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Abstract

Metal-Organic Frameworks (MOFs) are a class of porous materials that are applicable
in many energy and environmentally relevant areas, due to their unique features including
unprecedented internal surface areas and easy chemical tunability. Gas separation and storage
are among the most important applications for which MOFs have been extensively studied.
Considering the large number of potential MOFs that can be accessed, through a combination
of numerous metal clusters and organic linkers, determining the relationship between their
structural features (such as pore size and shape and chemical functionalities) and corresponding
gas adsorption properties is of utmost importance. In this regard, in-situ characterization,
especially diffraction, can be advantageous.

MOFs can offer high crystallinity, and so their structure can readily be characterized via
diffraction. In addition, due to the presence of metal ions, and predefined molecular building
blocks, which exhibit multiple chemical moieties, the potential energy surface for a guest
molecule within a MOF cavity possesses multiple minima that correspond to well-defined
adsorption sites with varying binding energies. This makes diffraction the most direct way to

probe static site-specific binding properties.

Given this, the focus of this work is on understanding the structure-derived function of
MOFs of interest in gas separation/storage applications. To do this, standard adsorption
experiments are coupled with in-situ diffraction techniques. The latter is able to reveal the
location and orientation of adsorbed guest species inside the framework, provide insights into
the framework response to varying pressure, temperature, and atmosphere, and allow one to
determine the relative differences in binding energy between neighboring adsorption sites. The
aforementioned information can then be used to rationalize the relationship between different
physiochemical features of a given framework and their performance in an adsorption process.
In addition to establishing structure-property relations for the usage of MOFs, the obtained
experimental results are used to corroborate those calculated by DFT methods, providing a
stress test for computational methods aimed at predicting the structures and properties of
hypothetical MOFs.
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The first chapter of this thesis, the introduction, offers a brief review of different
characterization methods for studying gas adsorption/separation applications in MOFs.
Although the focus of this chapter is on carbon dioxide capture as the application, these
characterization methods are also used to study other adsorption processes. The next three
chapters, chapters 2-4, present several prominent MOF families that are of interest in hydrogen
storage and carbon dioxide capture applications. These case studies demonstrate how using in-
situ diffraction techniques coupled with adsorption measurements and DFT calculations can be
used to gain molecular level insight into how small molecules bind inside the selected MOF
structures. Further, these structure-property correlation studies are able to help unveil how
altering MOF building blocks, such as metals and ligands, gives rise to enhanced or diminished
adsorption properties. The last chapter, chapter 5, is a study of the response of an activated
MOF to varying temperature; in this chapter various structural motions, which are responsible

for a large negative thermal expansion (NTE), are elucidated.

Overall, the work in this thesis is aimed at showing how the gas adsorption properties
are linked with the chemical and physical make-up of the MOF. It is hoped that efforts like this
one can provide the insight necessary for the eventual deliberate design of new or the
optimization of existing MOFs that offer unprecedented performance in important energy-

related applications such as hydrogen storage and carbon-dioxide capture.

Keywords: metal-organic frameworks, structure-property relationship study, in-situ

diffraction, gas adsorption, chemical separation, and gas storage.
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Abstrakt

Metallorganische Geriistverbindungen (engl. Metal-Organic Frameworks, MOFs)
sind eine Klasse pordser Materialien, die in vielen energie- und umweltrelevanten Gebieten
Einsatz finden. Dies ist ihren einmaligen Eigenschaften wie ihrer beispiellos grossen inneren
Oberflache zu verdanken sowie der Moglichkeit sie leicht chemisch massschneidern zu kdnnen.
Die Trennung und Speicherung von Gasen gehoren zu den bedeutendsten Anwendungen, fir
die MOFs eingehend untersucht worden sind. Da durch die Vielzahl an Kombinationen der
Metallcluster und organischen Verbindungsstiicken eine ausgesprochen grosse Zahl von MOFs
potentiell hergestellt werden kann, ist es von dusserster Bedeutung den Zusammenhang
zwischen ihren strukturellen Merkmalen (wie Grosse und Form der Poren oder ihrer
chemischen Funktionalitat) und ihrer jeweiligen Gasadsorption zu bestimmen. In dieser
Hinsicht kann es vorteilhaft sein in-situ Charakterisierungen, insbesondere in-situ Diffraktion,
durchzufthren.

Da MOFs kristallin sind, kann ihre Struktur mit in-situ Diffraktionstechniken direkt
charakterisiert werden. Durch das Vorhandensein von Metallionen sowie molekularer
Bausteine, die aus mehreren chemischen Einheiten bestehen, weist die Potentialhyperfldche
eines Gastmolekiils mehrere Minima auf, die wohldefinierten Positionen mit verschiedenen
Adsorptionsenergien entsprechen. Dies macht Diffraktion die direkteste Methode zur
Untersuchung statischer ortsspezifischer Bindungseigenschaften. Aufgrund dessen, der
Schwerpunkt dieser Arbeit liegt auf dem Verstdndnis der strukturellen Eigenschaften der
untersuchten MOFs in Hinblick auf die Abtrennung von Gasen und ihre Lagerung. Dieses
Verstandnis wird durch die Kombination von Standardexperimenten zur Bestimmung des
Adsorptionsverhaltens mit thermodynamischen Berechnungen und in-situ
Characterisierungstechniken, insbesondere mit in-situ Diffraktion, erlangt.

Die in-situ Diffraktionstechniken werden sowohl verwendet um die rdumliche
Position und Ausrichtung der adsorbierten Gasmolekiile innerhalb des Gerlstes zu bestimmen,
als auch um die Reaktion des Geristes auf Gastmolekile unter sich &nderndem Druck,
Temperatur und Umgebung zu untersuchen. Die mit den oben genannten Methoden erhaltenen
Einsichten werden verwendet um Zusammenhange zwischen verschiedenen physiochemischen
Eigenschaften der Geriste und ihres Adsorptionsverhalten aufzudecken.

Zusétzlich zu dem Aufstellen von Zusammenhdngen zwischen strukturellen
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Eigenschaften und dem Verhalten der Materialien mit Hinblick auf ihre Verwendung werden
die erzielten Ergebnisse mit den Vorhersagen verglichen, die mit auf Dichtefunktionaltheorie
beruhenden Methoden gemacht werden konnen. Dies ermoglicht es die rechnerischen
Methoden zu testen, die in der Lage sind um die Form und Eigenschaften von hypothetische
MOFs vorherzusagen.

Im ersten Kapitel dieser Arbeit, d.h. in der Einleitung, geben wir einen kurzen
Uberblick tber verschiedene Charakterisierungsmethoden zur Untersuchung von
Anwendungen zur Gasadsorption und -trennung unter Verwendung von MOFs. Obwohl der
Schwerpunkt dieses Kapitels auf der Abscheidung von Kohlenstoffdioxid liegt, kénnen die
meisten der Methoden =zur Charakterisiserung auch zur Untersuchung anderer
Adsorptionsprozesse verwendet werden. In den folgenden drei Kapiteln, d.h. Kapitel 2-4,
prasentieren wir mehrere prominente MOF-Familien, die fur Anwendungen im Bereich
Wasserstoffspeicherung und Kohlenstoffdioxidabscheidung interessant sind. Diese Fallstudien
zeigen, wie  mithilfe einer  Kombination  von in-situ-Diffraktionstechniken,
Adsorptionsmessungen und DFT-Berechnungen Einblicke auf molekularer Ebene wie kleine
Molekile an die MOF-Struktur gebunden sind. Darlber hinaus kdnnen diese Struktur-
Eigenschafts-Korrelationsstudien Aufschluss dariiber geben, wie die Veranderung von MOF-
Bausteinen wie Metallen und Liganden zu verbesserten oder verminderten
Adsorptionseigenschaften flihrt. Das letzte Kapitel, Kapitel 5, beinhaltet eine Fallstudie, in der
die Reaktion eines aktivierten Gertstes auf Temperatur untersucht wird und in der die flr die
Dichteanomalie verantwortlichen strukturellen Bewegungen des betrachteten Gerlstes
identifiziert werden.

Insgesamt soll in dieser Arbeit gezeigt werden, wie die Gasadsorptionseigenschaften
mit der chemischen und physikalischen Zusammensetzung des MOF zusammenhangen. Man
hofft, dass solche Bemiihungen die notwendigen Erkenntnisse fiir das rationale Design neuer
oder die Optimierung bestehender MOFs liefern kdnnen, die in wichtigen energiebezogenen
Anwendungen wie der Speicherung von Wasserstoff und der Abscheidung von Kohlendioxid

eine beispiellose Leistung bieten.

Stichworter: Metallorganische Geriistverbindungen, Struktur-Eigenschafts

Beziehungen, in-situ Diffraktion, Gas Adsorption, Chemische Separation, und Gasspeicherung.
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Chapter 1

Chapter 1
An introduction on characterization of Metal-
Organic Frameworks (MOFs) for gas adsorption

applications!

1.1. Introduction

In this chapter, we briefly review the literature of metal-organic frameworks (MOFs) for gas
adsorption/capture applications. Later on, in the next chapters, we will employ the techniques
and tools that are mentioned in this chapter for the study of physiochemical properties of MOFs.
Although, in this chapter, we mostly focus on the most important and frequent separation
application which MOFs have been used in, i.e. CO; capture/separation, most of the techniques
that are explained here can be extended to other separation applications, namely hydrogen
storage, which will be discussed later in chapter 3.

We hope that this chapter can introduce the basics of the important characterization tools
for the study of MOF properties, especially in chemical separation applications.

1 This chapter is based on published the book chapter: Asgari, Mehrdad, and Wendy L. Queen. "Carbon Capture in Metal-Organic
Frameworks." Materials and Processes for CO2 Capture, Conversion, and Sequestration (2018): 1. M. A. has screened literature,
read the corresponding articles, reports, theses, and books. He has also written the book chapter.
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1.1.1 The importance of carbon dioxide capture

Carbon dioxide, an important chemical gas found in the atmosphere, is critical for the
continuation of life on earth. This molecule is required for photosynthesis that fuels plants, which
serve as the main source of food for all humans and animals and further produces oxygen that is
essential for human respiration.! Studies have shown that a small accumulation of CO; in the
atmosphere is necessary to warm earth to a level where glaciation is inhibited, producing an
environment where plant and animal life can thrive.2 However, there is recent evidence that
human activity related to energy production is generating an abundance of CO; in the atmosphere
that can no longer be balanced by earth’s natural cycles, an act that is expected to confront
mankind with serious environmental problems in the future. Since CO; is the most abundantly
produced greenhouse gas (Figure 1-1),3 it is directly implemented in global warming. It is
predicted that if the negligent release of CO; persists, it could have detrimental effects on our
environment that include: melting ice caps, rising sea levels, strong changes in weather patterns,
ocean acidification, ozone layer depletion, poor air quality, and desertification; all of these things
could lead to the potential demise of the human, plant, and animal life making CO, mitigation an
urgent need+s.

Il Carbon dioxide (fossil fuel and industrial processes)
B Carbon dioxide (forestry and other land issue)
L. Fluorinated gases
L | Methane
I Nitrous oxide

11%

2%

16%

6%

65%

Figure 1-1 The contribution of different constituent in the greenhouse gas emission. Data is take
from reference3.

Eighty percent of the world’s energy is currently supplied by the combustion of carbon-
based fossil fuels,® an anthropogenic activity that has led to steady increase in atmospheric CO;
levels. Since the beginning of the industrial revolu tion in the 1750s, atmospheric CO;
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concentration has increased from 280 ppm? to above 400 ppm in March of 2015 89. While the best
remediation method is to transition from traditional carbon-based fuels to clean energy sources,
like wind and solar, energy transitions are historically slow.% As such, it is projected that the use
of fossil fuels will continue for years to come, requiring the development of materials that can
remediate the effects of CO, through direct carbon capture and sequestration (CCS) and/or
conversion of this greenhouse gas into value added chemicals and fuels. While CO; capture
directly from air is considered to be an unfeasible task, carbon capture from large point sources,
such as coal- or gas-fired power plants, could be realized. Currently 42% of the worlds’ CO;
emissions come from production of electricity and heat!? and it is anticipated that approximately
80 to 90% of these emissions could be eliminated with the implementation of adequate CCS
technology!l. CCS is a three-step process that includes the capture of CO; and its transport to sites
where it is subsequently stored. While the processes of storage and transport are well-developed
technologies, the actual implementation of capture process on a global scale is still constrained by
the development of an adequate gas separation technology. Thus, the discovery of new materials
with high separation ability is a pertinent obstacle that must be overcome.

(a)

0 . B B
. A
%t; Nf H,'N
+
/N 2
LowT o § :
Di/ carbamate
A
I
/s
G + NH H0
M .
H — HI
0, al
Il."..'- "ll
Hr(c:—::: + H'N—R + HN'\
HO |.|| A
(b) Hydrogen carbonate
| |\
Ci i N T HO =—— C—0| + H*NH—R

Hydrogen carbonats

Figure 1-2 Reaction scheme for carbon dioxide with a (a) primary, secondary or (b) tertiary amine.
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1.1.2 Conventional industrial process of carbon capture and limitations: liquid
amines

The most mature capture technology, which has been around since the 1930s, includes
aqueous alkanolamine-based scrubbers.’2 These chemical absorbents feature an amine
functionality that undergoes a nucleophilic attack on the carbon of the CO, molecule (Figure 1-2)
to form either a carbamate (in the case of primary or secondary amines) or a bicarbonate species
(in the case of tertiary amines).13 While amine scrubbers are highly selective in the capture of CO;
relative to other components in a gas stream, operate well at low partial pressures, and can be
readily included into existing infrastructure at power plants, they have several limitations that
inhibit their implementation on scales large enough for post-combustion carbon capture.t* The
materials are quite corrosive to sources of containment requiring their dilution with water to
concentrations ranging from 20 to 40 wt% of the amine.!> The high heat capacities of the aqueous-
amine solutions combined with high adsorption enthalpies of CO;, approaching -100 k]J/mol,
creates a large parasitic energy cost for the subsequent release of CO,. While the strength of CO;
binding can be tuned to some degree with amine substitution (1° > 2° > 3°,i.e. monoethanolamine,
diethanolamine or triethanolamine)!3, the regeneration process typically requires temperatures
that range from 120 to 150 °C.16-18 The instability of the materials at these temperatures leads to
a slow decomposition and hence decrease in the materials performance with subsequent
absorption cycles. Given all of these problems, this technology, which has already been employed
in hundreds of plants worldwide for CO; removal from natural gas, hydrogen, and other gases,
requires that approximately 30% of the energy produced from a power plant be put back into the
carbon-capture process!2. It is projected that solid adsorbent materials with lower heat capacities
might cut the energy consumption assumed from the current carbon capture technology
considerably.? For this to be realized, much further work is required to design porous solid
adsorbents that show (i) high stability in the presence of various components in the gas stream,
particularly water, (ii) high selectivity and adsorption capacity, (iii) low-cost, (iv) reversibility,
and (v) scale ability?0. To date, there are several classes of porous adsorbents studied for
applications related to carbon capture including zeolites, activated carbons, and covalent organic
frameworks; however, all of these materials suffer quite significantly from a minimal adsorption
capacity and/or low selectivity.19.21-25

1.1.3 Metal-organic frameworks and their synthesis

One materials solution to the aforementioned carbon-capture problem is a relatively new
class of porous adsorbents known as metal-organic frameworks (MOFs), which are constructed
by metal-ions or metal-ion clusters linked together by organic ligands (Figure 1-3).26-27 Since the
discovery that these materials can exhibit permanent porosity in the late 1990s28, they have
rapidly moved to the forefront of materials research. Looking at publications related to carbon
dioxide adsorption in MOFs, one can see a significant increase in the number since 2005, with over
500 publications in 2015 alone.2? This is in part due to their unprecedented internal surface areas,

4
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up to 7000 m2/g30, which allows the adsorption of significant amount of guest species. Further,
the molecular nature of the predefined organic linkers offers a modular approach to their design
(Figure 1-3). Through judicious selection of the building blocks, MOF structures can be chemically
tuned for a variety of environmentally relevant applications such as gas storage and separation,
sensing, and catalysis.31-3 MOFs have become particularly attractive due to recent reports of
materials with high capacities and selectivities for the adsorption of various guest molecules.40-41
Currently MOFs hold several world records related to small molecule adsorption that include: (i)
dioxide storage capacity.#* The facile chemical tunability of MOFs is their primary advantage
relative to other more traditional porous adsorbents such as activated carbons and zeolites.
Further their highly crystalline nature combined with a nonhomogenous van der Waals potential
energy landscape on the internal MOF surface dictates that incoming guest molecules bind in well-
defined positions and orientations; this allows diffraction techniques to be used to readily unveil
their site-specific binding properties. Understanding the structure-function allows one to tune the
properties of existing materials or rationally design new materials with specified function.

MOFs are typically synthesized using a combination of metal salts and ligands via standard
hydrothermal or solvothermal methods; reactions are usually carried out inside of sealed vessels
or using schlenk line techniques with reaction times that range from hours to days. The
aforementioned methodologies are typically limited to small-scale reactions, from mg to g size

Functional group”

. Organic linker

N
S
15}

N
1=
15}

Number of Publications
8
8

i
1<}
15}

o

Void fraction 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 1-3 (left) Ball and stick model of a MOF, MOF-5 or Zn4O(1,4-benezendicarboxylate)s?’,
showing the modular nature of the frameworks, which can be used to tune MOF properties for the
selective binding of gas molecules, making the materials of particular interest in applications
related to carbon capture. (right) The number of publications related to “CO, adsorption” and
“metal-organic frameworks” from 2005 to 2015 is significantly increasing; the data was obtained
from the Thomas Reuters ISI web of knowledge.?°

Metal center
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yields, making them only suitable for standard laboratory based characterization. To reduce the
energy requirements associated with these traditional procedures, recent efforts have been made
to search for reaction conditions necessary to produce MOFs at room-temperature; however
many of these methods involve non-aqueous solvents such as DEF, DMF, and ETOH.45 Given this,
more recent efforts have been made to develop MOF syntheses in water, an effort that makes
industrial production of these materials more feasible.46-47 Other research has abandoned the
more traditional forms of laboratory based techniques and moved towards more innovative
methods to assist in materials scale-up; some examples of non-traditional techniques include
microwave*8, mechanochemical methods*>-5°(such as solvent-free neat grinding or extrusion),
continuous flow reactions>!-52, and spray drying53. Of these techniques the highest space time
yields (STY, kg per m3 per day), a process parameter that is used to determine industrial
profitability, is reported for the mechanochemical extrusion methods developed by James et al.;
these methods have remarkable STY values that range between 1 and 3 orders of magnitude
greater than those for other methods, a result of the absence or near absence of solvent and high
reaction rates. Further, it should be noted that the reported surface areas and pore volumes for
the as-prepared materials are similar to those produced on small scales. 50-51 The latter is an
important note because many reports show that surface areas and CO, adsorption properties
suffer quite significantly in the scale-up procedure.>*

While industrial scale synthesis of MOFs is currently limited to a handful of iconic frameworks, it
is expected to become a developing trend as companies like BASF have shown proof of concept
for the production of MOFs on large scales55-57 using green synthetic methods (in aqueous media).
These materials, targeted for applications related to on-board storage in natural gas and hydrogen
powered vehicles, are currently available under the trade name Basolite® and include a few
eminent frameworks such as HKUST-1 (Basolite® C300 or [Cus(1,3,5-benzenetricarboxylate):]),
MIL-53 (Basolite® A100 or [Al(OH)(1,4-benzenedicarboxylate)]), ZIF-8 (Basolite® Z1200 or
[Zn(2-methylimidazole); ]), and Fe-BTC (Basolite® F300 or [Fe(1,3,5-benzenetricarboxylate)]),
and MOF-177 (Basolite® 7377 or Zn40(1,3,5-benzenetribenzoate)]).58-¢¢ The most critical
parameters that must be considered for the industrial scale-up of MOFs have been recently
identified as the following: (i) the cost of raw material per kg of obtained MOF (ii) the amount of
MOF produced per m3 of reaction mixture per day, (iii) conditions required for reaction agitation
during synthesis, (iv) length of time required and amount of solvent required for sample filtration
and (v) washing conditions necessary for drying (activating) prepared solids.6!

1.1.4 CCS technologies and MOF requirements

Growing energy demands related to continued population growth and the
industrialization of developing countries, like China, imposes the need for the continued
combustion of fossil fuels, including coal, natural gas, and 0il.62-63 Considering that carbon capture
from air is not a feasible task, capture at large point sources is certainly one of the best-case
scenarios to significantly reduce global CO; emissions despite the tremendous effort that is
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required. It is projected that global reserves of coal, which has the highest carbon content and is
responsible for 43% of CO, emissions from fuel combustioné4, will last over 110 years at the
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Figure 1-4 Schemes for the 3 different carbon capture technologies including (a) post-
combustion capture, (b) pre-combustion capture, and (c) oxy-fuel combustion capture.
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current production rate.6> For comparison, oil reserves are projected to exist for the next 40-55
years.65-67

Currently there are three existing chemical processes used for the combustion of fossil
fuels at large point sources such as coal and gas-fired power plants. These three processes, which
include: (i) post-combustion capture, (ii) pre-combustion capture, and (iii) oxy-fuel combustion
capture, result in the need for a collection of separation materials capable of operating at different
temperatures and pressures and offer selective adsorption for several different gas mixtures
(Table 1-1). The three processes are briefly described below.

(i) Post-combustion capture at a coal-fired power plant (Figure 1-4a) involves the
separation of CO; from flue gas (1 bar) that consists primarily of COz (13-15% by volume) N, (70-
76%), H20 (5-7%), 02 (2-15%) and other minor contaminates like SOx and NOyx Flue gas is
generated after the combustion of fuel in air.68 The high N, content in air lends to flue gas mixtures
with low-partial pressures of COz; as such, the selectivity for CO2/N; is one of the most critical
factors considered in the selection of a separation material. As in the case of the liquid amine based
scrubbers, finding a balance between CO; selectivity and binding affinity in MOFs is necessary.
Very high CO; binding energies on the sorbents affords high regeneration energies significantly
reducing power plant efficiency.®?

(if) Pre-combustion capture (Figure 1-4b) involves the separation of CO; from H; prior to
the combustion process and hence zero carbon emission afterwards. In this process coal
undergoes gasification to produce a syngas that typically consists of CO, CO2 H; and H:O.
Afterwards the syngas is reacted with steam in a process called the water-gas shift reaction to
form CO2 (15-34%), H2 (35-45%) with small amounts CO, HS, and N». It should be noted that there
is also a significant amount of water present in the flue gas stream after the water-gas shift
reaction. However, much of the water could be removed using existing technologies. From this
point, the separation is carried out to remove CO; producing a nearly pure H; fuel that is then
combusted to form water. This separation is significantly easier, relative to post-combustion
capture, due to the higher partial pressures and concentrations of CO,, approximately 5-40 bar
and up to 34% CO., respectively, making the consideration for the separation medium a bit more
versatile to include, solid adsorbents, liquid absorbents, and membranes.70-71

(iii) As the final alternative, rather than using air for the combustion of fossil fuels, oxy-
fuel combustion (Figure 1-4c) involves a separation of O from air before the combustion process.
Post-separation this technology involves a nearly pure feed of O; (purity usually > 95%) that is
then used in the combustion step eliminating the need for the separation of CO; and N; later. The
problems with this separation is that it is currently limited to energetically unfavorable
distillation as most adsorbents designed to date, such as lithium-containing zeolites, only show
limited selectively of N2 over O giving rise to gas mixtures with inadequate purity levels.”2 After
combustion, the final gas mixture has CO; (72-85%) with some amount of water (6-7%) that can
easily be condensed giving rise to CO; capture rates higher than 95%, a feat not yet achieved by
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pre-combustion and post-combustion capture separations. Compared with aforementioned
processes utilizing N rich air for combustion, the formation of NOy is largely inhibited due to the
initial removal of N; this will allow for a significantly smaller NOx removal than in typical power
plants.

Table 1-1 Typical composition of gas for 3 carbon capture technologies

Post-combustion “T2% 6268 | Pre-combustion™?% 6 7 Oxyfuel "% 72
Molecules and by volume by volume by volume
conditions Air
Nautral Gas Coal Nautral Gas Coal R e
purification
CO, 3-9% 13-15% 15-25% 26-34% 400 ppm
N, 70-76% 73-77% trace 0.3-2.2% 78 %
H.O 7-18% 5-71% - 18-38% -
H. - - 70-80% 35-45% 0.5 ppm
CH, - -- 3-6% - -
0, 2-15% 3-4% - - 21%
H>S -- -- - 0.1-0.2% -
SO, -- 800 ppm -- --
SO, -- 10 ppm -- - --
HCI -- 100 ppm -- trace --
Hg -- 1 ppb - - --
CoO 200-300 ppm | 20-50 ppm 1-3% 0.5-0.6% -
NOx 10-300 ppm 500 ppm -- -- 0.3 ppm
Ne - - - - 18 ppm
Kr -- -- -- -- 1 ppm
Xe -- -- -- -- 0.087 ppm
Ar -- - - 0.04% 0.9%
Temperature 40-75°C 40-75°C 40 °C 40°C 25°C
Pressure 1 bar 1 bar 5-40 bar 5-40 bar 1 atm

For the aforementioned carbon capture cases, there are 3 potential processes for
regeneration after adsorbent bed saturation including (i) Temperature Swing Adsorption (TSA),
Pressure Swing Adsorption (PSA), and Vacuum Swing Adsorption (VSA). TSA is a process where
the temperature of the bed will be increased (likely using heat from the power plant) post
saturation allowing desorption of the small molecules from the surface of the adsorbent. The
resulting pressure increase drives the adsorbate out of the bed, and once no further desorption is
observed at the target temperature, a purge gas can additionally be run through the bed to push
out additional adsorbate. Subsequently the bed can be cooled and additional adsorption cycles
can be run. On the other hand, PSA and VSA processes entail lowering the pressure from which
adsorption takes place to permit removal of the surface bound guests. For PSA, the inlet valve,
where high-pressure gas is allowed to flow into the bed, is simply closed allowing the pressure
inside the bed to approach atmospheric pressure. Albeit similar, VSA entails lowering the bed
pressure below atmospheric. The low partial pressure of CO; in post-combustion capture makes
TSA the most plausible method for bed regeneration, as it would be energetically unfeasible to
expand the bed or pull vacuum on such a large volume of gas. Considering pre-combustion capture
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involves high-pressure flue gas it is much more feasible to employ PSA for the regeneration
method.

Considering the parameters for these capture technologies and their subsequent
regeneration methods are not easily modified, it is necessary to design adsorbents with all of these
parameters in mind. As MOFs are the most chemically tunable adsorbent available, they offer
unmatched opportunity to find the necessary balance between various parameters such as
binding energies and densities of adsorption sites, capacities, and selectivities, which influence
the ability to achieve high working capacities and low-regeneration energies. The final decision
related to which adsorbent should be applied to the carbon capture process should be taken after
a detailed evaluation of the technical performance and assessment of economic feasibility. Such
an evaluation is imperative for implementation of carbon capture processes on a global scale.

1.1.5 Molecule specific

The elevated temperature at which carbon capture is carried out, combined with low
boiling points (Table 1-2) of many of the small molecules in flue gas and air makes cryogenic
distillations, carried out on scales large enough for CCS, energetically unfeasible; hence, large
energy savings could be realized with the use of solid adsorbents that function at much higher
temperatures. When working to design adsorbent materials capable of separating gases, one must
first consider the differences in the physical properties of the molecules of interest. For
physisorptive type interactions, the separation process relies on guest molecules having small
disparities in their physical properties that include polarizability, quadrupole moment, and dipole
moment. For most of the components in flue gas and air, the values for these aforementioned
physical properties are listed in Table 1-2. While some important differences exist for instance
between CO; and Ny, regarding the nature of their intermolecular interactions and their chemical
reactivity, these differences are minimal and necessitate the careful design of carbon capture
materials that exhibit strong, molecule specific chemical interactions on their internal surface.

1.2 Understanding the Adsorption Properties of MOFs

There are a variety of techniques used to assess MOFs for CO; capture applications. These
include single component adsorption isotherms, breakthrough analysis, multicomponent
adsorption and a host of in-situ techniques. Several studies have shown that pairing many
characterization methods, particularly adsorption, with in-situ characterization can provide
molecular level insight into the adsorption process giving direct evidence of the structural
components that give rise to enhanced or diminished properties.” There is hope that in-depth
experimental efforts like these can provide the insight necessary for the eventual deliberate
design of new MOF for energetically favorable carbon capture technologies.
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Table 1-2 Chemical properties of small molecules involved in carbon capture

Molecules | Normal boiling Kinetic Quadrapole Dipole Polarizability™%%
point (K) diameter'® | - moment™T] moment™
CO, 195 3.3 43.0 0 29.1
(Sublimation)
N, 77.35 3.64 15.2 0 17.4
H,O 373.15 2.64 -- 18.5 14.5
H, 20.27 2.89 6.62 0 8.04
CH, 111.66 3.76 0 0 25.9
0, 90.17 3.46 3.9 0 15.8
H,S 212.84 3.62 -- 9.78 37.8
SO, 263.13 4.11 -- 16.3 37.2
HCI 188.15 3.34 38.0 11.1 26.3
CO 81.66 3.69 25.0 1.1 19.5
NO 121.38 3.49 -- 1.59 17.0
NO, 302.22 -- -- 3.16 30.2
Ne 27.07 2.82 0 0 3.96
Kr 119.74 3.66 0 0 24.8
Xe 165.01 4.05 0 0 40.4
Ar 87.27 3.54 0 0 16.4

*The numbers are expressed with the following unit: 10-27 esu-! cm-! .**The numbers are expressed
with the following unit:10-19 esu'! cm-1. ***The numbers are expressed with the following unit: (10-25 cm3)

1.2.1 Single component Isotherms

Nitrogen adsorption isotherms, collected at 77 K and up to 1 bar, are typically used to first
assess the pore volume, pore size distribution and surface area of as-prepared MOF materials.
Subsequently, adsorption isotherms can also be used to further assess a materials performance
related to carbon capture processes. For this, the isotherms are collected using carbon dioxide (or
other small molecules) as probes. These experiments are typically carried out using commercially
available equipment at temperatures ranging from 25 to 40 °C and from low-pressures up to 50
bar. It should be noted that these measurements provide insight into a materials (i) adsorption
capacity, (i) selectivity, and (iii) enthalpy of adsorption.62 These three metrics will be briefly
discussed below.

Adsorption capacity

Adsorption capacity is expressed gravimetrically or volumetrically as the amount of
adsorbed CO; per unit volume or mass of adsorbent, respectively. While reports of gravimetric
capacity are more predominate throughout the literature, it is equally important to look at the
volumetric properties of materials as it dictates the required volume of the adsorbent bed and
both parameters also influence the efficiency with which the materials can be regenerated. It was
recently shown that MOF-177, a high surface area adsorbent (BET surface area > 4500 m2 per
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gram of adsorbent), exhibits a volumetric capacity at room temperature and 35 bar of 320 cm3
(STP) /cm3, a value that is over nine times larger than the quantity of CO; that can be stored in the
same empty container without the MOF.7¢ More often than not, high surface areas lend to high
capacities in the high pressure regime, while low pressure adsorption measurements, < 1 bar, are
more strongly impacted by the strength and density of the binding sites (Figure 1-5). It should be
noted that high pressure CO; adsorption isotherms are important for pre-combustion capture
while low-pressure, typically not higher than 1 bar are more relevant for post-combustion
capture.

Small molecule selectivity

Selectivity can be kinetic in nature, based on size exclusion of molecules of varying size, or
thermodynamic in nature, and based on significant differences in interaction energies on the
internal MOF surface. It can be seen from Table 1-2 that the Kinetic diameter of the small
molecules of interest for carbon capture, COz/N,, CO2/Hz, and 0z/N,, are all less than 4 A.
Considering these issues and that MOF pores sizes are more often than not above 4 A, kinetic
based selectivities become problematic. Instead the gas separations are based on
thermodynamics. Therefore chemists must take other physical and chemical characteristics into
consideration when designing separation materials.

The selectivity factor (S), is simply calculated using the following equation (1-1), where q
represents the amount adsorbed of each gas and p represents the partial pressure of each gas.
While this factor is a good way to compare different materials, it is not a real selectivity because
it is calculated from single component isotherms where the gas molecules are not actually
competing for adsorption sites.

q
s = 1/Clz

= Eq.(1-1)
P1/p2

Another method commonly used for predicting selectivities from single component
isotherms is using the Ideal Adsorbed Solution Theory (IAST) developed by Meyers and
Prausnitz.”> For this method, single component isotherms are used to predict the adsorption
equilibria for gas mixtures. The adsorption isotherms are collected for two gases at the relevant
temperature and they are mathematically fit to extract the mole fraction of each species in the
adsorbed phase. While the method is not extensively reviewed here it is becoming more visible
throughout MOF literature due to the difficulty in acquiring multicomponent adsorption
isotherms.”¢ The validity of IAST estimations for the systems of CO,/CHa, CO2/H2, CHs/H>, and
CO2/N; mixtures in a variety of MOFs (MgMOF-74, MOF-177, and BTP-COF) and zeolites (FAU,
LTA, MF], and CHA) has been established in literature.”7-80 While it is true that IAST theory can be
utilized in many cases to give a relatively accurate estimation of the selectivity of different
compounds relative to each other, there are some cases where the accuracy of estimated
selectivities is questionable. A recent study of Cessford et al. investigated the applicability of IAST
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to a variety of MOFs with varying structural features and also for a variety of small molecules with
differing sizes, shapes, and polarities. The results, which were directly compared with GCMC
(grand canonical Monte Carlo) simulations, showed that IAST has difficulty in predicting accurate
selectivities when the adsorbates have large differences in size and shape or the MOF framework
exhibits heterogeneities such as large variations in cavities or pore sizes.8!

Isosteric heat of adsorption

[sosteric heat of adsorption (-Qs) is an important parameter that gives an indication of
the affinity of a MOF towards a specific small molecule. Often defined, as the average enthalpy of
adsorption at constant coverage, it can give further insight into the energy required for the
molecules subsequent release, a crucial point to be considered for lowering the overall energy
consumption in carbon capture processes. Although a high isosteric heat implies stronger binding
of the guest molecule to the surface, large values also indicate a larger amount of energy for the
subsequent release of the guest molecule upon regeneration of the adsorbent. And so, chemists
are constantly striving to find a balance where a small molecule binds strong (and selectively)
enough to give large amounts of high purity gas after the separation, but weak enough so that the
materials can be easily regenerated.
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Fiqure 1-5 Comparison of CO. adsorption in 15 different framework materials in a single
component isotherm, (pure COz) or a multicomponent mixture consisting of CO2, N2, and H-O.
Experiments were carried out at 40 °C and at equilibrium. The pressures for the multicomponent
mixture include N2 between 0.679 and 0.698 bar, CO- between 0.113 and 0.178, and H20 between
.01 and .029 bar with the total pressures ranging from 0.821 and 0.890 bar. For the equilibrium
pressure refer to reference.®’
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nPyy =—(%t/p) (Yp) + ¢ Eq.(1-2)

To calculate the isosteric heat, first single component adsorption isotherms are collected
for at least two temperatures (or more) usually within 10 to 15 K of one another. These isotherms
are then fit using a high order polynomial such as the single or dual site Langmuir model to
formulate an expression representative of the adsorption isotherm.6482; Then the (In P) is plotted
as a function of 1/T. From the Claussius Clapeyrons3, equation (1-2), (where P = pressure, R =
universal gas constant, T = temperature, and C = is a constant), the isosteric heat of adsorption can
be determined

A second method for determining the isosteric heat is using a virial type equation (1-3)
shown below, which is first used to again model the adsorption isotherm. Afterwards, the isosteric
heat can be extracted using equation (1-4). 83

m k
1 . .
In(P) = In(n) + (?) * Z an' + Z bn’ Eq.(1-13)
i=0 j=0
m
Que =R am' Eq.(1-4)
i=1

The biggest advantage of this calculation method lies in the fact that the isosteric heat can
be obtained by the direct derivation of the equation (1-3). However, it should be noted that the
first method, using the dual site Langmuir model, is particularly good for accurately fitting data
that has a combination of both strong and weak adsorption sites. Without a proper fit to the
adsorption isotherm, inaccurate determination of isosteric heats will likely be the result. This is
apparent throughout the literature where the same MOF can have markedly different reported
values for isosteric heats. A few examples include HKUST-1 whose isosteric heats range from 15
to 35 kJ/mol8+85 and Mg,(dobdc) whose isosteric heats range from 39 to 47 k]J/mol86-87. This
inconsistency in reported results could be related to improper activations, varied sample quality,
or issues regarding the method chosen to determine the low-coverage isosteric heat. In these
cases, theory capable of accurately determining enthalpies of adsorption can be quite useful for
experimentalists to gauge the quality of their results.”3

1.2.2 Multicomponent adsorption

A more realistic, yet somewhat experimentally intractable method to assess the
performance of a material for carbon-capture applications is through multicomponent adsorption
isotherms. While single component isotherms are readily accessible using commercially available
equipment, multicomponent adsorption measurements are time consuming, require customized
equipment, and pose challenges regarding data analysis. Binary adsorption measurements in
MOFs were first carried out in 2009 by Férey et al.88 who measured the co-adsorption in a mixture
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of CO,/CH4 in a flexible framework known as MIL-53(Cr)8® (also known as Cr(OH)(1,4-BDC)
where 1,4-BDC = 1,4-benzenedicarboxylate, MIL = Material des Instituts Lavoisier). Since this time
other studies have been limited to a few other systems?° exposed to binary mixtures and none of
these reports assess CO2/N; mixtures. However, in 2015, Mason et al. reported multicomponent
adsorption carried out in ternary mixtures of CO2/N2/H20 at temperatures of 298 Kand 313 K in
15 iconic frameworks that include MOFs, zeolites, activated carbons, and mesoporous silica.”’¢ The
amount of CO; adsorbed in these materials in the CO2/N>/H>0 mixtures at 40 °C can be seen in
Figure 1-5. This gas mixture was meant to assess materials performance in a mixture of the main
components found in post-combustion flue gas. It can be seen that the amount of CO; adsorbed in
the single (pure) component isotherms varies quite significantly from the multicomponent
measurements, likely due to water competing for CO, adsorption sites in the series of materials.
For these measurements, Mason et al. used a custom built high-throughput analyzer capable of
measuring 28 different samples and as many as 8 different gases including H0. This instrument
is the first reported to be capable of performing high-throughput multicomponent adsorption
measurements at equilibrium. 76

1.2.3 Experimental breakthrough

Considering post-combustion capture will consist of flue gas flowing through a packed bed
of adsorbent, breakthrough measurements are a good way to prove the feasibility of MOFs’
performance in more application relevant environments. A typical breakthrough apparatus
consists of a gas mixing system, a column where the sample is packed, and a detector, which
usually consists of a gas chromatograph and/or mass spectrometer. A known gas mixture is
flowed through the fixed adsorbent bed and the detector is used to monitor the downstream gas
composition as a function of time. As the gas flows through the bed, certain components in the gas
stream will break through the bed at different times. The idea is that the gases with the lowest
affinity for the MOF surface passes through the bed more rapidly. As such, from a practical point
of view, the best adsorbent is the one that exhibits a long breakthrough time for the small molecule
of interest, while exhibiting a short breakthrough time for the other components in the gas stream.
In this case, the adsorption bed will have longevity, passing undesired gases through very quickly,
while capturing the component of interest. At some point, once the adsorbent bed becomes
saturated with the targeted molecule, the composition of the effluent downstream will match the
initial composition of the gas feed.

Typically breakthrough experiments are carried out at room-temperature and slightly
above.?1-92 Thus far in the MOF literature several MOFs have been studied in multicomponent
streams, such as CO2/N,% CO2/Nz/H,0,%49% CO2/H:0,%7 and CO,/N,/0,%. Most of the reported
studies are only relevant to post-combustion carbon capture or natural gas sweetening
applications. While breakthrough experiments are relatively straightforward, due to variations in
the MOF particle size, the density of the packed bed, and flow rates of the gas mixture, there are
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often difficulties in using this method to get an accurate comparison between different materials.
As such, breakthrough curves are often instead simulated.”

1.2.4 In-situ Characterization

As in the case of carbon
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capture, most practical
applications for MOFs are reliant
on interactions with guest species.
Knowing the nature of these
interactions is essential to
interpret the properties of existing
frameworks, and this knowledge
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function. As such, a number of in- synchrotron powder x-ray diffraction.

situ techniques including single

crystal and powder diffraction,$3. 100-101 infrared spectroscopy (IR)192, Raman spectroscopy103-104,
nuclear magnetic resonance (NMR)105-107 x-ray absorption spectroscopy (XAS)108, inelastic
neutron scattering (INS) 6% 109-111 and quasielesctic neutron scattering (QENS) 112-113 have been
employed to investigate the static and dynamic properties of various small molecules in MOFs.
These techniques can be used to provide pertinent information on how and where guest
molecules bind, on the nature of Glass cap
the electronic environment around “

the adsorption site, and also how tfy:?aﬁo g qu:l
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_ Figure 1-7- A customized gas cell designed for SXRD. The
amount of gas to an activated cells can be used for (a) flow through or (b) gas dosing.

sample, which is then heated or

cooled to the temperature regime of interest. For measurements focused on obtaining static
structural information, usually temperatures below 100 K are used in order to eliminate dynamic
disorder associated with the surface bound molecules. For spectroscopic measurements used to
unveil dynamic properties like diffusion, researchers typically work at higher temperatures
where these dynamic modes are activated.1%¢ Recent work has also been focused on studying
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materials under more application relevant environments at higher pressures and temperatures
and many of these studies are intent on unveiling information related to mechanical stability or
framework flexibility.11* The most predominate forms of characterization throughout the MOF
literature are briefly reviewed below. While all of these techniques have their limitations, when
combined, they can provide a complete experimental picture of the adsorption process and its

effect on the structure of the materials.
Crystallographic techniques

Due to their crystalline nature, MOFs have a nonhomogeneous van der Waals potential
energy landscape that dictates how incoming guest molecules arrange themselves on the internal
framework surface. This makes diffraction the most direct way to probe static site-specific binding
properties of MOFs, and it is a particularly powerful tool when paired with adsorption isotherms.
In addition to providing the location and orientation of surface bound guest species, diffraction
techniques can be used to unveil a host of information such as the relative difference in binding
energy between neighboring adsorption sites. The latter is done through sequential dosing type
experiments, where diffraction data is collected after the sample has been dosed with increasing
amounts of gas, allowing one to see an increasing number of sites populated with higher gas doses.
Of course, this information is gained under the assumption that sites with the strongest binding
energy are populated first. Further, diffraction is used to probe the structural response of
materials under more application relevant environments with varying pressures and
temperatures that are required for various gas storage and separation applications, providing
information on the framework flexibility and mechanical stability.115 Last this technique can
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Figure 1-8 (a) The illustration of structural change of hydrated MIL-53(Cr) unveiled using in situ X-
ray powder diffraction carried out as a function of CO; pressure; (b) Schematic diagram of
corresponding breathing behavior of MIL-53(Cr) as a function of pressure. This image is reproduced
from reference [140] with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

provide valuable insight in the nature of host-guest interactions.116 While most metal-organic
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frameworks are dominated by weak van der Waals interactions and typically exhibit host-guest
distances above 3 A, many reports have shown that the presence of highly reactive, electron
deficient open metal coordination sites (OMCs) can create strong electrostatic type interactions
with small guest molecules; these are often depicted by shorter framework-guest distances
ranging from 2 to 3.0 A. In some instances there are much stronger chemisorptive type
interactions where there is charge transfer between the MOF and guest species, lending to
structural changes at the adsorption site and/or small molecule. 72 For chemisorptive interactions,
diffraction data usually reveals very short distances between the host framework and guest
species. Further, when compared to those of the unbound species, small molecule activation can
give rise to significant changes in bond distances and/or angles that can easily be seen in
diffraction data. 72 All of this information cannot easily be determined from in-situ spectroscopic
techniques, which do not easily provide a direct visualization of surface bound guest species.
Crystallographic investigations of a variety of small molecules, such as CO,117 N3,72 CO,,63, 101, 118-119
H0,120 0,, 72.121-122 NO,123 and H,,121.124-125 have been carried out for a number of MOFs of interest

for carbon capture applications.

