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Abstract
Hydrogen Storage and Gas Separations in Metal-Organic Frameworks
By
Matthew Thomas Kapelewski
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jeffrey R. Long, Chair

The work presented in this dissertation outlines the design, synthesis, characterization, and
use of metal-organic framework materials for applications in gas storage and separations. The
materials herein are studied for use in hydrogen storage for mobile applications, such as light-
duty vehicles, and for hydrocarbon separations relevant to the chemical industry. The common
theme is that all of the studied materials focus on controlling adsorption within the pores of the
metal-organic frameworks by taking advantage of the high level of structural design, synthetic
control, and porosity, as well as the unique structural motifs present in these materials to
engender them with properties suitable for the desired applications. A variety of techniques are
used to gain an understanding of the materials and applications presented herein, including gas
adsorption, infrared spectroscopy, powder X-ray and neutron diffraction, single crystal X-ray
diffraction, multicomponent gas- and liquid-phase adsorption experiments, and electronic
structure calculations.

Chapter One provides an introduction to the field of metal-organic frameworks and some of
the relevant design principles which are important in the subsequent chapters. The logical
extension of traditional inorganic cluster chemistry to extended three-dimensional metal-organic
framework solids is discussed. Furthermore, open metal coordination sites are introduced, which
are used in the subsequent work in this dissertation. The potential of using metal-organic
frameworks for hydrogen storage, olefin/paraffin separations, xylene isomer separations, and
acetylene/ethylene separations is introduced, with previous work in each of these fields being
reviewed.

Chapter Two describes the synthesis of a new metal-organic framework, M,(m-dobdc) (M** =
Mg, Mn, Fe, Co, Ni; m-dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate), which is a structural
isomer of the previously known M,(dobdc) (dobdc* = 2,5-dioxido-1 4-benzenedicarboxylate).
While structurally similar, the altered connectivity of this M,(m-dobdc) material leads to an
increased charge density at the open metal coordination sites, which are the key binding site for
guests within the pores. This principle was studied in the context of hydrogen storage, with the
Ni analog of this material possessing one of the highest physisorptive H, binding enthalpies of
any known adsorbent. A variety of techniques, including powder neutron diffraction, in situ H,-
dosed infrared spectroscopy, and electronic structure calculations are used to better understand
how and where hydrogen is binding in this class of materials. Importantly, this material was also



designed to be produced at scale, with a relatively low cost of synthesis compared to other high-
performing MOFs.

Chapter Three extends the work of the previous chapter. The M,(m-dobdc) series of MOFs
that previously showed strong binding of H, within its pores is now studied under conditions
relevant to on-board hydrogen storage in fuel cell vehicles. Adsorption isotherms up to 100 bar
show that Ni,(m-dobdc) is the top performing porous adsorbent for hydrogen storage of any yet
reported, possessing a volumetric H, capacity of 11.9 g/L at 25 °C and capacities approaching
the U.S. Department of Energy targets at lower temperatures. In situ techniques such as powder
neutron diffraction and infrared spectroscopy are again used to understand hydrogen binding,
revealing that at near-ambient temperatures, the open metal sites control nearly all hydrogen
binding and lead to the exhibited high H, capacity.

In Chapter Four, the utility of the M,(m-dobdc) series is expanded to gas separations.
Adsorptive-based olefin/paraffin separations of C, (ethylene/ethane) and C, (propylene/propane)
hydrocarbon mixtures are studied. Due to the high charge density in these materials at the open
metal coordination sites, the olefin is bound more strongly than the paraffin, leading to record
adsorptive-based selectivities for each of these separations in the Fe,(m-dobdc) analog and strong
performance from other metals in this structure. High capacity and fast kinetics of adsorption are
also demonstrated in this class of materials. Finally, multicomponent gas adsorption experiments
demonstrate the applicability of this MOF to real gas separations. The combination of high
selectivity and capacity, fast adsorption kinetics, easy desorption, and low raw materials cost
make this material the best material for adsorptive-based olefin/paraffin separations.

Chapter 5 examines the separation of xylene isomers (o-, m-, p-xylene and ethylbenzene) in
the metal-organic frameworks Co,(dobdc) and Co,(m-dobdc) by taking advantage of their open
metal coordination sites in a unique way. Rather than having a single guest bind to each open
metal site, as in the previous chapters, each xylene molecule interacts with two adjacent metal
centers, leading to selectivity based on the ability of each isomer to approach the two-metal
binding pocket and pack within the pores. Separation was shown in single-component gas phase
isotherms as well as multi-component gas- and liquid-phase adsorption experiments.
Furthermore, Co,(dobdc) was shown to separate all four components. Single crystal X-ray
diffraction was key in identifying that each xylene interacts with multiple metal centers and was
able to corroborate the adsorption data in identifying how strongly each xylene interacted with
the two-metal pocket. Interestingly, the Co,(dobdc) material undergoes significant structural
distortion upon adsorbing o-xylene and ethylbenzene at lower temperatures, which was
surprising given the previously-assumed rigidity of the structure. Lastly, the different symmetries
of the Co,(dobdc) and Co,(m-dobdc) isomers of these materials displayed different separation
properties and xylene packing, highlighting the structural tunability of metal-organic
frameworks.

