolecules within the channel are in a bound state. We obisigyivig
localized CQ probability densities at 150K (shown in Figure3@)) which indicates that
CQOisin a free or mobile state over the course ofdineulation at 150K. At 403K, a sharp
13C peak demonstrates that with higher temperature, thew@@in the MOF has become
essentially the same as that within the pure gas phase. In the corresponding canonical MC
simulation at 403K, we observe almost enyirehrestricted C@movement, as indicated by
the diffuse probability density distributionAt 294K, a situation somewhere between that at

150K and 403K occurs for the NMR data as well as the canonicalévi€ity plots
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Figure 4-8. 13C static SSNMR spectra f6iCO;, in MIL-68(In) (left) and canonical MC isosurface
plots of the probability density of the €€enter of mass (right) are shown here for simulations run

at 150K (a), 294K (b) and 403K (c)h@*>C static spectrum for free G@ shown for comparison in

(d). All SSNMR and canonical MC data is based on the low loading ofirCRIL-68(In) (1:0.1
In:CO,). The same isovalue was used in order to compare the probability density plots on equal
footing. All SSNMR and simulation data is collected at 1 bar.
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It should be noted here that, strictly speaking, althoughStBEMR experiments
were run with a fixedCO, loadingfor the different temperature®.1 CQ/In), the quantity
of COz within the framewdk is in realitynot fixed. Although the amount of CGsupplied to
the MOF environment is the same at all temperatuteigwaer temperatuie (150K) gas
uptake will be higher ahat higher temperatures (403gas uptake will be lower. Indeed,
GCMC simulatons carried out at 150K, 293K and 403K predict loadings of 470, 125 and 24
CO. molecules respectively for the same 2x2x2 MR(In) superell. However, all our
canonical MC simulations were run using the same number of @Q@ecules (125
molecules in all ases). This is due to the fact that using a different loading for every
different temperature MC simulation, although in accordance with the reality of the
experimental conditions, will affect the probability density not only through greater freedom
for CO, movement within the pores but also simply through differing concentration of CO
within the MOF.As an example, although at 403K £€@oves much more freely throughout
the MOF channels, there is also nearly 20 times less do®ained within the supercell
compared to the 150K case, which will strongly affect the relative intensity of the probability
distribution. In other words, the loadiuggpendant change in the probability distribution
would overshadow the motiestependant changes produced. This igélason why the same
number of CQ molecules was used for each one of the canonical MC simulations carried
out.
4.3.2.3 Comparison with MIL68(Al) CQ results

A combined experimentalomputational study of MH68(Al) was conducted by
Yanget al.in which they invstigate CQ uptake and binding site localization (among other

things) in this MOF, which is isostructural to MB8(In)1° Because these two MOFs differ
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essentially only in their metal center type and the analyses performed by Yang are similar to
ourown, we can draw some insightful comparisons.

The first interesting comparison relates to the position of hydrogens facing inside the
hexagonal pore (which are those on the@H-Inl infinite chain). Because hydrogens do
not appear in the crystallograpHites obtained from XRD, they must be added in before
simulation and optimized using DFT. Yang et al. added the hydrogens on t#@MAlland
performed DFT opti mi[z2dt iFoonr. tThhee yi nsotragtaen i tch apt
atoms were included suchat the @H bonds were completely perpendicular to theGl
Al linkages 8 Although this is a chemically intuitive starting point for optimization of the
hydrogen positions, with respect to the M3B(In) system it turns out not to be the most
favourdle hydrogen configuration. Optimization of the hydrogen positions at a starting
point not entirely perpendicular to the-@In linkage provides a different DFGptimized
structure around 6 kJ/mol lower in energy than when the Hs are perpendiculalnt®tire
chain. This tells us that a local minimum energy appears when the hydroxy groups are
perpendicular to the 1®-In chain, but the global minimum exists elsewhere. It should be
noted that these conclusions were found for the-BB(n) system, and sbis possible they
are not applicable to the MIG8(AI) system. However, the authors state that they chose the
perpendicular position for H atoms as their starting point, indicating that the most favourable
configuration of the framework H atoms was tlmtroughly investigated. The difference in
energy between the perpendicular and more favourable@quendicular configuration of
framework H suggests that the H can oscillate relatively easily between these two
conformations (and potentially others). Base our calculations require the use of a rigid

host, this is not an effect we could include in our simulation. It is likely that any movement
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of H does not significantly affect guest adsorption behaviour (see next paragraph), and we
are confident that whave selected the lowest energy, best possible configuration for our
static model.