One of the first crystallographic studies of CO; adsorption in a MOF was carried out on a
breathing framework known as Cr-MIL-538° that is made up of Cr(IlI)Os nodes with 1,4-
benzodicarboxylic acid struts. The framework pores undergo expansion and compression as a
function of changing pressure. In-situ powder diffraction carried out on the hydrated-MIL-53
under various CO; pressures was used to understand the structural evolution (Figure 1-8a). 119,126
Prior to the introduction of CO; the material exhibits a narrow pore phase2?, which is maintained
up to a pressure of approximately 5 bar, where there is co-existence of both a narrow pore and
large pore phase. At 15 bar there is complete conversion to the large pore phase (Figure 1-8b). In
this structural transition the unit cell increases by over 30% from 1012.8 A3 for the hydrated
analog to 1522.5 A3 after CO; loading. While the narrow pore material adsorbs minimal CO; the
structural phase transition opens up a significant amount of accessible surface area depicted as a
step in the CO; adsorption isotherm.128

Most crystallographic reports in the MOF literature include either neutron or x-ray
powder diffraction29-130, while only a few studies have used single crystal methods.63 Although
the data obtained by single crystal diffraction is more complete and hence can give more
structural detail, the technical aspects of the experiment is more difficult. MOF single crystals
often experience a decrease in the quality with sample activation. There are also inherent
limitations in MOF chemistry, due to weak coordination type bonding that renders metal-ligand
interactions quite labile, which can inhibit the growth of sizeable single crystals for structural
analysis. Hence, there is a bottleneck in the field related to isolating the reactions conditions
necessary for single crystal growth. Further, due to the extremely small sample size, very minor
leaks in gas dosing equipment can cause contamination and hence problems in the final data
refinement. This is particularly a problem for MOFs with OMCs, which typically bind water
relatively strong compared to CO; and other small molecules of interest for post-combustion
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carbon capture. As such, in-situ neutron or synchrotron x-ray powder diffraction, which requires
significantly larger samples sizes (gram or miligram scale for neutrons an x-rays, respectively),
are more straightforward. For powder neutron or x-ray experiments activated samples are loaded
into either a vanadium sample can or glass/kapton capillary, respectively (Figure 1-6). After data
collection, Fourier difference analysis, followed by subsequent Rietveld refinement is used to
elucidate CO; locations and orientations (Figure 1-9a).63 Figure 1-9b shows 3 adsorption sites
identified in Cuz(dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate) with site I bound at the
OMC as determined by neutron powder diffraction. The plot of the diffraction data (Figure 1-9¢)
shows an excellent match with the final structural model. 63 While crystallographic tools have been
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Figure 1-9 (a) Fourier difference map revealing excess scattering density in Cux(dobdc) that results
from CO; adsorption in the framework channel. The excess scattering for site Il becomes more
apparent with the inclusion of site | atoms in the model. (b) A ball and stick model of the finalized
structure of Cuz(dobdc) showing 3 CO; adsorption sites (determined from Rietveld analysis). (c)
NPD data from Cuz(dobdc) (10 K) after dosing with 0.5 CO; per Cu?*. The green line, crosses, and
red line represent the background, experimental, and calculated diffraction patterns, respectively.
The blue line represents the difference between experimental and calculated patterns. This image
is reproduced from reference®? with permission from the Royal Society of Chemistry.
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used in the characterization of a number of MOF systems, there are also a few limitations to be
considered. The time and position averaged diffraction data can suffer from static or dynamic
disorder that inhibits the elucidation of fine structural detail associated with small molecule bond
distances and angles.63 Further crystallographic problems can arise due to poor crystalline quality
and improper sample handling or activation.

Spectroscopic techniques
IR, Raman, and INS

While PXRD can be used to probe the static structure of materials, IR, Raman, and INS are
often used to look at local vibrations and rotations of guest species throughout MOF materials.
These spectroscopic tools are highly sensitive to molecular interactions in the frameworks. As
such, they can also be used to indirectly probe binding configurations, binding enthalpies, and
loading levels. However, this information is usually extracted from peak shifts, broadening, or
intensities and so interpretation should proceed with caution. There are many false assumptions
throughout the literature that peak shifts, which are very sensitive to the coordination
environment around the adsorption site, are directly correlated with the adsorption enthalpy.
Last, the integrated spectral intensities are often assumed to correlate with loading level. While
this can hold true in some instances, sometimes intermolecular interactions can strongly influence
the peak intensities as highlighted in a recent study H> adsorption in Mg,(dobdc) of Nijem et al.131
They found that high H; loadings resulted in a counterintuitive decrease in IR intensity due to a
decrease in the effective charge of H, at the OMC.

There are 3 vibrational modes associated with CO», the asymmetric stretching mode, v; =
2349 cm! and bending vz = 667 cm'!, mode are IR-active, while the symmetric stretching mode,
vi = 1388 cm, is IR-inactive.132-133 If there is significant polarization of the surface bound
molecules, as in the case of OMCs, the IR -active modes offer a way to probe the nature of the CO;
framework interaction. Dietzel et al. carried out one of the earliest in-situ IR studies on Niz(dobdc)
framework to unveil the nature of the CO; interaction with the Ni2+-OMC.101 They observed several
bands associated with the CO; adsorption that were assigned to the CO; in an end-on orientation
at the OMC, an observation that agreed well with in-situ diffraction experiments. The v3 mode was
slightly red shifted by 8 cm-! with respect to the gas phase, a result of the charge transfer between
the lone-pair of electrons on the CO; to the OMC. They additionally observed a combination mode
of vz + v, where vu_o is the stretching mode of the Ni2+-(0)CO; adduct. The position of vi-o was
determined to be 67 cm-1, a value that is comparable to the expected value of approximately 70
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Figure 1-10 (a) Ball and stick model of Cu-TDPAT that shows interconnected cuboctahedral
building units, consisting of Cu-paddlewheels and isophthalate ligands. The pink balls represent
void space. Cu, C, O are represented by blue, grey, and red spheres, respectively. (b) Full Raman
spectra of as-synthesized Cu-TDPAT (black), Cu-TDPAT treated with H>O saturated CO; (pink),
activated Cu-TDPAT (blue), and activated Cu-TDPAT treated with pure CO; gas (red). Figure 9b is
reproduced with permission from ref>® with permission from the Royal Society of Chemistry.

cml. Further there was observation of the aforementioned bending mode. While it is expected to
be doubly degenerate, a doublet was instead observed at 659 and 651 cm-1. This observation was
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used to support bending of the CO2 molecule at the OMCs observed in the diffraction data. It should
also be noted that the CO; angle found in the diffraction studies carried out in this work was
162(3)°,101 a huge deviation from the expected linear geometry. Later studies showed that this
unexpected bending was due to a misinterpretation of the time and position averaged diffraction
data and that the CO angle should not deviate greatly from 180°.63

Since this initial work, IR and Raman have both become highly active tools for the
characterization of many MOFs. Valenzano et al. used variable temperature IR data to obtain the
enthalpy and entropy of adsorption for CO; adsorbed at the OMC in Mg,(dobdc). The calculated
enthalpy of adsorption was estimated to be -47 kJ/mol, which agreed very well with previously
reported values obtained from adsorption isotherms.!34% An additional in-situ IR study of CO;
adsorption was carried out in the rht-type MOF known as Cu-TDPAT!35 (Cu-TDPAT
=[Cu3(TDPAT)(H20)3]-10H,0-5DMA and TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-
triazine), a framework that consists of Cu paddlewheel clusters and triazine ligands (Figure 1-
10a). CO; adsorption studies show not only high carbon dioxide uptake (0.072 grams of CO; per
gram of MOF at 0.15 bar and 298 K) 136, but also high CO- to N selectivity (34.2 determined via
IAST). An in-situ IR study carried out on the Cu-TDPAT framework, which exhibits both Lewis
acidic OMCs and Lewis basic amine functionality on the triazine linker, gives evidence of two
strong adsorption sites.!37 A follow up study of Lockard et al. monitored certain Raman active
vibrational frequencies associated with the metal-containing building unit, the ligand, and surface
bound CO, (Figure 1-10b).138 They were able to monitor a Cu-Cu stretching mode in the
paddlewheel, revealing that the Cu-Cu interaction became stronger with dehydration and with
CO: loading, implying a shorter Cu-Cu distance. Additional Raman active modes were used to
show a rearrangement of the linker configuration to becoming more planar and hence less
strained upon activation, which was verified using DFT simulations of the Raman spectra. Further
the Raman-active CO; vibrational modes gave additional insight into the presence of two strong
adsorption sites, one associated with the metal and one associated with the triazine linker. After
poisoning the OMC with the addition of water, and effectively blocking that adsorption site, the
linker reverts back to a nonplanar configuration, enhancing the Lewis bascicity of the linker. The
latter, in turn, enhances the CO; interaction with the Lewis base functionality, an observation that
is consistent with theoretical work that predicts that the selectivity for CO; over N; will be

enhanced in a wet gas streams.135

In-situ DRIFTS (Diffuse reflectance infrared Fourier transform spectroscopy) studies were
utilized to study CO adsorption in mmen-CuBTTri (Cu-BTTri = H3[(CusCl)3(BTTri)s(mmen)q2]139
and mmen: N,No-dimethylethylenediamine),’*® which is one of the best MOF-candidates
discovered to date for energy efficient post-combustion carbon capture.!*! The idea was to mimic
the chemical reactivity observed in liquid amine scrubbers through the appendage of alkyl amines
to the OMC on the internal MOF surface. After dosing the mmen-CuBTTri framework with CO.,
there is disappearance of a peak at 3283 cm-!, which is related to the N-H stretching mode. There
is also an emergence of several other peaks that were unobserved before the introduction of COs.
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These significant changes in the spectrum have been attributed to the formation of zwitterionic
carbamates or carbamic acid, which are the expected species via chemisorption of CO; to the
amine functional groups.

Last, recent work of Wright et al. showed that synchrotron based IR microspectroscopy
with polarized IR light could be used to determine the orientation of adsorbed CO, molecules, the
CO; loading level, and the enthalpy of adsorption in single crystals of a small pore amine-
containing MOF, Scz(BDC-NHz)3;, (BDC-NH;= 2-amino-1,4-benzenedicarboxylate).142 The
measurements, collected during CO, uptake at partial pressures of 0.025 bar to 0.2 bar at 298 K
to 393 K (Figure 1-11), have 100-fold higher photon flux density relative to lab sources. Further,
this technique yields a large improvement in the signal-to-noise ratio so that high quality
direction-dependent polarized IR spectra can be measured for anisotropic crystals. As such, in this
study, measurements could be done at extremely low CO coverage of ~0.1 mmol / g, which is
equivalent to a site occupancy of 1.5%. This value is within the error of what can be measured by
diffraction experiments and certainly outside the regime of what can be seen with most other in-
situ techniques. While it was not shown in this study, due to the high rate of CO, diffusion at the
temperatures probed, it is suggested that the technique could be used to elucidate CO:
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Figure 1-11 Series of spectra taken from an isobar from a single site of a single Sc2(BDC-NH2)3
crystal. As temperature increases the magnitude of the adsorbed CO, asymmetric stretch(red
arrow) at 2335 cm™! wavenumbers decreases relative to the NH; stretching modes, one of which is
shown with a blue arrow. This figure is reproduced from reference!®* with permission from WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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diffusivities. This can be done by following the temporal and spatial variations over a single

crystal.142
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Figure 1-12'3C NMR spectrum of DUT-8(Ni) pressurized with 9.5 bar carbon dioxide measured at
237 K. Note that the initially closed structure opens during the adsorption experiment at
temperature-dependent gate-opening pressure (ca. 5 bar at 237 K) whereas it remains open during
desorption down to 1 bar (hysteresis). (Blue: experimental spectrum, green: simulated gas phase
signal, magenta: simulated signal of adsorbed CO,; red: Sum of the simulated signals.) This figure
is reproduced from reference!®’ with permission from MDPI — open access publishing.

It should be noted that while Raman and IR have been used extensively due to their
sensitivity to CO, and several other small molecules of interest, INS, a technique that does not
suffer from selection rules, rarely has been used to study materials for carbon capture
applications. The reason is that the incoherent scattering cross sections for C, O, and N are weak
relative to those of H.143 As such, these studies require long measurement times. Further, for INS
measurements, data are first collected for the activated framework. This is followed by data
collection for the framework loaded with gas, and the spectrum of the bare framework is then
subtracted from the spectrum obtained for the CO; loaded sample. Given the data subtraction,
when possible frameworks should be deuterated in order to lower the contribution of the
framework H atoms in the background spectrum. Further, in cases where CO; binds very strongly
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and causes significant changes in the unit cell parameters, this can shift the framework phonon
frequencies. These two problems were highlighted in an INS study of CO; adsorption Mg,(dobdc).
Despite framework deuteration, Queen et al. could still see no convincing indication of vibrational
modes associated with framework adsorbed CO.. The difference spectrum instead revealed
negative and positive intensities, indicating significant shifts in the framework modes upon CO;
adsorption. This was further verified by neutron powder diffraction, which showed a significant
reduction in unit cell volume from the bare framework to the CO, dosed one. Both softening and
hardening of the vibrational modes are observed, likely due to the inverse effect CO; adsorption
has on the lengths of the a/b and c-axes, as supported by the diffraction data.63

NMR

In-situ NMR, a powerful technique that can be used to complement diffraction studies,
locally probes the nuclear spins present in the sample, and hence the local environment around

2 - N
Hopping f

Figure 1-13 Ball and stick model of Mgz(dobdc) with CO, adsorbed at the open metal site, as
determined by NPD. The arrows represent the CO2-hopping mechanism proposed by molecular
simulations used to interpret NMR data. The higher-magnification view represents the fi xed
rotation angle, 8 . The green, red, and grey spheres represent Mg, O, and C, respectively. This
figure is reprocuced from reference® with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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each atom. This technique, which does not require any long-range order, can provide binding
configurations, information on adsorption induced framework flexibility, as well as the dynamic
properties of imbibed guest molecules throughout the frameworks (in the millisecond regime).
While the number of studies is growing, in situ NMR experiments reported to date for the
elucidation of host-guest interactions are few in number. To the best of our knowledge in-situ
studies have been carried out with the following adsorbates including Xe144, C0,106. 145, H,146-148,
H,0146,149 NH3,150 and hydrocarbons?51-152, [t is thought that the lack in utilization of in-situ NMR
is due to the lack of accessible instruments, difficulty in data interpretation, and probe restrictions.
It has been shown that CO; adsorption in frameworks can result in anisotropic or restricted
motions of CO>. As such, the 13C NMR signals exhibit characteristic line shapes that in turn allow
determination of information pertaining to the motion of the adsorbed molecules,!53 such as
rotational axes of surface bound CO;. These characteristic line shapes were observed in in- situ 13C
NMR spectra of CO; adsorbed in Niy(2,6-ndc);(dabco) or DUT-8 (2,6-ndc = 2,6-
naphthalenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane)!54 (Figure 1-12), a MOF that
exhibits a gate opening effect at a characteristic pressure of 5 bar. Below this pressure, the only
signal observed in the NMR is from unbound CO; at 335 ppm; however, at higher pressures the
framework pops open and a broad signal is observed with a characteristic shape due to chemical
shift anisotropy, Aav of 52 ppm. From this data the tilt angle, 8, defined as the angle between the
symmetry axis and the rotational axis, can be calculated using the following equation:
3 cos?6 — 1)

5 Eq.(1-5)

Aad = A(

The tilt angle determined for DUT-8(Ni) was calculated to be 49(2)°.155 Following this
study, a similar effort was made by Kong et al. to elucidate the CO, adsorption behavior in
Mg>(dobdc).106 This study is briefly described in the next section; however, an image showing the
determined O value for CO; in Mgz(dobdc) is shown in Figure 1-13.

QENS

The use of quasielastic neturon scattering (QENS), often combined with molecular
dynamics simulations, has on several occasions been used to understand diffusive properties of
small molecules in MOFs. One thing to note for QENS is that the incoherent scattering cross section
is minimal for many elements other than H and so in the case of CO, collective motions of
molecules are measured rather than diffusivities of individual molecules that are measured for H:
and CHy, for instance.113.156-157 Most QENS studies are used to extract three parameters, the self-
diffusivity (Ds), which describes the diffusion of individual molecules, the transport diffusivity
(D), which describes the mass transport that is induced in the presence of a gradient, and the
corrected diffusivity (D,) which is related to the transport diffusivity via a thermodynamic
correction factor that is calculated from the experimental adsorption isotherm. When looking at
many industrial applications regarding separations, particularly membrane separations, where
there might be mass transport in non-equilibrium environments, the transport diffusivity
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becomes very important and so it is necessary to assess these terms separately. Because the
scattering from CO; is coherent in nature, the transport diffusivity is probed. Compared to NMR,
QENS measures fast diffusive motions on time scales ranging from 1010 to 1013 sec'l. Further, the
distances over which the diffusive properties are observed is well defined and variable, typically
the distances range from 2 to 100 A for QENS, while in NMR the time scales are long, in the
millisecond regime and as such, so are the distances (microns).

Excha e barrier

(k.l}mol)

Figure 1-14 Ball and stick model of the OMC in M2(dobdc) with CO; being displaced by either H,O
or SO; and their energy barriers to activation. M?*, O, C, H, and S are represented by orange, red,
great, white, and yellow spheres, respectively. This figure is reprocuced from reference!’® with
permission from the American Chemical Society.

One of the first QENS studies of CO; adsorption in a MOF was carried out by Maurin et al.
in MIL-47(V) or VO(1,4-BDC) (1,4-BDC = 1,4-benzenedicarboxylate)!s8 to extract the
aforementioned three diffusivity parameters over a wide range of loadings. They found that while
Ds and D, decrease as a function of loading, that D; shows a non-monotonous response that is
rationalized to be the result of intermolecular CO; interactions that deviate from the behavior
expected for an ideal gas. They show that the MD-QENs study is able to probe the transport
diffusivity in MOFs, a method, which can be applied to understand the dynamics associated with
industrially relevant gas mixtures.158 Since this time, the diffusivity of H; and CO; in the small pore
Zr-based MOF MIL-140A(Zr) has been evaluated using the MD-QENS technique to determine the
self-diffusivities of Hz, and the corrected and transport diffusivities of CO; as single components
and also in a binary mixture. Of these two guests, H,, with its smaller kinetic diameter, was shown
to diffuse through the narrow triangular channel of MIL-140A(Zr) at a significantly faster rate
than CO; at the same temperature. In the binary mixture, H; is still faster, but it shows a slightly
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slower self-diffusivity, while CO gets a bit faster. Despite these slight changes, there is still a
significant difference in the observed diffusivities in the binary mixture, suggesting that this
material might be a good candidate for kinetic based separations of CO; and H5. 159-160
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Figure 1-15 (a) Experimental and simulated INS spectra for the COz-loaded Al(OH)2(bptc). The
yellow bars highlight the position of peak | and Il. (b) Wire view of the Al(OH)2(bptc) obtained using
PXRD analysis. There are two identified CO2 adsorption sites in the pore channel are represented
by a ball-and-stick model. Site | (with the grey carbon) was determined by INS/DFT and verified via
powder x-ray diffraction and site Il (with a blue carbon) was determined by powder x-ray diffraction.
The dipole interaction between neighboring COx(l,1l) molecules is highlighted in orange. (c)
Detailed view of the interactions between MOF —OH and —CH groups with CO2 molecules in a
pocket-like cavity (determined by DFT simulation). The modest hydrogen bond between O(&°) of
CO2 and H(d*) from the AI-OH moiety is highlighted in cyan. The weak cooperative hydrogen-bond
interactions between O(8") of CO2 and H(d") from —CH are highlighted in purple. Each O(&~) centre
therefore interacts with five different H(®*) centres. Framework aluminium, carbon, oxygen, and
hydrogen are represented by green, grey, red, and white, respectively. This figure is reproduced
from reference!’ with permission from Macmillan Publishers Limited.
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Computational aid for data interpretation

While spectroscopic tools, as a means to assess small molecule interactions in MOFs, are
generally accepted, because of the aforementioned reasons data interpretation should proceed
with caution. When relevant, it is helpful to utilize theoretical tools capable of incorporating vdW
interactions to reduce error in data interpretation. There are several examples throughout the
literature where computational tools have proven essential to interpret spectra. This was
highlighted by the work of Lin et al'97 who used molecular simulations to reproduce chemical shift
anisotropy (CSA) powder patterns of 13C NMR, work that was proven to be essential for the
interpretation of diffusive motions of CO; in Mgz(dobdc). In this study the NMR measurements of
CO; adsorbed Mg;(dobdc) 196 revealed a distinct CSA powder pattern, which at the time was
interpreted to be the result of a uniaxial rotation with a fixed rotation angle 6 that ranged from 56
°to 69 ° (at temperatures from 200 K to 400 K). However, a more recent study used molecular
simulations to probe the free-energy landscape of CO, in Mg,(dobdc) under conditions similar to
those used in the NMR study. The Monte Carlo simulations indicated that NMR signature was
instead the result of a molecular-hopping motion between metals within the crystallographic ab
plane (Figure 1-14). This study implies that the dynamics of CO, within Mg,(dobdc) were more
complex than originally expected.107

X-ray absorption spectroscopy (XAS), an element specific technique used to probe changes
in the electronic environments with the adsorption or desorption of guest species, is highly
sensitive yet difficult to interpret without the help of theory. Near edge x-ray absorption fine
structure (NEXAFS) was used to probe the Mg K-edge first in the activated Mg;(dobdc), and then
again with the DMF and CO; bound to the open Mg?* site. Spectra were simulated using DFT and
then compared with the experimental spectra. This theoretical analysis proved necessary to
understand the variations in the local electronic environment around the OMC from the activated
MOF to the one with surface bound molecules.198 Using in-situ XAS (x-ray absorption
spectroscopy), a similar study was carried out to study CO; adsorption around the OMC in Cu-
TDPAT.138 The constant edge position at 8990 eV has confirmed the oxidation state of the Cu?+
throughout the adsorption and desorption process. In addition, the activated framework was
exposed to both water and carbon dioxide, and due to the fact that the edge feature intensity for
the CO; dosed framework was between that that of H,0 loaded and activated one, it has been
concluded that the interaction of the OMC with the CO; molecule is not as strong as that of water,
giving a strong indication that in a competitive environment, water would preferentially bind over
CO..

More recently, Chabal et al used in-situ IR combined with ab initio simulations to
investigate competitive binding of small molecules in Mz(dobdc) where M= Mg, Co, and Ni.té1 They
investigated the displacement of CO, with several molecules including H,0, NHz, SO2, NO, NO>, N,
02, and CH4. They found, despite the higher binding energy of SO,, NO, and NO (~70-90 k] /mol),
that H,0 and NH3 (~60-80 k] /mol) are the only molecules able to sufficiently displace the CO, (38

29



Chapter 1

to 48 kJ/mol for the 3 metals). They used DFT simulations to evaluate the energy barrier
associated with CO; displacement by H,O and SO.. They found the energy barrier to be
approximately 13 and 20 kJ/mol, for H,0 and SO, respectively. The calculations revealed that,
instead of differences in binding energies, the kinetic barrier for this exchange is dictated by the
interaction of the second guest molecule (in this case H20 or SO;) with the MOF ligands. Hydrogen
bonding between the H,0 and oxygen on the organic linker facilitate the positioning of the H,0
oxygen atom toward the metal center (Figure 1-14). These interactions reduce the exchange
barrier for the CO; displacement by H,0. In contrast, the SO, instead interact with the benzene
ring that is more distant from the metal center, an occurrence that hinders the exchange process.
To the best of our knowledge this is the first in-situ work that provides insight into competitive
co-adsorption. 161

Due to the aforementioned problems with negligible incoherent scattering cross sections
of many of the elements of interest for CO, capture, many INS studies actually pair DFT-based
calculations to aid in understanding the host-guest interactions. For instance, Alz(OH):(bptc)
(where bptc = biphenyl-3, 3’, 5,5'-tetracarboxylate alternatively known as NOTT-300), shows
relatively high CO; uptake with a value of 2.64 mmol / gram of MOF at 0.15 bar and 298 K and
minimal uptake of CHs, Ny, Ar, Oz, or H.162 INS, paired with DFT derived simulations of the INS
spectrum, was used as the primary method for characterization of the surface bound CO,, a
process that was then validated via powder x-ray diffraction. The sample was loaded with 1.0 CO-
per formula unit, and the INS data revealed an increase in the intensity of two peaks located at 30
meV and 125 meV. Further, peaks above 100 meV were shifted to higher energy indicative of a
hardening of the framework modes with CO, adsorption (Figure 1-15a). The DFT-derived INS
spectrum showed very good agreement with the experimental one and indicated that the
preferential CO, adsorption site was located in an end-on orientation approximately 2.33 A from
the framework hydroxyl group. This implies that moderate H-bonding interactions were
responsible for the observed CO; adsorption properties (Figure 1-15b, c). The low energy peak in
the INS spectrum was assigned to a wagging mode of the -OH that was induced by the presence
of COz, while the higher energy peak was assigned to the wagging mode of four aromatic C-H bonds
that are found adjacent to the surface bound CO;. This work shows that pairing DFT and INS made
it possible to visualize the binding mechanism of CO; and gain necessary insight into the high CO;
absorption properties of the framework at low-pressures. Additionally, the low H; uptake for this
material was rationalized using the same methodology. 162

1.3 MOFs for post-combustion capture

1.3.1 Necessary framework properties for CO> capture

Maximizing the framework adsorption capacity (both volumetric and gravimetric) and
selectivity of CO; at low pressures and in the presence of other components in the flue gas stream
is of principal importance to post-combustion carbon capture. As shown in Table 1-1, this process
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is carried out at a pressure of = 1 bar with CO, volumes that range from 3 to 15% depending on
the fuel source and at temperatures between 40 and 75 °C. As such, absorbents used for post-
combustion capture must show high CO, adsorption capacity at partial pressures less than 0.15
bar, a property that can be positively influenced by designing frameworks with high densities of
strong adsorption sites. Other properties required for post-combustion capture include the ease
of regeneration (likely to occur between temperatures of 100 to 200 °C in a TSA process), rapid
diffusion of gases through the adsorbent, and long-term stability of materials under application
relevant conditions. While it is considered difficult to design materials to meet all of these criteria,
the facile structural tunability of MOFs offer an unprecedented opportunity to target new
materials with tunable interactions for the energy-efficient capture of CO».

Knowledge of the fundamental differences in the physical properties and reactivity of CO-
and N; has aided the design of multiple frameworks that exhibit strong CO, adsorption in the low-
pressure regime that is of interest for post-combustion carbon capture.163 For example, Table 1-2
shows that CO; has higher polarizability (CO, = 29.1 * 10-25 cm3 ;N, = 17.4 * 10-25 cm3) and
quadrupole moment (COz = 43.0 *10-27 esul cm!; N2 = 15.2 * 10-27 esu'!l cm1) compared to N». As
such, the introduction of structural components that exhibit high charge densities on the
framework surface can be used to polarize incoming CO, molecules and hence manipulate both
the selectivity and the adsorption capacity at low pressures.164 As an alternative, CO; is also known
to be susceptible to attack by nucleophiles as demonstrated with the aforementioned liquid amine
based scrubbers. Chemisorptive interactions, achieved via Lewis base functionality appended on
the internal MOF surface is also becoming a common trend in MOF chemistry.165-168

1.3.2 Assessing MOFs for CO2/N2 separations

The most common method to assess applicability of MOFs in post-combustion flue gas
capture is through the assessment of CO; and N; single component isotherms collected between
293 and 313 K at pressures up to 1 bar.23 From extraction of isosteric heats obtained from variable
temperature adsorption data and analysis of the CO, uptake in the low-pressure regime, one can
gain immediate insight into the materials affinity for CO,, its potential regarding adsorption
capacity, and the potential ease of regeneration. It should be noted that, compared to many reports
in the literature, flue gas will be introduced to the adsorbent at temperatures ranging from 50 to
75 °C and then released at temperatures that range from 100 to 200 °C. As such, there is a clear
need in the literature for materials assessment at significantly higher temperatures. This fact was
highlighted in a recent report by Mason et al. which show assessment of CO; and N adsorption in
two MOF frameworks, Mgz(dobdc) and MOF-177, at temperatures ranging from 20 to 200 °C. With
this work, they report a methodology to assess the performance of materials in a likely scenario
using temperature swing adsorption.

Given the partial pressures of CO; and N; in the flue gas of a coal-fired power plant, MOF
selectivities reported in the literature for CO; over N; are usually calculated using the molar ratio
of the CO; uptake at pressures of 0.15 bar over the N, uptake at 0.75 bar. It should be considered
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that the significantly larger quadrupole moment of CO, over N; will lead to an overestimated N
adsorption in MOFs that contain highly polarizing adsorption sites because CO, will preferentially
bind to strong adsorption sites and hence reduce the actual amount of adsorbed N in a binary
mixture. While this molar ratio method is the simplest way to calculate selectivity, it has been
shown in a recent report by Mason et al. that the obtained values cannot be taken too literally. In
assessment of CO, adsorption isotherms of Mg,(dobdc) between 40 and 60 °C they show an
unrealistic increase in selectivity for CO, over N> demonstrating the importance of using IAST169
to calculate the selectivities for MOFs containing strong adsorption sites.%

One very important metric for assessing a material for post-combustion carbon capture
applications is the isosteric heat of adsorption, -Qs. The -Qy at low-coverage is indicative of the
strength of binding of the strongest adsorption site and strongly influences the low-pressure
adsorption capacity and selectivity of MOFs and further influences their ability to undergo
regeneration.170-17t  Figure 1-16 shows the CO; adsorption capacity and isosteric heats for a
number of frameworks in the low-pressure regime of interest for post-combustion capture.63. 84
99,102, 140, 172-179 [t should be noted that because the density of adsorption sites is not taken into
account in this image, the strength of the adsorption site does not correlate very well with the low-
pressure capacity. However, for the high surface area materials with no polarizing surface
functionality, such as MOF-177, the adsorption capacity is only 6 mg of CO; per g of adsorbent and
the isosteric heat is 14 k] /mol, while Mgz(dobdc), a material with much stronger adsorption sites
due to the presence of exposed metal cations (43.5 kJ/mol) and a modest BET surface area of only
1200 m2 per g of adsorbent, takes up 290 mg CO; per g of adsorbent at 0.15 bar and 298K. This
shows that surface area has minimal impact in the low-pressure adsorption properties. Further,
it can be seen in Figure 1-16, that the strongest binding sites for CO,, (hence the highest —Q
values) are related to frameworks with alkyl amine based functionality or highly polarizing open-
metal coordination sites (OMCs). These two structural components have been used quite
extensively throughout MOF chemistry to enhance the overall low-pressure CO, adsorption
properties.
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1.3.3 MOFs with open metal coordination sites (OMCs)
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Figure 1-16 CO; adsorption at 0.15 bar, the pressure relevant for post-combustion capture. It
should be noted that all for the data presented was obtained from isotherms collected at 298K with
the exception of HKUST-1 and Cr-MIL-101 and Cr-MIL-101-DETA, which were collected at 293
and 296 K, respectively. The values in red represent the low-coverage experimental isosteric heats
Of adsorption, _Qst_63, 96, 111, 114, 152, 184-191

In most reported MOFs, weak van der Waals (vdW) forces are the dominant interactions
between the framework and incoming guests; however, recent work has shown that an effective
strategy to increase the surface packing density of adsorbates is through the generation of MOFs
that contain high concentrations of open metal coordination sites (OMCs).18% The incorporation of
highly reactive, electron deficient OMCs into frameworks can also enhance both binding energy
and selectivity and permit charge transfer between the framework and surface bound guest
species?2 116, 3 property of much interest for the conversion of small molecules into other useable
products. While many of the frameworks with OMCs have been discovered serendipitously,26
there are emerging methodologies for their controlled introduction including the incorporation
of metalloligands!8! and using synthetic protocols where metal clusters containing OMCs are used
ab initio.8¢ In all of these cases, the frameworks form with solvent remaining in the channels and
in the metal coordination sphere. Post-synthetic treatment of the materials with a combination of
heat and vacuum, a process called activation, can liberate the solvent molecules from the
framework, and if the MOF porosity is maintained, the newly generated OMCs are available for

guest inclusion.
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Figure 1-16 shows the low-pressure adsorption capacity for several MOFs at 0.15 bar
and 298K. Those highlighted in blue are the adsorption capacities for MOFs with OMCs while
those highlighted in purple are frameworks dominated by weak vdW type interactions.86 It
can easily be seen from this plot that the electron deficient OMCs, which strongly polarize
incoming CO>, lend to significantly higher adsorption at low pressures of interest for post-
combustion carbon capture. It should also be noted that while OMCs provide strong
interactions allowing CO. adsorption at higher temperatures and lower pressures than
typically used for energy-consuming cryogenic distillation processes, the adsorbate-
adsorbent interactions are often weak relative to the formation of chemical bonds, providing
facile release of the molecules during the regeneration step of a separation process.86

One of the most well-studied OMC-containing MOFs to date is Mz(dobdc), alternatively
known as M-MOF-74, CPO-27-M, or M(dhtp) where M = Mg, Mn, Fe, Co, Ni, Cu, or Zn and
dobdct = 2,5-dioxido-1,4-benzenedicarboxylate (Figure 1-17a). 87 93, 100-101, 123, 182-184 The
framework consists of 1-D honeycomb like channels that are constructed by metal oxide
chains interlinked by dobdc#* ligands. The significance of this framework is related to the
interesting adsorption properties that derive from the existence of unique structural features.
For instance, upon solvent removal, M2(dobdc) offers one of the highest densities of OMCs of
any framework discovered to date. It also undergoes chemical substitution with a wide range
of first-row transition metals. The extent of the metal substitution is only rivaled by a few MOF
families such as M-BTT (BTT3- = 1,3,5-benzenetristetrazolate), where M = Cr, Mn, Fe, Co, Ni,
or Cu,121 185-188 and M3z(btc)z(btc 3- = 1,3,5-benzenetricarboxylate), where M = Cr, Fe, Ni, Cu,
7Zn, Mo, or Ru189-194,

The high concentration of electron deficient OMCs in Mg;(dobdc) leads to an
unprecedented adsorption at low-pressures of = 0.29 g CO; per g MOF (0.15 bar and 298 K)
and an isosteric heat of -43.5 k]J/mol.e3 The low-pressure adsorption is still the highest
reported to date. Multiple in-situ techniques including NMR, IR, EXAFS, and in-situ diffraction
have shown that the high-initial isosteric heat is directly related to the presence of OMCs.63. 106,
108,131,134 Rjetveld analysis of neutron powder diffraction data followed by subsequent Fourier
difference analysis has revealed CO; is bound to Mg2* in an end-on orientation that is angled
with respect to the framework surface, a direct result of secondary vdW interactions between
the CO and ligand atoms (Figure 1-13). The high isosteric heat is reflected in the ability of the
CO2 molecule to get close to the framework with short Mg-CO; distances approaching = 2.3
A.195 Britt et al. also showed a facile release of CO; in Mg(dobdc) at a moderate temperature
of 80 °C. Later, Mason et al. calculated the working capacity for the material to be
approximately 17.6 wt% with a temperature swing process from 40 °C (at 0.15 bar CO:) to
200 °C. This value is much higher than MOF-177, a material without strong adsorption sites,
which has a negative working capacity at all evaluated temperatures.

It has recently been demonstrated that chemical substitution of the framework metals
offers tunability with regard to the CO, adsorption properties, Figure 1-17b. The low-coverage
isosteric heats show the following trend: (Cu < Zn < Mn < Fe < Co < Ni < Mg) for the M,(dobdc)
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series, one that does not correlate with the expected ionic radii or Irving Williams series.63 A
first principles study of Yu et al show that the trend is instead dictated by the effective nuclear
charge seen by the CO; as it approaches the OMC.19 Much additional theoretical work has been
focused on predicting the structures and properties of this family of compounds. The wide
range of chemical substitution and vast amount of experimental data provides a platform to
test the efficacy and accuracy of developing computational methods in slightly varying
chemical environments.” On the experimental side, in addition to metal substitution, recent
efforts have been made to elongate the framework ligands to tune the pore size. Deng et al.
have constructed an isoreticular series of MOFs that contain expanded versions of the linker
with as many as 11 additional benzene rings giving rise to pore diameters as large as 98 A.4

Another iconic framework that has been the subject of a large number of CO:
adsorption studies throughout the literature is Cuz(BTC): (alternatively known as HKUST-1 or
Cu-BTC), which has a cubic structure that consists of copper-containing paddlewheels,
Cuz(COO0)4, interlinked by BTC3- ligands. This material is shown to have an isosteric heat of -
35.0 k] /mol with a modest CO; uptake less than 15.4 wt% at 0.15 bar and 25 °C.85 This value
is significantly lower than Mg,(dobdc) due to a lower density of OMCs and the smaller charge
density of the Cu2+ cation. This work was followed by Arnold et al, which performed CO;
adsorption studies on the M3(BTC): analogs that are capable of maintaining their permanent
porosity post-activation. They found the following trend for isosteric heats of adsorption: Ni >
Ru > Cu > Mo = Cr, which range from -36.8 to -26.7 k] /mol. However, it should be noted that
the OMC on the Ni analog is incapable of undergoing complete activation and instead is
blocked by coordinated guest molecules including H,0 and MeNH.. As such, it is thought that
Coulombic interactions occurring between the surface bound CO; and guest molecules could
be the culprit for the high isosteric heat.194 This is further supported by a recent study of Snurr
et al. that show that slightly hydrated variations of Cu3z(BTC). show improvements in the low
pressure CO; adsorption capacity and zero-coverage isosteric heats of adsorption when
compared to the completely activated framework.lll Framework families like the
aforementioned ones that undergo a broad range of chemical substitution provide a
mechanism for tuning the adsorption properties (Figure 1-17b) while retaining the same
structural motif. These types of in depth studies offer an unprecedented opportunity to gain
insight into the structure derived function of MOFs, knowledge that is necessary to understand
how to design new candidates with optimized properties for post-combustion capture
applications.
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1.3.4 MOFs containing Lewis basic sites

Much work has been focused on functionalizing the surface of MOFs with a variety of
functional groups that, unlike the Lewis acidic OMCs, can additionally function as electron
donating Lewis bases. This work has primarily been focused on (i) the generation of
framework ligands with strongly polarizing functional groups and/or heterocycles and the (ii)
appendage or infusion of MOFs with Lewis base containing substituents that lend to
chemisorptive interactions. The nature of the framework-CO; interaction, whether it be physi-
or chemisorption, respectively, is dictated by the type of the functional group.
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Figure 1-18 (a) Isotructural series of RHO Zeolitic Imidazolate frameworks with varying
functionality and (b) experimental (circles) and theoretical (triangles) excess CO. adsoprtion
isotherms collected at 298K for the RHO ZIF series. This image is reprocuced from reference?®®
with permission from the American Chemical Society.

(i) strongly polarzing ligands for physisorption: The quadrupole moment of CO; can
become polarized by the existence of dipole moments from a variety of framework
functionality. This dipole moment can be generated for instance by the introduction of
heterocycles in the organic ligand or through direct functionalization of the ligand with a
variety of chemical groups including amine, hydroxyl, thio, cyano, and halides. The idea is that
the stronger polarizing the functionality, the stronger the interaction with CO,. This effort is
highlighted in the Zeolitic imidazolate frameworks (ZIFs), a class of MOFs that have zeolite-
based topologies; ZIFs are generally described by a formula, M(Im),, that is similar to their
zeolite counterparts Al(SiOz) where the Si nodes and oxygen bridges are replaced by metal
cations and imidazolate ligands, respectively. Due to their high porosity and chemical and
thermal stability, they have been investigated for carbon capture applications. A variety of ZIF
topologies with varying functionality on the imidazole ligands have been prepared. Figure 1-
18a for instance shows the introduction of various functional groups into the RHO ZIF
framework family reported by Yaghi and co-workers. It is reported that the improved CO-
adsorption of the amine functionalized ZIF-96 relative to the others (Figure 1-18b), is likely
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due to a combination of two effects: alarge contribution arising from electrostatic interactions,
due to the asymmetric functionalization, and strong vdW interactions arising from the
polarizability of the functional groups.197 While this framework family shows some tunability
in the CO, adsorption properties, the low-pressure adsorption is moderate leaving little room
for potential applications in post-combustion carbon capture. As a significant improvement,
An et al. introduced Bio-MOF-11 (also known as Coz(ad)2(CO2CH3)2:2DMF-0.5H,0 where ad =
adeninate) whose structure consists of Co2* paddlewheels capped with two acetate ligands
and interlinked by 2 heterocyclic adeninate ligands, which have amine-based functionality.198
This MOF has a high initial isosteric heat of adsorption of -45k]/mol and an impressive
selectivity of 75:1 for CO2:N; calculated from the molar ratios of CO; and N; uptake at 298 K.
While these values are very impressive, it should be noted that the isosteric heat drops off
rapidly with higher loading and stabilizes around -35 k] /mol, likely due to the rapid saturation
of strong adsorption sites. As a result, the low pressure CO; adsorption has a modest value of
~ 5.8 wt% at 0.15 bar. While this value is significantly improved from the aforementioned ZIFs
and any reported framework containing aromatic amines, it is well-below many of the OMC-
containing MOFs (Figure 1-16) and frameworks made with alkylamine functionality.198
However, a follow up study of Chen et al. report molecular simulation studies on Bio-MOF-11.
They show that, relative to other nanoporous adsorbents including MOFs and zeolites, this
framework has one of the highest CO,/N; selectivities, and it is even slightly enhanced in the
presence of water, a factor that makes the material of high interest for post-combustion

Figure 1-19 (a) Partial structure showing Zn-atz layer that is made up of Zn, dimers rotated by
90° with respect to each other. (b) Ball and stick model of the Znz(atz)(ox) structure formed
from Zn-atz layers that are pillared by the oxalate units. (c) Single crystal x-ray structure of CO;
binding in Zny(atz)(ox) at 173 K. (c) (top) The amine group of Atz ligand is shown bound to
COz(l) and (bottom) The H atoms of the amine group form H-bonds to the oxalate O atoms,
directing the N lone pair toward the C atom of the CO2 molecule. (bottom) The CO> molecules
are found in a cavity with short intermolecular distances (CO»-I and CO2-ll). There are
secondary interactions between the CO-l and Ox (drawn in orange). Zn, N, O, C, and H are
represented by cyan, blue, red, grey and purple spheres, respectively. This figure is reprocuced
from reference?'? with permission AAS.
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capture applications. They further attribute the preferential adsorption of CO; to the presence
of pyrimidine and amino Lewis basic adsorption sites.19?

More recently Woo and co-workers used in-situ single crystal diffraction to provide
the first observation of CO2 binding to an amine in Znz(C204)(C2N4H3)2¢(H20)05 (alternatively
known as Zn;(atz)(ox) where atz = aminotriazole and ox = oxalate, Figure 1-19),200 which
features an isosteric heat of -40.8 k] /mol and low-pressure capacity of 13.6 at 0.15 bar and 22
°C.201 This MOF has two crystallographically distinct CO; adsorption sites. The first is located
near the free amine group, while the second adsorption site is near the oxalate, both with
distances above 3 A. The intermolecular CO, distances imply strong intermolecular
interactions. Using this experimental work combined with molecular simulation studies, they
concluded that the observed CO; adsorption properties are a combination of appropriate pore
size, strong interaction between CO; and functional groups on the pore surface, and
intermolecular interactions between neighboring CO, molecules.200

(ii) lewis bases for chemisorption: Amines do not only polarize CO», in many instances
they can strongly and selectively bind CO. via chemisorptive interactions. Considering the
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Figure 1-20 Ball and stick model of (a) Mgz(dobpdc) and (b)mmen-Mg2(dobpdc) and (c) excess
CO; adsorption isotherms for mmen-Mgz(dobpdc) at various temperatures showing a sharp
step at 0.39 mbar (the partial pressure of COz in air) that is shifted with temperature. Image is
reproduced with permission from the American Chemical Society.8
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lower heat capacity of solid adsorbents compared to the liquid amine based scrubbers, which
are already implemented industrially for various CO. separations, it seems feasible that
decorating the surface of MOFs with pendant alkylamines could lower regeneration energies,
and hence give rise to an overall energy penalty that is closer to the projected thermodynamic
minimum (projected to be about 11% energy penalty).202 Recent work in the MOF field has
been focused on either appending alkylamines to the internal surface of MOFs via OMCs or
through impregnation of MOF frameworks with polymers, such as polyethyleneimine.

The first report of post-synthetic appendage of small molecules to OMCs was carried
out by Hwang et al who appended ethylenediamine to Cr3- sites in the MIL-101 framework
(alternatively known as Cr30(1,4-BDC)3(H20)2X, where X = F- or NO3-).203 While the targeted
application was Knoevenagel condensation catalysis, several works reported since are focused
solely on post-combustion carbon capture. The first report of an amine-appended MOF for flue
gas separation was by McDonald et al. in 2011. At 25 °C mmen-CuBTTri (mmen = N,N'-
dimethylethylenediamine and H3;BTTri = 1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene) adsorbs
0.105 g CO; per g MOF with an IAST selectivity of 327, a direct result of the high isosteric heat
of CO; adsorption, which was calculated to be —-96 k] / mol at zero coverage (-Qs for Cu-BTTri
= 21 kJ/mol). In addition to this, in-situ IR spectra gave evidence of the formation of a
zwitterionic carbamate species indicative of a chemisorptive interaction. Despite the large
initial isoteric heat of adsorption, the CO; uptake was also fully reversible and the framework
could be easily regenerated at 50 °C, enabling a cycling time of just 27 min and no loss of
capacity over the course of 72 adsorption/desorption cycles tested.140 Later, Hu et al.
appended several amines to the surface of Cr-MIL-101 and showed a 3-fold enhancement of
the low pressure CO; adsorption properties compared to the bare framework (from .022 to
.085 g CO2 / g MOF at 0.15 bar and 23 °C). The isosteric heats of CO, adsorption increased from
-44 k] /mol192 to -98 k] /mol and the selectivity of the amine-based analog again showed nearly
no N uptake at 296 K leading to a very high selectivity factor for CO;/N,.174 More recently Lin
et al. reported polyethyleneimine (PEI) infused Cr-MIL-101. Although the surface area and
pore volume of MIL-101 decreased significantly with a 100 wt% PEI loading (BET surface
areas range from 3125 to 608 m2/g), there is a dramatic enhancement in the CO; adsorption
capacity at 0.15 bar that ranges from 0.0145 to 0.185 g CO; per g MOF at 25 °C, respectively
(Figure 1-16). Further, at 50 °C, a temperature more relevant to post-combustion capture, the
adsorption capacity is still 0.150 g CO2 per g of 100 wt% PEI-Cr-MIL-101.