In Chapter Six, the metal-organic framework Cu[Ni(pdt),] is used in the separation of
acetylene from ethylene. By taking advantage of the small pores and unique structure of this
material, it was discovered to have the highest adsorptive selectivity of any know adsorbent for
this challenging separation. Through powder X-ray diffraction experiments, the primary binding
site was revealed to be a square tetrapyrazine cage in the pores, which can likely interact more
strongly with acetylene than ethylene through multiple pi—pi interactions. This material takes
advantage of the unique square tetrapyrazine cage this material possesses in order to effect the
separation of acetylene and ethylene without the need for open metal coordination sites.
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Chapter 1: Gas Storage and Separations in Metal-Organic Frameworks

1.1. Introduction to Metal-Organic Frameworks

In recent years, the study of a new class of inorganic materials, termed metal-organic
frameworks (MOFs), has been of particular interest to researchers.' These materials are formed
through the combination of an inorganic component, typically a metal ion or cluster of metal
ions, with a multi-topic coordinating organic molecule (Figure 1.1). Under select conditions,
these components can self-assemble into porous, three-dimensional materials with a wealth of
structural diversity and surface areas as high as 7100 m*/g, far greater than other porous
materials.” Since early seminal work in the field by Yaghi, Kitagawa, Robson, and others first
drew interest to the unique properties of these materials, their study has been heavily pursued by
researchers over the past three decades.”*”*"*?

Self-assembly
@ +

Metalionor  Coordinating organic
cluster molecule

Crystalline metal—
organic framework

Figure 1.1. A basic schematic outlining the general synthesis of MOFs. This
simple picture belies the incredible complexity that can result in this class of
materials.

In the context of traditional inorganic chemistry, MOFs can be thought of as using
multitopic ligands to link together discrete inorganic clusters into a three-dimensional lattice. An
example of this concept is seen in Figure 1.2; by connecting classic bimetallic copper
paddlewheels through the use of the tritopic benzene-1,3,5-tricarboxylic acid (btc) ligand, the
acetate ligands on the paddlewheels are replaced with the carboxylate groups on btc”. The
paddlewheels are then linked together to form the MOF known as HKUST-1 (Cusbtc,)."” This
general strategy of linking inorganic units into porous materials imbues the resultant material
with a host of interesting properties, including high surface area, the site isolation of reactive
centers, and the ability to access architectures that would not be achievable in solution-phase
inorganic chemistry, such as the coordinatively unsaturated metal centers that will be discussed
extensively throughout this work.
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Figure 1.2. A comparison of molecular copper paddlewheels (left) formed from
Cu atoms and acetate ligands and the formation of a copper paddlewheel MOF,
HKUST-1 (right), by linking the acetates together in a trigonal arrangement with
an aromatic ring, resulting in the linkage of the copper paddlewheels themselves
into a three-dimensional porous network. Teal, red, and gray spheres represent
Cu, O, and C atoms, respectively.

As such, research into porous MOF materials has exploded; approximately 70,000 MOF
materials have been published in the literature (as of 2017)," which is quite remarkable given
that the field has existed for less than 30 years and has only gained particular interest since the
beginning of the new millennium. MOFs have been studied for a wide range of possible
applications including gas storage,'>">'*"> gas separations,'®'"'*"” solid electrolyte materials in
batteries,”?' catalysis,”>*** adsorptive heating and cooling,”***” drug delivery,” photovoltaic
devices,” and chemical sensing,” among others.

The primary advantage that MOFs have over other porous materials, such as zeolites and
activated carbons, is their modular synthesis. MOFs have many different synthetic controls that
can determine the ultimate structure that is synthesized. For example, choice of ligand and metal
salt has a significant impact on the topology and connectivity of the resultant material, leading to
many of the relevant properties such as thermal stability, pore size and shape, and interaction
with guest species. Ligands and metal clusters can be imbued with functionalities that give the
material different properties, both before and after synthesis of the parent framework. Since
MOF synthesis is modular, pore size can be controlled while maintaining the same connectivity
by altering the size of the ligands used, a concept known as reticular chemistry. In addition to
these more conventional approaches, there are many more ways in which MOF structures can be
tuned for specific applications, leading to the incredible structural variety of this class of
materials.