The second observation of interest relates to the different binding observed near M1
and M2 (where M=In, Al) in both MOFs. In the paper by Yatal, little or no disinction
is made between nesguivalent sites All and Al2. There is undoubtedly a difference
between the two binding sites, as evidenced by the probability distribution shown in Figure
4-9 (taken from reference 43), which they do not comment on in the.p@oer can
distinguish the probability density of G@enter of mass (COM) whether at Al2 (in the
center of the figure) or All. It appears from Figur® 4hat CQ has a lower probability
density near Al2 than near All. It is interesting to note that-B8(In) shows the opposite
trend, as shown in Figuret We ran a GCMC simulation with a hydrogen Bé&{itimized
MIL -68(In) where the Hs are perpendicular to th€Hn chains, and found that the GCMC
probability density distribution remains the same. Ineotlwords, the perpendicular
hydrogens do not significantly affect the probability density distribution of @QMIL -
68(In), and are not the cause for the differences observed between probability density
distributions in MIL-68(In) and MIL-68(Al). The difierence is therefore likely attributable to
the different metal centers in MiG8(Al) and MIL-68(In). Nonetheless, it is an interesting

difference to highlight.
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MIL-68(In) (This work) MIL-68(A1)*
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Figure 4-9. GCMC-derived probability density plots for G&ZOM adsorption in MIE68(In) (a) and
MIL-68(Al) (b). Both results are obtained at 1 bar, but a) was simulated at 298K and b) was
simulated at 303K. Plot b) was taken from the Sl of reference 43.

4.3.2.4 Molecular Dyramics

The dynangal aspects ofCO. binding within MIL-68(In) was studied using
molecular dynamics (MD). GCMC simulations provide information on binding site location
and strength within the host, but they do not give any information on how the bindmg site
interact with the host through time, as they only gigeilibrium average information. Of
particular interest for this MOF would be whether a single €4 switch between binding
sites B1-CO2 and B2-CO:2 in the triangular channel, and similarly whether anothep CO
binding site can switch between binding sit83-CO2 and B4-CO2 within the larger
hexagonal channel.

MD studies were carried out for 40 ns aBBR9constant temperature amdnstant
volume (gesection 4.2.3 for the default parameters used for all MD simulations throughout
this chapter). The loading of G@Qsed for the MD simulation was the loading as determined

from an equilibrated GCMC simulation at 293K, 1 bar for the same system (124 n®lecule
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for a 2x2x2 unit cell MD simulation cell size, which corresponds to around 16 CO
molecules/unit cell, or 4.36 mmol GQ MIL-68(In)).

Select results from the MD simulation are shown in Figur#6,41 and 12. Of note
is that when tracking a single G@roughout the course of the simulation, both binding sites
B1-CO2 and B2-CO: (triangular channel) and binding sitd83-CO2 and B4-CO:2
(hexagonal pore) respectively are visited frequently by the same molecule. (Note: there are
no connective channels betwetke triangular and hexagonal channels, so a singlewdlD
be restricted to either one of the two channel spaces). Here, an analysis of trajectories over
2.5 ns forthree CO; molecules in the triangular chann&1(CO2 and B2-CO2) andthree
CO, moleculesin the hexagonal channeB3-CO2 and B4-CO3) for a total ofsix CO,
molecule trajectories will be provided.

In the case of the triangular channel, DFT binding energies as calculated from section
4.3.2.1 show that the binding energy banding pocket81-CO2 andB2-CO2 can vary up
to ~ 5 kJ/moldepending on the orientation of the molecule within the podi@wever the
ranges for binding pockeB&1-CO2 (22.4 t025.1 kJ/mol) and2-CO2 (22.7 t029.2 kJ/mol)
are similar, showing that there is likely notlie a clear preference for one binding pocket
over the other. The longest residence time for a @0lecule inB1-CO2 was ~ 638.5 ps
and ~ 721.5 ps foB2-CO:2 (residence times illustrated in Figurel@). For bothB1-CO:2
andB2-COg, the shortest residendene for a CQ molecules was somewhere betweeni2.5
5 ps, and in such casestheGOs j ust MApassi ngBliCOxrooB2-CG20 ei t h
to jump from a sitB2-CO2 to another sitdB2-CO2/site B1-CO2 to another sitdB1-COo.
For two of the three trajeaties which were tracked, the G@olecule regularly spent > 500

ps at eitheB1-CO2 or B2-CO2, but for the other C©Omolecule which was tracked, the
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longest time spent in either binding site is only ~ 66.5 ps. As shown in FigLiretdis has

to do withthe initial loading configuration as determined from GCMC run at 293K and 1 bar
of the triangular pore. In the case of the triangular channels with long residence times, the
triangular pore loading equals one molecule per site within the simulationzeelised (for

the 2x2x2 simulation cell, there are 8 sites per chaseel Figure 4.1), however in the