In 2012, McDonald et al. reported mmen-appendage to Mgz(dobpdc) (dobpdc* = 4,4'-
dioxido-3,3'-biphenyldicarboxylate) (Figure 20a, b), which showed 0.088 g CO, / g MOF at 0.39
mbar (298 K) and 0.138 g/g at 0.15 bar (at 40 °C), conditions relevant to CO; capture from air
and flue gas, respectively.!73 The material also shows excellent performance in the presence
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Figure 1-21 Space-filling models of the solid-state structures of (a) mmen-Mnz(dobpdc) and (b)
CO2-mmen-Mnz(dobpdc) at 100 K. Portions of the crystal structures for mmen-Mnz(dobpdc) (c)
before and (d) after CO, adsorption, as determined from synchrotron powder X-ray diffraction
data. The latter shows CO- insertion between the amine and Mn metal. (e) A portion of the
crystal structure shows the formation of an ammonium carbamate chain along the MOF pore.
Green, grey, red, blue and white spheres represent Mn, C, O, N and H atoms, respectively;
some H atoms are omitted for clarity. Image is reproduced with permission from Nature
Publishing Group.??°

of water204. Adsorption/desorption cycling experiments, carried out via TGA, demonstrate
that mmen-Mg,(dobpdc) can be repeatedly regenerated (at 150 °C under N; flow) after many
15 minute exposures to simulated flue gas. The working capacity, calculated to be 0.11 g CO
per g of MOF, corresponds to a total CO; removal of 98%.173 With DSC (differential scanning
calorimetry), the authors further estimated that regeneration would require approximately
2.34 M] of energy to release 1 kg of CO; from mmen-Mg;(dobpdc) compared to the 3.6 to 4.5
M] energy requirement for the state of the art MEA scrubbers.205-207 Later, in 2015, this study
was extended to append mmen onto the internal surface of multiple M,(dobpdc) analogs
(where M= Mg, Mn, Fe, Ni, Co, and Zn). They show significant tunability in the steep steps
observed in the adsorption isotherm. Using a combination of IR, synchrotron x-ray diffraction,
and computational studies they were able to reveal the origin of the sharp adsorption step in
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the isotherm (Figure 1-20c) is the result of a cooperative insertion process in which CO;
molecules insert into metal-amine bonds, inducing a reorganization of the amines into well-
ordered chains of ammonium carbamate (Figure 1-21a-e). As a consequence, large CO;
separation capacities can be achieved with small temperature swings, and regeneration
energies appreciably lower than achievable with state-of-the-art aqueous amine solutions
become feasible.208

Beyond alkyl amine containing frameworks, there are few examples of other Lewis
base functionality in MOFs that lend to chemisorptive type interactions with CO,. Recently,
Gassensmith and co-workers reported the synthesis of a MOF constructed by y —cyclodextrin
linked together by alkali metals such as Rb (CD-MOF-2).145 The ligand in this MOF, which is
decorated with free hydroxyl groups, is a natural product produced from starch. Further, the
MOF can be prepared readily in green solvents such as water using slow evaporation methods.
While this material was not assessed for room-temperature N; adsorption, it shows extremely
high uptake of CO, at very low-partial pressures indicative of very strong binding. As such,
solid-state cross-polarization magic-angle-spinning (CP/MAS) 13C NMR spectroscopy was
used to monitor the material before and after exposure to CO,. Upon introduction of CO2, CD-
MOF-2 shows a new peak at 158 ppm that was interpreted as the formation of carbonic acid
functionality, due to a direct interaction between the CO; and surface hydroxyls. This
additional resonance was also accompanied by chemical shifts of other signature peaks in the
MOF supporting the hypothesis that a chemical reaction was occurring. Later, calorimetry
revealed a zero coverage differential enthalpy of CO, adsorption equal to approximately
-113.5 kJ/mol at 25 °C. This value quickly dropped to around -65.4 k]J/mol binding event,
which was attributed to less reactive hydroxyls and then another plateau at -40.1 k] /mol that
was attributed to physisorptive type interactions. It should be noted that the strongest binding
sites appear to be irreversible; however this only reduces the capacity slightly with cycling.20?

1.3.5 Stability and competitive binding in the presence of H20O

One of the major drawbacks for the utilization of MOFs in many applications is the
widespread belief that they are unstable in the presence of water, a result of many reports that
show frameworks that break down due to hydrolysis. While these materials do exhibit
coordination type bonding, that is considered to be weaker than that of their covalent
counterparts, there have been many MOFs synthesized to date that exhibit water stability.210
This effort has been driven by the need for materials that maintain high performance in wet
environments, such as post-combustion flue gas separations. While the amount of water
present in a flue gas stream could be reduced, it is energetically costly and complete removal
is likely unfeasible.21! As such, many synthetic strategies have been taken to provide water
stable materials. These methodologies include the use of high oxidation state metals,
multidentate ligands, metal nodes with large coordination numbers, MOF modification with
hydrophobic ligands, guests or polymers, and the use of ligands with limited acidity, like
pyrazoles and imidazoles.210.212-219
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While many of the azole-based ligands can bind metals with similar geometries as
carboxylates, the higher Lewis basicity creates stronger metal-ligand bonds improving both
thermal and chemical stability. It is expected that MOF stability will increase with increasing
pKa to give the following stability trend: pyrazole > imidazole > triazole > tetrazole. A recent
report of Long et al reveals the synthesis of a new pyrazolate framework, Niz(BTP):
(HsBTP=1,3,5-tris-1H-pyrazol-4-yl)benzene), which exhibits stability in boiling water for 14
days with varying pH levels that range from 2 to 14.215 Later, in-situ IR studies revealed weak
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Figure 1-22 (a) The crystal structure of [Nig(OH)4(H20)2(L5- CF3)e]n viewed as a combination of
n octahedral (yellow polyhedron) and 2n tetrahedral (gray polyhedron) cavities. (b) Pyrazolate-

based ligands used in the synthesis of the [Nig(OH)4(H20)2(L)s]n MOFs. HoL1=1H- pyrazole- 4-

carboxylic acid, H,L2 = 4- (1H- pyrazole- 4- yl)benzoic acid, H,L3 = 4,4'- benzene- 1,4-

diylbis(1H- pyrazole), HoL4 = 4,4'- buta- 1,3- diyne- 1,4- diylbis(1H- pyrazole), H.L5 = 4,4'-

(benzene- 1,4- diyldiethyne- 2,1- diyl)bis(1H- pyrazole), and HoL5- R (R=methyl,
trifluoromethyl). (c) View of the tetrahedral (top) and octahedral (bottom) cages found in the
crystal structures of [Nig(OH)a(H20)2(L3)e]n (left), [Nig(OH)a(H20)2(L4)e]n (middle), and
[Nig(OH)4(H20)2(L5)6]n (right), and the corresponding metric descriptors. Ni, N, C, O, and F and
H are depicted as green, blue, grey, red, and white spheres, respectively. Image is reproduced
from reference?®® with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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interactions of Niz(BTP), with CO, CO, and Ha. It is proposed that the pyrazolate ligand forces
the Ni2* into a diamagnetic low-spin state with a large energy barrier to transition from low-
spin to high-spin of 75 k] /mol, a value derived from ab-initio molecular modeling.220 This low-
spin state might also inhibit the interaction of the metal with water and hence add to the
overall framework stability. While this study has focused on improving the strength of the
metal-ligand bond other studies have added hydrophobic functionality to framework ligands
such as -CH3, -CF3, and -F.221-222 A later study of Navarro et al reports construction of an
isoreticular series of MOFs denoted as [Nig(OH)4(H20)2(L)s]n where L = a series of azolate
ligands with increasing levels of hydrophobicity shown in Figure 1-22. Moreover, the length
and functionalization of the linkers impact on the pore size as well as on the fine tuning of the
surface polarity and the incorporation of trifluoroalkyl groups gives rise to a significant
enhancement in the hydrophobicity and an overall improvement in hydrolytic stability.
Although this study was mostly focused on overcoming problems related to the adsorption of
harmful volatile organics in wet environments, these same principles can be applied to MOFs
for various gas separation applications.223

While the aforementioned studies worked to improve hydrolytic stability and
hydrophobicity in the initial framework design, others have utilized post-synthetic
modifications to manipulate these parameters. A recent report demonstrated that the
encapsulation of HKUST-1 into polystyrene microspheres not only improved the hydrolytic
stability of the framework, but additionally allowed retention of most of the CO, uptake
capacity after exposure of the composite to 80% relative humidity at 27 °C for 1 month.222 This
is a significant achievement considering that HKUST-1 readily decomposes in the presence of
water, which coordinates to the Cu-OMC on the paddlewheel cluster, promoting hydrolysis of
the metal-ligand bond and hence framework degradation.22+

For MOFs that exhibit highly charged functionality on their internal surface, such as
OMCs, water will compete for adsorption sites with CO2 and in most cases water will win this
battle due to an existing dipole moment. As such, even if MOFs are deemed water stable, their
separation performance must still be assessed in wet multicomponent streams or at minimum
after exposure to water vapor. While Mg,(dobdc) is currently the best performing MOF at
ambient pressure and dry conditions, it cannot be used for the capture of CO; under flue gas
conditions due to diminished adsorption properties in the presence of water. In a study of
Matzger et al, the breakthrough performance of a series of M;(dobdc) (where M = Zn, Nj, Co,
and Mg) MOFs were evaluated in dry streams of CO2:N; (0.16 bar and 0.84 bar, respectively)
after exposure to relative humidity levels that range from 0 to 70%. For Mgz(dobdc), after
exposure to 70% RH and subsequent thermal regeneration, only about 16% of the initial CO;
capacity was recovered. While the other metal-analogs experienced less of a performance
decline, it is clear that in the event that water does not cause framework decomposition, it will
be in competition for the OMCs and with further cycling the materials will become saturated.®+
Subsequent removal of water adsorbed at the OMCs can often be energy intensive, requiring
high heat and vacuum. This work was additionally supported by a recent study of Mason et al,
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which carried out multicomponent adsorption studies of several MOFs in CO2/N2/H:0
mixtures. It was found that for every OMC containing MOF studied, that the low-pressure CO>
adsorption capacity decreased significantly compared to the capacities in pure streams of CO>
(Figure 1-5).76 To alleviate this problem, appending amines to the OMCs, which are known to
preferentially bind CO2, even in the presence of water, can be a useful solution. Given that the
amine appended frameworks are likely hydrophilic due to the high concentration of functional
groups that readily form hydrogen bonding interactions, it also promotes water adsorption
inside of the MOF that could inadvertently induce structural changes or simply decreasing
overall capacity. As such, there is still a need to assess the separation ability of many amine-
appended frameworks in wet streams.225 However, it should be noted that the aforementioned
study of Mason et al, also probed several alkyl amine-containing frameworks using
multicomponent adsorption. For every amine-containing MOF studied, the decreases in the
CO; adsorption capacities are minimal in the presence of water (Figure 1-5). Even in some
cases, a slight increase can be observed upon introducing water.

Recently, an alternative strategy for achieving water stability was reported by Cohen
et al, who introduced polyMOFs, which are constructed by ligands with long hydrophobic
polymeric chains. Some of these polyMOF materials are shown to exhibit relatively high CO,
sorption with minimal N sorption, making them promising materials for CO,/N; separations.
Although the parent MOFs are generally unstable to water, the polyMOFs demonstrated
excellent water stability due to the hydrophobic polymer, as well as the cross-linking of the
polymer chains within the MOF. Further, the polyMOFs exhibit minimal change in their CO-
adsorption properties before and after water exposure.226 While many of the studies focused
on enhancing water stability and assessing the performance of MOFs in wet environments are
still in their infancy, this work has already led to significant improvements in materials
performance providing optimism towards the eventual implementation of MOFs in various
energy relevant gas separations.

1.4 MOFs for pre-combustion capture

1.4.1 Advantages of Pre-combustion capture

Pre-combustion capture, which primarily involves the separation of CO, from Hzand a
few other impurities, has several advantages over other carbon capture technologies. First,
the separation is carried out at high pressure ranging from 5-40 bar 7! with much higher CO;
concentrations. As a result, it will be less energy intensive to regenerate the material. The high
pressure allows implementation of a PSA type regeneration process where the pressure is
simply dropped to atmospheric eliminating the need to heat the material through temperature
swing process, as in post-combustion capture. Further, the actual separation of CO; from H; is
significantly easier due to much larger disparities in their chemical properties such as
polarizability and quadrupole moment for CO2/H; compared to CO2/N; and 02/N; in post-
combustion and oxy-fuel processes (Table 1-2). These differences provide much higher
selectivity for CO; over Hzin solid adsorbents allowing the separation to be done using a purely
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physisorptive process. All of these added benefits could allow a more rapid development of
separation materials and their subsequent implementation into industrial separations.

Currently the separation of COz and H> is already carried out on extremely large scales
worldwide, 50 million tons per year, for the purification of Hz, which is used primarily in the
production of ammonia and various hydrocarbons.227 This process is typically carried out via
PSA with solid adsorbents such as activated carbons or zeolites.62 While the process is still too
energetically inefficient to make pre-combustion capture economically viable, significant
improvements in the efficiency of solid adsorbents for the separation of CO2/H; could render
the technology workable on a large scale or provide further energy savings in existing
hydrogen purification infrastructure world-wide. It is projected that a 10% energy savings in
already implemented hydrogen purification industries would be the equivalent of closing 18
coal-fired power plants.”” The already existing infrastructure for hydrogen purification and
the scale with which this separation is already carried out, implies that the implementation of
pre-combustion capture could be expedited relative to post-combustion and oxy-fuel
technologies.

1.4.2 Necessary framework properties for CO2 capture

Most of the energy expended in the separation of CO, and H; is related to mass
transport of the gas and PSA regeneration process. As such, much energy savings could be
realized through an improvement in the selectivity and working capacity of the solid
adsorbent. Working capacity is defined as the difference between the amount of gas adsorbed
at the flue gas stream pressure and the amount of gas adsorbed at the regeneration pressure.
High gravimetric and volumetric working capacity lowers the amount of material required
and/or size of the fixed bed for the separation and hence also lowers the overall energy input
for the PSA regeneration process.

Other factors to be considered when selecting materials for pre-combustion capture
should include their long term stability and that their separation properties are maintained in
the presence of other minor impurities in a flue gas stream such as CO, H0, and H.S. While
there are many studies assessing the hydrolytic stability of MOFs previously mentioned, little
is known about their behavior in H»S. Only a few studies are included in the literature, in one
of these Eddaoudi et al. show that SIFSIX-3-Ni (SIFSIX = hexafluorosilicate) metal-organic
framework has high selectivity for CO; and is stable in the presence of H,S%28. Further, De
Weireld et al have studied H-S adsorption in a series of MIL-frameworks. They show that two
MOFs, including MIL-53(Al, Cr) and MIL-47(V), maintain their methane adsorption properties
after H.S treatment, whereas MIL-100 and MIL-101 show significant decreases in their CHs
adsorption capacities.?29

Considering our limited ability to tune the pore size, pore shape, and surface
functionality of activated carbons and zeolites, it is expected that only minor improvements
can be made regarding their efficiency of the separation could be realized. Indeed, MOFs
already offer record-breaking capacity for CO, adsorption in the pressure regime of interest
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for pre-combustion capture.’# 93. 230232 To date, the highest high pressure carbon dioxide
adsorption belongs to NU-11 with the absolute uptake of 856 cm3 per gram of MOF at 30 bar
and 25 °C. Further, the facile structural tunability of MOFs can allow significant improvements
in binding strength of CO; and hence the selectivity of CO; over H; Last, their unprecedented
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Figure 1-23 IAST-calculated (a) selectivity and (b) gravimetric and (c) volumetric CO2 working
capacities for an 80:20 Ho/CO; mixture at 40 °C for the metal-organic frameworks MOF-177,
Be-BTB, Co(BDP), Cu-BTTri, and Mg2(dobdc), the activated Carbon JX101 and zeolite 13X.
This image is reproduced from reference®® with permission from the American Chemical
Society.

47



Chapter 1

internal surface areas, a factor of strong importance for high-pressure separations, offer
significant promise with regard to this separation.?7.233-237

1.4.3 Potential MOF candidates for CO2/H> separations

To date, while there are a number of studies looking at high-pressure CO; adsorption
(up to 50 bar) in MOFs, there are very few studies focused specifically on assessing their
properties for hydrogen purification or pre-combustion capture. Currently more work is
needed to assess the properties of existing frameworks and in turn gain more insight into the
structural features that give rise to enhanced separation ability of CO2/H; in MOFs. For the
most part, current COz/H; studies are limited to a few frameworks and are based on the use
of single component CO; and H; adsorption isotherms to estimate the separation ability of the
MOFs in question.

The first experimental study of MOFs for CO,:H; separations by PSA was carried out
by Herm et al. This work features single component adsorption isotherms for a series of 5
MOFs, which are further compared to state of the art separation materials including zeolite
13X and activated carbon JX101.77 The MOF series was comprised of two with OMCs yet
modest surface areas, including Mgz(dobdc) (1800 m2/g) 62 and Cu-BTTri (1750 m2/g),13% two
frameworks with high surface areas yet no polarizing functionality, including MOF-177 (4690
m2/g) 232 and Be-BTB (4400 m2/g, BTB = benzene-1,3,5 tribenzoate),*2 and one flexible
framework, Co-BDP (2030 m2/g, BDP = 1,4benzenedipyrozolate).238 Single component
adsorption isotherms were collected for Hz and CO; at pressures up to 40 bar and 40 °C and
then IAST was used to estimate the materials behaviors in a binary mixtures of 80:20 or 60:40
H»:CO.. It was revealed that the materials with highly polarizing functionality on their internal
surface such as the OMC-containing MOFs and zeolite 13X yielded much higher selectivities,
between 75 and 859. This was also true of the carbon and was rationalized based on the small
pores and overlapping van der Waals potential. Although, the MOFs with high surface areas
and no polarizing functionality show appreciable CO; uptake at high pressures compared to
the other materials assessed, they have shown inadequate selectivities significantly less than
10 (Figure 1-23a) limiting their performance in an actual separation process. In addition to
selectivities, the gravimetric and volumetric working capacities were also estimated from
IAST (Figure 1-23 b,c). Further, if we only consider the MOF with the highest selectivity,
Mgz (dobdc), the gravimetric and volumetric working capacities climb to 6.4 and 5.9 mmol CO;
per gram of MOF, respectively. It is suggested that if the separations are carried out in the high
pressure regime with Mg;(dobdc) replacing zeolite 13X, then the mass and volume of the
required adsorbent would be decreased by a factor of 2 and 2.7, respectively. From this study
it shows that while materials with high surface areas can have high adsorption capacities,
adsorbents with polarizing functional groups lend to higher CO2:H; selectivities and enhanced
performance with regard to working capacity. This study is further the proof of the concept
that MOFs can indeed potentially outperform the state of the art materials.””
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In light of the previous work, Vaidhzanathan et al began working with small
framework ligands for the synthesis of ultramicroporous MOFs.237 They were inspired by the
knowledge that OMCs are susceptible to poisoning by even trace amounts of water. As such,
they began to look at a small pore material without OMCs, Ni-(4-pyridylcarboxzlate), (Figure
1-24a) that might lend to overlapping van der Waals potential and hence high selectivities as
in the case of the aforementioned carbon. This Ni-MOF exhibits a cubic framework with
ultramicropores ranging from 3.5 to 4.8 A, labeled as I - IV in Figure 1-24a. High pressure
adsorption isotherms, collected up to 10 bar at 40 °C, were used to calculate the IAST
selectivties and capacities for a 1 to 10 bar PSA process. The results show that the selectivities
of the material is 285 and 230 for 20:80 and 40:60 CO,:H; mixtures, respectively, and despite
a modest surface area (945 m2/g) that the gravimetric capacity is relatively high, 3.95 mmol
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Figure 1-24 Structure of Ni-(4-pyridylcarboxzlate), obtained from single-crystal x-ray structure
green, Ni dimers reduced to one node. The green cones trace the six-connected distorted
cubic arrangement formed by collapsing the Ni dimers to nodes and the PyC linkers as lines.
The yellow ball represents the cages in the structure. Below the structure is the Connolly
surface diagram. The channels labeled | and Ill are interconnected and run along the a and ¢
axes, respectively, whereas the channel labeled Il propogate along the c axis. IV represents
the cages, which are lined with terminal water molecules in addition to the ligand groups. (b)
IAST working capacities and (c) selectivity characteristics. from an 20:80 mixture of CO2:H»
at 40 °C for a 1 to 10 bar PSA process. Comparison of the H,/CO; selectivity of Ni-(4-
pyridylcarboxzlate), is compared to other known MOFs and industrial sorbents determined
under the same conditions. Data for activated carbon JX101, zeolite 13X, MgMOF-74, and
Cu-BTTri are taken from the study of Herm et al. in reference.® This image is reproduced from
reference?*® with permission from AAS.
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per gram of MOF (Figure 1-24b). While the selectivities are lower than Mg,(dobdc), they are
similar to those observed for zeolite 13X. Further, the gravimetric working capacity bests all
materials analyzed by Herm et al (at 10 bar) and more importantly Ni-(4-pyridylcarboxzlate).
is shown to retain its CO, adsorption properties after exposure to H;0. Last, the CO; self-
diffusivities (3*10-9 m2 / s) were determined to be as much as 2 times higher than zeolite 13X
and comparable to the top performing CO; adsorbing MOFs.237

Other experimental studies have included one by Chen et al that form a NbO type MOF
referred to as UTSA-40 (1630 m2/g, also known as [Cuz(L)(H20)z] « 6DMF e 2H,0 where L =
6,6-Dichloro-2,2-diethoxy-1,1 -binaphthyl-4,4-di(5-isophthalic acid)) that consists of a
tetracarboxylate ligand and dicopper paddlewheel cluster. The authors found that the
material outperforms several traditional zeolites, and while the performance is lower than
two OMC-containing MOFs, including Mgz(dobdc)¢2 and Cu-TDPAT136, this framework has a
significantly lower energy cost for regeneration.225

One weakness in many of the aforementioned studies is the lack of assessment of the
materials performance in the presence of other impurities in the flue gas stream such as H;0,
H:S, CO, and CHj4 (the latter in the case of methane reforming). The adsorption behavior of each
impurity can vary widely in MOFs as it is dictated by the pore size, shape, and surface
functionalization. It is expected for instance that H,0, H;S, and/or CO could poison the OMCs
and block the adsorption of CO2. While most of the water could be removed by condensation
or other adsorbents placed in route to the fixed bed intended for CO2/H; separation, it is likely
that all of these impurities cannot be removed from the flue gas stream. As such, a more
thorough assessment of materials performance in multicomponent streams is needed. [deally
a study would include both the adsorption properties in the multicomponent gas stream
containing all potential impurities. The best way to test these properties is via experimental
or simulated breakthrough curves. Because experimental breakthrough analysis containing
very minor impurities or mixtures of more than 2 or 3 components can be extremely time
consuming or in some cases experimentally intractable, Krishna et al have used
computational methods to simulate breakthrough curves for a number of MOFs, zeolites, and
carbons in the tertiary mixture, COz/CHas/H> and their binary combinations.239 Their study
revealed the utility of breakthrough simulations for MOFs and further implied that
Mg, (dbodc) was the top performer of the materials tested under dry conditions. As such, this
work was followed by an experimental one of Herm et al for validation of the computational
methods.240 For this, breakthrough curves were generated for Mg;(dobdc) in several
multicomponent streams including CO,/CHa, CH4/H>, and CO,/CH4/H.240 The experiment not
only validated the aforementioned simulations, but also showed that this MOF additionally
outperformed zeolite 13X for all three-gas mixtures. Later, Wu et al simulated several MOFs
and zeolites in quaternary mixtures including CO,/CO/CH4/H. and identified a new pre-
combustion capture candidate, Cu-TDPAT?24! and then Banu et al carried out simulations for a
quinary mixture including CO,/CO/CH4/H2/N; for a series of four Zr-containing MOFs.242
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The results of these studies suggest that MOFs with small pores and open metal-sites,
or other sources of charged functionality could be used to achieve both high selectivity and
working capacity necessary to improve the efficiency of the CO2:H, separation. However,
considering the few number of data points, more work is needed to screen a large number of
existing MOFs with varying structural features to gain more clarity related to their structure-
derived function. Studies of this kind will provide insight into how to find the intricate balance
between strength of CO, adsorption and high working capacity. Additionally, while it is clear
that MOFs have a high potential to outperform the state of the art zeolites or activated carbons,
more understanding of MOF properties in flue gas mixtures containing minor impurities must
be obtained.

1.5 MOFs for Oxy-fuel combustion capture

1.5.1 Necessary framework properties for O2/N separations

The implementation of oxy-fuel combustion in the power industry is limited by an
adequate, low-cost gas separation technology for the separation of O, from air. Currently air
purification, which predominately involves the separation of O, from Ny, is most widely
carried out via cryogenic distillation; while it provides high purity O, (99%), due to very low
boiling points of O; and N; (-196 and -183 °C for N and O, respectively), it also poses a large
energy and economic cost for execution on the scale that is necessary for CCS. As such, other
technologies have been studied; these included various adsorbents like zeolites and activated
carbons and membrane-based separations. All of these aforementioned technologies can be
implemented, they are limited to processes that can utilize O at a purity level that is less than
94%, a direct result of limited selectivity for N, over 0..62 The development of adsorbent
materials that exhibit higher selectivities (lending to O purity levels > 95%) and are also
operational at ambient temperature and pressure could afford significant energy savings.
Compared to post-combustion and pre-combustion technologies, the capture step for an oxy-
fuel process is relatively easy using existing condensation protocol to isolate CO; (55 to 65
wt%) from water (25 to 35 wt%) after the combustion process.?43 As such, existing power
plants could be easily retrofitted to accommodate this process, which has shown capture rates
of CO on the order 95%, a value significantly higher than pre- or post-combustion capture
technologies.?#4 In addition to easy implementation, the O, stream used for combustion in an
oxy-fuel process is first diluted with CO to a partial pressure of approximately 0.21 bar to
control the flame temperature, an act that limits the formation of NOy impurities.245
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The most difficult part of the oxy-fuel process is generating large quantities of nearly
pure O 246 from air whose main component is N,. As such separation materials must show
high selectivities and capacities for O; in the pressure and temperature regime of interest,
which is approximately 0.2 bar and 25 °C. The modularity of MOFs makes them ideal
candidates for this separation; however, compared to CO; and N; discussed in the previous
section, 0z and N have even smaller disparities in their physical properties including kinetic
diameter, quadrupole moment, polarizability,and boiling point creating a challenge for the
design of adsorbents. Looking at Table 1-2, the polarizability and quadrupole moment of N> is
slightly higher than 0, making most framework materials like MOFs and zeolites with highly
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Figure 1-25 (a) Heme-based metaloprotein and (b) PCN-224-Fe (left), which forms PCN-224-
Fe-O, at =78 °C (right). The structure consists of Zrg clusters interlinked by TCPP ligands
(where TCPP = tetrakis(4-carboxyphenyl)porphyrin. Green octahedra represent Zr atoms; Fe,
N, O, and C atoms are represented by orange, blue, red, and gray spheres, respectively. The
distances and angles for PCN-224-Fe-O, are Fe-O 1.79(1), O-O 1.15(4), Fe---N4 plane
0.526(2), Fe-O-0O 118(4), N-Fe-O 104(1). Image is reproduced from reference?! with
permission from the American Chemical Society.
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polarizing adsorption sites only slightly more selective for N, over 0. This will cause the
selectivities and hence resulting O purity to be quite low. As such, recent efforts in MOF
chemistry are instead focused on the differences in the chemical properties of O, and Nj. Of
these two small molecules, O; exhibits a significantly higher electron affinity than N, making
redox active MOFs that might give rise to a reversible electron transfer to O; of great interest
for oxy-fuel combustion.

1.5.2 Biological inspiration for O2/N separations in MOFs

Knowledge of the reactivity of O, with transition metal complexes is not new as this
property is exploited in heme containing metaloproteins that are responsible for transport
and storage of 0, in mammalian systems. Heme species, also known as porphyrins, are a group
of heterocycles composed of four modified pyrrole subunits with Fe2* bound in the center
(Figure 1-25a). Much research has been dedicated to producing synthetic molecular
complexes that can mimic the reversible O; binding observed in nature;s2 however, these
molecular species have a strong propensity to react and combine upon formation of the metal-
02 complex making them highly difficult to isolate.24” The instability of the mononuclear
species has prompted the development of porphyrin-based supports that provide isolation of
the reactive species to inhibit their decomposition and allow experimental observation of the
porphyrin-0; adduct.2? While observation of this species has been limited to spectroscopic
evidence at low temperature, recent work of Harris et al. used a heme based Zr-MOF, PCN-
224248, to give the first crystallographic evidence of a 5-coordinate heme-0; adduct (Figure 1-
25b).249 Relative to their molecular counterparts, MOFs contain immobilized, separated active
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Figure 1-26 (a) Ball and stick model of O, adsorbed Cr3(BTC), and (b) close-up view of the
activated and O, adsorbed Cr-paddlewheel where the large red spheres represent bound O,
molecules. The structures were obtained from Rietveld refinement of powder neutron diffraction

data. (c) Uptake of O, and Nz by Cr3(BTC), at 298 K. The compound saturates with O, at ~2
mbar but shows little affinity for N.. Upon evacuation, the O isotherms reveal reduced capacity.
The inset shows O, adsorption in Cr3(BTC), over 15 consecutive cycles at 25 °C. Desorption
was carried out by heating at 50 °C under vacuum for 48 h. Image is reproduced from
reference?®3 with permission from the American Chemical Society.
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sites and offer facile structural tunability allowing control over important metrics such as O
binding enthalpy and as such adsorption capacity and regeneration conditions. Further, given
their highly crystalline nature, crystallography techniques can be used to further unveil their
structure-derived function. As such, MOFs provide an ideal platform to study O, adsorption
and separation.

1.5.3 Potential MOF candidates for O2/N; separations

While studies related to O, adsorption are still limited, over the last few years there
have been several reports that show O, adsorption in redox active OMC-containing MOFs.
These materials are thus far limited to a few SBUs constructed by metals such as Cr2+, Fe2+, and
Ti3+, all of which have a propensity to undergo redox activity in the presence of oxygen. One of
the first studies of 02/N; adsorption in a redox active MOF was carried out on Cr3(BTC), (BTC3-
= 1,3,5 benzenetri-carboxylate) (Figure 1-26a, b).191 The material, which is isostructural the
aforementioned HKUST-1 and has a BET surface area of 1810 m2/g, displayed both a high O
loading capacity and high selectivity, = 22, for binding 02 (0.73 mmol/g 0z at 0.21 bar) over N;
(0.033 mmol/g N, at 0.78 bar) at 25 °C; however, the material showed a significant loss in
capacity with cycling (Figure 1-26c).191

More recently, these authors studied O, and N; adsorption in a redox active
Fe;(dobdc)72 (Figure 1-27a), which has a BET surface area of 1360 m2/g and features a
hexagonal array of one dimensional channels lined with coordinatively unsaturated Fe2*
OMCs. Single component gas adsorption isotherms collected at 298 K indicate that this
framework binds O; preferentially over N, (Figure 1-27c); however there is an irreversible
capacity of 9.3 wt%, corresponding to the adsorption of 0.5 0, molecule per Fez+~OMC. Upon
cooling the material to 211 K, O, uptake becomes fully reversible and the capacity increases
to 18.2 wt%, a value that corresponds to the adsorption of one O; molecule per Fez*-OMC.
Several techniques, including Moéssbauer spectroscopy, infrared spectroscopy, and neutron
powder diffraction were used to investigate this crossover from the physisorption (211 K) to
the chemisorption regime where O, adsorption becomes irreversible. All characterization
pointed to a partial charge transfer from Fe2*to O at low temperature and a complete charge
transfer to form Fe3* and 0,2~ at room temperature. Rietveld analyses of powder neutron
diffraction data confirms this interpretation, revealing 02 bound to Fe in a symmetric side-on
configuration with an 0-0 distance of 1.25(1) A at low tempearture, labeled as site I in Figure
1-27b. This value is only slightly elongated compared to the distance found in a free O, species
(1.2071(1) A).250 Neutron diffraction carried out after the exposure of Fe;(dobdc) to O at
room-temperature reveals a different structure with the O species is in a slipped side-on
mode with 0-0 distance of 1.6(1) A (Figure 1-27b), a value that is consistent with a two
electron reduction of O; to a peroxide species. These measurements were also unveiled two
secondary adsorption sites at low temperatures labeled as Il and Il in Figure 1-27a. Simulated
breakthrough curves, which were calculated via single-component gas adsorption isotherms
and IAST indicate that the material should be capable of the high-capacity separation of O
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from air at temperatures as high as 226 K, well above the current temperatures employed in
cryogenic distillation.”2

Cr3(BTC)2 and Fey(dobdc), are representative members of large isostructural
framework families that have been synthesized with a wide number of transition metal cations
(M3(btc), where M = Cr, Fe, Ni, Cu, Zn, Mo, or Ru!89-194 and Mz(dobdc) where M = Mg, Mn, Fe,
Co, Ni, Cu, or Zn. 87, 93 100-101, 123, 182-184)  Despite this, no other materials in the framework
families have shown utility in the separation of O from N». As such, recent work of Bloch et al.
have explored a new framework family known as M-BTT with the sodalite type structure,
M3[(M4Cl)3(BTT)s]2. While the aforementioned MOF family has also been synthesized with a
variety of M2+ OMCs (M-BTT here M = Mn, Fe, Co, Cu, Cd); only the most recently synthesized
Cr2+ analog (with a BET surface area of 2300 m2/g) shows utility in 02/N; separations (Figure
1-28a). 121 The single component adsorption isotherms indicated a high selectivity for O, over
N as the materials has a reasonably high O, uptake of 7.01 wt% at 0.2 bar and 298 K and a
low adsorption capacity for N2, which is less than 0.6 wt% at 0.8 bar and 298 K (Figure 1-28b).
Consistent with the significantly higher O, capacity compared to N>, the material exhibits an
isosteric heat of -65 k]J/mol and -15.3 kJ/mol for O, and N3, respectively. IAST calculations
reveal that the material has a selectivity factor greater than 2500 under conditions necessary
for O separation from air. As shown in Figure 1-28b, Cr-BTT displays only a moderate
capacity loss after the first adsorption/ desorption cycle, with a decreased uptake from 7.01
wt% to 5.6 wt%. After the second cycle the capacity drops a bit further to 4.6 wt% but then
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Figure 1-27 Ball and stick model showing the partial structure of O, adsorbed in Fez(dobdc)
with 3 O» adsorption sites, labeled as I-1Il. Site | is bound in a side-on fashion at the Fe-OMC.
(b) shows a close-up view of the Fe-OMC after activation and then after dosing with N> and
O.. The structures are for samples under vacuum (upper left), dosed with N2 at 100 K (upper
right), dosed with O, at 100 K (lower left), and dosed with O, at 298 K (lower right). All
structures were determined via Rietveld analysis of neutron powder diffraction data. Orange,
blue, and red spheres represent Fe, N, and O atoms, respectively. All diffraction data were
collected below 10 K. (c) Adsorption isotherms collected for Fez(dobdc) at 211 (orange), 226
(purple), 298 K (red) and N adsorption at 298 K (blue). Filled and open circles represent
adsorption and desorption, respectively. Image is reproduced from reference® with
permission from the American Chemical Society.
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appears to plateau for the next 13 consecutive cycles. Despite this slight loss in capacity, the
material shows rapid adsorption/desorption and a reversible capacity of 4.6 wt%. While the
capacity loss is not yet fully understood, several in-situ techniques were employed to
understand O; binding mechanism. Infrared spectroscopy and neutron diffraction were again
used to show experimental evidence of the electron transfer to form a Cr3+ superoxide species.
The diffraction data is consistent with what was observed in the IR spectrum, showing an end-
on coordination of the guest species and a Cr-0, distance of 1.84(2) A, a value that is in
excellent agreement with other previously reported Cr3+-superoxo species (1.876(4) A).251 As
observed in the case of Fe;(dobdc), the O-0 distance is slightly elongated to 1.26(2) compared
to free O, consistent with the formation of a superoxide. Further, Cr-N and Cr-Cl distances
decrease from 2.064(3) A and 2.57(2) A to 2.026(4) A and 2.52(2) A, upon oxidation from Crz+
to Cr3+, respectively.121

All of the aforementioned work demonstrates the importance of having redox active
OMCs in MOFs for selective separations of O over N,. While this work is dependent on existing
framework families that can undergo metal substitution, there is a lot of room for further MOF
development for air purification through the use of (i) metaloligands, which my offer a way to
post-synthetically decorate MOF surfaces with under coordinated metals or (ii) through the
infusion or appendage of other metal-containing small moleucles on the internal surface of
MOFs. A proof of concept for redox active MOF-composites was highlighted by Zhange et al.,
which infused a well-known Cr-MIL-101 with the redox active Fe2* containing ferrocene
molecule.252 Heating the material above 350 °C led to a transformation of the ferrocene into
maghemite nanoparticles rendering a composite MOF materials that exhibited a high
selectivity for Oz over N». Experimental breakthrough obtained using a custom-built apparatus
equipped with a residual gas analyzer (in a gas mixture of 0.21% 02 and 0.79% N3) showed N>
breakthrough within a minute, while O, required 40 minutes. At any rate, MOFs offer an
unprecedented opportunity to tailor make materials with controlled capacities, selectivities,
and regeneration energies.252

1.6 Future perspectives and outlook

The previous sections have highlighted some of the recent progress made in the
advancement of MOFs towards carbon captures applications. While we have confirmed that
there are a number of frameworks currently available for the efficient separation of CO2/N5,
02/N3, and CO2/H, there are still a number of factors that need to be addressed for their
eventual implementation. More understanding of how MOF materials function in wet
environments and in the presence of other minor impurities present in gas streams is a
necessity. To achieve this, it will require experimentalists to characterize the materials in more
application relevant environments as in multicomponent adsorption and breakthrough
analysis. Further, on-going work should pay more attention to the temperatures and pressures
necessary for the varying applications as these two factors vary a great deal throughout the
literature, making it difficult on some occasions to gain an accurate comparison between two
differing materials. Also, there are a number of reports that show disparities in measured
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values for various properties ranging from surface areas, adsorption capacities, selectivities,
and isosteric heats. As such, more emphasis should be placed on sample quality and efforts
should be made to understand how varying reaction conditions affect the crystallization and
hence subsequent framework properties.

Once the more fundamental problems are addressed it is expected that MOF chemistry
will naturally gravitate away from the synthesis of new materials and look towards addressing
more engineering related issues. Some of these areas include: (i) material scale-up and cost
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Figure 1-28 (a) ball and stick model of Cr-BTT and the first coordination spheres for the Cr
centers within O2- and Nz-dosed Cr-BTT as determined from Rietveld analysis of powder
neutron diffraction data. Atom colors: Crdark green, Clpurple, Ored, N blue. Values in
parenthesis give the estimated standard deviation in the final digit of the number. (b) Excess
02 and N2 adsorption isotherms collected for Cr-BTT at 298 K; the solid lines represent
Langmuir—Freundlich fits to the data. Bottom: Uptake of O, at 200 mbar in Cr-BTT over 15
cycles at 298 K. Adsorption experiments were performed over 30 min and desorption was
carried out by placing the sample under a dynamic vacuum at 423 K for 30 min. Image is
reproduced from reference!3® with permission of WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

57



Chapter 1

analysis, (ii) nanostructuring materials for pelletization, (iii) the impact of pelletization on
MOF performance, (iv) assessing their performance over many adsorption/desorption cycles,
and (v) accurate determination of the energy penalty associated with MOF regeneration. While
we know that the parasitic energy cost of liquid amine scrubbers is approximately 30%, to the
best of our knowledge there are no thorough studies addressing the energy penalty and
economic cost related to MOF adsorbents and so it is a necessity for the future. It is assumed
throughout the literature that these materials will have better performance due to lower heats
capacities, but a number of factors must be considered. For instance there is not a lot of
information pertaining to MOF thermal conductivity,253 a parameter that dictates the
efficiency of the adsorbent bed and the duration of the regeneration cycle of a TSA capture
process. In the same regard, there are just a few studies addressing the desorption of CO; via
PSA in any great detail either.

While it is not discussed to a large extent throughout this chapter, it should be noted
that there are a number of developing computational tools that might allow accurate structure
and property prediction in MOFs.25*Advancements in this area could provide experimentalists
with target frameworks that will perform well in predefined gas mixtures and hence deliver
these materials more rapidly to industry.2>s Though progress has been made through
cooperative work between theoreticians and experimentalists to understanding MOF-small
molecule interactions, the rate at which theoretical tools are being actively used to provide
optimized MOF targets remains slow. One challenge for instance is the difficulty of developing
synthetic pathways toward a specific structure containing the desired building blocks or the
inability to predict structural changes that occur with adsorption. While these challenges are
large, the partnership between experimentalists and theoreticians is becoming more
prevalent throughout the literature and hence significant progress has been made in the
area.”3 As such, we are confident that computational tools, including high throughput
screening methods, could push MOF chemistry past the era of largely serendipitous
discoveries and allow for engineering porous media for solving specific problems.

Given the huge scientific progress made in the last 10 years within MOF research, we
have an optimistic outlook on MOF chemistry for their eventual implementation in a wide
number of energetically relevant gas separations. Unprecedented internal surface areas, facile
structural tunability, and the ease with which MOFs readily undergo post-synthetic
modification, clearly distinguishes this class of materials from other porous counterparts. It is
demonstrated throughout the literature that MOFs offer a unique opportunity for controlled
design, allowing one to find the intricate balance necessary between a variety of properties
such as selectivity, gravimetric and volumetric working capacity, regeneration energy, and
framework stability, making them likely candidates for future carbon capture technologies.
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Chapter 2
An experimental and computational study of
CO; adsorption in the sodalite-type M-BTT (M
= Cr, Mn, Fe, Cu) metal-organic frameworks

featuring open metal sites?

2.1 Introduction

Rising levels of atmospheric CO. are heavily implicated in global warming and
predominantly result from the combustion of carbon-based fuels, which has steadily increased
since the industrial revolution.25¢ Carbon dioxide levels recently surpassed an alarming level
of 400 ppm,257 and given the expectation that the transition to clean, renewable energies will
continue to progress slowly,2? the quest for new carbon capture technologies has moved to the
forefront of scientific research.2s8 At present, widespread implementation of the most
prominent capture technology, namely liquid amine-based scrubbers, is limited by the high
regeneration energies associated with using these materials in a post-combustion CO; capture
process. It has been alternatively proposed that solid adsorbents, which exhibit both lower
heat capacities and heats of adsorption, could reduce this parasitic energy cost considerably
by requiring far less heat for regeneration.62 259

Metal-organic frameworks are a broad class of solid adsorbents consisting of metal
ions linked by organic ligands to form porous, crystalline arrays, and are being intensively

2 This chapter is based on the published article: Asgari, M., Jawahery, S., Bloch, E.D., Hudson, M.R., Flacau, R.,
Vlaisavljevich, B., Long, J.R., Brown, C.M. and Queen, W.L. "An experimental and computational study of CO, adsorption in
the sodalite-type M-BTT (M= Cr, Mn, Fe, Cu) metal-organic frameworks featuring open metal sites." Chemical science 9.20
(2018): 4579-4588. M. A. has analyzed the data and has written the paper.
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investigated for various energy-relevant applications, including gas storage, gas separation,
and catalysis. These materials possess significant advantages over other solid adsorbents,
including unprecedented internal surface areas, impressive structural diversity, and facile
chemical tunability. Given the numerous permutations of potential linker and metal
combinations, a vast number of frameworks are accessible in principle; however, to identify
and better tune the properties of any framework for a target application, such as CO; capture,
it is essential to first understand structure-derived function. One powerful approach is the
study of isostructural families of frameworks differing only in the identity of the metal ion.194
260-261 For example, we have previously shown that a combined experimental and theoretical
approach can afford important insights into the factors influencing CO, adsorption in the
M;(dobdc) (M = Mg, Mn, Fe, Co, Ni, Cu, Zn; dobdc*- = 2,5-dioxido-1,4 benzenedicarboxylate)
series of frameworks.262 However, a lingering practical challenge to conduction of such
structure-property relationship studies is the need for reliable experimental adsorption and
in-situ diffraction data for a group of isostructural frameworks, which is often not available for
many frameworks of interest.

One such family is the sodalite-type series M-BTT (M = Cr, Mn, Fe, Co, Ni, Cu, Cd; BTT3-
= 1,3,5-benzenetristetrazolate),263-267 with a general formula of [(M4Cl)3(BTT)g]3. The
framework crystallizes in the cubic Pm-3m spacegroup (no. 221) and features truncated,
octahedral cages built up of six [M4Cl]7* units and eight [BTT]3- ligands that are further
interlinked to form an anionic, porous, three-dimensional network (Fig. 2-1). This material is
somewhat unique among metal-organic frameworks in that it readily undergoes chemical
substitution with a number of first row transition metals and has a high density of open metal
sites that are accessible after heating the as-synthesized material under dynamic vacuum to
remove coordinated solvent. These properties are exhibited by only a few other known
framework families, namely Mz(dobdc)72 87, 100, 182-184, 268-271 M, (dobpdc) (M = Mg, Mn, Fe, Co,
Ni, Zn; dobpdc# = 4,4'-dioxidobiphenyl-3,3’-dicarboxylate),2’2 M,Cl;(bbta) (H;bbta=1H,5H-
benzo(1,2-d:4,5-d) bistriazole) and M;Cl;(btdd) (H:btdd =bis(1H-1,2,3-triazolo[4,5-b],[4’,5 -
i])dibenzo[1,4]dioxin),273 Mz(m-dobdc) (M = Mg, Mn, Fe, Co, Ni; m-dobdc*- = 4,6-dioxido-1,3-
benzenedicarboxylate),2’4 and Msz(btc); (M = Cr, Cu, Zn, Mo, Ru; btc3- = 1,3,5-benzene
tricarboxylate).192 275-277

The open metal sites of the M-BTT family have been shown previously to increase the
surface packing density of hydrocarbon adsorbates,?78 to exhibit strong and selective binding
of framework guests,164 265,267,279 and also to provide a pathway to achieve charge transfer
between frameworks and guest species,280 a desirable property for using metal-organic
frameworks for the conversion of small molecules into value-added chemicals.281 Most
relevant to this study, the open metal sites can improve CO; uptake at low-pressures, which is
a property of interest for flue gas separations in post-combustion capture technologies.62 282
The M-BTT family thus stands as an important system for experimental examination of the
role of metal identity on CO; adsorption and subsequent identification and validation of
computational tools useful in varying chemical environments.
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Herein, we present a comprehensive experimental and computational investigation of
COz adsorption in M-BTT (M = Cr, Mn, Fe, Cu) analogs, using in situ powder neutron diffraction
and DFT calculations in tandem. Powder neutron diffraction reveals for the first time a
molecular level view of CO; adsorption in M-BTT and facilitates rationalization of
experimental CO; adsorption isotherms. The experimentally obtained binding distances and
enthalpies are further used to benchmark and evaluate the results of DFT calculations on M-
BTT, as reported in this work and a previous study.164 Ultimately, it is expected that the
insights gained will inform how existing and hypothetical frameworks can be most efficiently
screened for CO2 adsorption applications.