1.2. Metal-Organic Frameworks with Open Metal Coordination Sites

It was previously mentioned that certain MOF materials contain what are known as either
coordinatively unsaturated metal sites or open metal coordination sites. These are materials in in
which MOF formation results in at least one of the coordination sites of each metal center being
occupied by a solvent molecule. Under various conditions, typically by applying vacuum and
heat, these solvent molecules can be removed while retaining both the geometry around the
metal center as well as the overall structure of the framework. A classic example of this is the
M,(dobdc) (M* = Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd; dobdc* = 2,5-dioxido-14-
benzenedicarboxylate) (variously known as M-MOF-74, CPO-27-M, and M,(dhtp)) series of
MOFs, which are comprised of helical metal chains lining the vertices of the hexagonal pores of
the MOF, linked on the sides of the hexagonal pores by the ligand (Figure 1.3)7!723374-35.3637.38

MX2'I7 HQO

OH -

HO

HO 0

H,dobdc

dobdc* = 2,§-dioxido- M 2(d0de), MOF-74
1,4-benzenedicarboxylate (M — Mg, Mn, Fe, CO, Ni, CU, Zn, Cd)

Figure 1.3. A schematic for the synthesis of the MOF M,(dobdc). Black, gray,
and red spheres represent M**, C, and O atoms, respectively. H atoms have been
omitted.



Figure 1.4. A view of the first coordination sphere of a single metal atom in the
MOF M,(dobdc). Note the five-coordinate, square pyramidal geometry of the
metal center; the sixth coordination site points into the channel of the MOF.
Black, gray, and red spheres represent M**, C, and O atoms, respectively. H atoms
have been omitted.

This material is notable not only because of the open metal coordination sites that can be
formed upon heating the material under vacuum, but also because of the high density of such
sites, which is a result of the high charge density on the ligand. Through many studies, the open
metal coordination sites have been shown to be the primary sites of interaction for nearly all
guest molecules that are introduced into the pores of the framework. This interaction is typically
of an electrostatic nature, with the exposed positive charge on the metal interacting strongly with
the negatively charged electrons in a guest. As such, this material has been heavily studied for its
use in applications including gas adsorption and gas separations, as the high density of sites able
to strongly polarize guest gas molecules. Specifically, this is of potential interest in a variety of
industrial applications such as hydrogen storage,””*****' natural gas storage,”*’ CO, capture,”***
and hydrocarbon separations.*

1.3. Hydrogen Storage in Metal-Organic Frameworks

Hydrogen provides promise as a clean fuel for powering small motor vehicles. In a
hydrogen fuel cell, the oxidation of hydrogen produces electricity, powering a vehicle, while the
concomitant reduction of protons produces only water as a byproduct. An idealized cycle could
be envisioned in which hydrogen is consumed in a fuel cell to produce electricity, and
subsequently regenerated from the water byproduct, completing the cycle with no waste. Given
the promise of clean power from hydrogen fuel cells, there is great interest among researchers in
devising ways to make systems involving hydrogen more economically viable.

In addition to the need for investment in infrastructure and clean hydrogen production, one
problem with powering small vehicles using hydrogen fuel cells is the requirement for high-



pressure storage. Hydrogen is typically compressed to 350 or 700 bar for storage in current fuel
cell vehicles, requiring high financial and energetic costs of compression, while simultaneously
requiring heavy, bulky tanks in order to contain hydrogen at such high pressures. There is a
substantial need to reduce the pressures required for storage while achieving reasonable
capacities to maintain a reasonable driving range.

Metal-organic frameworks, especially those with open metal coordination sites, offer a
significant opportunity to greatly reduce the pressure required for hydrogen storage by achieving
high densities of stored hydrogen at lower pressures. This is accomplished through the strong
interaction of hydrogen with the interior surfaces within the pores of these materials, leading to
stronger interactions than those present in pure, compressed H,. However, no material to date has
met the U.S. Department of Energy 2020 H, storage targets (Table 1.1).* The need for materials
that can effectively densify hydrogen to meet these targets is crucial to the widespread adoption
of hydrogen fuel cell vehicles.

Table 1.1. Selected U.S. Department of Energy (DOE) targets for the onboard
storage of hydrogen in light-duty vehicles.*

Storage Parameter Units 2020 Ultimate
System gravimetric H, capacity wt %, kg H,/kg system, kWh/kg 45 %,0.045,1.5 6.5 %,0.065,2.2
System volumetric H, capacity g H,/L system, kWh/L 30,10 50,1.7
Storage system cost $/kg H, stored, $/kWh net 333,10 266, 8
Operating ambient temperature °C —40 to 60 —40 to 60
Min/max delivery temperature °C —40 to 85 —40 to 85
Operational cycle life (1/4 tank to full) cycles 1500 1500
Min delivery pressure bar (abs) 5 5
Max delivery pressure bar (abs) 12 12
System fill time (5 kg) min 3-5 3-5