short residence timehannel, the loading is less than one molecule per site (only 6 molecules
loaded). This demonstrates that the loading of the wlangore has a significant impact on

the residence time for a molecule within eitBarCO2 or B2-CO2. Incomplete C@loading

results in unoccupied sites, which facilitate hopping between different sites for a same CO
molecule. It should also be notedatithe MD trajectories show no more than one molecule
occupying one binding site at one time. In any event, an average over the three trajectories
still yields an average residence time of ~84 ps and ~120 pB1&O:2 and B2-CO:
respectively. Given thatrmore energetically favourable binding conformation was identified

for B2-CO2 (BE = 29.2 kJ/mol), it is not surprising to find a slightly higher average
residence time foB2-COg, while identifying relatively similar average residence times is
also a reasmble finding since a configuration withBil-CO2 as well aB2-CO: are very

close in energy.
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Figure 4-10. For B1-CO; and B2-CO;,, a front view of the triangular channel is shown in al) and

a2) respectivelyWithin the triangular pore, a portion of the trajectory for a single.CG@blecule

(shown every 0.5 ps) for the longest residence time seen is shown. This corresponds to 638.5 ps for
B1-C(O; (al) and 721.5 ps foB2-CO; (a2). bl) and b2) show a sidéew ofthe triangular channel
including the same portion of the trajectoghown in al) and a2) foB1-CO, and B2-CO,,
respectively As was found through GCMC binding site analyBi$;CO;, (b1) remains under the

linkers, wherea82-CO; (b2) remains within the iterstice formed by the linkers.
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Figure 4-11. In a), an ab plane representation of M#8(In) containing the trajectoriesf two
different CQ molecules withitwo differentriangular channels over the same 500 ps period (ie. The
MD simulation results shown for both g@olecules are from @ 500 ps)is shown An image of

the CQmo | e cpaditiendssshown every 0.5 ps. In b), the same representation of the framework is
shown but with the loading of each triangular channel corresponding to the representation shown in
a). Orange C@molecules in b) indicate the same £@olecules which were tracked in a) at some
point throughout the total 2.5 ns trajectory.

Analysis of thedynamic behaviour of the CO2 molecules in binding reg@3< 02
andB4-CO: of the hexagonal channghows a different behaviour compare®dttCO2 and
B2-CO2. The hopping from one binding site to another s@frequent, only the first 250 ps
needed to & characterized tprovide a representative sample thfe dynamics within the
channel. The binding energies fBB-CO2 (22.2 kJ/mol) andB4-CO2 (19.9 kJ/mol) are
lower compared to the range of binding energies found for po&etO2 and B2-CO:2
(differences range from 0.2 to 9.3 kJ/ma@lhdresidence times are shorter ®8-CO2 and
B4-CO:2 than forB1-CO2 andB2-CO.. The longest residence time BB-CO2 is ~ 45.5 ps
and shortest residence time is ~ 2 ps. The average residence time oveedthjbctories is
~ 17 ps (with a mode of ~ 5 ps). The longest residence tin&4&0:2 is ~ 28.5 ps and the
shortest residence time observed was < 1 ps. The average residence time over all three

trajectories is ~ 8 ps (with a most repeated value (mofie)5 ps). Sincd83-CO:2 has a

119



stronger binding energy tha@4-COg, it is no surprise to see the trend in residence times
observed here. See Figurel2 for an illustration of residence times 88-CO2 and B4-

CO2. From the longest residence time obseri@dB4-CO:2 (Figure 412 c)), the binding is
evidently weaker compared to that®3-CO2 (Figure 41 2 b)) ) , as It tends
from the neighbourin@®4-CO:2to the neighbourin@®3-CO2 while still remaining within the

B4-CO2. B3-CO2 on the other handemains much more localized throughout the longest

residence time observed.
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Figure 4-12. In a), a view of aMIL-68(In) hexagonal channel along the c axis shawsajectory for
a single CQ moleculeover the course of the first 250 pxf simulation. Snapshots of the €0
molecule are takeavery 0.5s. The partial trajectories corresponding to the longesgtidence time
for B3-CO, (45.5 ps) (b) andB4-CO; (28.5 ps) (yarealso shown, where snapshofsCO; are taken
every 0.50s.

This study demonstrates preliminary findings regarding the dynamics ohQ@L -
68(In). Especially since the effect of dynamics are capturé®BSNMR spectra, we wish
to carry out more rigorous quantitative studies ondyramics of guests in the framework.
This includes study of the mean angle of G@th respect to the binding sites, mean and

average residence times, switching rates and possibly even studies of the mobility of CO
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throughout the different channels (ieiffidsion) in order for a thorough analysis to be

carried out. Details on future work to be carried out on this system are offered in Chapter 5.