2.2 Experimental section

2.2.1 Materials and methods

The Fe-BTT265 and Cu-BTT2¢4 frameworks were synthesized as previously reported.

2.2.2 Synthesis

Cr-BTT: Anhydrous chromium(II) chloride (1.1 g, 9.0 mmol), 1,4-H3:BTT (0.71 g, 3.6
mmol), DMF (300 mL) and triflic acid (3.2 mL 3.6 mmol) were added to a 500-mL Schlenk
flask. The reaction mixture was heated at 393 K and stirred for 72 h to afford a light brown
precipitate. The solid was collected by filtration and washed with 100 mL of DMF to yield 2.0
g(91%) of Cr-BTT. A sample of this compound (1.9 g, 3.3 mmol) was soaked in 100 mL of DMF
at 393 K for 24 h after which the solvent was decanted, and the solid was then soaked in 100
mL of methanol at 343 K for 24 h. The methanol exchange was repeated three times, and the
solid was collected by filtration to yield 1.3 g (87%) of Cr-BTT-MeOH as a tan powder. A sample
of this compound was fully desolvated by heating under dynamic vacuum (< 10 pbar) at 433
K for 24 h to yield Cr-BTT as a light tan powder.

Mn-BTT: The synthesis of Mn-BTT was carried out according to the previously
published procedure, with slight modification.263 In order to produce large quantities of the
material for neutron diffraction experiments, the synthesis was scaled to a 500-mL autoclave
bottle. Additionally, in order to maximize surface area, solvent was removed by decanting
rather than filtration prior to activation.

[tis important to mention that the M-BTT compounds in activated form can sometimes
detonate upon exposure to air. As such, these materials should be handled with caution and in
small quantities.

2.2.3 Adsorption Measurements

Ultra-high purity-grade (99.999% purity) helium, nitrogen, and carbon dioxide were
used for all gas adsorption isotherm measurements. Adsorption data were collected at
pressures ranging from 0 to 1.1 bar using a commercial Micromeritics ASAP 2020.283 Samples
were transferred under a N, atmosphere to preweighed analysis tubes that were capped with
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a Transeal. The samples were first evacuated on the activation station until the outgas rate
was less than 3 mbar per min. The evacuated analysis tubes and samples were then carefully
transferred to an electronic balance and weighed to determine the mass of the sample
(typically 100-200 mg) after activation. For cryogenic measurements, the tube was immersed
in liquid N2, covered with an isothermal jacket, and transferred back to the analysis port of the
gas adsorption instrument. The outgas rate was again confirmed to be less than 3 mbar per
min. Langmuir surface areas and pore volumes were determined from N, adsorption
isotherms measured in a 77-K liquid N bath, and were calculated using the Micromeritics
software assuming a value of 16.2 A2 for the molecular cross-sectional area of N,. For CO;
adsorption measurements, data were collected at temperatures ranging from 25 to 45 °C using
a Micromeritics recirculating dewar connected to a Julabo F32-MC isothermal bath.

2.2.4 Structural Analysis

High-resolution powder neutron diffraction experiments were carried out on M-BTT
(M = Cr, Mn, Fe, Cu) using BT1 at the National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR). All measurements were carried out on activated
samples of ~0.8 g. At NIST, samples were activated while heating under dynamic vacuum and
then transferred into a He purged glove-box, loaded into a vanadium can equipped with a gas
loading valve, and sealed using an indium O-ring. Powder neutron diffraction data were
collected using a Ge(311) monochromator with an in-pile 60 collimator corresponding to a
wavelength of 2.0780 A. The samples were loaded onto a closed cycle refrigerator and then
data were collected at 10 K. After data collection on the activated framework, CO, was then
loaded into each framework by first warming the samples to room temperature and then
exposing them to a pre-determined amount of gas. Upon reaching an equilibrium pressure at
the loading temperature, the sample was then slowly cooled (at a rate of 1 K/min) to ensure
complete adsorption of the CO2, and data was then collected again at 10 K. It should be noted
that the activation procedure for Mn-BTT was not successful in extracting all of the solvent
molecules from the material. This is consistent with previous reports, which reveal that
solvent remains coordinated to 83% of the open metal sites after activation.263 Considering
the low occupancy of CO; at the Mn2+ sites and high occupancy of solvent, in situ experiments
were not pursued for this sample.

Additional high-resolution neutron diffraction data were collected on the C2
diffractometer at Chalk River Laboratories at the Canadian Neutron Beam Center using a 1.2-
g sample of Cr-BTT. The sample preparation and data collection of the bare and CO-loaded
framework were carried out using procedures similar to those described above. A wavelength
of 2.3704 A was used to collect data from ~2.8° to 117° in 26 For this experiment, the gas
loading apparatus designed for the top-loading, closed cycle refrigerator was not equipped
with line heaters, and, because of this, cold zones caused the CO; to freeze in the gas line before
complete adsorption could be achieved. As such, loadings higher than 0.5 CO; per Cr metal
were not achieved and data were recollected at NIST. However, we note that results from the
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refinements of the bare structure and low CO; loading are similar to those obtained at NIST
(see Apendix, Table S2-7 and S2-8 and Fig. S2-22).

Powder neutron diffraction data were analyzed using the Rietveld method, as
implemented in EXPGUI/GSAS.284285 The M-BTT models were based on those previously
determined,264-265 267 with the scale-factor and unit cell allowed to vary. Fourier difference
methods were employed to locate residual solvent, extra-framework cations, and the
adsorbed CO2 molecules in the structures of the activated bare materials.

X-ray diffraction data were also collected on Fe-BTT on 17-BM-B at the Advanced
Photon Source at Argonne National Laboratory. The unactivated sample was loaded into a 1.0-
mm borosilicate capillary that was then placed in a custom designed gas cell. The capillary was
mounted onto the goniometer head at 17-BM and centered in the beam. The sample was then
placed under dynamic vacuum, inserted in a N, stream that was slowly heated to 150 °C where
it was held for 2 h. Post-activation, the sample was gradually cooled to room temperature and
then dosed with a small amount of He exchange gas. The sample was then further cooled to
100 K at a rate of 2 K/min where it was held for 30 min prior to data measurement to allow
for temperature equilibration. The data were collected using a Si (111) monochromator (A =
0.61072 A, AE/E = 1.5 x 10-4). It should be noted that while efforts to activate the sample in
situ succeeded in removing some of the methanol from the framework channels, they were
unsuccessful at removing any of the methanol coordinated to the metal sites. Rietveld analysis
was carried out on the data to elucidate the positions of extra-framework cations. Due to the
inability to completely desolvate the framework at the synchrotron, data collection on the CO»-
adsorbed samples were not pursued.

2.2.5 Periodic Density Functional Theory Calculations

Periodic density functional theory (DFT) calculations were employed to compute first-
principles CO; binding energies using the Vienna Ab initio Simulation Package (VASP).286 To
correctly model noncovalent interactions between CO; and the framework, the dispersion
corrected functional rev-vdW-DF2+U was employed.287-288 The Hubbard U parameter is
needed to model valence d electrons during adsorption and has been shown to be particularly
important for frameworks with open-metal sites.289-290 The Hubbard U values in this work
were based on values determined for the M(dobdc) series: 6.1, 6.5, and 10.4 eV for Cr, Fe, and
Cu, respectively.291 Based on the results of Poloni et al.,16* all metal centres are treated as high
spin with antiferromagnetic ordering between metal centers. A plane wave basis set with a
cutoff of 800 eV and PAW pseudopotentials were used.292 Atomic positions and lattice
constants were optimized for bare frameworks without CO, with forces on each atom
converged to 2 x 10-2 eV/A. The atomic positions and lattice constants of the bare frameworks
were optimized starting from the experimentally refined structures, and extra-framework
cations were incorporated in order to balance the anionic framework charge. For Cu-BTT, the
DFT relaxation included the experimentally observed Cu* extra-framework cation which has
a Cl and water molecule coordinated to it (described below in more detail, shown in Figure 2-
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3, and S2-23). For Cr-BTT and Fe-BTT, sodium cations were included in the tetrazolate cages,
which corresponds more closely to their experimentally observed cation positions (shown in
Figure S2-21). The placement of extra-framework cations in this work benefits from new
diffraction data while previous studies by Poloni et al.l6% 293 placed the sodium cations
coordinated to nitrogen atoms on two adjacent tetrazole ligands. Geometry optimizations of
the bare framework allowed for the relaxation of all atoms, both in the framework and extra-
framework cations, and the lattice constants. After relaxing the framework structure, the
positions of CO, molecules were relaxed starting from their positions in the experimental
structure keeping the framework atoms fixed using the so-called rigid framework
approximation. The CO. binding enthalpies were calculated using harmonic vibrational
frequencies (obtained for CO; and the corresponding open metal site). Atomic positions for
bound and unbound CO; were optimized at the same level of theory as the framework. Point
charges were assigned to framework atoms using the REPEAT scheme and the electrostatic
potential generated by DFT for use in our simulations.29

2.2.6 Grand Canonical Monte Carlo Simulations

Grand Canonical Monte Carlo (GCMC) simulations were performed using the RASPA
molecular simulation software2% to compute room temperature CO; and 77-K N3 isotherms.
Total cycle numbers of 100,000 and 20,000 (evenly split between equilibrium and sampling
cycles) were employed for the room temperature CO; isotherms and 77-K N isotherms,
respectively. Interactions between CO, molecules and between N, molecules were modelled
with the TraPPE force field.2% Framework atoms were assigned interaction parameters using
the Universal Force Field (UFF), and CO:-framework interactions were determined using
Lorentz-Berthelot mixing rules.297

2.3 Results and discussion

2.3.1 CO2 adsorption properties

Low-pressure CO; adsorption isotherms were collected for M-BTT (M = Cr, Mn, Fe, Cu)
at 298, 308, and 318 K. At 298 K and pressures below 0.1 bar, the isotherms exhibit a steep
initial rise that is indicative of highly polarizing adsorption sites, a phenomenon often
observed for frameworks with coordinatively-unsaturated metals.?3. 136,145,262 The adsorption
isotherm for Fe-BTT is the steepest of all the analogues, indicating a strong interaction with
CO; at low surface coverage, which is an area of interest for post-combustion flue gas capture.
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Figure 2-2 Structure of a portion of the Cu-BTT framework, as determined from Rietveld
analysis of high-resolution powder neutron diffraction data (left), and an expanded view of the
four different CO, adsorption sites within the framework (right). Cyan, grey, blue, and green
spheres represent Cu, C, N, and CI atoms, respectively, and yellow ball-and-stick models
represent COy; H atoms and charge balancing cations are omitted for clarity. At site |, the Cu—
O distance is 2.60(3) A while other nearest-neighbour CO,-framework and CO,-CO;
interactions are dominated by van der Waals forces and range approximately from 2.95 to 3.44

A

To gain a quantitative estimation of binding strength, we calculated isosteric heats
(Qst) of CO2 adsorption, which afford a measure of the average binding energy at constant
coverage and can be determined by fitting the adsorption isotherms with a dual-site
Langmuir-Freundlich equation (Fig. S2-3 to S2-6). The calculated zero-coverage isosteric
heats (Table 2-1) range from 30.7 k]/mol to 51.2 k]/mol with the trend Fe > Mn > Cr > Cu.
Consistent with previous studies of the Mz(dobdc) (M = Mg, Mn, Fe, Co, Cu, Zn) frameworks,
the observed isosteric heats cannot be rationalized based upon ionic radii alone.1%. 262 A
computational study of the M;(dobdc) series by Yu et al revealed that the electrostatic
interactions are likely dictated by nuclear screening effects that cause variations in the
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Figure 2-1 (left) Excess CO, adsorption isotherms obtained at 298 K for various M-BTT
analogs. (right) Isosteric heats of adsorption, Qs, plotted as a function of CO; loading
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effective charge experienced by the CO; at the open metal site.1% Computational work
conducted both in this study on M-BTT frameworks (M = Cr, Fe, Cu) and an earlier work by
Poloni et al. supports the experimentally observed trend in binding energy (Fe > Cr > Cu).164

Upon increasing the CO; loading, a rapid drop is observed in the isosteric heat for Fe-
and Mn-BTT, likely indicating that a portion of the primary adsorption sites are blocked by
residual solvent molecules. Indeed, previous in situ structural studies of D, adsorption in this
series of frameworks revealed a significant number of metal sites are blocked by solvent
molecules that cannot be removed using standard activation procedures.263. 265 Rietveld
refinement of the neutron diffraction data collected in this study on the bare Cr-BTT, Fe-BTT,
and Cu-BTT frameworks post-activation revealed that ~23%, ~65%, and ~17% of the open
metal sites, respectively, are blocked by coordinated solvent. Therefore, the overall trend for
the number of available open metal sites follows the order Cu = Cr > Fe > Mn, consistent with
what has been previously reported.263.265.267 The smaller number of available open metal sites
in Mn-BTT causes the isosteric heat to drop faster than that of the Fe-analog (Fig. 2-2), while
the larger number of available open metal sites in Cu-BTT and Cr-BTT can be used to
rationalize their higher overall capacity for CO, at 1 bar, despite their lower zero-coverage
isosteric heat of CO; adsorption (Table 2-1).

2.3.2 Characterization of multi-site CO adsorption in M-BTT

We used high-resolution neutron diffraction to elucidate the CO; adsorption behavior
of the M-BTT frameworks, excluding Mn-BTT, due to the difficulty of removing a sufficient
amount of coordinated solvent from the metal sites. With the general chemical formula
[(M4C1)3(BTT)s]3-, M-BTT requires extra-framework metal cations to balance anionic charge.
Although the positions of the extra-framework cations for Cr-BTT could not be determined
due to a low coherent scattering neutron cross section, Cu cations were found in a slightly
distorted trigonal planar environment coordinated by two N atoms of the tetrazolate ring

Table 2-1 Experimental and computed data for CO, adsorbed at site | in M-BTT.2 Distances
and angles are listed in A and degrees, respectively

M2+ Isotherm DFT (rev-vdW-DF2+U) Diffraction Data
SA (m?/g) -Qst (kI/mol) ~Hy (kJ/mol) M-0(CO,)b N---C¢ 0-C-0d M-0(CO>) N---Ce 0-C-0
Cr 1820 36.7 36.6 2.625 2.914 176.7 2.66(4) 3.04(2) 176(2)
Mne 2050 45.6
Fe 1700 51.2 51.7 2.301 3.019 174.4 2.36(3) 3.00(3) 180(4)
Cu 1700 30.7 29.4 2.567 3.041 177.1 2.60(3) 3.01(1) 177(1)

aExperimentally-determined surface areas (SA), zero-coverage isosteric heats of adsorption (-Qst), and select geometric parameters for
surface bound CO; are presented; computed enthalpies of adsorption (-Hp) and select geometric parameters are included for comparison.
Values in parentheses indicate one standard deviation.

bDistance from the metal center to the bound oxygen of CO,.

¢Distance between carbon of bound CO; and the nearest tetrazole nitrogen.

dIntramolecular angle of bound CO,.

¢ Due to the challenge of removing all solvent molecules bound to the open Mn?* sites, data collection using neutron powder diffraction
and DFT calculations on Mn-BTT were not pursued.
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(1.97(3) A) and a CI- (2.51(6) A) (Fig. 2-3). This coordination geometry is indicative of the
presence of a reduced Cu!* ion with an occupancy that charge balances the Cu-BTT framework
to suggest an overall composition of Cue[(CusCl)3(BTT)g]Cl; for fully activated Cu-BTT.298-299
For Fe-BTT, the extra-framework cations are found directly above the Cl-centered [Fe.Cl]7+
cluster at a Cl---Fe distance of 4.4(1) A (Fig. S2-21). A small amount of excess scattering density
was also observed in the axial position of the Cu2+ cations found in the [Cu4Cl]7* cluster of Cu-
BTT, supporting the evidence for incomplete activation noted above. In this case, the excess
scattering density appears to be a single atom, likely due to water adsorption, and hence is
modelled as a single oxygen at an occupancy of 0.17(2) and a distance of 2.17(6) A from the
Cu?+ site. A similar procedure was carried out to model excess scattering density in Cr- and Fe-
BTT (Tables S2-6 and S2-10).

Following structure determination of the activated materials, the samples were dosed
with ~0.5 CO; per framework M2+and the analysis was repeated. For all analogs, the primary
adsorption site consists of CO2 bound in an end-on configuration at the M2+ cation (Fig. 2-1),
confirming the presence of strong electrostatic interactions indicated by the high initial
isosteric heats of adsorption. The M2+-0(CO;) distances range from 2.36(3) A for Fe-BTT to
2.60(3) A for Cu-BTT. While Cr-BTT binds CO, more strongly than Cu-BTT, the similar M2+-
0(COy) distances in both analogs can be rationalized based on the larger ionic radii of Cr
compared to Cu.

Secondary van der Waals interactions between the CO; carbon atoms and the nitrogen
atoms on the nearest tetrazole ring in each framework (located at a C---N distance of ~3 A)
lead to M-0-C(CO2) angles ranging from 106(1)° for Cu-BTT to 116(2)° for Fe-BTT. DFT angles
are overestimated for this parameter at 127.5° for Cu-BTT and 134.0° for Fe-BTT, but the trend
between the metals is consistent with the experiment. Fe-BTT has the strongest binding
energy and the largest angle. The computed angle for Cr-BTT is 126.3° so Cr and Cu have

Figure 2-3 High-resolution neutron powder diffraction structure of Cu-BTT showing the extra-
framework Cu* cations that bridge N atoms of the tetrazolate ligand. Cyan, grey, blue, and
green spheres represent Cu, C, N, and Cl atoms, respectively; H atoms are omitted for clarity.
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similar binding angles despite Cr having a stronger binding energy; however, in the case of Cu,
the presence of an extra-framework cation in the main adsorption cage could also influence
the CO; orientation. The intramolecular CO; angles show minimal deviation from the expected
linear geometry. While these angles are in good agreement with DFT calculations (Table 2-1)
and indicate that there is little electronic activation of the bound CO; molecule, nothing can be
said about the trend in the CO; angles due to the error associated with the diffraction
experiment. The binding enthalpies and geometries of COz in M-BTT (M = Cr, Fe, Cu) were also
determined by periodic DFT calculations, and the results are presented in Tables 2-1 and 2-2.
The theoretical site I CO, binding energies (Table 2-1) are in excellent agreement with
experimentally-determined zero-coverage isosteric heats of adsorption, importantly
capturing the observed experimental trend. The theoretical M-0(CO;) distances for site I
(Table 2-1) in the Cr- and Cu-BTT frameworks are also in near perfect agreement with the
experiment (differing by < 0.04 A) and within the range of the standard deviation (Fig. 2-4 and
Fig. S2-20). The theoretical site ] M-0(COz) distance in Fe-BTT is also in excellent agreement
with experiment (differing by < 0.06 A). When considering the margin of error associated with
the diffraction experiment (x 0.03-0.04 A), there is almost no difference between the
computationally and experimentally determined metal-oxygen distances for CO, binding in
Cr-, Fe-, or Cu-BTT. We note that the calculated M-0(CO_) distances are also in much better
agreement with experiment than those previously predicted for the M-BTT series,164 which
show deviations up to ~0.2 A (the values reported previously use a different flavour of DFT
and different positons for extra-framework cations). While the calculated trend in M-0(CO)
binding distances (Cr = Cu > Fe) presented here corresponds with the one observed
experimentally, the Cr-O(COz) bond distance is slightly longer than the Cu-0(CO;) distance
despite the stronger Cr-CO; binding energy. This is likely due to the aforementioned
difference in the ionic radii of Cu2* and Cr2+. Note that previous work by Poloni et al. reported
that this distance correlated with binding strength; however, their calculated Cu-0(CO3)
distance was only 0.005 A longer than Cr-0(CO2) and therefore is also in good agreement with
experiment.

Upon increasing the CO; loading from 0.5 to 1.5 CO; per M2+, three additional, weaker
adsorption sites become populated (Fig. 2-1). In the case of Mn- and Fe-BTT, the significant
drop in their isosteric heats of CO; adsorption (Fig. 2-2. (right)) indicates that preference for
site I persists to room temperature. In contrast, the relatively flat nature of the isosteric heats
of adsorption for Cr- and Cu-BTT implies similar binding energies for the different binding
sites at room temperature, an observation that is supported by the predicted binding
enthalpies of sites [ and Il determined via DFT calculations (Tables 2-1 and 2-2). A comparison
of the DFT-derived CO2 binding energies for sites  and Il provides further valuable insight into
the behavior of the framework adsorption isotherms. While the binding energy of CO; at site |
depends strongly on metal identity, the binding strength at site Il appears to be nearly
independent of the metal. Indeed, the DFT binding strengths of CO; at site II (Table 2-2) vary
by only 2 KkJ/mol across the frameworks studied. Given that the M-BTT frameworks are
isostructural, it is perhaps unsurprising that CO2 should adsorb with similar binding energies
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at secondary adsorption sites. The DFT results are further supported by the similar isosteric
heat values extracted for the frameworks at higher surface coverage (Fig. 2-2).

The secondary CO; adsorption site in Cu-BTT (Fig. 2-1) is rotationally disordered
above the [Cu4Cl]7- cluster. The closest oxygen atom of carbon dioxide bound at this site is
approximately 3.27 A from the Cl- and 3.44 A from the center of the tetrazolate ring, distances
that are in agreement with what is expected based on the van der Waals radii of oxygen and
chlorine. Interestingly, the extra-framework cations in Fe-BTT also reside just above the Cl-
anion in the [M4Cl]7- cluster and partially block the secondary adsorption site in this structure.
In addition to the blocking of a large number of primary adsorption sites due to solvent
molecules, the positioning of this cation may also influence the significant drop observed in
the Qs for Fe-BTT relative to Cr- and Cu-BTT. As was the case for CO; bound at site I, the DFT
calculated binding geometries for CO; at site Il match well with the experimentally-
determined values (Table 2-2). The largest deviation was observed for Cr-BTT, for which the
DFT calculations revealed a Cl---O(CO2) distance that is ~0.1 A longer than that observed
experimentally. The experimentally and theoretically determined structures for Cu-BTT are
overlaid in Fig. 2-4 (see also Fig. S2-20).

At site II1, COz is rotationally disordered between two carbon atoms of the BTT3- linker
and located at a C---O distance of ~3.27 A from the framework wall. Although this site is twice
as abundant as site I, the adsorption of CO; at site III is expected to be weaker given its lower
occupation observed via in situ neutron diffraction. It should be noted that while the CO>
molecules located at sites III and IV are somewhat disordered, the intermolecular CO;
distances for these two sites are shorter than those of the closest CO.-framework distances. It
may be that the population of site II helps to stabilize the population of these two additional
adsorption sites, an observation that is supported by a pronounced plateau in Qs at higher
loadings (Fig. 2-2). It is also possible that CO, molecules located at sites III and IV afford
additional stabilization to CO; molecules located at site II (Fig. 2-1), in a manner similar to that
suggested in an earlier study on CH4 binding in the metal-organic framework Cusz(btc),.300

Table 2-2 Experimental and computed binding enthalpies and geometries (DFT) for site 1l CO».
Distances and angles are listed in A and degrees, respectively.

-Hp (k)/mol)  O--Cl2  0-C-Ob  O--Cl2  0-C-OP

Cr 26.6 3.303 179.1  3.17(3)  179(6)
Fe 24.5 3.237 179.7  3.38(2)  179(7)
Cu 26.8 3.300 179.4  3.27(2)  179(8)

aTheoretical and computed bond distances describe the distance
between the oxygen atom in CO; and the chlorine atom in the
center of the cluster.

b The intramolecular 0—C—-0 angle of the CO, molecule.
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Positional disorder in the CO; molecules bound at sites III and IV precluded periodic
DFT analysis, and therefore we turned to force fields to quantify any stabilizing influence of
neighboring CO, molecules on the adsorbed gas at these positions. For this analysis, we
arranged the site Il and IV CO; molecules at their experimental unit cell positions around site
II CO; with the DFT-determined binding geometry. We found the strength of the interaction
between site Il and site III CO; molecules to be —4.58, -3.13, and -3.26 k] /mol for Cu-, Cr-, and
Fe-BTT, respectively. Interactions between CO; located at site Il and site IV were found to be
smaller, although of the same order of magnitude. Considering the magnitude of the CO;
binding enthalpies at site II (Table 2-2), it is expected that interactions with CO2 molecules at
sites Il and IV are unlikely to have a large impact on the site Il binding enthalpy. However, the
CO2 molecules at sites Il and IV exhibit weaker interactions with the framework compared to
that of site Il and may be primarily stabilized by interactions with the closest site Il molecule.

Figure 2-4 Structure of Cu-BTT showing the primary (site I, right) and secondary (site Il, top)
CO, adsorption sites, as identified by in situ powder neutron diffraction and DFT calculations
(yellow and orange ball-and-stick representations, respectively). Cyan, grey, blue, and green
spheres represent Cu, C, N, and Cl atoms, respectively; H atoms are omitted for clarity.

Because the strength of CO; binding at site I is dependent on the identity of the
framework metal and the binding strength at site II is not, the theoretical difference between
the site I and site II binding energies follows the same trend across the M-BTT series as the
site I binding energy (Fe > Cr > Cu). DFT calculations show that CO, binds more strongly at site
[ than site II in Fe-, Cr-, and Cu-BTT by 27.2, ~10, and 2.6 kJ/mol, respectively. The higher
binding strength at site I is supported by the higher experimentally observed site | occupancy
at low CO; loadings in diffraction experiments. We note that while an energy difference as
small as ~3 k]/mol is enough to distinguish sites I and II and lead to sequential occupation of
adsorption sites at 10 K, at room temperature there is enough thermal energy such that there
is no strongly preferred adsorption site. A similar phenomenon has been observed for CH4
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binding in Cuz(btc). using powder neutron diffraction, wherein thermodynamic preference
for a given binding site at 150 K is lost at higher temperatures.30° Room-temperature CO>
adsorption isotherms for Cr-, Fe- and Cu-BTT plotted on semi-log and logarithmic axes are
shown in Figs. S2-18 and S2-19. On a semi-log scale, Cr- and Cu-BTT exhibit Langmuir-type
CO; adsorption behavior, while in Fe-BTT CO; appears to bind most strongly at low pressures.
This latter observation is supported by DFT calculations, which predict the largest difference
in site I and Il binding energies for Fe-BTT. The combined theoretical and experimental work
presented here suggests that differences in binding energy of > 20 kJ/mol may be needed to
observe a truly sequential loading of different binding sites in room temperature adsorption
isotherms.

2.3.3 Comparison with Previous Computational Work

It is of interest to compare the DFT results obtained here to previous computational
work by Poloni et al., which examined CO; adsorption at the primary site in M-BTT for both
existing and hypothetical analogs.16* The results in the previous work64 were obtained using
atomic orbital basis sets and a PBE+D2+U van der Waals corrected functional, whereas this
work used a plane wave basis set and the rev-vdW-DF2+U functional. Additionally, the two
studies differ in the placement of the extra-framework cations. Both of these factors will
contribute to differences in the geometric parameters and binding energies reported in the
two studies; however, overall trends can be examined.

In particular, the site I binding energies and trend in M-0O(CO;) distances reported
previously are in good agreement both with those in this work and with the experimental
isosteric heats of adsorption. This supports the conclusion that the interaction with the M2+
cation dominates and this site is not particularly sensitive to the position of the framework
cation. On the other hand, the site I binding geometries from this study more closely match the
diffraction results. For example, the M-0(CO;) binding distances at the primary adsorption
sites were on average 0.045 A closer to the experimental values compared to those reported
previously. Our distances are slightly shorter than experiment while those of Poloni et al. are
slightly longer. This could be due to the fact that the rev-vdW-DF2 functional was
reparametrized specifically to improve bond distances while maintaining good binding
energies; however, functional dependence in this system has not been systematically
examined. The previous study also observed that stronger CO; binding correlated with
deviations from the expected linear geometry of CO; and shorter distances between the
tetrazole nitrogen and the CO, carbon. In the diffraction results presented here, neither of
these trends is observed. Although our DFT calculations started from the experimental
structure, we observe the same trend in CO; bending as Poloni et al. Moreover, the distance
between the tetrazole nitrogen and CO, carbon shows no clear dependence on the binding
energy and the trend between the metals is different in the experiment (Cr > Cu > Fe), our
calculations (Cu > Fe > Cr), and those of Poloni et al. (Cu > Cr > Fe). However, both experiment
and Poloni et al. report the shortest N-C distance for the strongest binding metal. Additionally,
in our calculations for Fe-BTT sodium migrated closer to Cl than the experimentally observed
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Fe cation. It is possible that the location and identity of the extra framework Fe cations has an
impact on the CO; binding geometry.

The diffraction data presented in this work has created the opportunity for a future
benchmarking study to determine the influence of different DFT functionals on the accurate
prediction of CO; adsorption properties in the M-BTT framework series. Relative differences
between Cr- and Fe-BTT structures computed in this work compared to the previous study
may have to do with the placement of sodium cations, the respective choices of functional, and
the choices in the level-of-theory. Furthermore, the specific identity of the extra-framework
cations may play an important role in counterbalancing intra-framework forces. For example,
DFT studies exploring whether extra-framework cations with different ionic radii and partial
charge could occupy different sites based on steric effects, which has been suggested in the
literature,30! have not been performed.

2.4 Conclusions

We have demonstrated that in situ neutron diffraction can provide insights into
how to optimize existing metal-organic frameworks for CO; adsorption (e.g., via metal
substitution) while also providing detailed structural information that can be used to
validate computational methods aimed at predicting the behavior of metal-organic
frameworks with open metal sites. Indeed, in this study, calculated CO; binding
energies and geometries were in good agreement with the experimental results, and
such validation of computational approaches for adsorption applications opens the
door to predicting the behavior of synthesized and even hypothetical metal-organic
frameworks.

The foregoing results also provide experimental evidence that the strength of
adsorption at the open metal site in the M-BTT series can be rationalized based on
metal identity, including the partial charge on the electropositive M2+ cations. This
observation is confirmed by both prior computational work and the results of DFT
calculations presented here.1¢4 DFT calculations also suggest that the heat of adsorption at
site Il is not dependent on metal identity. Strong CO. adsorbents, like Fe-BTT, display
sequential adsorption behaviour, which could potentially be exploited for applications such as
CO; conversion. This study shows the need for combined experimental and computational
studies capable of predicting framework properties, a process that might eventually allow the
rapid identification of target materials for CO capture, as well as a host of other applications.
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Chapter 3
An in-situ neutron diffraction and DFT study
of hydrogen adsorption in a sodalite-type

metal-organic framework, Cu-BTTri3

3.1 Introduction

Metal-Organic Frameworks (MOFs), a class of porous, crystalline materials, have
received intense attention over the last few decades in a variety of fields coupled to gas
storage,302-306 gas and liquid separations,36 307-309 catalysis,38 310 sensing,31! drug delivery,312
etc. Among these applications, gas storage has been intensely studied in MOFs;313 this is largely
owed to their unprecedented internal surface areas and pore volumes, combined with the ease
of decorating internal surface area with high densities of strong adsorption sites.21. 282 314
These attractive features result in high capacities for the capture of a variety of small guest
molecules such as hydrogen.315-316 When compared to other porous adsorbents, MOFS can
offer higher storage capacities,3!” and in some cases boast hydrogen storage densities that
exceed what can be achieved through pure compression.316 318319 While more than 70,000
MOF structures have been reported in literature to date,320 few of these have been
experimentally screened to determine their applicability in hydrogen storage. As such, studies
focused on providing knowledge of how the MOF structure influences storage properties are
needed. Studies of this kind not only deepen our chemical understanding of adsorption

3 This chapter is based on the published article: Asgari, M., Semino, R., Schouwink, P., Kochetygov, I., Trukhina, O., Tarver,
J.D., Bulut, S., Yang, S., Brown, C.M., Ceriotti, M. and Queen, W.L. "An In-Situ Neutron Diffraction and DFT Study of
Hydrogen Adsorption in a Sodalite-Type Metal-Organic Framework, Cu-BTTri." European Journal of Inorganic Chemistry
2019.8 (2019): 1147-1154. M. A. has synthesized the material, performed the experiments, analyzed the data and written
the paper.
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phenomena,”3 but will hopefully promote the development of computational methods able to
rapidly and accurately predict the performance of existing and hypothetical materials towards
hydrogen gas storage.321-322

One family of MOFs which has shown promising performance for hydrogen storage is
the M-BTT (BTT3- = 1,3,5-benzenetristetrazolate where M = Cr, Mn, Fe, Co, Ni, Cu, Cd) series of
frameworks.264-265,313,323-324 This framework family can be substituted with a variety of metals
and ligands (BTT3- vs BTTri>> - 1,3,5-benzenetristriazolate or BTP3 . 1,3,5-
benzenetrispyrazolate), thus altering the chemical environment inside the MOF pore all while
keeping the same structural motif.139 220,325-326 Further, upon solvent removal, many of these
materials exhibit open-metal coordination sites, a structural feature known to increase the
surface packing density of hydrogen,32” and give rise to high isosteric heats of hydrogen
adsorption (Qs).6% 265 272, 313,328 The latter is required to enhance adsorption capacities at
higher temperature, which is desirable for storage on-board vehicles. Given this, herein we
report in-situ neutron diffraction experiments,64 72,262,329 which are used to unveil the intimate
details of hydrogen adsorption in a highly stable, crystalline MOF, known as Cu-BTTri. In this
work we also report the correct structure for the activated Cu-BTTri framework, and location
of four D adsorption sites within the gas dosed material, for the first time. In addition, the
experimental data is used to validate Density Functional Theory (DFT) methods, used to
predict the location and binding energy of the guest hydrogen species. A good agreement with
the experiment implies that the this theoretical approach can be applied to simulations of
similar systems, thus potentially helping lay the basis for the rapid computational screening
of hydrogen adsorption properties of both existing and hypothetical MOF structures in the
future.

3.2 Experimental Section

3.2.1 Synthesis of HsBTTri ligand

The H3BTTri ligand has been synthesized according to the reported method in the
literature.139

3.2.2 Synthesis of Cu-BTTri

The Cu-BTTri framework has been synthesized according to the reported method in
the literature39 with minor modifications. 225 mg of H3BTTri ligand was dissolved in 40 ml of
DMF in a 100 ml glass jar with the plastic cap. 383 mg of solid CuCl.2H,0 was also introduced
into the jar. After that, 50 droplets of the five times diluted concentrated HCl and 10 ml of
water were added to the solution. Then, the cap was sealed and placed in the oven to be heated
at 100 °C for 72 hours. Subsequently, the jar was taken out of the oven and was filtered while
hot and then washed 3 times with hot DMF and 3 times with MeOH. Then, the sample was
dried to yield between 200-250 mg of the product in the form of a purple powder.

74



Chapter 3

3.2.3 Activation of Cu-BTTri

To do the solvent exchange, the sample was placed in a cellulose thimble and then
underwent soxhlet extraction for 24 hours. Then, the sample was inserted into the sample
tubes, sealed and kept under vacuum for 3 hours. Subsequently, the sample was heated to 180
°C over 3 hours and kept at 180 °C for 16 hours to yield the activated product in a form of
brown product.

3.2.4 SEM-EDX characterization

SEM analysis was performed on a FEI Teneo at an accelerating voltage of 1.00 kV and
a beam current of 100 pA. SEM images were acquired with an in-column (Trinity) detector.
SEM-EDX elemental maps were acquired using a beam current of ~ 400 pA and accelerating
voltage of 10 kV.

3.2.5 In-situ neutron diffraction experiments

High-resolution neutron powder diffraction (NPD) experiments were carried out on
the Cu-BTTri sample using BT1 at the National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR). All measurements were carried out on activated
samples of ~ 0.8 g. At NIST, samples were activated while heating under dynamic vacuum and
then transferred into a He purged glove-box, loaded into a vanadium can equipped with a gas
loading valve, and sealed using an indium O-ring. NPD data were collected using a Ge(311)
monochromator with an in-pile 60 collimator corresponding to a wavelength of 2.0728 A. The
sample was loaded onto a closed cycle refrigerator (CCR) and then data was collected at 10 K.
After data collection on the activated framework, D, with two different dosing levels of 0.36
D;/Cu?* and 3.11 D,/Cu?* were then loaded into the sample cell. To do this, the sample was
firstly heated to room temperature and then exposed to a pre-determined amount of gas. Upon
reaching an equilibrium pressure at the loading temperature, the sample was then slowly
cooled (1 K per minute) to ensure complete adsorption of the D, and then data was collected
again at 10 K. The collected powder diffraction pattern at reduced temperature has been used
for further Rietveld analysis. The Rietveld analysis has been done using Topas 5 software.330

3.2.6 In-situ synchrotron X-ray experiments

Bare sample was measured at the Swiss-Norwegian Beamlines (BM31) at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. A custom built in-situ
diffraction powder cell, which was mountable on the goniometer, was used for in-situ variable
temperature synchrotron X-ray diffraction experiments. An oxford cryostream 700 system
with the working temperature of 80-500 K has been used to keep the temperature of the
sample (the zone covered the X-ray beam width) at the desired temperature. The nozzle of the
cryostream was tried to be located close enough so as the precision of the temperature will be
guaranteed. Data were collected using a MAR 2D image detector and the wavelength was
adjusted to be 0.5008 A. The azimuthal integration of raw images was performed with the
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program Bubble. Profile fits (Le Bail analysis) and Rietveld refinements of the powder
diffraction patterns were performed using EXPGUI/GSAS.

3.2.7 Rietveld analysis

All diffraction pattern data were analysed using the Rietveld method as implemented
in Topas 5 (for the case of neutron diffraction experiments) and EXPGUI/GSAS (for the case of
synchrotron experiment).285 330331 The activated Cu-BTTri model was refined with most
structural and peak profile parameters free to vary. Atomic displacement parameters (ADPs)
for atoms with the same identity were constrained to be the same throughout the refinement
process. Fourier difference analysis, applied to data obtained from D, adsorbed samples, was
then employed to locate the adsorbed molecules in the frameworks. The obtained CIF file for
the structures refined by Rietveld analysis against powder diffraction data has been uploaded
to CCDC data base with the CCDC number of 1872064-1872067. The number associated which
each structure has been written in the SI above the crystallographic table for each structure.

3.2.8 Quantum computational calculation methods

Binding energies, structural details and charge distribution were obtained from DFT
calculations, under the generalized gradient approximation by Perdew, Burke and Ernzerhof
(PBE functional).332 All calculations were performed by using the PWscf (Plane-Wave Self-
Consistent Field) package from the Quantum Espresso333 suite of codes. We used the following
ultra soft pseudopotentials33* extracted from http://materialscloud.org/sssp
Cu_pbe_v1.2.uspp.F.UPF, C_pbe_v1.2.uspp.F.UPF, H.pbe-rrkjus_psl.0.1.UPF and
N.pbe.theos.UPF. The former two were generated using Vanderbilt code335 and the latter two

using the “atomic” code by A. Dal Corso.33¢ We employed kinetic energy cutoffs for wave
functions and charge density and potential of 55 and 660 Ry respectively. All calculations were
performed for the I" point of the Brillouin zone, due to the large size of the MOF (228 atoms in
the unit cell). Spin-polarized calculations were performed to take into account the most stable
spin state for Cu-BTTri, which was found to be antiferromagnetic. Following previous work164
where other chemically similar MOFs including Cu-BTT were studied, dispersion corrections
were considered under the Grimme-D2 scheme337.

We took as a starting point the experimental configuration for Cu-BTTri, and then
allowed the structure to relax while keeping the cell parameters fixed to experimental values
(tests allowing the cell parameters to change were also carried out and have shown very small
changes of 1-3% in volume). Subsequently, several calculations were set, each of them
containing one gas molecule adsorbed in a different site of the MOF. We took as initial
configurations those found in the experiment and allowed them to relax, again without
changing the cell parameters. Binding energies were computed as the difference between the
energy of the MOF/gas binary complex and the sum of the energies of MOF and gas molecule.
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Figure 3-1 A ball and stick model of the Cu-BTTri structure obtained from Rietveld analysis of
powder neutron diffraction data. Cu, N, and C atoms are represented by cyan, blue, and grey
spheres, respectively. Yellow spheres represent sites mixed with both C and N. Hydrogen
atoms are excluded for clarity.

3.3 Results and Discussion

3.3.1 Characterization of Cu-BTTri framework

The H3BTTri ligand and corresponding Cu-BTTri framework were synthesized using
reported procedures that were slightly modified (see the Apendix). A scanning electron
microscope (SEM) was used to assess the size and morphology of the crystallites, Figure S3-1.
The octahedral shape is consistent with the cubic crystal system reported for this material.
However, the single crystal size, which is well below 5 pm, inhibits standard single crystal
diffraction studies. Due to this limitation, no experimental report of the single crystal structure
of Cu-BTTri can be found in the literature. In the original report of Cu-BTTri, 139 the powder x-
ray diffraction data was compared to the simulated powder pattern obtained from its ligand
substituted counterpart, Cu-BTT26¢ and assumed to have the following chemical formula:
H3[(CusCl)3(BTTri)s]. 132 In order to check this, neutron powder diffraction data was first
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collected on the desolvated Cu-BTTri structure, and Rietveld analysis was carried out using
the previously reported composition as a starting point. However, this previously reported
structure!3?, shown in Figure S3-2, did not provide a satisfying fit to the experimental neutron
diffraction data obtained in this study. As such, the occupancy of the charge balancing chlorine
anions were varied. Interestingly, a good fit could only be achieved by removing Cl- anions
from the centre of the [CusCl]7- clusters giving rise to a neutral framework with the following
composition: Cuz(BTTri),. (Figure S3-4) To corroborate this finding, the sample was
characterized by EDX analysis, which shows no chlorine (Figure S3-3, Table S3-1) further
supporting the new Cl- free structural model, Figure 3-1. Cu-BTTri crystallizes in a cubic Fm-
3c space group (no. 226) and features square [Cu4]8* clusters that are interlinked by triangular
[BTTri]3 ligands to form a sodalite-type framework with a 3-dimensional pore network. The
triazole groups of the ligand show rotational disorder resulting in refined partial occupancies
of carbon and nitrogen on positions 3 and 5 of the triazolate rings (Table S3-1). It is noted that
this structure was further confirmed via Rietveld analysis carried out on synchrotron X-ray
diffraction data also collected on an activated sample of Cu-BTTri. Due to the minimal
difference in the X-ray atomic scattering factor for C and N, rotational disorder on the triazole
group was neglected. Additionally, hydrogen atoms were excluded during refinement of the
structural model. The resulting fit (Figure S3-5) is satisfactory and additionally confirms the
absence of any chlorine species in the activated framework (Figure S3-6 and TableS3-2).

Surface area and pore volume analysis was carried out on the activated sample via N;
adsorption isotherms measured at 77 K (Figure S3-7). The resulting BET surface area and pore
volume for this sample are 1950 m2/g and 0.8 cm3/g, respectively. These values are slightly
higher than those obtained from the ligand substituted counterpart, Cu-BTT, which were
reported to be 1760 m2/g and 0.7 cm3/g, respectively. Unlike Cu-BTTri, the Cu-BTT
framework, has extra charge-balancing cations in its framework and Cl- anions centered in the
face of the copper cluster. The material has the following chemical formula:
Cue[(CusCl)3(BTT)g]Cls. The absence of extra Cu2+ and Cl- ions in the Cu-BTTri structure allows
the pores to become more accessible and hence will likley alter the performance of this
material in various host-guest chemistries.