Of metal-organic frameworks that have previously been studied for their hydrogen binding
capabilities, there are several of note. M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn) has been
extensively evaluated as a hydrogen storage material, given the strong binding seen at the open
metal coordination sites in this material.”****' However, none of the M,(dobdc) analogs meet the
target H, binding enthalpies of —18 to —22 kJ/mol required for storage at sufficient densities.””**
Another example is the MOF Cu(I)-MFU-4/, which has a very high H, binding enthalpy of —32
kJ/mol at the Cu(I) centers in the pores,” yet does not have a high capacity due to the low
density of these binding sites. Research in MOFs for hydrogen storage must center around
achieving a high density of strong binding sites in the pores in order to sufficiently densify
hydrogen for on-board storage, in addition to studying the MOFs under relevant conditions for
hydrogen storage.



1.4. Gas Separations in Metal-Organic Frameworks

The use of metal-organic frameworks as adsorbents for the separation of mixtures of gases
has also been studied quite extensively.'®”*>' MOFs take advantage of the different strengths of
interaction that two or more adsorbates in a mixture have with its interior pore surfaces and can
thus separate the mixture. Notably, these adsorptive-based separations can often be accomplished
at pressures relatively close to ambient, obviating the need for large energy inputs such as in the
cryogenic distillation processes often used in the petroleum industry.

There are multiple mechanisms by which an adsorptive-based separation can take place. The
most basic example is by leveraging the different strengths of interaction that multiple adsorbates
have with the interior surfaces in order to achieve a separation. This method typically allows for
fast kinetics and capacity but suffers from weak selectivity due to the difficulty in differentiating
between similar molecules in a mixture. A second mechanism that can operate in porous
materials is sieving, in which certain components of the mixture to be separated are excluded
from the pores entirely due to their size or shape. This method leads to high (sometimes infinite)
selectivities but typically suffers from low working capacities and slow diffusion of adsorbates
through the pores of the adsorbent. Unique mechanisms involving phase-change materials are
possible, such as previous work on amine-appended MOFs for CO, capture.” Other mechanisms
are possible, including those which rely on flexible materials to selectively open pores in
response to incident gas pressure, but those are outside the scope of this work. Ideally, an
adsorptive based separation would achieve some combination of high selectivity for an adsorbate
mixture that is of interest while simultaneously allowing rapid diffusion of the mixture through
the pores.

14.1. Separation of Olefin/Paraffin Mixtures. Olefins, especially the high-value
chemicals ethylene and propylene, are ubiquitous in the synthesis of plastics. During production,
small olefins are produced as a mixture with the corresponding paraffins. Separations of several
of these mixtures are some of the most energy-intensive processes that humans conduct,
requiring very large distillation columns and energy inputs. All distillation-based separations in
total use nearly 8% of the United States’ total energy consumption annually,” of which
olefin/paraffin separations is a major component. Adsorptive-based separations of olefin/paraffin
mixtures provide a much more energy-efficient alternative. For example, a previous study on
olefin/paraffin separations in the open metal site-containing MOF Fe,(dobdc) showed TAST
selectivities as high as 18 for equimolar ethylene/ethane and 15 for equimolar propylene/propane
at 318 K.* Further studies demonstrated that the Fe,(dobdc) analog has the highest selectivity
among the M,(dobdc) series for ethylene/ethane and the second highest, to Mn,(dobdc), for
propylene/propane.™
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Figure 1.5. Relative energy consumption of industrial separations in the United
States.” The three bars in red are all thermally-driven separations and account for
approximately 80% of energy used on industrial separations; replacing these with
physical separations, such as adsorption, would provide significant energy
savings.

14.2. Separation of Xylene Isomers (C; Alkylaromatics). Another hydrocarbon
separation of great importance to the chemical industry is that of xylene isomer mixtures, o-, m-,
and p-xylene as well as ethylbenzene, in approximately a 1:2:1:1 ratio, respectively. The p-
xylene isomer especially is in high demand; in 2008, production of this isomer was 33.0 Mt,
accounting for 84% of total xylenes production. This p-xylene was primarily used as a precursor
in the production of terephthalic acid for the synthesis of polyesters and polyamides. While
ethylbenzene is also heavily produced for the production of polystyrenes, production of this
isomer is almost exclusively from the reaction of ethylene and benzene and not from separation
out of this mixture. Since the feed composition does not match demand, separation of this
mixture must occur to primarily obtain p-xylene, with the majority of the remaining portion
being reisomerized to equilibrium. MOFs have been studied for this separation previously,
including MIL-47 (V(O)(bdc); bdc> = 14-benzenedicarboxylate)*”” and MIL-53-M
(M(OH)(bdc); M = Al, Fe).”® These materials completed the separation of the xylenes mixtures
through the use of differences in the isomer packing and adsorbate-adsorbate interactions.
Another study in Niy(dobdc) showed separation of binary mixtures of xylenes, but a full
understanding of the mechanism behind the separation was not developed.” Finding other porous
materials capable of the separation of these components could be advantageous to the chemical
industry.