4.3.3 DMF Binding Site Analysis

GCMC simulation results are shown for DMF in M@3(In) in Figures 413 and 4
14. Thee arethreedistinguishable binding sites (referred toBlsDMF, B2-DMF andB3-
DMF in this section). Two are found in the hexagonal charBeIMF andB3-DMF) and
another in the triangular chann®2-DMF). Of the hexagonal channel binding sites, one is
found near the In1 SBUB(-DMF) and another is found near the In2 SEBBBDMF). Of
the three binding sitedB1-DMF and B2-DMF have a significantly higher probability
densiy. In terms ofB3-DMF, it can be seen from Figurel® that the highest probability
density is associated with the grey carbons, which are the d@Hbons on DMF The
position of the CH carbons suggest that there is an interaatitih the In20H-In2 portion
of theframework For all DMF binding sites (as for all G®inding sites), theris no strong

interaction with the metal center.
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Figure 4-13. GCMGC-derived isosurface plot of the DMF probability density in activated-&8({n).
Isovalue= 0.02, T = 298 K, P = 1.0 bar. Blue: DMN, Red: O, Black: DMFC (from C=0), Grey:
DMF-C (from CH), Pink: In, Light blue: framework C, White: H. In2 are indicated on the figure,
and all other unmarked In atoms are In1.

The probability density persistd higher isovalugfor DMF in the triangular channel
(B2-DMF) compared to that of DMF in the hexagonal pd&-DMF andB3-DMF). This
could mean it is more likely for these binding sites to be occupied first (at lower pressures)
than binding sites founoh the hexagonal pore. In Figurel4, a possible configuration of
DMF in site B2-DMF is shown in the triangular channélike with CQ binding sites, the
so-calledii s i sheusdanore so be considered binding pockets, in which the DMF molecule

can be foud in sewral favourable binding configurations within this binding regidhe
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orientations in Figure 44 are of high probability. In it, a DMF oxygen interacts with a

linker-benzene H atom.

Figure 4-14. DFT optimized DMF binding siteB1-DMF, B2-DMF and B3-DMF found in MIL-
68(In). Blue: DMEN, Red: O, Pink: In, Light blue: C, White: H. In2 are indicated on the figure, and
all other unmarked In atoms are In1.

For the hexagonal channel binding site nedr B1-DMF), a hydrogen bond forms
between the DMF oxygen and the hydrogen from theQHItinl chains. This corresponds
well with findings related to C§) as it is also the behaviour observed when dound
near the In1 SBUYB4-CO2). This binding siteurns out to be the strongest among all the

DMF binding sites found.
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The weakest DMF binding siteB3-DMF, is locatednear In2 in the hexagonal channel.
Once again, analogous 83-CO2 which also binds near In2, several weak interactions
contribute to binohg. Notably, the DMFmethyl groughydrogens interact with a BDC linker
carboxylate oxygen as well as the 4GB depending on their spatial orientation, and the
DMF-N interacts with another BDC linker carboxylate oxygen. Figui® 4lepicts the way

in which DMF interacts with surrounding atoms for all three binding sites. Talde 4
contains all relevant interatomic distances for the DMF binding sites found within MIL
68(In), as well as binding site energiesr B2-DMF, thebinding site found in th&iangular
channel, the electrostatic contribution to the binding energy is negafV@24d). This
indicates a binding site which is highly favoured through dispersion interactiomsobut

binding thraugh electrostatic interactions.
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Figure 4-15. Enhanced views of BX optimized DMF binding siteB1-DMF (a), B2-DMF (b) and
B3-DMF (c) found in MIL-68(In). Blue: DMFN, Red: O, Pink: In, Light blue: C, White: H. In2 are
indicated on the figure, and all other unmarkedatoms are In1.
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Table 4-3. Binding energy and distances to framework atoms for DMF binding sites found in MIL
68(In).

* Percentages included in parentheses next to the G@®M@ed binding energies are the
binding energy decomposition results for the electrostatic contribution to binding, and are
given in %.

Comparsons between the different @@nd DMF binding sites found in MiB68(In)
can provide valuable insight. Although the locations of the binding sites were similar for
both guests, thbinding energiesound for CO; binding sites (Tables-4 and 42) were alll
significantly lower than theibding energies found for DMF (Table3). From the DMF
and CQ probability density plots (Figures-¥3 and 44 respectively), the strongeBtMF
binding site B1-DMF shown in Figure 4.5a)) has a higher probabpitdensity near Inl

than In2while the stragest hexagonal chann&D, binding site B3-CO2 shown in Figure
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