3.3.2 Hydrogen adsorption properties

The low-pressure hydrogen adsorption isotherms were collected for Cu-BTTri at
variable temperatures in order to evaluate hydrogen uptake, Figure 3-2a. Further, the isosteric
heat of hydrogen adsorption was extracted from the data obtained at 140 K and 159 K using
the Clausius-Clapeyron equation, Figure 3-2b. A relatively steep slope in the adsorption
isotherm for hydrogen is indicative of the presence of strongly polarizing open Cu?* sites. We
have compared the low-pressure hydrogen adsorption for Cu-BTTri (measured at 77 K) to its
ligand substituted counterpart, Cu-BTT, and see that hydrogen adsorption at low pressures is
lower in Cu-BTTri than Cu-BTT (Figure S3-9). Considering that low-pressure hydrogen
adsorption is dictated strongly by the potential energy landscape on the internal framework
surface,338 the origin of this difference can often be determined via structural analysis.339-340 [t
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was hypothesized that the lower H; adsorption observed in Cu-BTTri likely originates from

the absence of the extra Cu?+ cations and Cl- anions observed in Cu-BTT, or the weaker Lewis

acidity of Cu?+, which results from the higher pKa of the BTTri3- ligand. However, the initial
isosteric heat of adsorption (Qs;) for Cu-BTTri, Figure 3-2b, is ~10.5 kJ/mol, a value that is
slightly higher than the one previously reported for Cu-BTT, ~9.5 k] /mol.313 This indicates that

changing the ligand does not strongly influence the binding energy of the first adsorption

site.313 Also, the geometry of the cluster coupled with the structural differences of the

framework raises the zero coverage isosteric heat of Cu-BTTri with respect to another Cu2+

containing MOF known as Cu-BTC (BTC= benzene-1,3,5-tricarboxylate), which has a

paddlewheel-like cluster and a moderate zero coverage isosteric heat of hydrogen adsorption
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Figure 3-2- (a) Hydrogen adsorption isotherms in Cu-BTTri collected at 77 K, 140 K, and 159

K. (b) Enthalpy of adsorption of H, in Cu-BTTri, extracted by Clausius-Clapeyron equation.
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of ~6.6 k] /mol.341 A similar trend was reported for Cr-BTT and Cr-BTC, with Cr-BTT showing
a higher Q313

3.3.3 D2 binding sites

Following refinement of the structural model associated with the activated material,
the sample was dosed with 0.36 and 3.11 D, per Cu2+, and neutron powder diffraction data
were subsequently collected at 10 K. Rietveld analysis followed by subsequent Fourier
difference analysis allowed determination of the location of the adsorbed D, molecules. The
D, molecules were modelled as single atoms due to quantum mechanical rotations that make
the molecules almost spherical.342 Fractional atomic coordinates, occupancies, and isotropic
displacement parameters of the refined structures are shown in Tables S3-4 and S3-5.

From these data, four adsorption sites were identified with the two of them only being
present at the higher loading. The location of these four adsorption sites inside the structure
are shown in Figure 3-3. The site with the highest occupancy (0.13(1) and 0.47(1) D at the
loading of 0.36 D per Cu?+ and 3.11 D; per Cu?+, respectively) is presumed to be the primary
adsorption site, and is located at the open Cu?* cation, Figure 3-3. This site is disordered
between two D, molecules produced by the mirror plane. The vicinity of the disordered D,
molecules with the distance of 0.74(9) A yields in the maximum possible occupancy of 0.5 for
the D, molecules in this adsorption site, which means that the primary adsorption site is
almost fully occupied at 3.11 D; per Cu?* loading. The location of D(I) confirms our initial
assumption that the high initial isosteric heat results from relatively strong interaction
between the metal node and D,. The Cu2+-Dy(I) distance is 2.73(4) A, which is significantly
longer than the value observed for Cuz+-D,(I) in Cu-BTT or Cu-BTC, 2.47 A and 2.4 A,
respectively.264 The longer Cu-D,(I) distance likely arises due to the higher electron donating
effect of the BTTri ligand compared to BTT,343 making the Cu?* nodes in Cu-BTTri weaker
Lewis acids.220 Also, DFT calculations (see Table3-1) were used to predict the location of the
primary adsorption site, D,(I), which resulted in a distance of 2.65 A from the Cu2*. Considering
the standard deviation for the experimental data, the difference between the DFT and
experiment is considered to be negligible.

Despite the significantly longer Cu2+-D,(I) distances observed in Cu-BTTri over Cu-
BTT, its zero-coverage isosteric heat (10.5 kJ/mol) is slightly higher than that of Cu-BTT (9.5
k]/mol). This anomaly is confirmed by DFT calculations (Table 3-1). To better understand the
aforementioned differences in Qg additional secondary interactions between the D»(I)
molecule and the framework must be considered. There are two addtional host-guest
interactions in Cu-BTTri observed between D;(I) and the framework. The first and more
relevant one is the hydrogen-hydrogen interaction between the hydrogen of the triazole ring
and D»(I) [Dz (D)-+H—-C=26(1) A]). This type of van der Waals interaction is previously
observed in MOFs,339 344 and should not be confused with dihydrogen bonding, a form of
hydrogen bonding with a hydridic hydrogen that plays the role of the base atom.345 The
hydrogen-hydrogen interaction seen in Cu-BTTri, cannot exist in Cu-BTT due to extra nitrogen
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atom on the tetrazole ring.264 It is thought that this strong, secondary interaction is likely
responsible for the aforementioned disorder around the D;(I) site, which could pull the
molecule off the mirror plane in Cu-BTTri.(Figure S3-12) It is noted that this disorder is
expectedly not observed for Cu-BTT. The second interaction to be considered is the van der
Waals interaction between D(I) and the nitrogen atoms of the triazole ring (Figure 3-3). The
distances between D(I) and the nitrogen lies within the range of 3.3-3.7 A, which is
reminiscent of weak van der Waals interactions.346 For Cu-BTTri, the D,(I)-N interaction is
stronger than in Cu-BTT because the triazole nitrogen are stronger electron donors.343
Therefore, although it is true that the open Cu?* has a major overall contribution to the affinity
of the D;(I) molecules to the framework, the two aforementioned secondary interactions likely
compensate for the slightly weaker Lewis acidity of the metal ion in Cu-BTTri giving rise to an
overall higher Qs

The second adsorption site is found between the hydrogen of the benzene ring
[D2(11)--- H — € = 2.67(9) A] and those of two neighbouring triazole rings ([DZ(II) H—-C=
2.8(1) A] and [DZ(II) -H—-C=3.001) A]). The nature of this type of hydrogen-hydrogen
interaction is similar to that of the primary adsorption sites. In addition, this site is further
stabilized by van der Waals interactions between D;(II) and the benzene ring [D,(II) - C =
3.44(6) A] as well as the nitrogen atoms of two neighbouring triazole rings ([DZ(II) N =
3.44(6) A] and [D,(I)-N =3.73(5) A]). Moreover, the short D,—D, distances
[Dz (I1) - Dy (I) = 2.76(8) A], imply that the secondary site is likely stabilized by the primary
adsorption site. The occupancies of Dy(II) goes from 0.04(1) to 0.45(1) at loadings of 0.36
D2/Cu2+ and 3.11 D, per Cu2+. It is noted that the secondary adsorption site previously
observed in Cu-BTT is found directly above the Cl- in the [Cu4Cl]7* cluster (Figure S3-13). The
lack of this anion inhibits population of this site in Cu-BTTri (Figure 3-3). It is likely that the
absence of this relatively strong binding site also lends to its lower hydrogen uptake (Figure
S3-9).
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Figure 3-3 A Ball and stick model of the Cu-BTTri framework dosed with 3.11 D./Cu?*. The Cu,
C, N, and H are denoted as cyan, grey, blue, and white spheres, respectively. Yellow spheres
represent mixed sites containing both C and N. The pink dotted lines represent nearest neighbor
interactions.

The third adsorption site appears in a pocket located between two neighbouring
triazole rings, with distances that range from[D2 (111 -+ N = 3.33(4) A],[Dz (111N =
3.36(3) A], [D,(II)-N/C =3.47(5) A], [D,(III)-+N/C = 3.59(3) A], and [D,(III)--C =
3.62(4) A]). A similar position has previously been observed for Cu-BTT and Fe-BTT.265 This
adsorption site is not visible in diffraction data collected at 0.36 D,/Cu?* loading, but is almost
fully occupied at the 3.11 D, per Cu?*loading.

The quaternary adsorption site in Cu-BTTri is located in the large pore of the
framework facing the benzene rings with an approximate distance of 3 A from the plane of the
benzene rings. This site has an occupancy of 0.19(2) D..
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Interestingly, it can be concluded that there are overlapping potential energy fields,
which strongly influence the total binding energy of the hydrogen adsorption sites in Cu-
BTTri. For the gases with permanent multipoles, such as CO», binding energy can often be
defined largely by one key electrostatic interaction, and hence can vary significantly upon
modifying the metal identity for instance.323 However, if the metal cluster is kept the same, the
interaction energy between CO; and the framework do not often vary to a large extent upon
varying ligands and pore geometry.347-348 For molecules without permanent multipoles, the
multiplicity of the interactions is a governing factor that causes the formation of adsorption
sites in particular regions of the host structure. Moreover, secondary van der Waals
interactions are often comparable to the electrostatic interaction between the guest and host,
and as in this case, can be used to compensate for decreases in Lewis acidity of metal sites. The
multiplicity of weak van der Waals interactions and their influence on adsorption sites has
also previously been reported for other gases with no dipole or quadrupole moment, like
xenon and krypton. 349-351

Table 3-1 Experimental and computed data for D, adsorption sites in Cu-BTTri framework.

Oweral Site | Site ll Site 11 Site IV
-0, -He Y -He -He B
(t/mol) | fkjme) Cu-D[H) D{H}-N (k1 /mol) Di{H}-H (k1 /mol) D{H}-N He [k/mal) D-benzene
Experimental | 10.5 . 2.73(a) | 2.34(5) . 2.67(9) . 3.33(4) . x34
DFT - 100 2 65 3.14 30 2 87 49 31 3.0 =34

The location of sites II-IV were also studied by means of DFT calculations. The shortest
D,-framework distances obtained computationally and experimentally are shown in Table 3-
1. The DFT methods reveal only slightly elongated distances, up to ~0.2 A, when compared to
the experimental results. This work confirms the validity of the chosen computational method
in the accurate prediction of secondary binding sites.

In order to gather further insight into the D, binding energies PBE-D2 DFT calculations
were performed. For this, the bare Cu-BTTri and the D, molecule were allowed to relax, while
the cell parameters were kept constant. The energy of the resulting relaxed structures was co
mputed by a single point calculation, and the binding energies were then extracted as follows:

Ebinding = EcuprTri+nz — Ecuprtri - Ep2 Eq.3—-1)

The resulting values are shown in Table 3-1. Note that even though we present positive
values for convention, the DFT results were in fact negative, which indicates the stability of
the complex with respect to the Cu-BTTri and D alone. The value obtained for the primary
adsorption site, D»(I), is 10 kJ/mol, and is in excellent agreement with the experimental zero
coverage isoteric heat of adsorption, 10.5 k] /mol. These observations validate the DFT method
employed in this study, and previous studies of Poloni et al'64, which utilized the same method
to predict the nature of CO; binding in the isostructural series of M-BTT MOFs. The overall
binding energy for the three secondary sites is smaller than D,(I), which is consistent with the
observations made from the diffraction data, which reveals that site I is predominately
occupied first.
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The calculated binding energies for sites I-1V are also listed in Table 3-1. Based on the
observed occupancies in the diffraction data, we predict the following trend in binding
energies: Dy(I) > D2(I1) > D(III) > D»(IV); however, it is noted that the DFT results imply that
D, (III) > D(II). This is likely because the calculations only take into account D,-framework
interactions, excluding any intermolecular interactions between neighboring D, molecules. As
such, it is thought that site Il is further stabilized by the primary adsorption site increasing the
actual binding energy of D(11) compared to that predicted by DFT. Despite this, the calculated
binding energies can also help justify the relatively sharp drop in the isosteric heat of
adsorption plotted as a function of D, loading, Figure 3-2b. While an energy difference as small
as = 3 kJ]/mol is sufficient to cause a sequential occupation of adsorption sites at 10 K, at higher
temperatures, where adsorption isotherms are collected, it is likely that multiple sites are
simultaneously populated.323

In order to obtain more detailed insight into the nature of the interactions, we also
computed the charge density difference induced by D, binding in each adsorption site. For this,
we took the sum of the self-consistent densities for the empty Cu-BTTri framework and an
isolated D, molecule and then subtracted that from the self-consistent density for the Cu-
BTTri+D,. Plots for two isosurfaces representing the charge density differences are shown in
Figure S3-14, which shows that in all sites the charge density of the molecule becomes
polarized by the interactions with the framework. Furthermore, for D;(I), the interaction
mostly occurs through the polarization of the open metal site, as is expected. For D»(II), the
imidazole and phenyl moieties of the framework are both polarized, and for D»(III) the main
component of the density distortion involves the imidazole moiety. Finally, for D;(IV) the
charge density difference reveals a sigma-pi interaction between the molecule and the phenyl
ring. These observations corroborate what was discussed above based on the distances
obtained by Rietveld analyses. While charge density differences give an indication of the parts
of the framework that are most perturbed by the interaction with the D> molecule, they do not
necessarily directly indicate the sign and magnitude of the interactions. Given this,
decomposition of the binding energies into the contribution given by the PBE functional
(which includes electrostatics and short-range exchange-correlation effects) and those given
by the van der Waals interactions, were additionally computed using the Grimme-D2 method,
Table 3-2.

Table 3-2- Contributions to the binding energies for all adsorption sites

Site No. | Epse (kJ/mol) Ebispersion-D2
(kJ/mol)
1 -0.490 -9.516
2 -0.064 -2.905
3 -0.185 -4.677
4 1.116 -4.152
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Even though the Epgg is the most stabilizing for D»(I), relative to the others, this
decomposition suggests that the van der Waals interactions are the dominant factors in the
D;-CuBTTri binding, and determine both the ordering and the overall magnitude of the
binding energies. This observation is consistent with the low quadrupole moment of the D,
molecule, 0, = 0.39,352 and sheds light into the seemingly counter-intuitive observation that
the overall experimental zero coverage isosteric heat of adsorption for Cu-BTTri is slightly
larger than that observed for Cu-BTT (10.5 versus 9.5 k]/mol, respectively) despite that the
latter has a stronger Lewis acid site. Interestingly, the other M-BTT frameworks, including Fe-
BTT, Cr-BTT and Mn-BTT, also show similarities in the isosteric heat of adsorption for the
primary adsorption site, ranging from 10.0 to 11.9 kJ/mol. The small effect of metal
substitution on the binding energy of the first adsorption site in the M-BTT family is also
indicative of the strong role that the van der Waals interactions play at the primary adsorption
site.

3.4 Conclusions

In this work, we have demonstrated the importance of using in-situ diffraction
techniques to gain intimate insight into small molecule binding in MOFs. We have shown an
accurate structure for Cu-BTTri, which is a critical element required should computational
methods be employed to screen this MOF for targeted applications. We have also identified
the location of four D; adsorption sites in Cu-BTTri and compared our results to those
previously reported for a ligand substituted counterpart, Cu-BTT. We show that the DFT
method used in this work successfully models hydrogen adsorption sites with minimal
deviation from the experimental results. The validation of this computational approach opens
the door to predict the adsorption behaviour of existing and even hypothetical MOFs.

The identification of the adsorption sites has provided critical insight into the relative
impact that different structural elements have on the observed hydrogen adsorption
properties of Cu-BTTri. The roles that the open metal site and other secondary van der Waals
interactions, like hydrogen-hydrogen interactions, play in the adsorption properties has been
assessed using the results of diffraction experiments , and confirmed computationally by an
energy-decomposition analysis. We emphasize the contribution by van der Waals interactions
plays a crucial role in determining the binding energy, and the ranking of different sites. This
critical insight could lead to methods to enhance H; binding energies towards those required
for room temperature storage (>15 kJ/mol).324
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Chapter 4
Uderstanding how ligand functionalization
Influences CO-, and N> adsorption in a sodalite
MOF*

4.1 Introduction

Since the industrial revolution, the combustion of carbon based fuels has led to a
significant rise in atmospheric CO; levels, one of the main causes of global warming.353 During
the last few years, the concentration of atmospheric CO; has surpassed a record value of 400
ppm.35¢ This, combined with a slow transition to clean, renewable energy sources, has brought
a sense of urgency towards the design of new porous solid adsorbents6t2 76. 355-356 able to
capture CO; from a variety of gas mixtures, such as post-combustion flue gas.20

One possible solution to this problem, is the use of membranes based on a class of
porous crystalline materials known as Metal Organic Frameworks (MOFs), which consist of
metal-ions or metal-ion clusters that are interlinked by organic ligands. These unique
materials offer unprecedented internal surface area and easy chemical tunability, allowing
chemists to readily adjust their adsorption properties.62 282,305,314 Due to the presence of metal

4 This chapter is based on the written article: " Understanding how ligand functionalization influences CO, and N, adsorption
in a sodalite MOF." Mehrdad Asgari, Rocio Semino, Pascal Schouwink, llia Kochetygov, Jacob D. Tarver, Olga Trukhina,
Rajamani Krishna, Craig M. Brown, Michelle Ceriotti, and Wendy Queen To be submitted, 2019. M. A. has synthesized the
material, performed the experiments, analyzed the data and written the paper.
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ions, and of molecular building blocks that exhibit multiple chemical moieties, the potential
energy surface for a guest molecule within a MOF cavity possesses multiple minima, that
correspond to well-defined interaction sites with different adsorption energies.357
Considering this, these materials offer a unique opportunity to gain direct insight into their
structure-derived function using X-ray and neutron diffraction techniques. Such insights
would make it possible to pinpoint the structural features that enhance or diminish the
adsorption properties. Diffraction data provides direct insight into binding mechanisms,
reveals the relative differences in binding energies between neighboring adsorption sites, and
delivers understanding of how the local framework structure changes as a function of external
stimuli, such as temperature or pressure. Further, such data can be additionally employed to
validate computational methods meant to predict the structural features and the properties
associated with host-guest interactions.é This validation process is necessary for the eventual
deployment of simulation tools that can accurately predict the adsorption properties of
hypothetical MOF structures, a process that might allow for the rapid identification of target
materials having optimal properties for important gas separations, such as CO; capture. Once
validated, simulations provide further insight into the nature of the host-guest interactions.

MOFs bearing azole containing ligands are becoming increasingly prevalent in the
literature.358-359 Their popularity is associated with strong metal-nitrogen bonds, a
phenomenon that often leads to higher chemical and thermal stability when compared to their
carboxylate counterparts.139.360 One prevalent example of a family of azole frameworks is M-
BTT (M = Mg, Ca, Tj, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn; BTT3- = 1,3,5-benzenetristetrazolate),
which has the following general formula: [(M4Cly)3(BTT)s]¥- (x=0 or 1; y=0 or -3).323 The MOF
features truncated, octahedral cages constructed by six [M4Cl &%+ units and eight [BTT]3-
ligands that are interlinked to form a porous, three-dimensional sodalite-based network. In
addition to their high stability, this family of frameworks possesses a high density of open
metal coordination sites (OMCs), which are capable of forming strong interactions with small
molecules such as COy; thus, the adsorption properties of the framework are readily modified
by altering the metal identity. Given this, in previous work, we employed in situ diffraction
techniques, combined with density functional theory to rationalize how metal-substitution
influences the CO; adsorption properties of several isostructural M-BTT (M = Fe, Mn, Cu, Cr)
frameworks.323 In addition to varying metals, the tetrazole ligand can also be replaced with a
triazole or pyrazole (BTT3- vs BTTri3- - 1,3,5-benzenetristriazolate or BTP3- - 1,3,5-
benzenetrispyrazolate) forming similar sodalite architectures;139 220, 323, 325-326 however, the
resulting materials show dissimilar adsorption properties, due to the distinct structural
features that are induced by the ligand selection. Given that the aforementioned sodalite MOFs
can undergo extensive chemical substitution and often exhibit exceptional crystallinity, they
are interesting cases for in situ diffraction studies.13® We have previously shown that the
substitution of the BTT3- ligand with BTTri3- causes a change in the structure of the metal
cluster and the framework charge, and eliminates the existence of charge-balancing cations
and anions in the channel of Cu-BTTri.3é! In the current work, we extend this study to unveil
how ligand substitution influences the CO, and N adsorption properties of Cu-BTTri
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compared to Cu-BTT. For this, both single component N, and CO; adsorption isotherms and in
situ diffraction techniques, coupled with DFT calculations are used. The diffraction results
unveil the structures of the CO, and N; adsorbed Cu-BTTri framework, providing molecular
level insight into how the presence of the triazole influences the CO, adsorption isotherms.
The characterization of the structure and adsorption properties of the different sites can be
used to validate a computational framework aimed at predicting the structures and CO;
adsorption properties of MOFs, which can then be used to extract analytical insights on the
adsorbate-framework interactions. Finally, transient breakthrough simulations are used to
provide insight into the performance of the Cu-BTT and Cu-BTTri for CO2/N; separation under
dry, post-combustion flue gas conditions. This work links the structural parameters of two Cu-
containing frameworks to the COz and N adsorption properties, which influence the materials
overall performance for post-combustion flue gas separations. This structure-property
rationalization is very much sought after to design MOFs that are tailored for such separations.

4.2 Experimental section

4.2.1 Synthesis of Cu-BTTri

The H3BTTri ligand was first synthesized following a procedure that was reported
previously in the literature.’3° Subsequently, Cu-BTTri was synthesized, solvent exchanged
and activated following a procedure reported previously by us.361

4.2.2 Standard adsorption isotherm measurements

For gas adsorption isotherms, UHP-grade (99.999% purity) helium, nitrogen, and
carbon dioxide were used for all measurements at pressures that ranged from 0 to 1 bar using
a commercial BELSORP-max instrument. The sample was transferred to pre-weighed analysis
tubes that were capped with a Transeal. The sample was first evacuated on the activation
station based on the program described in the literature.!3® The evacuated analysis tube
containing the sample was then carefully transferred to an electronic balance and reweighed
to determine the mass of the activated sample (typically ranging 50 mg - 200 mg). Then, the
tube was transferred to the BELSORP-max. N; adsorption isotherms were collected at 77 K
and BET surface areas and pore volumes were calculated assuming a value of 16.2 A2 for the
molecular cross-sectional area of N». In addition, N, adsorption isotherms were measured at
temperatures ranging from 278-298 K. For CO,, standard adsorption isotherms were
measured using a commercial water bath dewar vessel connected to a Julabo F32-MC
isothermal bath at temperatures ranging from 278-318 K.

4.2.3 In situ neutron diffraction

High-resolution neutron powder diffraction (NPD) experiments were carried out on
the Cu-BTTri sample using BT1 at the National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR). All measurements were carried out on activated
samples of = 0.8 g. At NIST, the sample was first activated via heating under dynamic vacuum
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at 450 K and then transferred into a He purged glove-box, loaded into a vanadium can
equipped with a gas loading valve, and sealed using an indium O-ring. NPD data were collected
using a Ge(311) monochromator with an in-pile 60 collimator corresponding to a wavelength
of 2.0728 A. The sample was loaded onto a closed cycle refrigerator (CCR) and then data was
collected at 10 K. After data collection on the activated framework, CO; and N, with different
dosing levels were then loaded into the pores. The dosing levels used for CO; include 0.40,
1.25, and 1.60 CO; per Cu?+, while for N the loading levels were 0.33 and 2.19 N; per Cu?+. For
data collection, the samples were first exposed to a pre-determined amount of gas at room
temperature. Upon reaching an equilibrium pressure, the sample was then slowly cooled (1 K
per minute) to ensure complete adsorption of the CO; and Ny, and then data was recollected
at 10 K. The resulting diffraction patterns were assessed via Le Bail and subsequent Rietveld
analysis. To locate the CO; or N2 molecules, Fourier difference maps were used to unveil excess
scattering density in the MOF channels.

4.2.4 In situ synchrotron X-ray diffraction

Bare and CO:-loaded Cu-BTTri samples were measured at the Swiss-Norwegian
Beamline (SNBL, BM01) at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. A custom-built in situ diffraction powder cell was designed to mount directly on the
goniometer head. Before the measurements, a sample of Cu-BTTri was activated at 180 °C for
24 hours. Then, both the sample and the in situ powder cell were placed into an Ar-filled glove
box. Afterwards, a capillary was loaded with 2 mg of activated sample that was attached
directly to the in situ cell, and then sealed using a valve. The in situ cell was subsequently
removed from the glove box and mounted on the goniometer head for data collection ranging
from 190 K to 290 K. An Oxford Cryostream 700 with working temperature of 80-500 K was
used to maintain the desired temperature. Data were collected using a DECTRIS PILATUS 2M
detector and the wavelength was adjusted at 0.67522 A. The sample to detector distance was
set at 339 mm and the measurement time was varying between 20 s and 40 s. After data
collection of the bare framework from 190 K to 290 K, the in situ cell was attached to a custom-
built gas dosing manifold that is equipped with a turbo pump and pressure gauges. The Ar was
evacuated from the cell, and next, the sample was dosed with 12.5 torr of CO; pressurized with
He to the ambient pressure. The cooling rates in all experiments were 2 K per minute. The
azimuthal integration of raw images was performed with the Bubble software.362 Further, Le
Bail analysis and Rietveld refinements of the acquired powder diffraction patterns were
performed using TOPAS 5.330 The CIF files for the structure of the guest loaded frameworks
based on the Rietveld analysis have been produced by Topas and uploaded to CCDC database.
The table of the atomic parameters corresponding to the bare and loaded structures have been
also attached to SI. It should be noted that, for the gas loaded structures, the standard deviation
errors related to the occupancy of guest species have been produced based on the least
squares matrix of Topas. While this is the standard procedure for the calculation of the errors
associated with the occupancies in Rietveld analysis, the actual errors can deviate from the
reported values.
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Sequential Le Bail fitting and Rietveld analysis was carried out on the variable
temperature X-ray diffraction data that ranged from 190 K to 290 K for the activated sample,
and the samples dosed with CO; or N». After initial analysis on the data set collected at the
lowest temperature (190 K), the crystal structure obtained from Rietveld refined was used as
starting model for subsequent, sequential Le Bail/Rietveld analysis.

4.2.5 Electronic structure simulation details

Binding energies, structural details and charge distribution were obtained from DFT
calculations, under the generalized gradient approximation by Perdew, Burke and Ernzerhof
(PBE functional).332 All calculations were performed by using the PWscf (Plane-Wave Self-
Consistent Field) package from the Quantum Espresso333 suite of codes. We used the following
ultra soft pseudopotentials33¢ extracted from http://materialscloud.org/sssp
Cu_pbe_v1.2.uspp.F.UPF, O_pbe_v1.2.uspp.F.UPF, C_pbe_v1.2.uspp.F.UPF, H.pbe-
rrkjus_psl.0.1.UPF and N.pbe.theos.UPF. The former three were generated using Vanderbilt

code335 and the latter two using the “atomic” code by A. Dal Corso.336 We employed kinetic
energy cutoffs for wave functions and charge density and potential of 55 and 660 Ry
respectively. All calculations were performed for the I" point of the Brillouin zone, due to the
large size of the MOF (228 atoms in the unit cell). Spin-polarized calculations were performed
to take into account the most stable spin state for Cu-BTTri, which was found to be
antiferromagnetic. Following previous work16* where other chemically similar MOFs
including Cu-BTT were studied, dispersion corrections were considered under the Grimme-
D2 scheme.337 We also tested the Tkatchenko-Scheffler363 dispersion correction scheme, and
the results were found to be in good agreement with those obtained by applying Grimme-D2
method (see Supporting Information).

We took as a starting point the experimental configuration for Cu-BTTri, and then
allowed the nuclei to relax while keeping the cell parameters fixed to experimental values
(tests allowing the cell parameters to change were also carried out and have shown very small
changes of 1-3% in volume). Subsequently, several calculations were set, each of them
containing one gas molecule adsorbed in a different site of the MOF. We took as initial
configurations those found in the experiment and allowed atomic positions to relax, again
without changing the cell parameters. Binding energies were computed as the difference
between the energy of the MOF/gas binary complex and the sum of the energies of MOF and
gas molecule.
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4.3 Results and Discussion

4.3.1 Characterization of the Cu-BTTri framework

The Cu-BTTri framework was first synthesized using previously published
procedures!39.361 and subsequently characterized via powder X-ray diffraction to confirm the
sample purity. Synchrotron X-ray diffraction data (Figure S4-1) reveal up to a of 42° 20
(wavelength 0.67522 A, ~0.94 A d-spacing) confirm that the sample has exceptional
crystallinity, a prerequisite for in situ diffraction studies. The BET surface area and the pore
volume for Cu-BTTri were calculated based on the nitrogen adsorption isotherm collected at
77 K (Figure S4-2) to be 1850 m2/g and 0.88 cm3/g, which is consistent with the originally
reported values for this material.139

We recently determined that Cu-BTTri,3¢! which crystallizes in a cubic Fm-3c space
group (no. 226), has the following molecular formula: Cu3(BTTri).. The structure features
square [Cu4]8* clusters that are interlinked by triangular [BTTri]3- ligands to form a neutral
sodalite-type framework. The structure does not fully replicate that of its ligand substituted
counterpart, Cu-BTT?264, nor the other metal substituted triazole analogs, such as Co-BTTri325
and Fe-BTTri32é, Unlike these other sodalite MOFs, the Cu-BTTri structure has no chlorine at
the center of the cluster. As such, the framework is neutral and hence is devoid of any extra-
framework charge-balancing species inside the channel. When compared to Co- or Fe-BTTri,
the difference can be justified by the stronger Jahn-Teller distortion for octahedral copper(1I)
complexes, which results in the elongation of the bonds in the z- direction. While in some cases
this leads to the formation of distorted octahedral coordination environments 364, in others it
leads to a loss of z-bound ligands3¢5-366 as is the case of Cu-BTTri. When compared to Cu-BTT,
the lower basicity of the tetrazolate compared to the triazolate, likely helps to stabilize the
presence of the Cl-ligand. The pKas of the triazole and tetrazole rings are approximately 13.93,
and 8.23, respectively.343 The higher basicity of BTTri3- implies it is also a stronger electron
donor. Consequently, the Jahn-Teller effect is more pronounced for Cu-BTTri3-367 likely
promoting the elimination of the chlorine in the center of square-like metal cluster. The higher
ligand basicity not only influences the structural properties of the framework, it also enhances
the chemical/thermal stability of Cu-BTTri over Cu-BTT, a direct result of the higher bond
strength found between the Cu and the triazolate.139

4.3.2 Standard adsorption isotherms and isosteric heat of adsorption for CO, and
N2

To assess the adsorption properties of Cu-BTTri, single component CO, adsorption
isotherms were collected up to 1 bar and at temperatures ranging from 278 K to 318 K, Figure
4-1a. Interestingly, the isotherm does not exhibit a steep slope in the low-pressure regime, in
contrast to what is normally observed for other MOFs having OMCs, such as M-BTT
frameworks (Figure S4-3).323 This is likely indicative of a low zero-coverage isosteric heat of
CO; adsorption, which was extracted from the variable temperature data using a Dual Site
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Langmuir Model, followed by fitting with the Clasius-Clapeyron equation (Figure 4-1b, S4-4,
and S4-5). The zero-coverage isosteric heat was determined to be 21.7 k] /mol for Cu-BTTri,
which is significantly lower than the value previously reported for Cu-BTT, 30.7 kJ/mol.323
This observation is not surprising, considering that BT Tri is a stronger electron donor, which
likely decreases the frameworks affinity for CO2 due to Jahn-Teller effect enhancement. It is
noted that, as the CO; loading increases in Cu-BTTri, the isosteric heat is relatively flat. This
suggests that there are other, secondary adsorption sites, which have similar isosteric heats.
Further, as the pressure is increased, the interactions between neighboring CO; could further
promote an increase in the average binding energy at constant coverage.
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Figure 4-1 (a) The measured CO; adsorption isotherms for Cu-BTTri at different temperatures.
(b) Calculated isosteric heat of CO, adsorption for Cu-BTTri

Nitrogen adsorption isotherms were also collected for Cu-BTTri (Figure S4-6) at
temperatures ranging from 278 to 298 K. As expected, the amount of N, adsorbed in the
framework is significantly less than that of CO;, because of the lower quadrupole moment and
polarizability of the N, compared to C02.395 The weaker interaction of N, with the framework
is further supported by the low zero-coverage isosteric heat of N, adsorption, which is 12
kJ/mol (Figure S4-7). Further, when comparing the N; adsorption properties of Cu-BTTri and
Cu-BTT at 298 K, (Figure S4-8) the triazole offers a lower total N, uptake. As such, the
selectivity factors were calculated from isotherms collected at 298 K to be 27.8 and 20.8 for
Cu-BTT and Cu-BTTri, respectively. The selectivity factor is the ratio of the quantity of CO>
adsorbed at 0.15 bar / the quantity of N, adsorbed at 0.85 bar, normalized by the
concentrations of both adsorbents. The chosen pressure points (0.15 bar for CO, and 0.85 bar
for N) are those relevant to post-combustion flue gas capture. While Cu-BTTri offers a higher
COz/N; selectivity, Cu-BTT offers an overall higher CO; capacity, leaving questions as to which
of these frameworks would effectively perform better in a post-combustion capture process.
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4.3.3 The location of adsorption sites for CO2 and N>

To obtain molecular level insight into CO; and N; adsorption, neutron and synchrotron
X-ray powder diffraction data were collected on the activated Cu-BTTri and then again on the
sample dosed with various amounts of CO»- 0.40, 1.25, and 1.60 CO; per Cu?+. The location and
orientation of CO2 and N; molecules were determined via Rietveld analysis followed by
subsequent Fourier difference analysis. A total of four CO, adsorption sites were observed
inside Cu-BTTri, which are outlined in Figure 4-2. Fractional atomic coordinates, occupancies,
and isotropic displacement parameters for all adsorption sites are reported in Tables S4-6 to
S4-8, and then a comparison of experimental and computationally obtained binding energies
and shortest framework distances are shown in Table 54-3.

The first identified CO, adsorption site, I, is found as expected at the OMC, Cu?+. The
occupancies of this adsorption site are 0.21(2), 0.74(2), and 0.82(2) for loadings of 0.40, 1.25,
and 1.60 CO; per Cu?*, respectively. (C0,)0 --- Cu?* distances range from 2.7(1) A to 2.96(8)
A, depending on the CO; loading level (Figure 4-2). This results in a distance of 3.63(7) A
between the nitrogen atom of the triazole ring and the carbon atom of the CO,. For Cu-BTT,
the distance of CO; to the OMC was previously reported by us to be 2.60(3) A at aloading level
of 1.56 CO; per Cu?+;323 this value is considerably shorter than the corresponding distance in
Cu-BTTri, a direct result of the weaker electrostatic interaction between the metal site and the
adsorbed CO; molecules (Figure S4-9). This weaker interaction is due to the reduced bonding
affinity of the Cu?- sites in the axial direction as a result of the more pronounced Jahn-Teller
effect in Cu-BTTri compared to Cu-BTT.164 262

In order to obtain further insight into the mechanism of host-guest interactions in this
framework, we took advantage of the theoretical support provided by DFT calculations.
Firstly, the bare Cu-BTTri and the CO; molecules were allowed to relax, while the cell
parameters were kept constant (see the secion on Electronic structure simulation details, and
the SI). The distance between the OMC and CO; for the computationally simulated site [ is 2.96
A, which matches well with the experimentally obtained value (Table S4-3). Moreover, the
energy of the resulting relaxed structures was computed by a single point calculation, and the
binding energies were then extracted as follows (Table S4-3):

Ebinding = ECu—BTTTi+COZ - ECu—BTTri - ECOZ EQ- (4 - 1)

The calculated binding energy of site I is estimated to be -25.0 k] /mol, which matches
well with the aforementioned measured zero-coverage isosteric heat of adsorption, 22 kJ /mol.
To unveil the main interactions responsible for the adsorption of CO», the charge density
difference induced by CO; binding was also computed. For this, the sum of the self-consistent
densities for the empty Cu-BTTri framework and an isolated CO, molecule were first
determined and then subsequently subtracted from the self-consistent density for Cu-
BTTri+CO; binary complex. Plots for two isosurfaces representing the charge density
differences are shown in Figure S4-10. Based on the plot (Figure S4-10a) for site [, the main
interactions responsible for the CO; binding predominantly originate from the OMC, while
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secondary interactions take place with the nitrogen atoms in the triazole ring. The charge
density differences provide a qualitative indication of the perturbations induced by the CO;
molecule on the framework, but they do not necessarily indicate the sign and magnitude of the
interactions. Therefore, to better understand the mechanism of host-guest interactions at
different adsorption sites, decomposition of the binding energies into different contributions
was carried out using the PBE functional; the results include electrostatics and short-range
exchange-correlation effects. Further, the contributions dictated by van der Waals
interactions, were additionally computed using the Grimme-D2 method, Table S4-4. For the
primary adsorption site, the binding energy at the DFT-PBE level is calculated to be -7.4
k]J/mol, while van der Waals forces contribute a further -17.6 kJ/mol to the binding energy.
Based on these results, it can be concluded that the van der Waals contribution is dominating.

Figure 4-2 Ball and stick model of the Cu-BTTri framework dosed with 1.60 CO; per Cu?*. The
adsorbed CO2 molecules have been shown with the red color. The Cu, C, N, are denoted as
cyan, grey, and blue spheres, respectively. Hydrogen atoms have been excluded for the sake
of clarity. Yellow spheres represent mixed sites containing both C and N. The pink dotted lines
represent nearest neighbor interactions.
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Most probably, the combination of the strong electron donating ligands to the Cu2* OMC lends
to a considerably reduced electrostatic affinity towards the guest species when compared to
Cu-BTT.164.323 For other MOFs with OMCs, like HKUST-1 and MOF-74, contributions to CO;
binding are mainly attributed to strong electrostatic interactions.!!8 For Cu-BTTri, the highly
electron donating ligand can reduce the charge, and hence electrostatic contribution at the
OMC.361 It is noted that while vdW interactions are the dominant force found in Cu-BTTri,
electrostatic interactions, and other terms that are well-described at the DFT-PBE level, play
an important role towards the overall binding energy.

The second CO; adsorption site, 1], located just above the metal cluster (Figure 4-2), is
disordered around the 4-fold rotation axis that passes through the center of the square-like
metal cluster; this static disorder is dictated by vdW interactions between this CO; and the
ligand. The shortest distance is 3.27(4) A, which is found between the oxygen atom of the CO;
molecule and the nitrogen atom on the triazole ring. Within error of the experimental data, the
DFT-based simulations provide a secondary adsorption site that is nearly identical to site II.
The shortest framework-CO, distance is approximately 3.16 A. Like site I, site II can be
observed in all refined structures regardless of the CO, loading. The occupation of this
adsorption site ranges from 0.101(6) at the loading of 0.40 CO; per Cu2* and reaches a value
of 0.67(3) at the highest loading of 1.60 CO; per Cu?*. The fact that the occupancies for site I
and II are similar indicates that the enthalpy of adsorption for these sites are also comparable,
a hypothesis that is further supported by the linear isosteric heat of CO; adsorption obtained
from Cu-BTTri (Figure 4-1b). This is confirmed by DFT calculations that yield a value of -26.5
k] /mol for the isosteric heat of adsorption of site II, which is only 1.5 k] /mol higher than that
of site I (Table S4-3). The isosurface plot for site II confirms the interaction between the
electron-rich triazole groups with the CO; molecule. Moreover, DFT calculations show that
binding in this site is entirely due to strong vdW interactions (Enpispersion-n2= -30.3 k] /mol), with
a repulsive interaction between the host framework and the adsorbed CO; at the DFT-PBE
level (Epge=+3.8 k]J/mole, see Table S4-4). This can probably be explained by electrostatics,
because both moieties, including the triazole rings and oxygen atom of the carbon dioxide
molecule have a surplus of partial negative charge.

The third CO, adsorption site, site IIl, is located nearest to the benzene rings on the
ligand (see Figure 4-2).323 The main mechanism for the stabilization of this adsorption site is
through vdW interactions between the oxygen atom of the CO; with the carbon atoms of the
benzene ring. The shortest framework distance for site I1I is 2.8(1) A, which is similar to other
vdW interactions found between CO; and other MOFs.143.368-369 DFT calculations have also
successfully modeled this adsorption site and predicted its binding energy to be -17.0 k] /mol,
which is lower than those calculated for site II (Table S4-4). This observed drop in binding
energy is consistent with the observation that the relative occupancy of site Il is significantly
lower than site I and II at all CO; loadings evaluated. For example, at the highest loading, 1.60
CO; per Cu?+, the occupancy of site III is 0.124(8), while site [ and II are 0.82(2) and 0.67(3),
respectively. Despite the lower predicted binding energy of site III, the simulated site III
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binding energy might not be precise, because the DFT calculations do not take intermolecular
C02-CO; interactions into account in this work. The shortest contact distance for site III is
approximately 3 A from site I CO; and hence, this likely implies that the adsorption is further
stabilized by intermolecular CO(I)-CO.(II) interactions. The importance of these
intermolecular interactions also explains the very low occupancy of site Il at lower CO;
loadings. It should be noted that, unlike site I and II, there are more pronounced differences
between the experimental and DFT determined location of site III CO; (see Table S4-3), which
can be also attributed to the fact that only a single adsorbed CO, molecule is considered in the
computational model.

The fourth adsorption site, [V, was found inside the large pore of Cu-BTTri, at the same
location where the extra cations and anions were previously observed in Cu-BTT (Figure 4-
2).323 Site [V is in close proximity to the triazole ring, with the shortest framework-CO; distance
equal to 3.02(9) A. This adsorption site has additional interactions with other atoms of the
triazole ring with distances that range from 3-3.5 A. The DFT-determined binding energy for
site IV is -15.8 kJ/mol, is almost entirely due to vdW interactions (Epispersion-02=-15.8 k] /mol
and Epgr=+0.05 kJ/mol). The latter results from a minimal interaction with the Cu?*, with a
distance of approximately 4.6 A from the OMC. This is no surprise given the long distance
combined with the considerably low Lewis acidity of Cu?+ in this structure.

In order to further understand the performance of the material for CO2/N; separations
in Cu-BTTri, the N, adsorption sites were also determined via Rietveld analysis of neutron
diffraction data dosed with the 0.33 and 2.19 N; per Cu?*. This analysis has led to the
elucidation of 6 adsorption sites, I-VI, Figure 4-3.

The first N, adsorption site is found at the OMC, with a Cu2+-N; distance of 2.74(5) A
(Figure 4-3). The occupancy of N at this adsorption site is 0.145(7) and 0.326(8) at loadings
of 0.33 and 2.19 N; per Cu?+, respectively. The binding energy for this adsorption site is
calculated to be -11.9 kJ/mol, which is in excellent agreement with the zero-coverage isosteric
heat of adsorption (Qs=11.9 kJ/mol) obtained from variable temperature N, adsorption
isotherms collected from 278 K to 298 K. The contribution of vdW and DFT-PBE termshave
been calculated to be -9.9 k] /mol and -2.0 k] /mol, respectively.

The energy decomposition based on DFT+vdW calculations can help understand
better the role of the physicochemical properties of the adsorbate on the nature and extent of
the host-guest interaction. While the DFT-PBE baseline involves many other terms, e.g. Pauli
repulsion, exchange-correlation energy, it largely reflects electrostatic interactions between
the adsorbate and the framework. For instance, in our previous work,361 we demonstrated that
DFT-PBE interactions between the OMC and D, molecule are responsible for less than 5% of
the total binding energy, while herein this share is calculated to be approximately 17% and
31% for N2 and COg, respectively (table S4-4 and S4-5). The electrostatic nature of these
interactions is consistent with the relation between their magnitude, and that of the
adsorbate’s permanent multipoles.3¢! For example, CO2, N2, and H; have quadrupole moments
of 43.0*10-27 esu-l.cm-1, 15.2*10-27 esu-l.cm-1, and 6.6*10-27 esu-l.cm-1, respectively,305 that
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follow the same trend as the DFT-PBE binding energies of CO2, N2, and Hy, i.e. -7.41 k] /mol], -
1.98 kJ/mol, and -0.49 k] /mol, respectively. For the gases with stronger permanent multipoles,
tuning the charge in the framework wall can have a larger impact in the adsorption properties,
while for those with weaker or no permanent multipole, the vdW interaction tends to
dominate.36! Understanding this relationship can provide insight into how to alter the
structural features to optimize the adsorbate’s physicochemical properties for different
separations.

Figure 4-3 Ball and stick model of the Cu-BTTri framework dosed with 2.19 N2/Cu?*. The
adsorbed N2 molecules depicted in green. The Cu, C, N, are denoted as cyan, grey, and blue
spheres, respectively. Hydrogen atoms are excluded for the sake of clarity. Yellow spheres
represent atomic sites that are mixed with both C and N. The green dotted lines represent
nearest neighbor interactions, and have distances ranging from 2.74(5) A to 3.67(5) A.

The second N; adsorption site, I, is located just above the Cus8* cluster, albeit slightly
farther away from the cluster than observed for CO; (Figure 4-3). Like site I, site II N, can be
detected in the data obtained from 0.33 and 2.19 N; per Cu?* loadings with occupancies of
0.020(4), and 0.149(8), respectively. The shortest framework distance for this adsorption site,
i.e. the C-N distance, is 3.21(9) A, (Figure 4-3). This predominantly vdW interaction is further

98



Chapter 4

corroborated by the calculated shares of vdW and DFT-PBE interactions as well as the charge
difference isosurfaces plot (Table S4-5 and Figure S4-11). The other four N; adsorption sites,
[1I to VI, only appear in the diffraction data collected at the highest N, loading, 2.19 N per Cu?+.
These sites have occupancies ranging from 0.296(9) to 0.020(5) and all exhibit N-framework
distances greater than 3 A with DFT calculated binding energies that range from -4.5 kj/mol
to -7.1 kJ/mol. While site VI is not found in close proximity to the framework wall, N2-N;
intermolecular interactions with molecules in site II likely stabilize the last adsorption site.