Table 1.2. A summary of the properties of the components in the Cg
alkylaromatics (xylenes plus ethylbenzene) mixture.

Name o-xylene m-xylene p-xylene  ethylbenzene
Annual Production (Mt) 3.6 04 33 24.7
Boiling Point (°C) 1444 139.2 138.4 136.2

1.4.3. Separation of Acetylene/Ethylene. Another hydrocarbon separation of interest is that
of the separation of acetylene (C,H,) from ethylene (C,H,). Practical uses of this separation
revolve around the separation of trace amounts of acetylene from ethylene prior to
polymerization in order to avoid poisoning of polymerization catalysts via acetylene binding.
Furthermore, adsorptive-based separations of this mixture are of academic interest due to the
relatively similar properties of these two gases, including their electronic unsaturation and
similar kinetic diameter. Several studies have explored this separation, primarily based on small-
pore MOFs that complete the separation based on packing differences between the two
molecules. For example, one member of the SIFSIX (SIFSIX = hexafluorosilicate, SiF,”") family
of metal-organic frameworks, SIFSIX-2-Cu-i (2 = 4,4’-dipyridylacetylene; i = interpenetrated),
shows selectivities for binding acetylene over ethylene exceeding 40 for various
acetylene/ethylene molar ratios.”” Metal-organic frameworks with coordinatively unsaturated
metal centers, such as Fe,(dobdc), typically perform poorly in this separation due to the similar
strengths of interaction that the unsaturated acetylene and ethylene have with the open metal
coordination sites.” The study of this particular separation in porous materials has been limited
in scope, however, and further efforts are warranted to develop new strategies for completing this
separation.
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Chapter 2: M,(m-dobdc) (M = Mg, Mn, Fe, Co Ni) Metal-Organic Frameworks
Exhibiting Increased Charge Density and Enhanced H, Binding at the Open Metal Sites

2.1. Introduction

Metal-organic frameworks are a well-known class of porous materials comprised of
inorganic units bridged by coordinating organic linkers. In addition to possessing high internal
surface areas, their physical and chemical properties can be tuned for specific applications by
judicious choice of the metal center and organic ligand. These properties lead to applications in
storing and separating gases, in which it is particularly important to have precise control over the
strength and specificity of interactions between the pore surface and various potential
adsorbates.' Indeed, strong adsorption sites are often installed on the pore surface in order to
attract specific gas molecules selectively for separation applications or to increase the density of
gas molecules present for storage applications.'™"*

Exposed metal cations represent an important example of strong adsorption sites that have
been realized in many metal-organic frameworks.’ These Lewis acidic sites, which are typically
formed by removing metal-coordinated solvent molecules upon heating under reduced pressure,
are highly polarizing and have strong interactions with many small gas molecules.”* For
example, the well-established M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Cu, Zn; dobdc* = 2,5-
dioxido-1,4-benzenedicarboxylate) structure type, also known as M-MOF-74, CPO-27-M, or
M,(dhtp),’ contains a high density of exposed metal cations and is especially promising for the
storage of a wide variety of gases. As a result of its compact, highly charged tetraanionic linker,
this framework is endowed with an exceptionally high density of open metal coordination sites,
which are the primary binding sites for small gas molecules such as H,, CH,, C,H,, and CO,.
Consequently, M,(dobdc) frameworks have been investigated for numerous potential
applications involving gas adsorption, including H, storage,**° methane storage,””’ CO,
capture,® and hydrocarbon separations."” All of these applications take advantage of strong
interactions between gas molecules and exposed metal cations.