Based on the above information, we can better explain the reduced N, adsorption of
Cu-BTTri compared to Cu-BTT. By looking at the location of adsorbed N, molecules in the
framework, we can see that all of the adsorption sites other than the first and sixth adsorption
sites, are mainly interacting with carbon atoms in the ligand of Cu-BTTri. This means that the
presence of the carbon atoms in the structure can be potentially effective for the adsorption
of nitrogen. However, in spite of the higher carbon content of BTTri ligand compared to BTT,
the nitrogen uptake of Cu-BTTri is lower than that of Cu-BTT at low pressure regimes (below
1 bar). This can be justified by the lower affinity of the first and second adsorption sites inside
Cu-BTTri compared to Cu-BTT, as the low pressure adsorption regime is usually attributed to
the occupation of the stronger adsorption sites. The lower affinity of the first adsorption site
toward nitrogen molecules is due to the already aforementioned strong Jahn-Teller effect in
the Cu-BTTri structure. Moreover, for the second adsorption site, the nitrogen atoms of
triazole rings have higher partial negative charge compared to that of tetrazole groups (due to
the higher basicity of triazole groups as was discussed above), causing stronger electrostatic
repulsion between the adsorbed N, and the neighboring triazole groups as compared to
tetrazole ones; thus, the second adsorption site in Cu-BTTri should also have lower binding
energy compared to Cu-BTT.
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Figure 4-4 The change of (a) Lattice parameter (a) (b) unit cell volume (V) of activated Cu-
BTTri with temperature.
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4.3.4 Evolution of lattice parameters and guest occupancies as a function of
temperature

In addition to CO2 and N binding, the bulk properties of the material, such as unit cell
parameters and cell volume, were investigated as a function of temperature and gas loading
level. This allows us to follow adsorption/desorption processes and better understand how
the material’s structure changes as a function of external stimuli. In this work, in situ
synchrotron X-ray diffraction measurements were employed rather than neutron diffraction,
in order to obtain rapid measurements using small sample sizes. First, data were collected at
100 K on a Cu-BTTri sample dosed with 12.5 torr of CO, (1.09 CO2/Cu?*) as it was necessary
to determine if the position of CO; could be elucidated via synchrotron X-ray diffraction.
Indeed, Rietveld analysis permitted the elucidation of the same four adsorption sites (Table
S4-11) as observed via neutron powder diffraction. Afterwards, variable temperature
measurements were performed on the activated sample and then again on the aforementioned
sample dosed with 12.5 torr of CO; gas. For both samples data were collected during cooling
from 290 K to 190 K ( rate of 2 K per minute). For the bare Cu-BTTri, see black dots in Figure
4-4, the lattice parameter a, increases from 37.0571(1) A to 37.0735(1) A upon cooling, which
leads to an increase in cell volume by 0.13% representative of a negative thermal expansion
(NTE). The average thermal expansion coefficient, a, was calculated for lattice parameter g, to
be approximately -4.5 (MK)-L. Albeit small, NTE was previously reported for only a few MOF
structures to date.370-372 This magnitude of NTE behavior for this framework is similar to what
was observed for HKUST-1, a well-known MOF with the cubic crystal system, that has shown
an average thermal expansion coefficient of -4.1 (MK)-1.372Understanding the extent to which
a material contracts or expands as a function of temperature is important to better understand
how it might change throughout the course of a separation, a factor that can significantly
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Figure 4-5 Occupation of different CO, adsorption sites in Cu-BTTri as a function of
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impact process engineering. Interestingly, the NTE becomes even more pronounced when the
sample is under 12.5 torr of CO». Upon decreasing the temperature from 290 K to 190 K, the
lattice parameter, a, increases from 37.0560(1) A to 37.0783(1) A and results in a 0.18%
change in the unit cell volume; this leads to a slightly larger thermal expansion coefficient, «,
of -6.0 (MK)-! (Figure 4-4). The more intense NTE behavior in the presence of CO; gas can be
attributed to the development of host-guest interactions inside the framework as a result of
the higher amount of adsorbate loading by cooling the structure. Similar behavior was
previously reported for Fe-MOF-74, where an increase in CO; dosing led to the increase in the
degree of the lattice expansion for the framework.262

Subsequent to the unit cell analysis, carried out via LeBalil fitting, sequential Rietveld
analysis was performed on the aforementioned variable temperature diffraction data
obtained from Cu-BTTri dosed with 1.09 CO; per Cu2+. The occupancies of sites I-1V are plotted
as a function of temperature in Figure 4-5. While the occupancies of site III and site IV are
minimal over the entire temperature regime, the occupancies of sites I and II increase
significantly as the temperature is decreased, which is due to the higher isosteric heats of CO,
adsorption, as predicted by the Van't Hoff equation.373 Further, it is noted that at these
temperatures, the second adsorption site II has a higher occupancy than site I, which is
counterintuitive considering the NPD data collected at 10 K shows a higher occupancy of site
. The occupancies are 0.21(1) and 0.38(1) at the highest temperature, 290 K, while the
occupancies increase to 0.43(1) and 0.57(1), for site I and II respectively, at 190 K. While an
energy difference as small as = 3 k]J/mol is sufficient to cause a sequential occupation of
adsorption sites at 10 K, at higher temperatures, where adsorption isotherms are collected, it
is possible that the distribution of the occupancies are also influenced by entropic effects.374
Therefore, despite the higher occupancy of site Il at room temperature, it is still assumed that
site 1 is energetically favorable, and hence has a higher occupancy at temperatures
approaching 0 K where entropy effects are highly attenuated.

4.3.5 Transient breakthrough simulations in fixed bed adsorbers

L = length of packed bed

Entering fluid mixture
Exiting fluid mixture

Figure 4-6 A schematic figure of a fixed bed adsorption bed for post-combustion capture

process

Given that the single component adsorption isotherms imply that Cu-BTTri has a
higher selectivity for CO2 over N3, while Cu-BTT has a higher CO; capacity, it was of interest to
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evaluate the potential of these frameworks in a dry post-combustion capture process (see
scheme in Figure 4-6). For a clear comparison, Figure 4-7(a) shows the adsorption selectivities
of Cu-BTT and Cu-BTTri over the whole pressure range and Figure 4-7(b) compares the
volumetric CO; uptake capacities of both Cu-BTT and Cu-BTTri. We note that Cu-BTT has an
uptake capacity that is significantly higher than Cu-BTTri by a factor of two, despite the higher
selectivity for the latter.

The typical composition of the flue gas feed is approximately 15/85 v/v CO2/N; and
the separations are normally carried out in fixed bed adsorbers (see schematic in Figure 4-6);
such adsorbers are commonly operated in a transient mode, and the compositions of the gas
phase, as well as component loadings within the crystals, vary with position and time.375-377
During the initial stages of the transience, the pores are gradually loaded, and only towards
the end of the adsorption cycle pore saturation is attained. For a given separation task,
transient breakthroughs provide a more realistic evaluation of the efficacy of a material, as
they reflect the combined influence of CO./N. adsorption selectivity and CO, uptake
capacity.376-377

The adsorption selectivity is defined by

_ 0y/,

Eqg.(4 -2
Y./ Y @42

ads

where the g1, and g, represent the molar loadings of CO2(1), and N(2) within the MOF
that is in equilibrium with a bulk fluid mixture with mole fractions y;, and y, = 1 - y1. The molar
loadings, also called gravimetric uptake capacities, are usually expressed with the units mol
kg1. The component loadings are commonly calculated on the basis of unary isotherm data
fits, along with the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz 378 for
mixture adsorption equilibrium (see the SI). The volumetric uptake capacities are

Q=p0; Q=p0, Eq.(4—3)

where p is the crystal framework density of the MOF, expressed in units of kg m-3, or
kg L1

High uptake capacities are desirable because these result in longer breakthrough
times, and reduced frequency of bed regeneration. Higher values of Sads are also desired
because they lead to sharper breakthrough fronts and larger differences between the
breakthrough times of individual constituents. If high product purities are desired, then this
also demands Sads >>1  Most commonly, however, high uptake capacities do not go hand-in-
hand with high selectivities.377.379
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Figure 4-7 (a) Adsorption selectivity (Sads) (b) Volumetric capacity for CO2, Q1 (c) Separation
potential, AQ, as a function of total pressure.

In order to overcome the selectivity/capacity trade-off for these two MOFs, we
adopted an approach previously developed by Krishna,37® which defines a combined
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selectivity/capacity metric that is derived using the “shock wave” model for fixed bed
adsorbers. The maximum achievable productivity of purified N is realized when both intra-
crystalline diffusion and axial dispersion effects are completely absent and the concentrations
“fronts” of the fluid mixture traverse the fixed bed in the form of shock waves.379 For the
separation of CO2(1)/N2(2) mixtures, the maximum achievable productivity, AQ, called the
separation potential, can be calculated using the shock-wave model; the result is 379

Y,
AQ = - —
Q=7 Eq.(4—4)

The quantity AQ can be described as an appropriate combination of selectivity and
uptake capacity that is reflective of the separation potential for a specific adsorbent in a fixed
bed.379 The AQ, expressed in mols of N; per L of adsorbent, represents the maximum amount
of pure N; that can be recovered during the adsorption phase of the fixed bed separation and
hence, is also indicative of the amount of CO; that is adsorbed on the bed until the point of
breakthrough. Of course, it should be noted that if the purity of the CO; gas, which is released
in the desorption stage, is of utmost importance, then the evaluation of the materials may be
done based on the selectivity rather than separation potential.

A comparison of the separation potential, AQ, of Cu-BTT and Cu-BTTri for 15/85
C02(1)/N2(2) mixtures at 298 K, is plotted as a function of the total pressure, p:in Figure 4-
7(c). At 100 kPa total pressure, the AQ is 5.4 mol.L-1 for Cu-BTT and 2.7 mol L-! for Cu-BTTri.
These values imply that Cu-BTT has the potential to produce twice the amount of pure N; as
Cu-BTTri. In order to confirm the superior performance of Cu-BTT, transient breakthrough
curves were also simulated for 15/85 CO2/N; gas mixtures at an operating pressure of 100
kPa and 298 K using a methodology reported previously.376-377.379-380 For the breakthrough
simulations, the following parameter values were used: length of packed bed, L = 0.3 m;
voidage of packed bed, € = 0.4; superficial gas velocity at inlet, u= 0.04 m/s.

The results for the transient breakthrough simulations obtained from a fixed bed
packed with (a) Cu-BTT and (b) Cu-BTTri are shown in Figure 4-8. The transient breakthrough
simulation results are presented in terms of a dimensionless time as the x-axis, 7, defined by
dividing the actual time, ¢, by the characteristic time, Lu—g The y-axis represents the % CO; and
% N: in the gas mixture exiting the adsorber. The time at which CO; “breaks through” is
significantly higher for Cu-BTT, as compared to Cu-BTTri; this can be primarily ascribed to the
higher CO; capacity of Cu-BTT, as shown in Figure 4-7(b). During the time interval indicated
by At in Figure 4-8, nearly pure N can be produced. Note that the time interval At is higher
for Cu-BTT than that of Cu-BTTri by nearly a factor of two. Arbitrarily setting the minimum
purity requirements for N; as 99.95%, we can determine the productivity of N; from a material
balance on the adsorber. The calculated values for Cu-BTT and Cu-BTTri are, respectively, 4.3
mol L-1and 1.8 mol L, confirming that the separations with Cu-BTT yield a significantly higher
productivity of pure N and thus a higher amount of CO; can be captured. The actual values of
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the productivities for Cu-BTT and Cu-BTTri are lower than the corresponding values of AQ,
calculated using the IAST (see Figure 4-7(c)), because of the distended nature of the transient

breakthroughs in Figure 4-8.
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Figure 4-8 Transient CO; and Nz breakthrough curves for: (a) Cu-BTT (b) Cu-BTTri frameworks
Overall, neither the adsorption capacity of the single gases nor the selectivity, Sads, are
a proper metric for judging the effectiveness of a specific MOF for separations in fixed bed

adsorbers. Separation potential can give a better estimation of how effective a material’s
performance is. However, depending on the particular requirements for each case, such as CO>
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recovery, CO, purity or the effective amount of gas captured per mass unit of the material, the
final choice might be different. For example, in the present case, for optimizing CO- recovery,
Cu-BBT is a better option because it yields higher amount of cyclic CO; adsorption, due to its
higher separation potential. However, if the CO; purity is the main target, Cu-BTTri, which
shows better CO2/N; selectivity would be a better choice for this separation.

4.4 Conclusion

This work presents a comprehensive study of CO, and Nz adsorption in a sodalite MOF
known as Cu-BTTri, which was carried out using a series of characterization tools including
single component adsorption measurements, in situ neutron and X-ray diffraction, DFT
calculations, and finally breakthrough simulations. While CO; and N; isotherms are used to
assess selectivity and adsorption capacity, in situ diffraction is used to provide molecular level
insight into the location and orientation of these two small molecules throughout the
framework. As such, the diffraction technique allows further rationalization of the observed
isotherms, provides a means to monitor adsorption/desorption processes, and allows one to
assess changes in the framework as a function of temperature. Albeit small, both the activated
and CO; loaded Cu-BTTri are found to exhibit a rare NTE phenomenon, with average thermal
expansion coefficients of -4.5 (MK)-1 and -6.0 (MK)-1, respectively. In addition, DFT calculations
are used to predict the binding energies and geometries of potential adsorption sites, results
which are found to be in excellent agreement with those determined experimentally. To better
understand the host-guest interaction at each adsorption site, the calculated binding energies
were further decomposed into separate contributions from DFT-PBE (predominantly
electrostatic) and van der Waals interactions.

Finally, the performance of Cu-BTTri is compared to a ligand substituted counterpart,
Cu-BTT. While the sodalite structures are similar, the ligand exchange has an extreme effect
on the performance of the material with regard to CO; and N» adsorption. Despite that Cu-
BTTri exhibits a lower overall adsorption capacity and weaker interactions with both CO; and
Ny, the material surprisingly offers a higher selectivity for CO; over N, compared to that of its
tetrazole counterpart. These results stem from the fact that the triazolate offers a stronger Cu-
ligand bond compared to the tetrazolate, and hence, significantly weakens the interactions
along the z-axis, where small molecules bind, due to Jahn-Teller effect. This assumption is
validated by neutron diffraction and adsorption measurements, which show elongated Cu-CO;
distances and lower, initial isosteric heats of CO. adsorption, respectively. We finally
compared these materials’ performance in a dry, post-combustion flue gas separation. For this,
the separation potential, AQ, of Cu-BTT and Cu-BTTri was determined, and transient
breakthrough curves were simulated; it was concluded that, despite its higher selectivity for
CO; over Ny, Cu-BTTri does not outperform Cu-BTT for the separation of interest. It was
demonstrated that adsorption capacity and selectivity alone cannot be appropriate metrics to
evaluate the efficiency of an adsorbent to be employed in a chosen separation.
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It should be reiterated that this study is based on the thermodynamic and
hydrodynamic properties of the frameworks of interest in dry post-combustion capture
conditions. For the actual application of a material in such a large-scale separation, other
techno-economic factors like price, long term stability/cyclability, ease of regeneration,
temperature spikes during adsorption, and the influence of other minor impurities,

particularly water, must also be considered.
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Chapter 5
Large anisotropic negative thermal expansion in
Cu-TDPAT metal-organic framework: an in-situ

X-ray diffraction study®

5.1 Introduction

Most solid materials expand when heated, a phenomena that is attributed to enhanced
longitudinal bond vibrations.381 However, during the past few decades, there is mounting interest
in understanding the opposite behavior,382 referred to as negative thermal expansion (NTE).
Albeit rare, this phenomenon has increasing importance in the engineering of systems that
require precise control of volume over a wide range of temperatures, a process called controlled
thermal expansion (CTE).383-387 The importance of CTE is exemplified by its use in a number of
applications such as casting, molding, microchip industries, dental fillers, and many other
expansion sensitive systems, like high precision optical mirrors.

In order to design new CTE processes, one must first understand the underlying
principles of the NTE mechanism in various materials. NTE can have different origins, ranging

5 This chapter is based on the written article: “Large anisotropic negative thermal expansion in Cu-TDPAT metal-organic
framework: an in-situ X-ray diffraction study.” Mehrdad Asgari, llia Kochetygov, Hassan Abedini, and Wendy L. Queen. Submitted,
2019. M. A. has synthesized the material, performed the experiments, analyzed the data and written the paper.
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from electronic and magnetic transitions to transverse atomic and molecular vibrations.372
Compounds reported to exhibit vibrational NTE mostly consist of metal oxides, like ZrW;0g,388
389 and several classes of porous frameworks such as zeolites3?0 and cyanide-based materials391-
393, The origin of the NTE behavior in the aforementioned inorganic materials is often attributed
to transverse “skipping rope type” vibrations of the linkers that bridge between metal clusters.3%

Recently, NTE properties have also been reported in a few metal-organic frameworks
(MOFs). MOFs are crystalline materials that contain metal-ions or metal-ion clusters as nodes and
organic ligands as linkers.314323,395 With a large number of potential building block combinations,
numerous MOFs with different properties can be designed. Their vast structural versatility has
led to the formation of over 88000 new frameworks,3% some of which offer unprecedented
internal surface areas (up to 7800 m2/g) and ultra large void fractions (up to 90%).20.397 These
properties, combined with structural flexibility, can on occasion lend to NTE behaviour. However,
the higher chemical and structural complexity of MOF frameworks, when compared to other
aforementioned materials, also results in a higher degree of complexity with regard to the
structural dynamics.3%4 This necessitates an in-depth study of the variable temperature structural
changes in MOFs.

Figure 5-1 The 3D structure of Cu-TDPAT framework

Given that MOFs are highly crystalline, x-ray diffraction is a useful technique to elucidate
the structural changes. While, computational techniques first hypothesized NTE in MOFs370 well
before its experimental confirmation, a number of recent reports have demonstrated that

110



Chapter 5

diffraction experiments can help elucidate new vibrational mechanisms responsible for NTE

behavior_372, 382,394, 398

5.2 Results and discussions

With the desire to extend our knowledge of NTE behavior in MOFs, herein, Cu-TDPAT
(Cus(TDPAT),13¢ HTDPAT= 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine), was selected
as a case study. The framework crystallizes in the Tetragonal I4/m spacegroup (no. 87) and
contains Cuz(carboxylate)s “paddlewheels” that are interlinked by TDPATS- ligands forming a
neutral, porous, three-dimensional network (Figure 5-1). During synchrotron powder x-ray
diffraction experiments, this material revealed a large lattice contraction upon increasing
temperature, which incited curiosity about the underlying mechanism of this uncommon
behavior.

In addition to NTE, Cu-TDPAT has certain characteristics that make it attractive for a
comprehensive structural study. First, this material offers exceptional adsorption capacities for a
number of energetically relevant small molecules including CO,, CH4, and H.136 Further, the
relatively large TDPATS- ligand, lends to a high degree of framework flexibility, which significantly
influences the material’s gas adsorption behavior.399 Despite this, to date there is no knowledge
regarding the origin of this flexibility. Additionally, Cu-TDPAT is highly crystalline (Figure S5-1),
even after a heat treatment up to 500 K (Figure S5-2). Further, high-quality single crystals of the
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Figure 5-2 The evolution of lattice parameters (a,c) as a function of the temperature normalized
by their original value at 100 K. The standard deviations are smaller than the size of the points.
Therefore, cannot be shown in this graph
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material are readily available (Figure S5-3), permitting the precise determination of any
structural changes. Moreover, this framework contains a Cuz(carboxylate)s “paddlewheel” that is
similarly observed in Cu3(BTC): (Cu-BTC or HKUST-1; btc=1,3,5-benze-netricarboxylate) and
Cuz(btb)2 (Cu-BTB or MOF-14; btb=4,4",4"-benzene-1,3,5-triyl-tribenzoate).372 While the NTE of
Cu-BTC is significantly less pronounced than that observed in Cu-TDPAT, the NTE mechanism
was still elucidated3”2, providing us with inspiration that similar success could be achieved in the
current study. Last, as in the ~case of Cu-BTC, Cu-BTB, and MOF-5
(Zn40(1,4-benzenedicarboxylate)3)398, most NTE studies are limited to the cubic crystal systems
showing isotropic NTE behavior,40 making NTE studies of MOFs in lower symmetry crystal
systems of interest.

To study the mechanism of NTE behavior in Cu-TDPAT, single crystal and powder
synchrotron x-ray diffraction techniques were employed. The in-situ experiments were done in
an inert environment to exclude solvation and desolvation effects. Because the framework can
easily adsorb water molecules at the open metal sites, complete activation was first carried out
at 150 °C for 12 hours under dynamic vacuum provided by a turbo pump, and then the sample
was sealed inside of a borosilicate capillary. Before sealing, the samples were placed under 700
torr of He, as the exchange gas. To understand the temperature dependant evolution of lattice
parameters, we first performed in-situ powder synchrotron x-ray diffraction measurements on
the activated sample. The lattice parameters and the volumes of the unit cells were determined
via sequential LeBail refinements of the powder diffraction data collected at temperatures
ranging from 100 K to 500 K (see Table S5-1 and Figure S5-4). Both lattice parameters, a and c,
show a reduction of 0.25% and 0.284%, respectively, upon heating (Figure 5-2). The
temperature-dependent linear (a; = %) and volumetric (ay = Vc%) thermal expansion
coefficients were also calculated by fitting a second order polynomial to the plot of each lattice
parameter and the unit cell volume (Figure S5-5 to Figure S5-9). The average linear thermal
expansion coefficient for a and cis calculated to be -6.4 and -7.2 (MK)-1, respectively. These values
are significantly higher than those previously reported for the cubic Cu-BTC (-4.1 (MK)1)372,
Figure 5-3 shows the absolute values of the unit cell volume (left vertical axis) and the volume
ratio (volume at each temperature / volume at 100 K, right vertical axis). The change of lattice
parameters causes an overall 0.8% reduction in the unit cell volume (Figure 5-3), and the
calculated volumetric thermal expansion coefficient ranges from -26.8 MK-1at 100 K to -13.6 MK-
1 at 500 K. The latter indicates that the NTE effect is significantly more pronounced at lower
temperatures (see inset, Figure 5-3).
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The large NTE observed for Cu-TDPAT encouraged us to unveil the mechanism via single
crystal experiments. The crystals of the MOF were first inserted into a borosilicate capillary and
treated under the same conditions as the aforementioned powder sample. The variable
temperature single crystal diffraction experiments were carried out in the temperature range of
100 to 500 K at intervals of 25 K. The structures are available in CSD database.#01 The resulting
lattice parameters and the unit cell volumes are shown in Figures S5-10, S5-11, and S5-12. The
lattice parameters undergo changes that are similar to those observed from the powder
diffraction data. Despite their similar trend, there are minor (~0.1% abs. value) differences
between the absolute values of lattice parameters extracted from the single crystal and powder
samples, a known observation reported elsewhere.262 This phenomenon can be attributed to
averaging small deviations in the unit cell parameters throughout many crystallites in the powder
diffraction experiment.
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Figure 5-3 Volume of the unit cell as a function of the temperature. The standard deviations are
smaller than the size of the points. (inset) Volumetric thermal expansion coefficient of Cu-TDPAT
as a function of temperature, as fitted with a second order polynomial.

Inspection of the framework’s structure at different temperatures, via single crystal
measurements provided direct insight into the NTE mechanism. This tool was used to highlight
the structural motions associated with the metal clusters and the ligands, which are responsible
for the unit cell contraction. A total of three structural changes were observed from the data
(Figure 5-4). First, the three benzene rings on the TDPAT®- ligand are found to twist around the
triazine ring (Figure 5-4a, Table S5-2, and Figure S5-14). The resulting increase in the fold angle
(Figure S5-14) found between the benzene and the central triazine rings (bending of the ligand),
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in turn, alters the longitudinal size of the ligand thus causing the unit cell contraction (Figure S5-
12). Such a change is not present in Cu-BTC, due to the structural simplicity and rigidity of the
BT(C3- ligand, which contains only one benzene ring directly connecting the carboxylates. Hence,
this first observed feature helps to explain the more strongly pronounced NTE observed for Cu-
TDPAT when compared to its structural counterpart, Cu-BTC. In relation to this, the observed
anisotropic displacement parameters (ADPs) for atoms in the benzene rings and to a greater
extent in the triazine rings, are larger in the direction perpendicular to the ring plane (Figures S5-
26 and S5-27 and Tables S5-11 to S5-14). As such, in addition to the aforementioned reorientation

(a) }*

Figure 5-4 Structural motions in Cu-TDPAT responsible for the NTE effect. (a) bending of the
benzene rings around the central triazine ring (b) folding and twisting of the benzene rings around
paddlewheel metal clusters (c) twisting of the paddlewheel clusters
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of aromatic rings inside the framework, the elongated ADPs are a further indication of the
structural dynamics. For the second motion, the benzene rings (Figure 5-4b, Tables S5-3 to S5-5,
and Figures S5-15 to S5-17) twist and fold around the metal building unit; both motions were
similarly observed in diffraction data obtained from Cu-BTC.372 The observed rotations of the
benzene rings either around triazine ring (Figure 5-4a) or around the paddlewheels (Figure 5-
4b) are thought to be transverse rather than longitudinal vibrational modes. Transverse modes
typically have lower excitation energies and hence can be observed better at lower temperatures
than their longitudinal counterparts.38! Given that the volumetric thermal expansion coefficient
of Cu-TDPAT is more pronounced at lower temperatures (Figure 5-2b), it is hypothesized that
such motions are transverse in nature. Last, although the metal clusters are generally not as
flexible as the bridging ligands,38! the paddlewheel units in Cu-TDPAT also undergo a slight
twisting via the rotation of the carboxylate groups (Fig. 5-4c, Tables S5-6 to S5-9, and Figures S5-
18 to S5-23). This is similar to what was previously observed for Cu-BTC, thus indicating that
paddlewheel metal clusters are likely prone to twist in porous frameworks despite the expected
rigid nature of the metal units.

These transverse vibrational modes also induce bond libration38! in Cu-TDPAT; this is
evident by a decrease in the Cu-Cu distance from 100 K to 300 K. However, above this
temperature there is a noted increase in the Cu-Cu distance, which likely indicates the onset of
competitive longitudinal vibrations. This competitive effect causes a volcano-type plot for Cu-Cu
distances as a function of temperature (Table S5-10, and Figures S5-24 to S5-25).

It is concluded that Cu-TDPAT’s more pronounced NTE behaviour compared to Cu-BTC
stems from the framework’s increased structural flexibility. The ligand of the Cu-TDPAT showed
several junctions where, bending, twisting and folding can happen. The bending of the ligand as
well as twisting of the paddlewheel clusters together were shown to be responsible for the
framework contraction. In addition to more ligand complexity, the lower symmetry of Cu-TDPAT
compared to Cu-BTC, provides higher degree of structural freedom which promotes a more
pronounced anisotropic NTE behaviour in Cu-TDPAT that can be observed in two different

directions via relative movements of numerous structural components.
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Conclusion and future work

6.1 Achieved results

The achievements of this thesis are explained briefly in the following:

6.1.1 Preparation of the required hardware, software and experimental methods

Over the course of this thesis, several experimental setups, computer codes, and
methodologies were developed in order to carry out detailed structural analysis of MOFs. For
example, in this work, a gas dosing manifold, an in-situ powder and single crystal x-ray diffraction
cells, and experimental protocol first had to be developed in order to conduct the structural work,
which was carried out at the Swiss Norwegian Beamlines at ESRF. As such, these setups and
protocols are not just important for the title study, but also for future studies to be carried out by
the current group at EPFL and others throughout the world.

In addition to the developed experimental setups for the in-situ diffraction studies, the
computer codes for the analysis of the standard adsorption isotherm data as well as in-situ
diffraction data were also developed. Having access to this software, we can extract the
thermodynamic parameters of the adsorption or obtain structural data for the variable
temperature/pressure behavior of the framework under different environments.

All of the above tools and setups were used for the structure-property relationship
studies.
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6.1.2 Information obtained from structure-property relationship studies

The case studies described in chapters 2-5 were able to elucidate many important
chemical and structural parameters that are influential on the adsorption properties of several
prominent families of MOFs including sodalite structures such as M-BTT (where M=Cu,Fe, Cr,
and Mn ) and Cu-BTTri, as well as rht-type Cu-TDPAT.

In chapter 2, we showed, for the first time, a molecular level view of CO; adsorption in a
series of isostructural MOFs known as M-BTT (where M2+ = Cr, Mn, Fe, and Cu and BTT3- = 1,3,5-
benzenetristetrazolate ), which exhibit a high density of open metal sites that offer strong
interactions with CO». In-situ structural studies revealed that the high initial isosteric heats of
adsorption are directly correlated with the presence of the open metal sites and also provided
the positions and orientations of as many as three other secondary CO adsorption sites. Density
functional theory calculations that include van der Waals dispersion corrections quantitatively
supported the observed structural features associated with the primary and secondary CO
binding sites, including CO; position and orientation, as well as the experimentally determined
isosteric heats of CO; adsorption. This work provided a stress test for computational tools in
varying chemical environments. We believe that combined computational and experimental
studies of this kind can inform the design of new MOFs with properties that are optimized for a
variety of energy-related applications.

Additionally, in chapter 3, we demonstrated the importance of using in-situ diffraction
techniques to gain intimate insight into small molecule binding in MOFs. We reported, for the first
time, an accurate structure for a sodalite MOF known as Cu-BTTri. This knowledge is critical
should computational methods be used to screen MOFs for targeted applications. We identified
also for the first time the location of four D, adsorption sites in Cu-BTTri, and showed that the
DFT method used in this work successfully models hydrogen adsorption sites with minimal
deviation from the experimental results. The validation of this computational approach opens the
door to predict the adsorption behaviour of existing and even hypothetical MOFs.

Furthermore, in chapter 4, a detailed study was conducted to understand how ligand
substitution influences the CO; and N; adsorption properties of two highly crystalline sodalite
MOFs known as Cu-BTT (BTT-3= 1,3,5-benzenetristetrazolate) and Cu-BTTri (BTTri-3 = 1,3,5-
benzenetristriazolate). The enthalpy of adsorption and observed adsorption capacities at a given
pressure were significantly lower for Cu-BTTri compared to its isostructural counterpart, Cu-
BTT. In situ X-ray and neutron diffraction, which allow visualization of the CO; and N; binding
sites on the internal surface of Cu-BTTri, provided insight into understanding these subtle
differences. As expected, slightly elongated distances between the open Cu?* sites and surface
bound CO;z in Cu-BTTri could be explained by the fact that the triazolate ligand is a better electron
donor than the tetrazolate. The more pronounced Jahn-Teller effect in Cu-BTTri led to weaker
guest binding. The results of the aforementioned structural analysis were complemented by the
prediction of the binding energies of CO; and N; adsorption sites by DFT calculations. In addition,
variable temperature in situ diffraction measurements shed light on the fine structural changes
of the framework and CO; occupancies at different adsorption sites as a function of temperature.
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Finally, simulated breakthrough curves obtained for both sodalite MOFs demonstrated the
materials’ potential performance in dry post-combustion CO; capture. The simulation, which
considers both framework uptake capacity and selectivity, predicted better separation
performance for Cu-BTT under dry conditions. The information obtained in this work highlighted
how ligand substitution can influence the adsorption properties of porous materials, and hence
provided further insight in unprecedented detail into their optimization for technologically-
relevant gas-separation processes.

Moreover, in chapter 5, we shed light on the mechanism of negative thermal expansion
(NTE) in a lower tetragonal symmetry MOF, Cu-TDPAT, using a combination of in situ single
crystal and powder x-ray diffraction techniques. This was done while most studies focused on
NTE of MOFs are limited to cubic crystal systems, which show isotropic NTE behavior. We for the
first time, revealed the structural motions that are responsible for large NTE behavior in the Cu-
TDPAT, including bending, twisting and folding of a highly flexible ligand. Additionally, the NTE
properties of Cu-TDPAT were compared to Cu-BTC, a framework constructed by the same copper
paddlewheel building units but with a smaller, more rigid ligand.

6.1.3 Synergy of theory and experiments

The combination of theoretical and experimental studies carried out in this thesis
enhanced our level of understanding of the adsorption processes in the selected MOF materials.
For instance, DFT studies were used to answer experimentally intractable questions regarding
the nature of the interactions between the host and guest. Using DFT, the binding energies at each
adsorption site could be decomposed into interactions i) that were predominately electrostatic
and those that were ii) predominately dispersive in nature. This unveiled how the local pore
structure really contributes to small molecules binding. Further, both DFT and experimental
work, including diffraction and adsorption studies, were employed to determine binding energies
and host-guest structures of MOFs with several small molecules such as CO3, N3, and Ha. In all
cases theory corroborated the experimental findings with regard to the strength of small
molecule-MOF interactions and the location and orientation of these small molecules inside the
frameworks. Overall, this work confirms the accuracy of such computational techniques and gives
us hope that these tools can be employed in the future to answer more experimentally intractable
questions and also to predict the best existing or hypothetical MOF for a given application. Such
work might eventually alleviate the experimental bottleneck related to materials design,
synthesis, and characterization by giving us a way to know, pre-experiment what the best
performing material might be. This could help rapidly bring advanced materials to market.

6.2 Future works

The suggestions for the future works will be expressed in the following:
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6.2.1 Evaluation of the adsorbents in real-world chemical separation applications

After linking the structural and chemical features to the adsorption properties of the
frameworks, the performance of the adsorbents can be evaluated in the real-world chemical
separation processes. In this regard, we have designed and constructed a breakthrough
apparatus that can be used to perform multi-component adsorption measurements in a fixed
adsorption bed. The capacity and selectivity of the adsorbents toward the target gas namely CO»
in the presence of the impurities namely water, SOy, NOx and other interfering gases can be
evaluated. Further, the capacity of the material can be measured after regeneration in a
temperature swing adsorption (TSA) or pressure swing adsorption (PSA) process. This can be
done after consecutive cycles which provides information about the recyclability of material, a
very important parameter for the implementation of the adsorbents in the industrial processes.
In addition, the effect of heat of adsorption in the temperature of bed at different cross-sections
can be evaluated in the fixed bed adsorption setup. The fluctuation of the temperature across the
bed, as a result of adsorption or desorption process, can significantly affect the efficiency of the
adsorbents in the target chemical separation/storage process.

Overall, evaluation of the performance of the adsorbent in the experimental setups
mimicking real-world applications can provide an additional puzzle piece to complement the
picture of structure-property relationship for the application of interest.

6.2.2 Extending the structure-property relationship studies to other chemical
applications

Considering the inclusive nature of in-situ diffraction studies on small molecule
adsorption in MOFs, the structure-property relationship studies can be extended to other
chemical adsorption/separation application than the carbon dioxide capture and hydrogen
storage applications, namely hydrocarbon or noble gas separation processes. This will eventually
enable finding the required chemical and structural features of the optimal adsorbent for
different chemical separation processes.

In addition to the adsorption and separation, localization of the small molecules inside
the structure of the porous frameworks can provide critical information in other chemical
processes, for example heterogeneous catalysis. Finding the adsorption sites corresponding to
the reactants and products of the reaction of interest not only can reveal the reactive sites but
also can shed light on the mechanism of the catalytic reaction.

120



Chapter 7

Chapter 7
Appendix

7.1 Appendix to chapter 2

7.1.1 Gas adsorption measurements

UHP-grade (99.999% purity) helium, nitrogen, and carbon dioxide were used for all
adsorption measurements. Gas adsorption isotherms for pressures in the range 0-1 bar were
measured using a Micromeritics ASAP 2020 instrument. For standard measurements in ASAP
low-pressure glass sample holders, activated samples were transferred under a N, atmosphere
to pre-weighed analysis tubes, which were capped with a Transeal. The samples were evacuated
on the ASAP until the outgas rate was less than 3 pbar/min. The evacuated analysis tubes
containing degassed samples were then carefully transferred to an electronic balance and
weighed to determine the mass of sample (typically 100-200 mg). For cryogenic measurements,
the tube was fitted with an isothermal jacket and transferred back to the analysis port of the gas
adsorption instrument. The outgas rate was again confirmed to be less than 3 pbar/min. BET
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surface areas and pore volumes were determined by measuring N, adsorption isotherms in a 77
Kliquid N3 bath and calculated, assuming a value of 16.2 A2 for the molecular cross-sectional area
of N2. Adsorption isotherms between 25 and 45°C were measured using a recirculating dewar
(Micromeritics) connected to a Julabo F32-MC isothermal bath.
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Figure S2-1. Nitrogen adsorption isotherms for M-BTT analogues collected at 77 K.

7.1.2 Pore Volume calculations based on the adsorption data for nitrogen at 77 K

As shown in Figure S2-1, the adsorption isotherm for N2 at 77 K ceases to be a function of
pressure when the pressure exceeds 200 mbar, implying that the structure has been saturated
with nitrogen. Therefore, the uptake of N, at highest measured pressure can be considered as the
full capacity of the framework for an inert small molecule, and the pore volume can then be
calculated from the following formula:

Sat
NN2 *MWNZ

1000+diign,| ..,

Pore Volume = Eq.(S2-1)

Where Nﬁz“t is the the amount of nitrogen adsorbed at the highest pressure point in

mmol/g, M, is the molecular weight dinitrogen in g/mol and d;;,, |77Kis the density of liquid

N,
nitrogen at 77 Kin g/mL.

Therefore, for the M-BTT pore volumes we obtain:
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Pore Volume ge_pgrr = % = (0.785 mL/g
Pore Volume y,_grr = % = 0.846 mL/g
Pore Volume ¢ _grr = % = 0.815mL/g
Pore Volume ¢,_grr = % = 0.704 mL/g

7.1.3 Surface area calculations based on the N2 adsorption data at 77 K

Based on the BET theory, we have the following equation:

_c-1

p 1
NI(E)-1]  Nme () + 5 Eq.(S2-2)

Po Nmc

Where N is the amount of gas adsorbed in mmol/g, N,, is the monolayer adsorption in mmol/g,
p is the partial pressure of N; and p, is the saturation pressure of N; at the measurement

1 : L .
temperature.°2 A plot of m versus pﬁ and the best possible trendline is fit to the points on
=)= 0

p

the plot. We note that points with low (pﬁ) are chosen such that the ¢ parameter stays positive
0

and high R2 values are obtained. With M as the slope and I as the intersect of the plot, N,,, can be
obtained from the following formula:

1

m — M+l Eq. (52 - 3)
The surface area can then be obtained using the equation:
SA = Np, - Ny - CSAy, Eq.(S2—-4)

Where N, is Avogadro’s number and CSAy, is the cross sectional area of one N2 molecule
at 77 K (taken to be 16 A2). The above calculations were carried out on the nitrogen adsorption
isotherm data collected at 77 K for M-BTT; the resulting surface areas are given in Table S2-1.

Table S2-1. Surface areas for the M-BTT frameworks.

Sample Surface Area (m?/g)
Fe-BTT 2044.8
Mn-BTT 2078.4
Cr-BTT 1930.4
Cu-BTT 1755.9
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Figure S2-2. Nitrogen adsorption of M-BTT analogues at 298 K. A comparison of the N, uptake
with CO; uptake at the same temperature (Figures S2-3 to S2-6) reveals selective adsorption of
CO; over N2, which is favorable in the context of post-combustion CO; capture.

7.1.4 Fitting M-BTT CO2 adsorption isotherms

The CO; adsorption isotherms collected at 298, 308, and 318 K were fitted with a dual-
site Langmuir model (Eq. S2-5):

b, P b, P
n= dsat,191 Gsat,202 Eq (52 _ 5)
1+b,P 1+b,P

where n is adsorbed CO; in mmol/g, gsasi is the adsorption capacity for the site i, b; is the
Langmuir parameter for this site, and P is the pressure in bar. The fitted parameters for each
adsorption isotherm can be found in Tables S2-2 to S2-5, and a comparison of the experimental
CO; adsorption isotherms with the fitted dual-site Langmuir model based on the experimental
data is shown in Fig. S2-3 to S2-6. The dual-site Langmuir model was chosen because of the
validity of the theory behind this model for prediction of the interaction of heterogeneous
surfaces with gas-phase small molecules. For porous materials that have adsorption sites of
differing binding energies, a single-site Langmuir model is unable to accurately predict the
adsorption behavior. The use of a dual-site Langmuir model for fitting gas adsorption isotherm
data and the extraction of isosteric heats of adsorption has been reported elsewhere.62 403-404
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Figure S2-3. Dual-site Langmuir fits for CO, adsorption in Fe-BTT at 298, 308, and 318 K.
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Figure S2-4. Dual-site Langmuir fits for CO; adsorption in Mn-BTT at 298, 308, and 318 K.
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Figure S2-5. Dual-site Langmuir fits for CO, adsorption in Cr-BTT at 298, 308, and 318 K.
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Figure S2-6. Dual-site Langmuir fits for CO2 adsorption in Cu-BTT at 298, 308, and 318 K.
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Table S2-2. Dual-site Langmuir parameters for CO, adsorption in M-BTT.

Framework  Temperature (K) QOsat1 b1 Osat2 b,
298 0.0008056 2.82 0.009 0.0035
Fe-BTT 308 0.0008  1.232047 0.008278 0.002914
318 0.000813 0.685 0.008293 0.002237
298 0.00048  1.051007 0.006683 0.004522
Mn-BTT 308 0.0008 1.232047 0.008278 0.002914
318 0.000813 0.685 0.008293 0.002237
298 0.00087  0.166593 0.009462 0.00589
Cr-BTT 308 0.000773  0.102999 0.00899 0.004756
318 0.000715  0.0565 0.00785 0.0043
298 0.000866 0.071123 0.008669 0.005748
Cu-BTT 308 0.000877  0.038788 0.00832 0.004395
318 0.000723  0.028083 0.00868 0.003243

Calculating Isosteric heats of adsorption

The Clausius-Clapeyron equation (Eqn. S2-6) was used to calculate the isosteric heats of
adsorption, Qst, for CO2 adsorption in M-BTT analogs at 298, 308 K, and 318 K, using dual-site

Langmuir-Freundlich fits.

1

(nP), =-2()+c

Eq.(S2 - 6)

Where, P is the pressure in any desired unit, n is the amount adsorbed mol/g, T is the

temperature in K, R is the universal gas constant k] /mol-K, and C is a constant. The isosteric heat

of adsorption, Qs, was obtained from the slope of plots of (In P), as a function of inverse T. The

isosteric heats of adsorption as a function of CO; loading in M-BTT can be found in Figure 2-2 in

the main text (chapter 2).
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Figure S2-7. Neutron powder diffraction data collected on an activated sample of Cu-BTT at 10 K.
The green line, crosses, and red line represent the background, experimental, and calculated
diffraction patterns, respectively. The blue line represents the difference between experimental
and calculated patterns.

Table S2-3. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Cu-BTT structural model against the data presented
in Figure S2-7. The optimal refinement yielded a cubic structure with Pm-3m space group, a =
18.5198(4) A, and V = 6351.9(4) A3. Values in parentheses indicate standard deviation. Goodness-of-
fit (GOF) parameters: x2= 0.99, wRp = 0.0354, Rp = 0.0308. (The number for corresponding CIF file in
CCDC database: 1582009).

Atom X Y Z occupancy  Uiso*100 (A?)
Cul 0.1322(5) 0.5 0.0 1.0 0.010(3)
C1 0.1483(3) 0.3371(3)  —0.1483(3) 1.0 0.0063(8)
C2 0.1808(2) 0.2735(3)  —0.1808(2) 1.0 0.0063(8)
C3 0.2416(3) 0.2416(3)  —0.1492(4) 1.0 0.0063(8)
Cl1 0.0 0.5 0.0 1.0 0.045(5)
N1 0.1296(2) 0.4251(2)  —0.0787(2) 1.0 0.0102(5)
N2 0.1747(2) 0.3704(2)  —0.0892(2) 1.0 0.0102(5)
H1 0.2664(5) 0.2664(5)  —0.1027(7) 1.0 0.021(4)
Cu2 0.231(2) 0.356(3) 0.0 0.192(8) 0.06409
Os 0.250(3) 0.5 0.0 0.17(2) 0.01168
Cl2 0.366(2) 0.366(2) 0.0 0.192(8) 0.06535
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Figure S2-8. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTT loaded with
0.533 CO; per Cu site (6.396 CO- per unit cell). The green line, crosses, and red line represent
the background, experimental, and calculated diffraction patterns, respectively. The blue line

represents the difference between experimental and calculated patterns.

Table S2-4. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cu-BTT (loaded with 0.533 CO. per
Cu site) against diffraction data presented in Figure S2-8. The structure is cubic with Pm-3m space
group, a = 18.5295(3) A, and V = 6362.0(3) A3. Values in parentheses represent standard
deviation. GOF parameters: x>= 1.01, wRp = 0.0354, Rp = 0.0305. (The number for corresponding
CIF file in CCDC database: 1582006).

Atom X y Z occupancy  Uiso*100 (A?)
Cul  0.1330(5) 0.5 0 1 0.008(3)
C1l 0.1477(3) 0.3374(3) —0.1477(3) 1 0.0065(9)
Cc2 0.1801(2) 0.2714(3) —0.1801(2) 1 0.0065(9)
C3 0.2420(3) 0.2420(3) —0.1484(4) 1 0.0065(9)
Cl1 0 0.5 0 1 0.041(5)
N1 0.1294(2) 0.4254(2) —0.0784(2) 1 0.0081(5)
N2 0.1741(2) 0.3701(2) —0.0894(2) 1 0.0081(5)
H1 0.2657(5) 0.2657(5) —0.1013(7) 1 0.020(4)
Cu2 0.227(1) 0.384(2) 0 0.19199 0.06409
Cla 0.291(1) 0.4388(6) 0 0.266(5) 0.011(6)
Ola 0.274(2) 0.5 0 0.533(9) 0.08(1)
O1b 0.312(2) 0.380(1) 0 0.266(5) 0.05(1)
Cl2 0.358(2) 0.358(2) 0 0.19199 0.06535
Os 0.2505(7) 0.5 0 0.17378 0.01168

129



Chapter 7

s 1400
19000 - 1200
1000 ;
800 41 .3 §z
| 600 [1;
E>14000
3 400
< 200
[
- 9000 I O T T T T T T T T 1
70 80 90 100 110 120 130 140 150 160
4000

Figure S2-9. Neutron powder diffraction data collected at 10 K on a sample of Cu-BTT loaded with
1.558 CO2 per Cu site (18.696 CO- per unit cell). The green line, crosses, and red line represent
the background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns.
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Table S2-5. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cu-BTT loaded with 1.558 CO, per
Cu site (18.696 CO: per unit cell) against diffraction data collected presented in Figure S2-9. The
structure is cubic, space group Pm-3m, a = 18.5323(4) A,V = 6364.8(4) A3. Values in parentheses
represent standard deviation. GOF parameters: x?= 1.05, wRp = 0.0369, Rp = 0.0319. (The
number for corresponding CIF file in CCDC database: 1582007).