Discovering new frameworks with a high density of open metal coordination sites is not
trivial, as it is difficult to predict what topologies will form with partial solvation of the metal
nodes and will then further be amenable to desolvation. Rather, selectively tuning the most
promising of the numerous existing frameworks by altering the linker, the metal, or both
provides a viable strategy for developing promising new adsorbents. Since the M,(dobdc) series
of frameworks has high chemical and thermal stability® '’ and has been shown to be outstanding
for binding a high capacity of small gas molecules, we hoped to modify this framework by
tuning the electronics of the exposed metal cations, which should subsequently tune the affinity
for different gas molecules. For example, the binding of H, or CH, might be enhanced by
increasing the positive charge density at the metal cation site, thus increasing its ability to
polarize and bind adsorbing gas molecules more strongly. Furthermore, M,(dobdc) offers the
advantage of being an isostructural series of frameworks that can be formed with a variety of
metals, thereby offering an additional level of control for tuning the framework for specific
interactions. Based on the high density of exposed metal cations, isostructural nature of the these
frameworks, and thermal stability, a combination of properties that is not paralleled by any other
structure type, M,(dobdc) provides an ideal platform for exploring the tunability of metal-
organic frameworks to strengthen framework—gas interactions.
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This chapter outlines the synthesis of a structural isomer of the M,(dobdc) framework,
which will be referred to as M,(m-dobdc) (m-dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate).
Rather than having para carboxylic acid functionalities and para hydroxyl substituents, as in the
regular H,dobdc linker, H,(m-dobdc) has meta carboxylic acid groups and meta hydroxyl
substituents. The H,(m-dobdc) linker was targeted due to its ease of synthesis and potentially
low cost. Indeed, a solvent-free Kolbe-Schmitt reaction to produce H,(m-dobdc) using only
resorcinol, KHCO,, and CO, is efficient and inexpensive. In spite of this linker isomerism, it is
still possible to form a framework with a similar overall structure, replete with one-dimensional
hexagonal channels and a high density of open metal coordination sites. This structural
isomerism takes advantage of the fact that M,(dobdc) frameworks have multiple types of
coordinating functional groups in the linker, which is a rarity among most well-known metal-
organic frameworks.

The resulting new framework has subtle differences in the electronic structure of the ligand
and overall connectivity as compared to the M,(dobdc) framework, which might be expected to
influence interactions with small gas molecules by changing the local environment around the
open metal coordination sites. Isomers of metal-organic frameworks are known and primarily
derive from what are termed ‘“framework isomers.” The structure of M,(m-dobdc), however, is
an example of a ligand-originated isomer." Relatedly, a recent M,(dobdc) analogue was
synthesized with thiols rather than phenols,'”” but a purely structural isomer of M,(dobdc) has
never before been synthesized.

Here, H, adsorption is used as a probe to determine whether this new framework exhibits
enhanced gas adsorption properties. The choice of H, as a probe molecule originates from its
simplicity, low polarizability, and potential use as a clean, renewable fuel **'* Through the use of
H, adsorption isotherms, powder neutron diffraction, inelastic neutron scattering, infrared
spectroscopy, and first-principles electronic structure calculations, we provide a careful
comparison of the differences between M,(dobdc) and M,(m-dobdc) that contribute to the
differences in their H, adsorption properties.

2.2. Experimental

2.2.1. General Considerations. Methanol was purchased from commercial vendors, further
dried over molecular sieves, and deoxygenated by purging with N,. All other reagents were
purchased from commercial vendors and used without further purification, unless otherwise
noted.

2.2.2. Synthesis of H,(m-dobdc). Resorcinol (1,3-dihydroxybenzene; 37.6 g, 0.341 mol)
was pulverized and dried under vacuum. KHCO, (100 g, 0.99 mmol) was separately pulverized
and dried under reduced pressure. The two powders were mixed together thoroughly and placed
in a glass jar, which was sealed in a Parr reaction bomb equipped with an internal thermocouple
and a pressure gauge. The reaction bomb was evacuated under vacuum and then CO, was dosed
to a pressure of 40 bar. The bomb was heated to 250 °C (as measured by the internal
thermocouple) in a sand bath for 24 h and then slowly cooled to room temperature. The pressure
was vented and 1 L of water was added to the solid, which was broken up mechanically and the
mixture was sonicated. The resulting suspension was filtered, and the filtrate was acidified with
12 M HCI until a pH < 2 was achieved and a white solid had precipitated. This solid was
collected by filtration and dried in air to yield 53.2 g (79 %) of product. 'H NMR (400 MHz,
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DMSO-d,) 8 9.22 (br, 4H), 8.28 (s, 1H), 6.22 (s, 1H); "C NMR (400 MHz, DMSO-d,) 4 172.0,
167.7,134.3,107.3, 103.0.

2.2.3. Synthesis of M,(m-dobdc) (M = Mn, Fe, Co, Ni). Anhydrous MCl, (3.0 mmol) and
H,(m-dobdc) (240 mg, 1.2 mmol) were added to 80 mL of a mixed solvent (x% MeOH by
volume in dimethylformamide (DMF), where for Mn, x = 15; Fe, x = 15; Co, x = 50; Ni, x = 35)
in a nitrogen-filled glove box for M = Mn, Fe and in air for M = Co, Ni. The solution was
dispensed into eight 20-mL scintillation vials, which were each sealed with a PTFE-lined cap
and heated at 120 °C for 18 h. The resulting solid from each vial was combined, submerged in
20 mL of DMF, and heated at 70 °C for 24 h. The DMF was decanted and replaced with 20 mL
of methanol. The resulting suspension was heated at 70 °C for 4 days, during which time the
methanol was replaced every 24 h. The material was activated by heating it at 150 °C under
dynamic vacuum on a Schlenk line for 12 h, followed by further activation of a small amount of
the sample by heating the solid under dynamic vacuum (<10 pgbar) at 180 °C (160 °C for Fe,(m-
dobdc) for 24 h at a ramp rate of 0.5 °C/min. It should be noted that larger scale syntheses of
Co,(m-dobdc) and Ni,(m-dobdc) were also accomplished with no loss in crystallinity or surface
area by stirring at room temperature in a round-bottom flask equipped with a reflux condenser at
a concentration of 20.2 mmol H,(m-dobdc) and 50.5 mmol MCIl, (M = Co, Ni) in 1250 mL
solvent. Times and temperatures were identical to the small-scale synthesis, but 200 mL of
solvent was used for each exchange.