Atom X y Z occupancy  Uiso*100 (A?)
Cul 0.1330(5) 0.5 0 1 0.016(3)
C1 0.1478(3) 0.3363(3)  —0.1478(3) 1 0.0085(8)
C2 0.1793(3) 0.2717(4)  —0.1793(3) 1 0.0085(8)
C3 0.2405(3) 0.2405(3)  —0.1474(4) 1 0.0085(8)
Cl1 0 0.5 0 1 0.061(6)
N1 0.1299(2) 0.4258(2)  —0.0778(2) 1 0.0103(5)
N2 0.1744(2) 0.3699(2)  —0.0890(2) 1 0.0103(5)
H1 0.2636(5) 0.2636(5)  —0.1014(7) 1 0.016(3)
Cu2 0.216(1) 0.328(2) 0 0.19199 0.06409
Cla 0.2915(7) 0.4389(4) 0 0.434(5) 0.03625
Ola 0.2753(8) 0.5 0 0.87(1) 0.10109
O1b 0.309(1) 0.3787(7) 0 0.434(5) 0.07825
Cda 0.095(4) 0.066(3) 0.066(3) 0.058(3) 0.04533
Oda 0.080(5) 0.023(3) 0.023(3) 0.058(3) 0.04533
O4b 0.110(3) 0.110(3) 0.110(3) 0.17(1) 0.04533
C2a 0 0.272(1) 0.036(1) 0.180(4) 0.03761
O2b 0 0.221(1) 0.072(2) 0.180(4) 0.06551
O2a 0 0.324(1) 0 0.72(2) 0.05482
C3a 0.1597(8) 0.1597(8) 0 0.33(2) 0.06602
O3a 0.0990(8) 0.173(4) 0 0.165(5) 0.04786
O3b 0.2199(8) 0.146(4) 0 0.165(5) 0.04786
Os 0.2505(8) 0.5 0 0.17378 0.01168
Cl2 0.349(2) 0.349(2) 0 0.19199 0.06535
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Figure S2-10. Neutron powder diffraction data collected at 10 K for an activated sample of Cr-
BTT. The green line, crosses, and red line represent the background, experimental, and calculated
diffraction patterns, respectively. The blue line represents the difference between experimental
and calculated patterns.

Table S2-6. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Cr-BTT structural model against data presented
in Figure S2-10. The structure is cubic, space group Pm-3m, a = 18.6689(4) A, and V = 6506.6(4)
A3. Values in parentheses indicate one standard deviation in the refined value. GOF parameters:
¥x2 =1.06, wRp =0.0296, Rp = 0.0255. (The number for corresponding CIF file in CCDC database:
1582001).

Atom X y z occupancy  Uiso*100 (A?)
Crl 0.136(1) 05 0 1 0.00605
Cl  0.14943) 0.3365(4)  0.1494(3) 1 0.009(1)
C2  01817(3) 0.2737(4) 0.1817(3) 1 0.009(1)
C3  02435(3) 0.24353) —0.1507(4) 1 0.009(1)
Ci1 0 0.5 0 1 0.032(5)
N1  0.1311(2) 0.4234(2) 0.0801(2) 1 0.0119(6)
N2  0.1750(2) 0.3694(2)  0.0909(2) 1 0.0119(6)
H1  02675(5) 0.2675(5) —0.1062(7) 1 0.016(4)
Os 0.233(2) 0.5 0 0.24(2) 0.00351
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Figure S2-11. Neutron powder diffraction data collected at 10 K on a sample of Cr-BTT loaded
with 0.56 CO- per Cr site (6.72 CO: per unit cell). The green line, crosses, and red line represent
the background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns. Data was collected at
NIST.

Table S2-7. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cr-BTT loaded with 0.56 CO- per Cr
site (6.72 CO:2 per unit cell) against the data presented in Figure S2-11. The structure is cubic,
space group Pm-3m, a = 18.6867(5) A, V = 6252.2(5) A3. Values in parentheses indicate standard
deviation. GOF parameters: x? = 1.16, wRp = 0.0333, Rp = 0.0288. (The number for corresponding
CIF file in CCDC database: 1582003).

Atom X Y z occupancy  Uiso*100 (A?)
Crl  0.132(1) 0.5 0 1 0.00991
Cl  01485(3) 0.3366(4)  -0.1485(3) 1 0.013(1)
C2  0.1806(3) 0.2713(4)  -0.1806(3) 1 0.013(1)
C3  0.2425(3) 02425(3)  -0.1486(5) 1 0.013(1)
cil 0 0.5 0 1 0.057(7)
N1  0.1301(2) 0.4231(2)  -0.0792(2) 1 0.0139(7)
N2  01753(3) 0.3698(2)  -0.0900(2) 1 0.0139(7)
H1  0.2662(6) 0.2662(6)  -0.1068(8) 1 0.016(5)
Os 0.230(1) 0.5 0 0.2353 0.00351
Ca  0201(1)  0.4399(7) 0 0.277(5) 0.07288
Oa 0.275(2) 0.5 0 0.56(1) 0.08225
Ob  0312(2)  0.382(1) 0 0.277(5) 0.07411
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Figure S2-12. Neutron powder diffraction data collected at 10 K on Cr-BTT loaded with 0.436 CO»
per Cr site (5.23 CO- per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the
difference between experimental and calculated patterns. Data was collected at Chalk River
Laboratories at the Canadian Neutron Beam Center.

Table S2-8. Fractioal atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cr-BTT loaded with 0.436 CO, per
Cr site (5.23 COz per unit cell) against the data presented in Figure S2-12. The structure is cubic,
space group Pm-3m, a = 18.7761(6) A, V = 6619.4(6) A3. Values in parentheses indicate standard
deviation. GOF parameters: x? = 2.13, wRp = 0.0360, Rp = 0.0284. (The number for corresponding
CIF file in CCDC database: 1582004).

Atom X Y Z occ. Uiso*100 (A?)
Crl  0.134(2) 05 0 1 0.01(3)
Cl  01476(5)  0.333(1)  —0.1476(5) 1 0.012(3)
C2  0.1811(5) 0.2703(6) —0.1811(5) 1 0.012(3)
C3  02440(5) 0.2440(5) —0.1484(6) 1 0.012(3)
ci 0 0.5 0 1 0.12(2)
N1  01314(3) 04221(3) —0.0788(3) 1 0.010(1)
N2  0.1748(4) 0.3695(3)  —0.0924(4) 1 0.010(1)
H1  0.2635(7) 0.2635(7)  —0.1027(9) 1 0.02(1)
Os  0.233(2) 0.5 0 0.22 0.004
Ca  0289(2)  0.4385(8) 0 0.218(5) 0.012(3)
Oa  0.277(2) 0.5 0 0.44(1) 0.018(2)
ob  0306(3)  0.378(1) 0 0.218(5) 0.012(2)
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Figure S2-13. Neutron powder diffraction data collected at 10 K on Cr-BTT loaded with 1.275 CO»
per Cr site (15.304 CO. per unit cell). The green line, crosses, and red line represent the
background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns.
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Table S2-9. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cr-BTT loaded with 1.275 CO, per
Cr site (15.304 CO; per unit cell) against data shown in Figure S2-13. The structure is cubic, space
grupd Pm-3m, a =18.6816(3) A, V = 6520.0(4) A3. Values in parentheses indicate standard
deviation. GOF parameters: x> = 1.18, wRp = 0.0317, Rp = 0.0271. (The number for corresponding
CIF file in CCDC database: 1582002).

Atom X y z occupancy  Uiso*100 (A?)
Crl 0.131(1) 0.5 0 1 0.00372
Cl  0.1488(3) 0.3368(4) —0.1488(3) 1 0.0111(9)
C2  01779(3) 0.2690(4) —-0.1778(3) 1 0.0111(9)
C3  02410(3) 02410(3) —0.1460(5) 1 0.0111(9)
cil 0 05 0 1 0.11(1)
N1  0.1306(2) 0.4223(2) —0.0788(2) 1 0.012(5)
N2  0.1748(2) 0.3694(2)  —0.0905(2) 1 0.012(5)
HL  02610(6) 0.2610(6) —0.1040(7) 1 0.010(4)
Cla  0.2907(9)  0.4397(5) 0 0.386(6) 0.10145
Ola  0.272(1) 0.5 0 0.77(1) 0.065
Olb  0.310(2)  0.3808(9) 0 0.386(6) 0.10486
C4a  0.114(4)  00641(9)  0.0641(9)  0.133(5) 0.10621
O4a  0071(4)  0.034(3) 0.034(3)  0.133(5) 0.10621
O4b  0.158(4)  0095(3)  0.095(3)  0.133(5) 0.10621
C2a 0 0.277(2) 0.031(1)  0.187(4) 0.03831
02b 0 0.224(2) 0.062(2)  0.187(4) 0.05208
02a 0 0.330(2) 0 0.75(2) 0.06768
C3a  0.1656(7)  0.1656(7) 0 0.50(1) 0.0634
O03a  0111(1)  0.193(2) 0 0.250(6) 0.0634
03b  0.220(1)  0.137(2) 0 0.250(6) 0.0634
Os 0.229(1) 0.5 0 0.2353 0.00351
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Figure S2-14. Neutron powder diffraction data obtained at 10 K on an activated sample of Fe-
BTT. The green line, crosses, and red line represent the background, experimental, and calculated
diffraction patterns, respectively. The blue line represents the difference between experimental
and calculated patterns.

Table S2-10. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Fe-BTT structural model against the data
presented in Figure S2-14. The structure is cubic, space group Pm-3m, a =18.8957(4) A, V =
6746.6(5) A3. Values in parentheses indicate standard deviation. GOF parameters: x2 = 1.3, WRp
=0.0272, Rp = 0.0236. (The number for corresponding CIF file in CCDC database: 1582010).

Atom X y Z occupancy  Uiso*100 (A?)
Fel 0.1343(4) 0.5 0 1 0.006(2)
Cl 0.1512(3) 0.3361(5)  —0.1512(3) 1 0.019(1)
C2 0.1807(3) 0.2710(4)  —0.1807(3) 1 0.019(1)
C3 0.2419(3) 0.2419(3)  —0.1466(4) 1 0.019(1)
Cl1 0 0.5 0 1 0.007(3)
N1 0.1303(2) 0.4208(2)  —0.0816(2) 1 0.0161(7)
N2 0.1758(2) 0.3682(2)  —0.0913(2) 1 0.0161(7)
H1 0.2629(5) 0.2629(5)  —0.1069(6) 1 0.028(5)
Fe2 0.264(5) 0 0 0.18(2) 0.10(5)
Os 0.251(1) 0.5 0 0.65(2) 0.035(6)
Cs 0.303(1) 0.5 0.055(1) 0.324(9) 0.035(6)
Hsa 0.28(2) 0.5 0.0995(9) 0.324(9) 0.11(2)
Hsb 0.330(2) 0.4578(8) 0.053(2) 0.324(9) 0.11(2)
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Figure S2-15. Synchrotron powder diffraction data obtained at 100 K on an activated sample of
Fe-BTT. The green line, crosses, and red line represent the background, experimental, and
calculated diffraction patterns, respectively. The blue line represents the difference between
experimental and calculated patterns.

Table S2-11. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Fe-BTT structural model against the data in
Figure S2.15. The structure is cubic, space groupd Pm-3m, a = 18.8004(1) A, V = 6645.1 (1) A3,
Values in parentheses indicate one standard deviation in the refined value. GOF parameters: x? =
3.20, wRp = 0.0289, Rp = 0.0213. (The number for corresponding CIF file in CCDC database:

1582005).

Atom X y z occupancy  Uiso*100 (A?)
Fel  0.1360(1) 0.5 0 1 0.0183(4)
Cl  0.1498(4) 03341(5) —0.1498(4) 1 0.048(2)
C2  01810(4) 02701(4) —0.1810(4) 1 0.048(2)
C3  02397(3) 0.2397(3)  —0.1468(4) 1 0.048(2)
cil 0 0.5 0 1 0.015(2)
N1  0.1294(1)  0.4201(2) —0.0795(2) 1 0.019(1)
N2  0.1746(2)  0.3661(2)  —0.0920(2) 1 0.019(1)
Fe3  0.2447(24) 0 0 0.114(2) 0.28059
Os  0.2578(5) 0.5 0 1 0.09725
Cs  0.3180(6) 0.5 0.0491(7) 0.5 0.09725
0s2  03703)  0.370(3) 0 0.0636(7) 0.12388
Cs2  0.4194(22) 0.4194(22) -0.031(8)  0.0636(7) 0.12388
0s3  —0.086(5) 0 0 0.114(2) 0.28059
Fe2  0.2523(8)  0.3619(7) 0 0.127(1) 0.12388
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Figure S2-16. Neutron powder diffraction data obtained at 10 K on a sample of Fe-BTT loaded
with 0.662 CO: per Fe site (7.944 CO; per unit cell). The green line, crosses, and red line represent
the background, experimental, and calculated diffraction patterns, respectively. The difference
between experimental and calculated patterns is represented as a blue line.
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Table S2-12. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Fe-BTT loaded with 0.662 CO- per
Fe site (7.944 CO; per unit cell) against the data presented in Figure S2-16. The structure is cubic,
space group Pm-3m, a = 18.9005(3) A, V = 6751.8(3) A3. Values in parentheses indicate standard
deviation. GOF parameters: x> =1.12, wRp =0.0272, Rp = 0.0234. (The number for corresponding
CIF file in CCDC database: 1582011).

Atom X y z occupancy  Uiso*100 (A%
Fel  0.1331(4) 05 0 1 0.002(1)
Cl  01517(3) 0.3369(4)  -0.1517(3) 1 0.017(1)
C2  01812(3) 02724(4)  -0.1812(3) 1 0.017(1)
C3  02421(3) 0.2421(3)  -0.1470(4) 1 0.017(1)
cil 0 05 0 1 0.006(4)
N1  0.1306(2) 0.4207(2)  -0.0811(2) 1 0.0148(5)
N2 0.1766(2) 0.3680(2)  -0.0918(2) 1 0.0148(5)
HL  0.2633(5) 0.2633(5)  -0.1073(6) 1 0.025(4)
Fe2 0.268(3) 0 0 0.1793 0.10322
Os 0.2482(6) 0.5 0 0.6471 0.03508
Cs 0.301(1) 05 0.054(1) 0.3236 0.03508
Ola  0.258(2) 0.5 0 0.36(1) 0.09(1)
Olb  0308(3)  0.388(2) 0 0.18(5) 0.10(2)
Cla  0285(2)  0.445(1) 0 0.18(5) 0.10(2)
Hsa  0.277(2) 05 0.1009(9)  0.3236 0.10908
Hsb  0.330(1)  04532(8)  0.049(2) 0.3236 0.10908
C2a 0 0.285(2) 0.040(2)  0.074(4) 0.09(3)
02b 0 0.240(5) 0.081(6)  0.074(4) 0.09(3)
02a 0 0.3308(4) 0 0.30(2) 0.07(4)
C3a  0.1354)  0.135(4) 0 0.152(7) 0.07(2)
O3a  0.076(5)  0.118(5) 0 0.078(4) 0.07(2)
03b  0.194(5)  0.153(5) 0 0.078(4) 0.07(2)
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Figure S2-17. Neutron powder diffraction data obtained at 10 K on a sample of Fe-BTT loaded
with 1.716 CO; per Fe site (20.592 CO- per unit cell). The green line, crosses, and red line
represent the background, experimental, and calculated diffraction patterns, respectively. The blue
line represents the difference between experimental and calculated patterns.
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Table S2-13. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Fe-BTT loaded with 1.716 CO- per
Fe site (20.592 CO; per unit cell) against the data presented in Figure S2-17. The structure is
cubic, space group Pm-3m, a = 18.5952(4) A, V = 6746.1(4) A3. Values in parentheses indicate
standard deviation. GOF parameters: x? = 1.56, wRp = 0.0302, Rp = 0.0267. (The number for

corresponding CIF file in CCDC database: 1582008).

Atom X Y z occupancy  Uiso*100 (A%
Fel  0.1351(5) 05 0 1 0.002(2)
Cl  0.1508(4) 0.3368(5) —0.1508(4) 1 0.019(1)
C2  01795(4) 0.2707(5)  —0.1795(4) 1 0.019(1)
C3  02419(3) 02419(3) -0.1473(5) 1 0.019(1)
cil 0 0.5 0 1 0.027(5)
N1  0.1308(3) 0.4209(3) —0.0803(3) 1 0.0211(7)
N2  01752(3)  0.3665(3)  —0.0904(2) 1 0.0211(7)
HL  02616(6) 0.2616(6) —0.1100(8) 1 0.026(5)
Fe2 0.2679(7) 0 0 0.1793 0.10322
Os 0.2508(7) 0.5 0 0.6471 0.03508
Cs  0.309(1) 0.5 0.047(1) 0.3236 0.03508
Ola 0.2607(8) 0.5 0 0.35765 0.09372
Olb  0.305(4)  0.385(2) 0 0.17882 0.010422
Cla 0.286(2) 0.444(1) 0 0.17882 0.010422
Hsa  0.291(2) 0.5 0.095(2) 0.3236 0.10908
Hsb  0.343(2)  0.460(2) 0.032(3) 0.3236 0.10908
C2a 0 0.277(1) 0.040(1) 0.205 0.015(6)
02b 0 0.231(2) 0.080(2) 0.205 0.021(6)
0O2a 0 0.321(1) 0 0.82 0.013(6)
C3a  0.1590(8)  0.1590(8) 0 0.67(1) 0.06(1)
03  0099(1)  0.159(2) 0 0.33(1) 0.06(1)
03b  0218(1)  0.158(2) 0 0.33(1) 0.06(1)
C4a  0.101(2)  0.048(3) 0.048(3)  0.14(1) 0.06(2)
O4a  0.144(4)  0.079(2) 0.079(2) 0.14(1) 0.06(2)
04b  0.055(2)  0.019(2) 0.019(2)  0.14(1) 0.06(2)
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Figure S2-18. Semi-log scale plotted isotherm of CO, adsorption in M-BTT (M = Cr, Mn, Fe, and
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Figure S2-19. Log scale plotted isotherm of CO; adsorption in M-BTT (M= Cr, Mn, Fe, and Cu).
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Figure S2-20. Locations of the primary and secondary CO. adsorption sites in Cu-BTT as
determined from DFT calculations (orange ball and stick representation) and in situ neutron
powder diffraction (yellow ball-and-stick representation). Cyan, green, blue, and gray spheres
represent framework Cu, CI, N, and C atoms, respectively; H atoms are omitted for clarity.

Figure S2-21. The position of extra-framework Fe cations inside Fe-BTT. Orange, blue, and grey
spheres represent Fe, N, and C atoms, respectively; H atoms are omitted for clarity.
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Figure S2-22. Comparison of the location of primary CO; adsorption sites as determined from
analysis of diffraction data collected at NIST (pink ball-and-stick representation) and at the Chalk
River Laboratories at the Canadian Neutron Beam Center (yellow ball-and-stick representation).
Green, blue, and grey spheres represent Cr, N, and C atoms, respectively; H atoms are omitted
for clarity.

7.1.5 References for the appendix to chapter 2

1. S. Brunauer, P. H. Emmett and E. Teller, Journal of the American chemical society,
1938, 60, 309-319.

2. J. A. Mason, K. Sumida, Z. R. Herm, R. Krishna and J. R. Long, Energy &
Environmental Science, 2011, 4, 3030-3040.

3. P. M. Mathias, R. Kumar, J. D. Moyer, J. M. Schork, S. R. Srinivasan, S. R. Auvil and

O. Talu, Industrial & engineering chemistry research, 1996, 35, 2477-2483.
4, T. M. McDonald, D. M. D'Alessandro, R. Krishna and J. R. Long, Chemical Science,
2011, 2, 2022-2028.
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7.2 Appendix to chapter 3

7.2.1 SEM image of Cu-BTTri sample

Figure S3-1. The SEM image of synthesized Cu-BTTri sample.
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7.2.2 The reported structure of Cu-BTTri.

Figure S3-2. The reported structure of Cu-BTTri in the literature. Cu, CI, N, and C atoms have
been identified with cyan, green, blue and gray color. (Hydrogen atoms are excluded for clarity).
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7.2.3 The EDX spectra for Cu-BTTri
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Figure S3-3. The EDX spectra for the Cu-BTTri sample.
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7.2.4 Rietveld refinement of the activated framework (neutron diffraction data)
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Figure S3-4. Neutron powder diffraction data collected on an activated sample of Cu-BTTri
at 10 K. The crosses and red line represent the experimental and calculated diffraction patterns,
respectively. The blue line represents the difference between experimental and calculated

patterns.
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Table S3-1. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Cu-BTTri structural model against the data
presented in Figure S3.7. The optimal refinement yielded a cubic structure with Fm-3c space
group, a = 37.128(2) A, and V = 51181(7) A3. Values in parentheses indicate standard deviation.
Goodness-of-fit (GOF) parameters: wRp = 0.0430, Rp = 0.0340. (The number for corresponding

CIF file in CCDC database: 1872067).

Atom X Y Z occupancy Biso (A%
Cul 0.5 0.3152(5) 0.7574(7) 1.0 0.4(5)
C1 0.3358(6) 0.6152(4) 0.3422(6) 1.0 1.4(2)
C2 0.3187(6) 0.5823(5) 0.3274(6) 1.0 1.4(2)
C3 0.3257(5) 0.6334(6) 0.3735(6) 1.0 1.4(2)
N1 0.2845(5) 0.5386(4) 0.3150(5) 1.0 2.3(2)
N2 0.3102(5) 0.5384(4) 0.2922(4) 1.0 2.3(1)
N3A 0.3313(6) 0.5667(5) 0.2958(5) 0.56(1) 2.3(1)
ClA 0.2897(7) 0.5626(6) 0.3409(7) 0.44(1) 2.3(1)
N3B 0.2897(7) 0.5626(6) 0.3409(7) 0.44(1) 2.3(1)
C1B 0.3313(6) 0.5667(5) 0.2958(5) 0.56(1) 2.3(1)
H1 0.3045(8) 0.619(1) 0.386(1) 1 2.7(7)
H1A 0.273(2) 0.573(3) 0.360(3) 0.44(1) 2.7(7)
H1B 0.356(2) 0.572(2) 0.286(2) 0.56(1) 2.7(7)
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7.2.5 Rietveld refinement of the activated framework (synchrotron x-ray diffraction
pattern)
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Figure S3-5. Synchrotron X-ray powder diffraction data collected on an activated sample of Cu-
BTTriat 120 K (1 = 0.5008 A). The crosses and red line represent the experimental and calculated
diffraction patterns, respectively. The blue line represents the difference between experimental
and calculated patterns.

Table S3-2. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the activated Cu-BTTri structural model against the data
presented in Figure S3.4. The optimal refinement yielded a cubic structure with Fm-3c space
group, a = 37.0539(5) A, and V = 50875(2) A3. Values in parentheses indicate standard deviation.
Goodness-of-fit (GOF) parameters: wRp = 0.0231, Rp = 0.0359. (The number for corresponding
CIF file in CCDC database: 1872065).

Atom X Y Z occupancy  Uiso*100 (A?)
Cul  0.24457(5) 0.5 0.31511(4) 1.0 0.64(2)
C1 0.3384(3) 0.6164(2) 0.3393(3) 1.0 2.3(1)

C2 0.3176(3) 0.5840(2) 0.3254(3) 1.0 2.3(1)
C3 0.3218(2) 0.6341(2) 0.3699(3) 1.0 2.3(1)
N1 0.2826(2) 0.5388(2) 0.3169(3) 1.0 2.3(1)
N2 0.3091(3) 0.5375(2) 0.2928(2) 1.0 2.3(1)

N3A  0.3324(3) 0.5649(3) 0.2981(2) 1.0 2.3(1)

Cl1A  0.2850(3) 0.5680(3) 0.3375(3) 1.0 2.3(1)
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7.2.6 Cu-BTTri structure refined based on the synchrotron data

Figure S3-6. A scheme of the refined structure of activated Cu-BTTri based on the collected
synchrotron x-ray diffraction pattern. Cu, N, and C atoms have been identified with cyan, blue and
gray color. (Hydrogen atoms are excluded for clarity).
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7.2.7 Gas adsorption measurements

UHP-grade (99.999% purity) helium, nitrogen, and hydrogen were used for all adsorption
measurements. Gas adsorption isotherms for pressures in the range 0-1 bar were measured
using a BELSORP-max instrument. For standard measurements in BELSORP-max, the sample was
transferred to pre-weighed low pressure resistant analysis tubes, which were capped with a
Transeal. The sample was evacuated and heated on the activation stages of BELSORP-max based
on the desired activation program. After finishing the activation program, the evacuated analysis
tubes containing degassed sample was then carefully transferred to an electronic balance and
weighed to determine the mass of sample (typically 100-200 mg). For cryogenic measurements,
the dewar vessel is used where is capable of keeping cryogenic baths under isolation. Then the
tube was transferred to the analysis port of the gas adsorption instrument. BET surface areas and
pore volumes were determined by measuring N, adsorption isotherms in a 77 K liquid N; bath
and calculated, assuming a value of 16.2 A2 for the molecular cross-sectional area of N».
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Figure S3-7. Nitrogen adsorption isotherm for Cu-BTTri collected at 77 K.
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7.2.8 Pore Volume calculations based on the adsorption data for nitrogen at 77 K

As shown in Figure S3-7, the adsorption isotherm for N; at 77 K ceases to be a function of
pressure when the pressure exceeds 200 mbar, implying that the structure has been saturated
with nitrogen. Therefore, the uptake of N, at highest measured pressure can be considered as the
full capacity of the framework for an inert small molecule, and the pore volume can then be
calculated from the following formula:

Sat
NNZ *MWNZ

1000*dlin2|77K

Pore Volume = Eq.(S3—-1)
Where Nﬁft is the the amount of nitrogen adsorbed at the highest pressure point in

mmol/g, My, is the molecular weight dinitrogen in g/mol and d;;q, |77Kis the density of liquid

N
nitrogen at 77 Kin g/mL.

7.2.9 Surface area calculations based on the N> adsorption data at 77 K

Based on the BET theory, we have the following equation:

L _e1(p), _
N[(P_o)_l] T Npc (po) + Npc Eq.(S3-2)
P
Where N is the amount of gas adsorbed in mmol/g, N,, is the monolayer adsorption in mmol/g,

p is the partial pressure of N; and p, is the saturation pressure of N; at the measurement

1 . L .
temperature.+2 A plot ofm versus pﬁ and the best possible trendline is fit to the points on
=)- 0

p
the plot. We note that points with low (pﬂ) are chosen such that the ¢ parameter stays positive
0

and high R2 values are obtained. With M as the slope and I as the intersect of the plot, N,,, can be
obtained from the following formula:

1

m = M_+I Eq. (53 - 3)
The surface area can then be obtained using the following equation:
SA = Np, - Ny - CSAy, Eq.(S3—4)

where Ny is Avogadro’s number and CSAy, is the cross sectional area of one N2 molecule
at 77 K (taken to be 16 A2). The above calculations were carried out on the nitrogen adsorption
isotherm data collected at 77 K for Cu-BTTri; the resulting surface area has been reported in the

paper.
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7.2.10 Fitting Cu-BTTri hydrogen adsorption isotherms
The hydrogen adsorption isotherms collected at 140, and 159 K were fitted with a dual-

site Langmuir model (Eq.S3 — 5):

. abP cdpP
" 1+bP = 1+dP

Eq.(S3-5)

where n is adsorbed H, in mmol/g, a and b are Langmuir parameter for the first
adsorption site, ¢ and d are Langmuir parameter for the second adsorption site and P is the
pressure in bar. The fitted parameters for each adsorption isotherm can be found in Tables S3-3,
and a comparison of the experimental H, adsorption isotherms with the fitted dual-site Langmuir
model based on the experimental data is shown in Fig. S3-7. The dual-site Langmuir model was
chosen because of the validity of the theory behind this model for prediction of the interaction of
heterogeneous surfaces with gas-phase small molecules. The use of a dual-site Langmuir model
for fitting gas adsorption isotherm data and the extraction of isosteric heats of adsorption has
been reported elsewhere.62 403-404
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Figure S3.8. Dual-site Langmuir fits for CO2 adsorption in Fe-BTT at 298, 308, and 318 K.
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Table S3-3. Dual-site Langmuir parameters for CO, adsorption in M-BTT.

Framework Temp (K) a b c d
140 ) _ ] .
e —— 2.170E-03 9.649E-06 2.448E-05 1.451E-04
159 2.820E-03 3.002E-06 1.001E-08 6.741E-06
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7.2.11 Calculating lIsosteric heats of adsorption

The Clausius-Clapeyron equation Eq. (S3 — 6) was used to calculate the isosteric heats of
adsorption, Qs, for Hz adsorption in Cu-BTTri analogs at 140 K, and 159 K using dual-site
Langmuir-Freundlich fits.

1

(nP), = (3

(1) +cC Eq.(S3 - 6)

Where, P is the pressure in any desired unit, n is the amount adsorbed mol/g, T is the
temperature in K, R is the universal gas constant k] /mol-K, and C is a constant. The isosteric heat
of adsorption, Qs, was obtained from the slope of plots of (In P), as a function of inverse T. The
isosteric heats of adsorption as a function of H; loading in Cu-BTTri can be found in Figure 3-2 in
the main text (chapter 3).
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Figure S3-9. The comparison of hydrogen adsorption data for Cu-BTT and Cu-BTTri at 77K. The
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7.2.12 Rietveld refinement of the framework loaded with 0.36 D./Cu?* (neutron
diffraction data)
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Figure S3-10. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTTri loaded
with 0.36 D, per Cu site (34.6 D2 per unit cell). The green line, crosses, and red line represent the
background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns.
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Table S3-4. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cu-BTTri loaded with 0.36 D per Cu
site (34.6 D- per unit cell) against diffraction data presented in Figure S3-10. The structure is cubic
with Pm-3m space group, a = 37.105(2) A, and V = 51086(7) A3. Values in parentheses represent
standard deviation. GOF parameters: wRp = 0.0426, Rp = 0.0331. (The number for corresponding
CIF file in CCDC database: 1872064).

Atom X y Z occupancy Biso (A?)
Cul 0.25 05 0.3146(5) 1 0.4(5)
Cl  03384(3) 06162(5)  0.3384(3) 1 2.9(3)
C2  03221(4) 05846(6)  0.3221(4) 1 2.9(3)
C3  03231(5) 0.6314(3)  0.3686(3) 1 2.9(3)
N1  0.2833(6) 05407(6)  0.3148(7) 1 2.9(2)
N2 0.3099(6) 0.5374(6)  0.2914(5) 1 2.9(2)
N3A  0.3320(9) 05654(9)  0.2934(10) 0.56 2.9(2)
CIA 02907(10) 05694(9)  0.3361(10) 0.56 2.9(2)
N3B  0.2907(10) 0.5694(9)  0.3361(10) 0.44 2.9(2)
C1B  0.3320(9) 05654(9)  0.2934(10) 0.44 2.9(2)
HL  0.2999(9)  0.617(2) 0.383(2) 1 3.2(8)
HIA  0274(5)  0576(4) 0.359(5) 0.44 3.2(8)
HIB  0357(5)  0.571(4) 0.275(4) 0.56 3.2(8)
DI 0239(5)  0.490(5) 0.390(2) 0.27(3) 12
D2  04259)  0.697(8) 0.062(9) 0.09(2) 8
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7.2.13 Rietveld refinement of the framework loaded with 3.11 D,/Cu?* (neutron
diffraction data)
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Figure S3-11. Neutron powder diffraction data collected at 10 K on a sample of Cu-BTTri loaded
with 3.11 D, per Cu site (299 D, per unit cell). The green line, crosses, and red line represent the
background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns.
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Table S3-5. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cu-BTTri loaded with 3.11 D, per Cu
site (299 D, per unit cell) against diffraction data collected presented in Figure S3-11. The structure
is cubic, space group Pm-3m, a = 37.080(1) A, V = 50982(5) A3. Values in parentheses represent
standard deviation. GOF parameters: wRp = 0.0468, Rp = 0.0369. (The number for corresponding
CIF file in CCDC database: 1872066).

Atom X y z occupancy  Uiso*100 (A%
Cul 0.25 05 0.3170(6) 1 0.016(3)
Cl  03370(4) 06154(4)  0.3370(4) 1 2.2(2)
C2  03221(4) 05836(5)  0.3221(4) 1 2.2(2)
C3  03218(5) 0.6308(3)  0.3692(3) 1 2.2(2)
N1  0.2855(5) 0.5387(5)  0.3179(5) 1 2.1(1)
N2  0.3091(5) 0.5367(5)  0.2914(5) 1 2.1(1)
N3A  03314(6) 05642(7)  0.2922(7) 0.56 2.1(1)
CIA  0.2930(7) 0.5678(7)  0.3402(6) 0.56 2.1(1)
N3B  0.2930(7) 05678(7)  0.3402(6) 0.44 2.1(1)
CIB  03314(6) 05642(7)  0.2922(7) 0.44 2.1(1)
HL  0.3005(10) 0.6192(14)  0.3842(14) 0.44 3.2(8)
HIA  0281(3)  0.580(3) 0.361(3) 0.44 3.2(8)
HIB  0355(3)  0.569(3) 0.276(3) 0.56 3.2(8)
D1 02386(15) 0490(2)  0.3898(9)  0.93(3) 20(2)
D2 0.4262(18) 0.6971(13) 0.0599(19)  0.90(3) 20(2)
D3 05 0.3611(12) 0.3542(11)  1.79(5) 12(1)
D4  0.394(6)  0.592(2) 0.398(7)  0.372(18) 7(3)
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7.2.14 Comparing adsorption sites with Cu-BTT

—x—¢
o e

Figure S3-12. The location of primary adsorption sites in (a) Cu-BTT (b) Cu-BTTri. Cu, CI N, and
C atoms have been identified with orange, light green, light blue and gray color. The primary
adsorption sites only have been shown at the central pore. The exrtra cations and anions and
deuterium adsorption sites in other pores have been excluded for the sake of clarity.
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Figure S3-13. The location of secondary adsorption site in Cu-BTT framework. Cu, CI, N, and C
atoms have been identified with cyan, light green, blue and gray color. Duterium atoms have been
shown above chlorine atoms with dark green color. The extra cations and anions have been
excluded for clarity.
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7.2.15 Isosurfaces of the charge density plots

SITE2

SITE3 " SITE4

Figure S3-14. Scheme showing the fours D2 adsorption sites and two isosurfaces of the charge
density (negative=green, positive=orange) that is involved in the binding to the CuBTTri.
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7.3 Appendix to Chapter4

7.3.1 XRD pattern of Cu-BTTri sample
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Figure S4-1. Synchrotron x-ray diffraction pattern collected on the bare Cu-BTTriin SNBL (BM01),
ESRF. The wavelength is set to 0.67522 A. The data confirms high crystallinity of the sample
needed for the Rietveld analysis.
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7.3.2 Gas adsorption measurements

UHP-grade (99.999% purity) helium, nitrogen, and hydrogen were used for all adsorption
measurements. Gas adsorption isotherms for pressures in the range 0-1 bar were measured
using a BELSORP-max instrument. For standard measurements in BELSORP-max, the sample was
transferred to pre-weighed low pressure resistant analysis tubes, which were capped with a
Transeal. The sample was evacuated and heated on the activation stages of BELSORP-max based
on the desired activation program. After finishing the activation program, the evacuated analysis
tubes containing degassed sample was then carefully transferred to an electronic balance and
weighed to determine the mass of sample (typically 100-200 mg). Then the tube was transferred
to the analysis port of the gas adsorption instrument. Adsorption isotherms between 5 and 45°C
were measured using a recirculating dewar (Micromeritics) connected to a Julabo F32-MC
isothermal bath. For cryogenic measurements, the dewar vessel is used where is capable of
keeping cryogenic baths under isolation. BET surface areas and pore volumes were determined
by measuring N, adsorption isotherms in a 77 K liquid N bath and calculated, assuming a value

of 16.2 A2 for the molecular cross-sectional area of N».
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Figure S4-2. Nitrogen adsorption isotherm for Cu-BTTri collected at 77 K.
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7.3.3 Pore Volume calculations based on the adsorption data for nitrogen at 77 K

As shown in Figure S4-2, the adsorption isotherm for N, at 77 K ceases to be a function of
pressure when the pressure exceeds 200 mbar, implying that the structure has been saturated
with nitrogen. Therefore, the uptake of N, at highest measured pressure can be considered as the
full capacity of the framework for an inert small molecule, and the pore volume can then be
calculated from the following formula:

NNZ *MWNZ

1000*dqu2|77K

Pore Volume = Eq.(S4—-1)

Where Nﬁft is the the amount of nitrogen adsorbed at the highest pressure point in

mmol/g, My, is the molecular weight dinitrogen in g/mol and d;;, |77Kis the density of liquid

N3
nitrogen at 77 Kin g/mL.

7.3.4 Surface area calculations based on the N2 adsorption data at 77 K

Based on the BET theory, we have the following equation:

it 3 0 W —
N[(22)-1] ™ Nc (po) t e Eq.(S4-2)

Where N is the amount of gas adsorbed in mmol/g, N,, is the monolayer adsorption in
mmol/g, p is the partial pressure of N, and p, is the saturation pressure of N; at the measurement

temperature.#02 A plot of m versus pﬂ and the best possible trendline is fit to the points on
-] 0

p

the plot. We note that points with low (pﬁ) are chosen such that the ¢ parameter stays positive
0

and high R2 values are obtained. With M as the slope and I as the intersect of the plot, N,,, can be
obtained from the following formula:

1
Nm —m Eq.(54—3)

The surface area can then be obtained using the following equation:

SA = Np, - Ny - CSAy, Eq.(S4 — 4)

where Ny is Avogadro’s number and CSAy, is the cross sectional area of one N2 molecule at 77 K
(taken to be 16 A2). The above calculations were carried out on the nitrogen adsorption isotherm
data collected at 77 K for Cu-BTTri; the resulting surface area has been reported in the paper.
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Figure S4-3. The comparison of carbon dioxide adsorption data for Cu-BTT and Cu-BTTri at 298K.
The data for the adsorption data for Cu-BTT has been extracted from literature.323
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7.3.5 Fitting Cu-BTTri CO2 and N2 adsorption isotherms

The CO; and N; adsorption isotherms collected at three different temperatures of 278 K,
288 K and 298 K were fitted with a dual-site Langmuir model (Eq.S4 — 5):

. abP cdpP
" 1+bP = 1+dP

Eq.(S4—-5)

where n is the amount of CO; or N; adsorbed in mol/g, a and b are Langmuir parameter
for the first adsorption site, c and d are Langmuir parameter for the second adsorption site and P
is the pressure in Pa. The fitted parameters for each adsorption isotherm can be found in Tables
S4-1 and S4-2 for CO; and N, respectively. The comparison of the experimental CO; and N
adsorption isotherms with the fitted dual-site Langmuir model based on the experimental data
are shown in Fig. S4-4 and Fig. S4-5, respectively. The n and P have been rescaled to mmol/gr and
bar in these figures, which are more common units for showing adsorption isotherms. The dual-
site Langmuir model was chosen because of the validity of the theory behind this model for
prediction of the interaction of heterogeneous surfaces with gas-phase small molecules. The use
of a dual-site Langmuir model for fitting gas adsorption isotherm data and the extraction of
isosteric heats of adsorption has been reported elsewhere.62 403-404

Calculating Isosteric heats of adsorption

The Clausius-Clapeyron equation (Eqn. S4-6) was used to calculate the isosteric heats of
adsorption, Qs, for CO2 and N; adsorption on Cu-BTTri, using the dual-site Langmuir-Freundlich
fitsat 278 K, 288 K, and 298 K.

(nP),=-2()+c Eq.(S4 — 6)

Where, P is the pressure in any desired unit, n is the amount adsorbed mol/g, T is the
temperature in K, R is the universal gas constant k] /mol-K, and C is a constant. The isosteric heat
of adsorption, Qs, was obtained from the slope of plots of (In P), as a function of inverse T. The
isosteric heats of adsorption for CO; and N as a function of loading of the adsorbate in Cu-BTTri
can be found in Figure S4-7 and S4-9.
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Figure S4-4. Dual-site Langmuir fits for CO2 adsorption in Cu-BTTri at 278 K, 288 K, and 298 K.
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Figure S4-5. Dual-site Langmuir fits for N> adsorption in Cu-BTTri at 278 K, 288 K, and 298 K.
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Figure S4-6. The measured Nz adsorption isotherms for Cu-BTTri at different temperatures.
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Table S4-1- Dual-site Langmuir parameters for CO, adsorption in Cu-BTTri at 278 K, 288 K, and
298 K.

a b c d
278 K ‘ 0.016748 3.927E-06  0.187684  3.967E-08
288 K ‘ 0.014541 3.415E-06  0.157244  3.406E-08
298 K ‘ 0.012518 2.800E-06  0.166689  3.343E-08

Table S4-2- Dual-site Langmuir parameters for N2 adsorption in Cu-BTTri at 278 K, 288 K, and

298 K.
a b C d
278 K ‘ 2.622E-07 5.849E-06 2.379786  9.346E-07
288 K ‘ 2.961E-07 1453E-06 1.331992  1.556E-06
298 K ‘ 1.275E-07 1.847E-06 9.005747  1.786E-07
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Figure S4-7. The N3 isosteric heat of adsorption for Cu-BTTri obtained from Clasius-Clapeyron
equation.
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Figure S4-8. The comparison of nitrogen adsorption data for Cu-BTT and Cu-BTTri at 298K. The
data for the adsorption data for Cu-BTT has been extracted from literature.3?3
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Figure S4-9. The comparison of CO; isosteric heat of adsorption for Cu-BTT and Cu-BTTri
obtained by Clasius-Clapeyron equation. The data for the adsorption data for Cu-BTT has been
extracted from literature.3?3
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Table S4-3- Experimental and computed data for CO_ adsorption sites in Cu-
BTTri framework.

Overall Site | Site Il Site 1N Site IV
Qs He Cu- Hs N- He C- -Hs O-N/C

kJimol) (kl/mol) | O@COz) | kdmol) O@COz) | kMmol) OOz | kimol) friazole)

Experimental | 217 - 2.86(T) - 3.27(4) - 2.8(1) - 3.02@) A
DFT - 25.0 295 265 3.16 17.0 3.42 15.8 =34

Table S4-4- Contributions to the binding energies for the four detected CO; adsorption sites in
Cu-BTTri structure

Site No. ErBE (kJ/moI) Epispersion-D2 (kJImoI)
1 -7.412 -17.606
2 3.792 -30.259
3 -1.605 -15.390
4 0.054 -15.837
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7.3.6 Isosurfaces of the charge density plots for CO2 adsorption sites

SITE2

e @

Figure S4-10. Schemes showing the four CO; adsorption sites and two isosurfaces of the charge
density (negative=green, positive=orange) that are involved in the binding to Cu-BTTri.
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Table S4-5. Contributions to the binding energies for the six detected N adsorption sites in Cu-
BTTri structure

Site No. Erge (kJ/mol) E?Eg;ggi')m elgﬁg'y"’(}:ﬁmgl)
1 -1.983 -9.927 1.9
2 1,506 -18.544 -17.0
3 2.447 14.074 116
4 -0.631 5.475 6.1
5 1.926 -8.979 7.1
6 0.167 4.618 4.5
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7.3.7 Isosurfaces of the charge density plots for N2 adsorption sites

Figure S4-11. Schemes depicting the four N, adsorption sites and two isosurfaces of the charge
density (negative=green, positive=orange) that are involved in the binding to Cu-BTTri.
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7.3.8 Rietveld refinement of the framework loaded with 0.40 CO2/Cu?* (neutron
diffraction data)
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Figure S4-12. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTTri loaded
with 0.40 CO- per Cu site (38.4 CO3 per unit cell). The green line, crosses, and red line represent
the background, experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns.
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Table S4-6. Fractional atomic coordinates, occupancies, and isotropic displacement parameters
obtained from Rietveld refinement of the structural model for Cu-BTTri loaded with 0.40 CO- per
Cu site (38.4 CO; per unit cell) against diffraction data presented in Figure S4-12. The structure is
cubic with Fm-3c space group, a = 37.070(2) A, and V = 50942(7) A3. Values in parentheses
represent standard deviation. GOF parameters: wRp = 0.0418, Rp = 0.0327. (The number for
corresponding CIF file in CCDC database: 1893609).

Atom X y z occupancy Biso (A?)
Ccul 05 0.3144(5)  0.7569(8) 1 1.0(6)
Cc1 0.3380(3)  0.6154(4)  0.3380(3) 1 1.9(3)
C3 0.3222(4)  0.6312(3)  0.3688(3) 1 1.9(3)
C2 0.3224(3) 05817(5)  0.3224(3) 1 1.9(3)
N1 0.2838(4)  05397(5)  0.3173(5) 1 1.9(2)
N2 0.3089(5)  0.5363(5)  0.2910(4) 1 1.9(2)
N3A  0.3336(6) 05624(6) 0.2933(7)  0.56038 1.9(2)
CIA  02924(8) 05672(7)  0.3389(7)  0.43962 1.9(2)
N3B  0.2924(8) 0.5672(7)  0.3389(7)  0.43962 1.9(2)
CIB  0.3336(6) 0.5624(6)  0.2933(7)  0.56038 1.9(2)
H1 0.301(1)  0.619(2) 0.380(2) 1 4.4(9)
H1A 0.282(4)  0.579(3) 0.362(4) 0.43962 4.4(9)
H1B 0.355(4)  0.570(3) 0.278(3) 0.56038 4.4(9)
O new2a 0.391(3)  0.264(3) 0.75(1) 0.101(6) 6(8)
O new2b  0.340(3)  0.299(3) 0.75(1) 0.101(6) 9(7)
C new2c 0.366(3)  0.282(3) 0.75(1) 0.101(6) 9(7)
O_newla 05 0.388(4) 0.760(4) 0.21(2) 8(6)
O newlb 0.551(4)  0.418(8) 0.780(4) 0.106(9) 8(6)
C newlc 0525(2)  0.403(6) 0.770(4) 0.106(9) 8(6)
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7.3.9 Rietveld refinement of the framework loaded with 1.25 CO2/Cu?* (neutron diffraction

data)
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Figure S4-13. Neutron powder diffraction data collected at 10 K on a sample of Cu-BTTri loaded with 1.25
CO; per Cu site (120 CO; per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the difference
between experimental and calculated patterns.
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Table S4-7. Fractional atomic coordinates, occupancies, and isotropic displacement parameters obtained
from Rietveld refinement of the structural model for Cu-BTTri loaded with 1.25 CO, per Cu site (120 CO; per
unit cell) against diffraction data collected presented in Figure S4-13. The structure is cubic, space group Fm-
3c, a=37.072(2) A, V = 50949(7) A3. Values in parentheses represent standard deviation. GOF parameters:
WRp = 0.0474, Rp = 0.0369. (The number for corresponding CIF file in CCDC database: 1893608).

Atom X y z occupancy Biso (A%
Cul 0.5 0.3153(5) 0.7566(10) 1 1.2(6)
Cl 0.3374(3) 0.6152(4) 0.3374(3) 1 1.1(2)
C3 0.3222(4) 0.6300(3) 0.3700(3) 1 1.1(2)
C2 0.3225(3) 0.5817(5) 0.3225(3) 1 1.1(2)
N1 0.2850(5) 0.5381(6) 0.3159(6) 1 1.7(2)
N2 0.3093(5) 0.5372(6) 0.2913(5) 1 1.7(2)
N3A 0.3345(6) 0.5634(7) 0.2928(7) 0.56038 1.7(2)
Cl1A 0.2928(8) 0.5665(8) 0.3386(8) 0.43962 1.7(2)
N3B 0.2928(8) 0.5665(8) 0.3386(8) 0.43962 1.7(2)
C1B 0.3345(6) 0.5634(7) 0.2928(7) 0.56038 1.7(2)
H1 0.3017(9)  0.6156(14)  0.3789(13) 1 3.1(9)
H1A 0.279(4) 0.578(3) 0.361(4) 0.43962 3.1(9)
H1B 0.357(4) 0.572(3) 0.277(3) 0.56038 3.1(9)
O_new2a  0.411(2) 0.25 0.75 0.48(3) 2
O_new2b  0.360(2) 0.284(2) 0.750(8) 0.120(6) 0.37858
C _new2c  0.386(2) 0.267(2) 0.750(8) 0.120(6) 0.37858
O_newla 0.5 0.394(2) 0.767(2) 0.739(19) 8.45671

O_newlb  0559(3)  0.413(3) 0.780(3)  0.369(10) 8.45671
C newlc 0530(2)  0.403(3) 0.773(3)  0.369(10) 8.45671
C new3a 0228(2) 031349  0771(2)  0.128(5) 10.92848
O new3b  0246(2)  0.2950(9)  0.754(2)  0.128(5) 19.92848
O new3c 0.210(2)  0.3318(9)  0.789(2)  0.128(5) 19.92848
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7.3.10 Rietveld refinement of the framework loaded with 1.60 CO2/Cu?* (neutron diffraction

data)
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Figure S4-14. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTTri loaded with 1.60
CO; per Cu site (153.6 CO; per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the difference
between experimental and calculated patterns.
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Table S4-8. Fractional atomic coordinates, occupancies, and isotropic displacement parameters obtained
from Rietveld refinement of the structural model for Cu-BTTri loaded with 1.60 CO; per Cu site (153.6 CO;
per unit cell) against diffraction data collected presented in Figure S4-14. The structure is cubic, space group
Fm-3c, a = 37.070(1) A, V = 50943(5) A3. Values in parentheses represent standard deviation. GOF
parameters: wRp = 0.0460, Rp = 0.0362. (The number for corresponding CIF file in CCDC database:

1893610).

Atom X y z occupancy Biso (A?)
cul 0.5 0.3156(5)  0.7566(8) 1 0.4(6)
Cc1 0.3366(3)  0.6162(4)  0.3366(3) 1 1.0(2)
C3 0.3224(4)  0.6306(3)  0.3694(3) 1 1.0(2)
C2 0.3218(3)  05823(5)  0.3218(3) 1 1.0(2)
N1 0.2848(5)  0.5385(5)  0.3175(5) 1 1.8(1)
N2 0.3077(5)  0.5363(5)  0.2915(4) 1 1.8(1)
N3A  0.3305(5) 05631(6) 0.2915(6)  0.56038 1.8(1)
CIA  02046(6) 05648(7)  0.3397(7)  0.43962 1.8(1)
N3B  0.2946(6) 0.5648(7)  0.3397(7)  0.43962 1.8(1)
ClB  0.3305(5) 05631(6)  0.2915(6)  0.56038 1.8(1)
H1 0297(1)  0.625(2) 0.382(2) 1 6.0(1)
H1A 0.282(4)  0577(4) 0.363(4)  0.43962 6.0(1)
H1B 0.349(4)  0.568(3) 0272(3)  0.56038 6.0(1)

O _new2a  0.411(1) 0.25 0.75 0.67(3) 2

O new2b  0.360(1)  0.284(2) 0.753(4)  0.168(8) 0.68754
C new2c 0386(2)  0.267(2) 0.752(4)  0.168(8) 0.68754
O_newla 05 0.392(2) 0.766(2) 0.82(2) 5.4171
O_newlb 0553(2)  0.418(2) 0.785(2)  0.411(9) 5.4171
C newlc 0527(2)  0.404(2) 0.775(2)  0.411(9) 5.4171
O_newda 0.334(6)  0.983(6) 0.609(6)  0.09(2) 20
O_newdb  0.379(6)  0.983(6) 0.652(6) 0.09(2) 20

C newdc  0.356(6)  0.983(6) 0.630(6) 0.09(2) 20

C new3a 0331(2)  0.313(2) 0.767(4)  0.124(8) 15.83856
O_new3b  0.348(2)  0.295(2) 0.749(4)  0.124(8) 15.83856
O new3c 0.314(2)  0.332(2) 0.785(4)  0.124(8) 15.83856
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7.3.11 Rietveld refinement of the framework loaded with 0.33 N2/Cu?* (neutron diffraction

data)
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Figure S4-15. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTTri loaded with 0.33 N>
per Cu site (31.7 N2 per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the difference
between experimental and calculated patterns.
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Table S4-9. Fractional atomic coordinates, occupancies, and isotropic displacement parameters obtained
from Rietveld refinement of the structural model for Cu-BTTri loaded with 0.33 N2 per Cu site (31.7 N2 per unit
cell) against diffraction data collected presented in Figure S4-15. The structure is cubic, space group Fm-3c,
a=37.078(1) A, V =50974(6) A3. Values in parentheses represent standard deviation. GOF parameters: wRp
=0.0407, Rp = 0.0348. (The number for corresponding CIF file in CCDC database: 1893610).

Atom X y z occupancy Biso (A?)
Cul  0.2446(6) 0.5 0.3158(5) 1 0.39406
Cc1 0.3370(2)  0.6162(3)  0.3370(2) 1 1.63372
C3 0.3219(3)  0.6312(2)  0.3688(2) 1 1.63372
c2 0.3220(2)  05831(4)  0.3220(2) 1 1.63372
N1 0.2838(4)  0.5389(4)  0.3161(4) 1 1.77941
N2 0.3090(4)  0.5344(4)  0.2913(3) 1 1.77941
N3A  03317(5) 05620(4)  0.2940(5)  0.56038 1.77941
CIA  02912(6) 05672(5)  0.3364(6)  0.43962 1.77941
N3B  0.2012(6) 0.5672(5)  0.3364(6)  0.43962 1.77941
ClB  0.3317(5) 05620(4)  0.2940(5)  0.56038 1.77941
H1 0.3015(9)  0.621(1)  0.383(1) 1 5.5799
HIA  0276(4)  0.577(3) 0.359(3)  0.43962 5.5799
H1B 0.350(3)  0.570(3) 0.275(3)  0.56038 5.5799
NL1  038(2)  0509(3) 0.738(3)  0.145(7) 5.8349
N1 2 04082  0512(3) 0.757(4)  0.145(7) 5.1375
N2 1  02459)  0.605(6) 0.737(9)  0.020(4) 0.5
N2 2 022909  0.623(6) 0.755(9)  0.020(4) 0.5
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7.3.12 Rietveld refinement of the framework loaded with 2.19 N2/Cu?* (neutron diffraction

data)
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Figure S4-16. Neutron powder diffraction data collected at 10 K for a sample of Cu-BTTri loaded with 2.19 N>
per Cu site (210 N2 per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the difference
between experimental and calculated patterns.
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Table S4-10. Fractional atomic coordinates, occupancies, and isotropic displacement parameters obtained
from Rietveld refinement of the structural model for Cu-BTTri loaded with 2.19 N2 per Cu site (210 N2 per unit
cell) against diffraction data collected presented in Figure S4-16. The structure is cubic, space group Fm-3c,
a=37.098(2) A, V =51057(7) A3. Values in parentheses represent standard deviation. GOF parameters: wRp
=0.0420, Rp= 0.0356. (The number for corresponding CIF file in CCDC database: 1893606).

Atom X y z occupancy  Biso (A?)
Cul  0.2457(8) 0.5 0.3153(5) 1 0.69447
Cl  03370(3) 0.6165(4)  0.3370(3) 1 1.4(2)
C3  0.3228(4) 0.6310(3)  0.3690(3) 1 1.4(2)
C2  0.3218(3) 0.5819(5)  0.3218(3) 1 1.4(2)
N1  0.2839(4)  0.5394(5)  0.3159(5) 1 1.8(2)
N2  0.3092(5) 0.5345(4)  0.2917(4) 1 1.8(2)
N3A  0.3327(5) 0.5614(5)  0.2934(6) 0.56038 1.8(2)
C1A  0.2911(7) 0.5674(6)  0.3360(7) 0.43962 1.8(2)
N3B  0.2911(7)  0.5674(6)  0.3360(7) 0.43962 1.8(2)
C1B  0.3327(5) 0.5614(5)  0.2934(6) 0.56038 1.8(2)
H1 0.302(1) 0.621(1) 0.383(1) 1 4.6(9)
HIA  0.277(3) 0.577(3) 0.360(3) 0.43962 4.6(9)
H1B  0.350(3) 0.570(3) 0.275(3) 0.56038 4.6(9)

N1 1  0.389(1) 0.501(7)  0.7380(1) 0.296(9) 2.71822

N1 2  0.412(Q1) 0.509(3) 0.751(5) 0.296(9)  13.27875

N6_1  0.180(4) 0.75 0.765(5) 0.041(10) 0.5

N2 1 0.2665(7)  0.607(2) 0.741(2) 0.149(8) 20

N2 2 02504(7)  0.624(2) 0.758(2) 0.149(8) 20

N3 1  0.503(5) 0.362(2) 0.854(2) 0.29(1) 5

N3 2  0.508(2) 0.343(1) 0.875(2) 0.29(1) 5

N4 1  0.452(3) 0.453(3) 0.670(2) 0.28(1) 16.33157

N4 2 0.437(3) 0.437(3) 0.690(2) 0.28(1) 16.33157

N5 1  0.413(4) 0.405(5) 0.895(4) 0.057(6) 1

N5 2 0.390(4) 0.419(5) 0.909(4) 0.057(6) 1
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7.3.13 Rietveld refinement of the framework loaded with 1.09 CO2/Cu?" (synchrotron
diffraction data)
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Figure S4-17. Synchrotron powder diffraction data collected at 100 K for a sample of Cu-BTTri loaded with
1.09 CO; per Cu site (104.6 CO. per unit cell). The green line, crosses, and red line represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line represents the difference
between experimental and calculated patterns.
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Table S4-11. Fractional atomic coordinates, occupancies, and isotropic displacement parameters obtained
from Rietveld refinement of the structural model for Cu-BTTri loaded with 1.09 CO; per Cu site (104.6 CO
per unit cell) against diffraction data collected presented in Figure S4-17. The structure is cubic, space group
Fm-3c, a = 37.091(9) A, V = 51027(69) A3. Values in parentheses represent standard deviation. GOF
parameters: wRp = 0.0409, Rp = 0.0285. (The number for corresponding CIF file in CCDC database:
1894884).

Atom X y z occupancy Biso (A?)
cul 0.5 0.31340(6)  0.75456(7) 1 1
Cc1 0.3369(2)  0.6163(3)  0.3369(2) 1 1
C3 0.3223(2) 0.63127(18) 0.36873(18) 1 1
C2 0.3226(2)  0.5854(3)  0.3226(2) 1 2
N1 0.2832(3)  0.5407(3)  0.3177(3) 1 1
N2 0.3086(3)  0.5356(3)  0.2927(3) 1 1
N3A  0.3333(4) 05633(3) 0.2955(3)  0.56038 1
CIA  02901(4) 05714(4)  0.3375(4)  0.43962 1
N3B  0.2901(4) 0.5714(4)  0.3375(4)  0.43962 1
C1B  0.3333(4) 05633(3)  0.2955(3)  0.56038 1

O_new2a  0.4079(11) 0.25 0.75 0.66(3) 12
O_new2b 0.3565(11)  0.284(3) 0.749(9)  0.165(8) 20
C new2c 0.3824(11)  0.267(3) 0.748(9)  0.165(8) 20
O_newla 05 0.390(2) 0.762(2)  0.472(9) 18
O newlb 0.559(2)  0.409(2) 0.774(22)  0.236(5) 18
C newlc 05293)  0.400(4) 0.768(5)  0.236(5) 18
O _newda  0.326(6) 1.0(6) 0.608(6)  0.032(6) 12
O_newdb  0.371(6) 1.0(6) 0.652(6)  0.032(6) 12
C_newdc  0.348(6) 1.0(6) 0.630(6)  0.032(6) 12
C new3a 0326(6)  0293(9)  0770(13)  0.111(7) 20
O new3b 0348(5)  0.280(5)  0753(11)  0.111(7) 20
O new3c 0.303(9)  0.305(15)  0.787(15)  0.111(7) 20
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7.3.14 Fitting of unary isotherm data for transient breakthrough simulations

The unary isotherm data for CO2 and Nz in CuBTT and CuBTTri were fitted with good accuracy using

the single-site Langmuir model
bp Eq.(S4—7)

=0y m

The fitted parameter values are presented in Table S4-12 and Table S4-13.
Table S4-12. Single-site Langmuir parameter fits for CO, and N2 in CuBTT at 298 K.

Osat b

mol kg* Pat
CO2 6.4 1.44E-05
N2 6.4 6.93E-07

Table S4-13. Single-site Langmuir parameter fits for CO2 and N2 in CuBTTri at 298 K.

Osat b

mol kg Pat
CO2 15 2.73E-06
N2 15 9.81E-08
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7.4 Appendix to Chapter 5

7.4.1 Synchrotron powder X-ray diffraction pattern of Cu-TDPAT at 100K
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Figure S5-1. Synchrotron x-ray diffraction pattern collected on the bare Cu-TDPAT at 100 K in
SNBL (BMO01), ESRF. The wavelength is set to 0.78256 A. The sample is diffracting up to two theta
of 42 deg (d=1 A). The data confirms high crystallinity of the sample needed for obtaining the

accurate lattice parameters.
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7.4.2 Synchrotron powder X-ray diffraction pattern of Cu-TDPAT at 500K

100 25

— 80-

5 2.0

(4]

E 60

.E 1.5

|5 40

[ -

— 1.0 ——
20 - 30 32 34 36 38 40 42

f

D_

10 20 30 40
2 Theta (deg)

Figure S5-2. Synchrotron x-ray diffraction pattern collected on the bare Cu-TDPAT at 500 K in
SNBL (BM01), ESRF. The wavelength is set to 0.78256 A. The sample is diffracting up to two theta
of 42 deg (d=1 A). The data confirms high crystallinity of the sample needed for obtaining the
accurate lattice parameters.

197



Chapter 7

7.4.3 Synchrotron single crystal X-ray diffraction pattern of Cu-TDPAT at 100 K

Figure S5-3. Single X-ray crystal diffraction pattern of Cu-TDPAT (T=100 K). The crystal quality is
very good and is diffracting up to d=0.8 A.
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7.4.4 Sequential LeBail refinement

Table S5-1. Lattice parameters and unit cell volume obtained by in-situ sequential LeBail
refinement performed on the variable temperature in-situ synchrotron powder X-ray diffraction
patterns collected at SNBL (BM01), ESRF. (1 = 0.78256 A)

Temperature a esd (a) C esd (c) \Y/ esd (V)

100.28 26.58714 0.00039 38.03369 0.00105 26885.094  1.077

103.3 26.58799 0.0004  38.03549 0.00120 26888.094  1.233

107.8 26.58837 0.00044  38.03409 0.00122 26887.869 1.240
112.09 26.58900 0.00045 38.03233 0.00125 26887.904 1.266

116.3 26.58806 0.00044  38.03147 0.00121 26885.384 1.231
120.54 26.58735 0.00044  38.02976 0.00121 26882.753 1.230
124.77 26.58592 0.00042 38.03004 0.00116 26880.054 1.179
128.89 26.58514 0.00042 38.02829 0.00115 26877.253 1.175
133.02 26.58229 0.00038 38.02759 0.00104 26870.983 1.071
137.12 26.58159 0.00038 38.02552 0.00102 26868.112  1.052
141.35 26.58141 0.00038 38.02243 0.00104 26865.563 1.070
145.44 26.58043 0.00038 38.02197 0.00102 26863.256  1.051
149.55 26.57996 0.00038 38.01914 0.00103 26860.312  1.057
153.67 26.57902 0.00038 38.01820 0.00103 26857.739  1.057
157.88 26.57858 0.00038 38.01747 0.00105 26856.330 1.077
161.97 26.57784 0.00038 38.01716 0.00103 26854.616  1.056
166.04 26.57687 0.00038 38.01673 0.00103 26852.367  1.052
170.29 26.57672 0.00039 38.01603 0.00107 26851.560  1.092
174.33 26.57622 0.00041 38.01571 0.00112 26850.327 1.142
178.47 26.57605 0.00041 38.01449 0.00114 26849.111  1.155
182.58 26.57369 0.00039 38.01207 0.00106 26842.638 1.081
186.78 26.57445 0.00045 38.01311 0.00125 26844.906 1.27
190.86 26.57267 0.00044 38.01321 0.00121 26841.386 1.231
194.95 26.57230 0.00043 38.01288 0.00120 26840.410 1.221
199.07 26.57090 0.00042 38.01125 0.00115 26836.428 1.167
203.26 26.56890 0.00039 38.01067 0.00107 26831.973 1.093
207.37 26.56739 0.00039 38.00889 0.00107 26827.668  1.089
211.48 26.56640 0.00038 38.00652 0.00105 26824.009 1.069
215.68 26.56535 0.00038 38.00408 0.00104 26820.167 1.060
219.76 26.56417 0.00037 38.00300 0.00102 26817.017 1.043
223.92 26.56293 0.00037 38.00271 0.00101 26814.313 1.032
227.99 26.56225 0.00038 38.00081 0.00103 26811595 1.049
232.17 26.56154 0.00038 37.99875 0.00104 26808.702 1.064
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236.32 26.55977  0.00037 37.99947 0.00100 26805.634 1.021
240.36 26.55925  0.00037 37.99722 0.00102 26803.002 1.040
244.48 26.55836  0.00038 37.99628 0.00103 26800.546  1.050
248.71 26.55691  0.00037 37.99619 0.00101 26797.550  1.029
252.72 26.55603  0.00037 37.99535 0.00101 26795.186 1.034
256.88 26.55553  0.00038 37.99345 0.00103 26792.832 1.051
261.04 26.55361  0.00037 37.99497 0.00101 26790.029 1.030
265.13 26.55279  0.00037 37.99371 0.00101 26787.497  1.027
269.3 26.55160  0.00037 37.99332 0.00101 26784.812 1.034
273.36 26.55061  0.00037 37.99206 0.00101 26781.936  1.030
277.63 26.55028  0.00037 37.98998 0.00100 26779.809  1.021
281.74 26.54914  0.00037 37.98990 0.00100 26777.449  1.026
285.73 26.54846  0.00037 37.98888 0.00100 26775.342 1.024
289.96 26.54803  0.00037 37.98665 0.00100 26772914 1.021
294.04 26.54681  0.00037 37.98645 0.00100 26770.312 1.022
298.26 26.54622  0.00037 37.98530 0.00100 26768.311 1.019
302.22 26.54554  0.00037 37.98413 0.00100 26766.112 1.022
306.51 26.54469  0.00037 37.98345 0.00101 26763.924  1.032
311.74 26.54489  0.00037 37.98016 0.00101 26762.007  1.027
314.93 26.54497  0.00037 37.97784 0.00102 26760.542 1.041
319.09 26.54373  0.00037 37.97825 0.00100 26758.318 1.022
323.12 26.54362  0.00037 37.97632 0.00101 26756.744  1.027
327.16 26.54304  0.00037 37.97488 0.00100 26754.563  1.020
331.23 26.54231  0.00037 37.97459 0.00100 26752.873  1.020
335.45 26.54124  0.00037 37.97521 0.00101 26751.160 1.031
339.48 26.54140  0.00037 37.97194 0.00102 26749.170  1.037
343.59 26.54037  0.00037 37.97211 0.00102 26747.212  1.037
347.74 26.53984  0.00037 37.97058 0.00102 26745.066  1.037
351.91 26.53889  0.00036  37.96863 0.00099 26741.786  1.007
356.06 26.53920  0.00037 37.96420 0.00101 26739.299 1.034
360.05 26.53728  0.00036  37.96578 0.00098 26736.548  1.007
364.07 26.53679  0.00036 37.96452 0.00098 26734.667  1.003
368.35 26.53625  0.00036 37.96325 0.00099 26732.676  1.009
372.58 26.53602  0.00036 37.96178 0.00098 26731.187 1.006
376.67 26.53606  0.00036 37.95981 0.00099 26729.884  1.008
380.82 26.53496  0.00037 37.96052 0.00099 26728.162 1.016
384.82 26.53507  0.00036  37.95823 0.00099 26726.771  1.009
388.97 26.53437  0.00036  37.95745 0.00099 26724.811 1.011
393.08 26.53396  0.00036 37.95633 0.00099 26723.190 1.010
397.24 26.53331  0.00037 37.95562 0.00100 26721.379  1.026
401.42 26.53347  0.00036 37.95286 0.00098 26719.766  1.005
405.56 26.53372  0.00036  37.95000 0.00097 26718.249  0.996
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409.66 26.53278  0.00036 37.95081 0.00099 26716.928  1.012
413.8 26.53280  0.00036  37.94893 0.00098 26715.654  1.000
417.93 26.53193  0.00037 37.94902 0.00100 26713.96 1.021
422.02 26.53205  0.00036 37.94631 0.00098 26712.301 1.001
426.22 26.53172  0.00036  37.94552 0.00098 26711.067 1.004
430.3 26.53096  0.00037 37.94550 0.00100 26709.533  1.023
434.38 26.53109  0.00036  37.94274 0.00100 26707.842  1.000
438.47 26.53052  0.00036 37.94171 0.00098 26705.968  1.001
442.65 26.53003  0.00036  37.94026 0.00098 26703.971  1.000
446.78 26.52966  0.00036  37.93844 0.00098 26701.946  0.998
450.81 26.52891  0.00036 37.93827 0.00098 26700.324  1.005
454.99 26.52786  0.00037 37.93805 0.00100 26698.034  1.022
459.27 26.52753  0.00037 37.93629 0.00100 26696.134 1.011
463.29 26.52738  0.00036 37.93415 0.00100 26694.341  1.001
467.37 26.52632  0.00037 37.93481 0.00100 26692.668  1.027
471.58 26.52633  0.00036 37.93169 0.00100 26690.484  1.000
475.6 26.52521  0.00037 37.93247 0.00100 26688.787  1.024
479.64 26.52470  0.00037 37.93100 0.00099 26686.736  1.014
483.8 26.52408  0.00037 37.93060 0.00100 26685.190 1.022
488.06 26.52318  0.00037 37.92964 0.00100 26682.710 1.034
492.14 26.52618  0.00043 37.92906 0.00120 26688.345 1.214
495.98 26.52205  0.00037 37.92797 0.00100 26679.264  1.032
500.07 26.52395  0.00044 37.92976 0.00120 26684.334  1.222
501.02 26.52072  0.00038 37.92712 0.00102 26675.994  1.054
500.6 26.52058  0.00037 37.92579 0.00100 26674.775  1.028
500.31 26.52056  0.00037  37.92521 0.00099 26674.322 1.022
500.15 26.52000  0.00037 37.92550 0.00100 26673.402 1.034
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Figure S5-4. An example of Le Bail refinement performed on the synchrotron XRD data collected
on Cu-TDPAT at 100 K (Rp = 2.126%, Ruwp = 3.205%). The black crosees represent the
experimental data, the red line is representing the pattern constructed based on the model and the
blue line shows the difference.
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7.4.5 Fitting of the lattice parameters and unit cell volume by 2" degree polynomiall

26.60
m 3
— Fitted second degree polynomial
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Figure S5-5. 2"d degree polynomial fitting of the lattice parameter a as a function of temperature.
The standard deviations are smaller than the size of the points. Therefore, cannot be shown in this
graph.
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Figure S5-6. 2" degree polynomial fitting of the lattice parameter ¢ as a function of temperature.
The standard deviations are smaller than the size of the points. Therefore, cannot be shown in this
graph.
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Figure S5-7. 2" degree polynomial fitting of the unit cell volume as a function of temperature. The
standard deviations are smaller than the size of the points. Therefore, cannot be shown in this
graph.
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Figure S5-8. The temperature dependent linear thermal expansion coefficient obtained for the
lattice parameter, a, by the second polynomial fitting of the data.
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Figure S5-9. The temperature dependent linear thermal expansion coefficient obtained for the
lattice parameter, c, by the second polynomial fitting of the data.
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7.4.6 Lattice parameters from Single Crystal diffraction

26.52
4 *
L
L
26.48 o
*
S “e
M *
.....
26.44 - .
®
4 L 3
6404—F7— — —
100 200 300 400 500

T(K)

Figure S5-10. The lattice parameter (a) obtained based on the single crystal diffraction analysis.
The average linear thermal expansion coefficient (obtained by the linear fitting of the data) is -7.2
(MK)? for the lattice parameter a, based on the single crystal diffraction data. The standard
deviations are smaller than the size of the points. Therefore, cannot be shown in this graph.
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Figure S5-11. The lattice parameter (c) obtained based on the single crystal diffraction analysis.
The average linear thermal expansion coefficient (obtained by the linear fitting of the data) is -7.9
(MK)* for the lattice parameter ¢, based on the single crystal diffraction data. The standard
deviations are smaller than the size of the points. Therefore, cannot be shown in this graph.
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Figure S5-12. The unit cell volume (V) obtained based on the single crystal diffraction analysis.
The average volumetric thermal expansion coefficient (obtained by the linear fitting of the data) is
-22.1 (MK)? for the unit cell volume, based on the single crystal diffraction data. The standard
deviations are smaller than the size of the points. Therefore, cannot be shown in this graph.
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7.4.7 Naming of the atoms in the asymmetric unit of Cu-TDPAT

In the Figure S5-13, we report the naming conventions that will be later used to analyse the
structural motions that were observed from single crystal diffraction refinement at different
temperatures. In addition, the planes passing central rings (benzene rings and triazine ring)
have been demonstrated in this picture.

Figure S5-13. The asymmetric unit of Cu-TDPAT; the azine ring has been clarified by the brown
color and the benzene rings by pink color.
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7.4.8 The fold angle between the azine ring (N4, C26, N5, C27, N6, and C25) and
the benzene ring (C15, C16, C17, C18, C13, and C14)

3

M

Fold angle {deg)

—
1

it

100 200 300 400 500
Temp (°C)

Figure S5-14. The fold angle between the central azine ring and the neighboring benzene ring, which
is showing ligand bending. This fold angle has been defined as the angle between the brown plane and
the pink lower-right rings in figure S5-13. Numerical values are reported in table S5-2.
Table S5-2. The fold angle (in deg) between the central azine ring and the neighboring benzene ring,
which is showing ligand bending.

C15C16 C17 C18 C13 C14 - N4 C26 N5 C27 N6 C25

Temp (K) Fold angle (deg)
100 0.8(3)
125 0.8(3)
150 0.9(3)
175 1.0(4)
200 1.2(4)
225 1.2(4)
250 1.4(4)
275 1.3(5)
300 1.2(5)
325 1.3(5)
350 1.4(5)
375 1.5(5)
400 1.7(6)
425 1.9(6)
450 2.2(6)
475 2.2(6)
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7.4.9 Benzene rings rotating around the paddlewheel planes
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Figure S5-15. The twist angle between C22 C23 C24 C19 C20 C21 (benzene ring)- Cu03 Cu04
09 010 (Paddlewheel plane).
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Table S5-3. The twist angle (in deg) between C22 C23 C24 C19 C20 C21 (benzene ring)- Cu03
Cu04 09 010 (Paddlewheel plane)

Temp (K) Twist angle
100 5.9(2)
125 5.8(2)
150 6.1(2)
175 6.2(3)
200 6.3(3)
225 6.2(3)
250 6.4(3)
275 6.5(3)
300 6.4(3)
325 6.8(3)
350 6.7(3)
375 6.6(4)
400 6.8(4)
425 7.1(4)
450 7(4)
475 7.1(4)
500 6.7(4)
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Figure S5-16. The fold angle between C15 C16 C17 C18 C13 C14 (benzene ring) - Cu03 O7 08
Cu04 (paddiwheel plane).
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Table S5-4. The fold angle (in deg) between C15 C16 C17 C18 C13 C14 (benzene ring)- Cu04
05 06 Cu03 (Paddlewheel plane)

Temp (K) Fold angle
100 11.3(2)
125 11.4(2)
150 11.3(3)
175 11.2(3)
200 11.5(3)
225 11.6(3)
250 11.6(3)
275 11.5(3)
300 11.5(3)
325 11.7(4)
350 11.6(4)
375 11.7(4)
400 11.6(4)
425 11.7(4)
450 11.9 (4)
475 11.9 (5)
500 11.9 (5)
12.4
E} 12-[]_ N N N
o
2 116- ERERE
112 I
10.6
100 ZEIJD 300 400 200
Temp (°C)

Figure S5-17. The fold angle between C15 C16 C17 C18 C13 C14 (benzene ring)- Cu04 O5 06
Cu03 (Paddlewheel plane).
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Table S5-5. The twist angle (in deg) between C15 C16 C17 C18 C13 C14 (benzene ring) - Cu03
07 08 Cu04 (paddiwheel plane)

Temp (K) Twist angle
100 1.7(2)
125 1.6(2)
150 1.4(2)
175 1.3(3)
200 1.0(3)
225 0.8(3)
250 0.6(3)
275 0.8(3)
300 0.6(3)
325 0.6(3)
350 0.6(4)
375 0.5(4)
400 0.4(4)
425 0.3(4)
450 0.2(4)
475 0.1(4)
500 0.1(4)
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7.4.10 Paddlewheels twisting
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Figure S5-18. The fold angle between the planes C2 Cu4 Cu3 - O4 O3 C2.
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Figure S5-19. The twist angle between the planes C2 Cu4 Cu3 - O4 O3 C2.
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Table S5-6. The twist and fold angles (in deg) between the planes C2 Cu4 Cu3 - 04 O3 C2

Temp (K) Twist angle  Fold angle
100 4.5(2) 0.6(7)
125 4.4(2) 1.0(7)
150 4.1(2) 1.1(7)
175 3.9(2) 1.2(8)
200 3.7(2) 1.6(8)
225 3.6(3) 1.6(9)
250 3.5(3) 1.5(9)
275 3.2(3) 2.1(9)
300 3.2(3) 2(1)
325 2.9(3) 2(1)
350 2.9(3) 2(1)
375 2.8(3) 3(1)
400 2.6(3) 2(1)
425 2.6(4) 3(1)
450 2.6(4) 3(1)
475 2.3(4) 4(1)
500 1.7(4) 5(1)
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Figure S5-20. The fold angle between the planes C6 Cu01 Cu02 - 012 O11 C6.

Table S5-7. The twist angle (in deg) between the planes C6 Cu0l1 Cu02 - 012 011 C6

Temp (K) Fold angle
100 5.9(7)
125 6.1(7)
150 6.3(7)
175 6.4(7)
200 6.5(9)
225 6.8(9)
250 7(1)
275 7(1)
300 7(1)
325 8(1)
350 8(1)
375 8(1)
400 8(1)
425 8(1)
450 9(1)
475 9(1)
500 8(1)
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Figure S5-21. The twist angle between the planes C5 Cu03 Cu04 - 010 O9 C5.
Table S5-8. The twist angle (in deg) between the planes C5 Cu03 Cu04 - 010 09 C5

Temp (K) Twist angle

100 4.0(2)
125 3.9(2)
150 3.5(2)
175 3.4(2)
200 3.2(2)
225 3.2(3)
250 3.0(3)
275 2.8(3)
300 2.8(3)
325 2.4(3)
350 2.4(3)
375 2.3(3)
400 2.3(3)
425 2.1(3)
450 1.9(4)
475 2.2(4)
500 2.1(4)
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Figure S5-22. The fold angle between the planes C4 Cu04 Cu03 - O8 O7 C4.
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Figure S5-23. The twist angle between the planes C4 Cu04 Cu03 - O8 O7 C4.
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Table S5-9. The twist and fold angles (in deg) between the planes C4 Cu04 Cu03 - 08 O7 C4

Temp (K) Twist angle Fold angle
100 3.7(2) 1.4(7)
125 3.7(2) 1.6(7)
150 3.2(2) 1.3(7)
175 3.0(2) 2.1(8)
200 2.7(2) 1.4(9)
225 2.6(3) 2(1)
250 2.5(3) 1(1)
275 2.4(3) 1(1)
300 2.0(3) 1(1)
325 2.1(3) 2(1)
350 2.0(3) 3(1)
375 1.7(3) 2(1)
400 1.7(3) 2(1)
425 1.8(3) 2(1)
450 1.7(4) 2(1)
475 1.2(4) 3(2)
500 1.3(4) 5(1)
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7.4.11 Change in the Cu-Cu distance
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Figure S5-24. The distance of Cul-Cu2 in one of the paddlewheel clusters as a function of
temperature.
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Figure S5-25. The distance of Cu3-Cu4 in one of the paddlewheel clusters as a function of
temperature.
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Table S5-10. The distance between Cu atoms in the Cu paddlewheel clusters (in A)

224

Temp (K)

100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500

Distances between atoms

Cul-Cu?

2.474(2) A
2.473(2) A
2.473(2) A
2.472(2) A
2.471(2) A
2.472(2) A
2.471(2) A
2.469(2) A
2.467(2) A
2.469(3) A
2.471(3) A
2.472(3) A
2.475(3) A
2.475(3) A
2.475(3) A
2.477(3) A
2.475(3) A

Cu3-Cu4

2.472(1) A
2.472(1) A
2.472(2) A
2.471(2) A
2.470(2) A
2.470(2) A
2.470(2) A
2.469(2) A
2.469(2) A
2.470(2) A
2.470(2) A
2.471(2) A
2.471(2) A
2.472(2) A
2.472(2) A
2.476(3) A
2.475(3) A
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(@) 100 K

(©) 500 K

Figure S5-26. The asymmetric unit of Cu-TDPAT at 3 different temperatures of 100 K, 300 K, and
500 K. The size of ellipsoids are indicating the magnitude of ADPs. The picture clearly shows that
the ADPs of the atoms in the central triazine ring and the adjacent benzene rings are growing in a
direction perpendicular to that of the ring.
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Table S5-11. The Uiso for all the atoms in the central triazine ring as a function of the temperature in the temperature range of 100 K-500 K

100 K 125 K 150K 175K 200K 225K 250K 275K 300K 325K 350K 375K 400K 425K 450K 475K 500K
C25 0.047(2) 0.048(2) 0.058(3) 0.058(3) 0.072(3) 0.070(4) 0.081(4) 0.089(5) 0.093(5) 0.059(3) 0.102(6) 0.106(6) 0.109(6) 0.115(7) 0.120(7) 0.129(8) 0.136(8)
C26 0.044(2) 0.044(2) 0.055(3) 0.055(3) 0.067(3) 0.079(4) 0.085(4) 0.088(4) 0.096(5) 0.098(5) 0.090(5) 0.096(5) 0.098(6) 0.104(6) 0.109(7) 0.118(8) 0.122(8)
C27 0.050(2) 0.050(2) 0.061(3) 0.061(3) 0.076(4) 0.076(4) 0.074(4) 0.079(4) 0.081(4) 0.098(5) 0.102(6) 0.106(6) 0.107(6) 0.112(7) 0.115(7) 0.120(8) 0.130(8)
N4 0.0463(19) 0.048(2) 0.058(2) 0.058(2) 0.072(3) 0.075(3) 0.082(3) 0.087(4) 0.091(4) 0.096(4) 0.101(5) 0.103(5) 0.107(5) 0.113(6) 0.120(6) 0.124(7) 0.137(7)
N5 0.050(2) 0.0478(19) 0.058(2) 0.058(2) 0.074(3) 0.077(3) 0.079(3) 0.085(4) 0.090(4) 0.095(4) 0.099(4) 0.106(5) 0.108(5) 0.112(5) 0.117(6) 0.122(6) 0.128(6)
N6 0.0470(19) 0.052(2) 0.062(2) 0.062(2) 0.070(3) 0.074(3) 0.084(4) 0.087(4) 0.091(4) 0.097(4) 0.098(4) 0.102(5) 0.110(5) 0.116(6) 0.122(6) 0.133(7) 0.127(6)
Table S5-12. The Uiso for all the atoms in a benzene ring of the ligand constituted by [C7 C8 C9 C10 C11 C12] (which is here called Benzene ring 1)
as a function of the temperature in the temperature range of 100 K-500 K
100 K 125K 150K 175K 200K 225K 250K 275K 300K 325K 350K 375K 400K 425K 450K 475K 500K
C10 0.043(2)  0.044(2) 0.050(2) 0.044(2) 0.061(3) 0.050(2) 0.056(3) 0.058(3) 0.064(3) 0.066(3) 0.082(4) 0.085(4) 0.089(5) 0.094(5) 0.099(5) 0.103(6) 0.110(6)
C11  0.0345(18) 0.0347(19) 0.041(2) 0.043(2) 0.047(2) 0.050(3) 0.055(3) 0.055(3) 0.061(3) 0.063(3) 0.062(3) 0.063(3) 0.065(3) 0.067(4) 0.068(4) 0.075(4) 0.077(4)
C12  0.0351(18) 0.0360(19) 0.042(2) 0.045(2) 0.048(2) 0.050(3) 0.050(3) 0.055(3) 0.055(3) 0.057(3) 0.063(3) 0.066(3) 0.069(4) 0.071(4) 0.073(4) 0.080(4) 0.081(4)
C7 0.0383(19) 0.039(2) 0.045(2) 0.048(2) 0.052(2) 0.056(3) 0.067(3) 0.079(4) 0.075(4) 0.078(4) 0.070(4) 0.070(4) 0.072(4) 0.075(4) 0.078(4) 0.080(5) 0.084(5)
CS8 0.041(2) 0.042(2) 0.049(2) 0.058(3) 0.060(3) 0.066(3) 0.071(4) 0.075(4) 0.079(4) 0.086(5) 0.083(4) 0.090(5) 0.090(5) 0.098(6) 0.100(6) 0.107(6) 0.103(6)
C9 0.045(2)  0.044(2) 0.053(2) 0.056(3) 0.063(3) 0.068(3) 0.067(3) 0.067(3) 0.076(4) 0.082(4) 0.089(5) 0.089(5) 0.095(5) 0.100(6) 0.107(6) 0.113(7) 0.117(7)
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Table S5-13. The Uiso for all the atoms in a benzene ring of the ligand constituted by [C13 C14 C15 C16 C17 C18] (which is here called Benzene ring
2) as a function of the temperature in the temperature range of 100 K-500 K

100 K 125 K 150K 175K 200K 225K 250K 275K 300K 325K 350K 375K 400K 425K 450K 475K 500 K
C13  0.0350(18) 0.0346(19) 0.043(2) 0.060(3) 0.048(2) 0.070(4) 0.061(3) 0.072(4) 0.069(4) 0.074(4) 0.062(3) 0.063(3) 0.066(4) 0.069(4) 0.071(4) 0.075(4) 0.077(4)
Cl4 0.046(2)  0.046(2) 0.056(3) 0.057(3) 0.065(3) 0.067(3) 0.071(4) 0.077(4) 0.080(4) 0.082(4) 0.088(5) 0.094(5) 0.099(6) 0.101(6) 0.106(6) 0.112(7) 0.117(7)
C15 0.043(2)  0.045(2) 0.053(3) 0.052(3) 0.062(3) 0.059(3) 0.073(4) 0.072(3) 0.083(4) 0.085(5) 0.087(5) 0.088(5) 0.090(5) 0.096(6) 0.099(6) 0.102(6) 0.106(6)
C16 0.041(2)  0.042(2) 0.049(2) 0.047(2) 0.057(3) 0.053(3) 0.051(3) 0.053(3) 0.057(3) 0.058(3) 0.076(4) 0.079(4) 0.081(5) 0.087(5) 0.092(5) 0.095(6) 0.100(6)
C17 0.0385(19) 0.040(2) 0.045(2) 0.044(2) 0.051(2) 0.050(3) 0.051(3) 0.057(3) 0.056(3) 0.056(3) 0.065(3) 0.067(3) 0.068(4) 0.071(4) 0.073(4) 0.077(4) 0.076(4)
C18 0.0366(19) 0.0353(19) 0.042(2) 0.044(2) 0.049(2) 0.050(3) 0.056(3) 0.060(3) 0.061(3) 0.061(3) 0.061(3) 0.063(3) 0.062(3) 0.067(4) 0.070(4) 0.073(4) 0.078(4)
Table S5-14. The Uiso for all the atoms in a benzene ring of the ligand constituted by [C19 C20 C21 C22 C23 C24] (which is here called Benzene ring
3) as a function of the temperature in the temperature range of 100 K-500 K
100 K 125 K 150K 175K 200K 225K 250K 275K 300K 325K 350K 375K 400K 425K 450K 475K 500K
C19 0.0368(18) 0.0372(19) 0.044(2) 0.055(3) 0.049(2) 0.063(3) 0.072(4) 0.062(3) 0.081(4) 0.083(4) 0.062(3) 0.062(3) 0.066(4) 0.068(4) 0.070(4) 0.073(4) 0.073(4)
C20 0.0364(19) 0.0368(19) 0.043(2) 0.042(2) 0.053(2) 0.048(2) 0.070(4) 0.074(4) 0.078(4) 0.079(4) 0.070(4) 0.076(4) 0.078(4) 0.080(4) 0.083(5) 0.087(5) 0.087(5)
C21 0.045(2)  0.045(2) 0.055(3) 0.045(2) 0.064(3) 0.051(3) 0.058(3) 0.076(4) 0.066(3) 0.070(4) 0.082(4) 0.086(5) 0.090(5) 0.091(5) 0.093(5) 0.098(6) 0.098(6)
C22 0.044(2)  0.045(2) 0.052(3) 0.047(2) 0.063(3) 0.054(3) 0.054(3) 0.055(3) 0.059(3) 0.059(3) 0.086(5) 0.089(5) 0.094(5) 0.097(6) 0.099(6) 0.106(6) 0.106(6)
C23 0.0355(18) 0.0366(19) 0.042(2) 0.054(3) 0.049(2) 0.062(3) 0.053(3) 0.054(3) 0.058(3) 0.058(3) 0.061(3) 0.063(3) 0.067(4) 0.069(4) 0.071(4) 0.074(4) 0.074(4)
C24 0.0339(18) 0.0351(19) 0.041(2) 0.058(3) 0.047(2) 0.066(3) 0.053(3) 0.057(3) 0.057(3) 0.059(3) 0.059(3) 0.063(3) 0.065(3) 0.067(4) 0.071(4) 0.074(4) 0.074(4)
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Figure S5-27. Average Uiso parameters for the atoms in each of central triazine ring and the adjacent
benzene rings as a function of the temperature.
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In-situ powder diffraction cell (mountable on goniometer head, used and tested in synchrotron radiation
facilities) for in-situ powder diffraction experiments (Figure 2)

In-situ single crystal diffraction cell (mountable on goniometer head, used and tested in synchrotron radiation
facilities) for in-situ single crystal diffraction experiments (Figure 3)

In-situ IR spectroscopy chmber on the external bench of IR instrument (Figure 4)

Fixed bed adsorption setup (brakthrough apparatus) (Figure 5)

Cajon VCO Fitting ~ HP Taper Sosl Valve

Figure 2- In-situ powder diffraction cell

Glass cap

7
Loop to mount single,
crystal
-

Figure 3- In-situ single crystal diffraction cell
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Figure 4-In-situ IR cell mounted on the external bench

Figure 5- Breakthrough apparatus
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