Mn,(m-dobdc): Synthesis yielded a pink solid that remained pink upon evacuation. IR
(neat): 1602 (s), 1547 (s), 1486 (m), 1454 (m), 1387 (s), 1338 (m), 1284 (s), 1172 (s), 1088 (w),
884 (w), 866 (w), 729 (m), 659 (w), 626 (s); Anal. Calcd for Mn,CH,O,: C, 31.61; H, 0.66.
Found: C, 31.68; H, 0.74.

Fe,(m-dobdc): Synthesis yielded a beige powder that turned brown upon evacuation. IR
(neat): 1605 (m), 1544 (s), 1488 (m), 1453 (m), 1392 (s), 1288 (s), 1164 (s), 1090 (w), 889 (w),
868 (w), 836 (w), 813 (w), 791 (w), 775 (w), 735 (m), 699 (m), 663 (w), 629 (s); Anal. Calcd for
CH,Fe,O,: C,31.42; H, 0.66. Found: C, 31.77; H, 0.98.

Co,(m-dobdc): Synthesis yielded a pink solid that turned deep purple upon evacuation. IR
(neat): 1600 (s), 1555 (s), 1484 (m), 1451 (m), 1390 (s), 1345 (w), 1284 (s), 1167 (s), 1088 (w),
886 (w), 869 (w), 736 (m), 629 (s); Anal. Caled for C4H,Co,04: C, 30.80; H, 0.65. Found: C,
31.60; H, 0.68.

Ni,(m-dobdc): Synthesis yielded a green solid that turned a dark yellow-brown upon
evacuation. IR (neat): 1600 (m), 1555 (s) 1489 (w), 1449 (m), 1381 (s), 1342 (m), 1285 (s), 1168
(s), 1088 (w), 1012 (w), 871 (w), 741 (m), 631 (m); Anal. Calcd for C;H,Ni,O4: C, 30.85; H,
0.65. Found: C, 31.26; H, 0.60.

2.24. Synthesis of Mg,(m-dobdc). This compound was synthesized in air in a round-
bottom flask by adding 300 mg of Mg(NO,),:6H,0 and 93 mg of H,(m-dobdc) to 14 mL MeOH
in 31 mL DMF and stirring at 120 °C for 8 h, then filtering off the resulting solid.

2.2.5. Physical Measurements. Thermogravimetric analyses were carried out at a ramp rate
of 2 °C/min under a 25 mL/min N, flow with a TA Instruments TGA Q5000. Infrared spectra
were collected on a Perkin-Elmer Avance Spectrum 400 FTIR spectrometer equipped with a
Pike attenuated total reflectance (ATR) accessory. Diffraction data were collected with 0.02°
steps using a Bruker AXS D8 Advance diffractometer equipped with Cu-Ka radiation (A =
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1.5418 A), a Gobel mirror, a Lynxeye linear position-sensitive director, and mounting the
following optics: fixed divergence slit (0.6 mm), receiving slit (3 mm), and secondary beam
Soller slits (2.5°). The generator was set at 40 kV and 40 mA. Samples were either loaded on
zero background sample holders or packed into air-free capillaries in a nitrogen-filled glove box
and mounted using a capillary stage. Elemental analyses were obtained from the Microanalytical
Laboratory of the University of California, Berkeley.

2.2.6. Gas Adsorption Measurements. Gas adsorption isotherms for pressures in the range
0-1.2 bar were measured using a volumetric method using either a Micromeritics ASAP2020 or
ASAP2420 instrument. Samples were transferred under a dinitrogen atmosphere to preweighed
analysis tubes, then capped with a Transeal. The samples were evacuated at elevated temperature
until the outgas rate was less than 1 ubar/min, at which point the tube was weighed to determine
the mass of the activated sample, which was typically 50-200 mg. The tube was transferred to
the analysis port of the instrument and the outgas rate was again checked to ensure that it was
less than 1 ubar/min. UHP-grade (99.999% purity) N,, H,, and He were used for all adsorption
measurements. For all isotherms, warm and cold free spaces were measured using He; N, and H,
isotherms at 77 K and 87 K were measured in liquid nitrogen and liquid argon baths,
respectively. Oil-free vacuum pumps and oil-free pressure regulators were used for all
measurements. Brunauer-Emmett-Teller (BET) and Langmuir surface areas were determined
from N, adsorption data at 77 K using Micromeritics software.

The dual-site Langmuir-Freundlich expression (Equation 1) was used to independently fit
the combined isotherm data at 77 K and 87 K for Mn,(m-dobdc), Fe,(m-dobdc), and Co,(m-
dobdc), where n is the amount adsorbed (mmol/g), q, is the saturation loading for site A or B
(mmol/g), b is the Langmuir parameter associated with either site A or B (bar™), p is the
pressure, and v is a constant.

n= Qsat,AbAPi/VA + CImt,BbeVVB
1+b,p™  1+byp™ )

This equation provides the best fit for adsorption in metal-organic frameworks with exposed
metal sites and is accurate at both low- and high-pressure extremes; the fits given are generally
much better than those using the virial method." It should be noted that the Téth equation was
also explored for fitting isotherms based on a report that it was more accurate at extreme
pressures,'* but essentially equivalently accurate fits were found.

The Ni,(m-dobdc) and Ni,(dobdc) data were fit with the tri-site Langmuir expression
(Equation 2). The data at 77 K and 87 K was fit simultaneously for each sample, respectively.
This fitting method was necessary to find a quality fit due to the extreme steepness in the low-
pressure regime of the isotherm data, which led to inadequate fits with the dual-site Langmuir-
Freundlich expression being fit at each temperature independently. In the Langmuir expression,
., 18 the saturation loading for site A, B, or C (mmol/g), b is the Langmuir parameter associated
with site A, B, or C (bar™), and p is the pressure. The value for b is calculated per equation 3.

— dsat,AbAD dsat,BPBP | dsatcbcp (2)
1+byP 1+bpgp 1+bcp
—E
b = byert 3)
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The equation was fit using the statistical software package of OriginPro 8. The quality of
fits was determined by comparing the adjusted R* and residual sum of squares values, as well as
by visual inspection. Wolfram Mathematica 7 was then used to create a series of data points
corresponding to points on the fit curve. The isosteric heat of adsorption Q, was then calculated
using the data points from Mathematica for both the 77 K and 87 K isotherms using the
Clausius-Clapeyron relation (Equation 4) at equivalent loadings (n, mmol/g). Q,, is the isosteric
heat of adsorption (kJ/mol), R is the gas constant (L*bar/[mol*K]), and P is the pressure at a
given n at either T, (87 K) or T, (77 K).

R[ln(PTz)_ln(PTz)]

Qst =~ “)

T, 1-171

2.2.7. Powder Neutron and X-ray Diffraction Experiments. Neutron powder diffraction
(NPD) experiments were carried out on 0.8358, 0.9567, and 0.9702 g activated Co,(m-dobdc),
Ni,(m-dobdc), and Co,(dobdc) samples respectively, using the high-resolution neutron powder
diffractometer, BT1, at the National Institute of Standards and Technology Center for Neutron
Research (NCNR). The samples were placed in a He purged glove box and loaded into a
vanadium sample can equipped with a valve for gas loading, 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 2.078 A. The samples were loaded onto bottom-loading closed
cycle refrigerators and initial data collected on the activated Co,(m-dobdc) and Ni,(m-dobdc)
frameworks at 10 K. As part of the initial structure solution, x-ray diffraction (XRD)
measurements were carried out on 12.8 mg of Co,(m-dobdc) at the Advanced Photon Source
(APS) on the 17-BM materials diffractometer (A=0.7291 A) at 298 K. The activated Co,(m-
dobdc) sample was transferred into quartz capillary in a He purged glovebox and wax sealed for
the X-ray measurements. For comparison of the D, structural dependence on ligand connectivity,
Co,(dobdc) and Co,(m-dobdc) were each individually connected to a gas manifold of known
volume and exposed to a known dose, approximately 0.75 and 2.25 D, per Co**, at 100 K
(refined composition given in Tables 2.S12-2.S14, 2.519). Both samples were slow cooled from
100 K to 10 K to ensure full equilibration and complete adsorption, as evidenced by a zero
pressure reading on the barometer by 25 K, for data collection. Further D, structural data was
collected on Co,(m-dobdc) and Ni,(m-dobdc) as a function of dose with final loadings of 0.75,
1.25,1.5,1.75,2.0,2.25,and 3.0 D, per Co** and 1.0, 2.0, and 3.0 D, per Ni**. Structural data for
H, was measured on Co,(m-dobdc) at a loading of 0.7 H, per Co*. Refined compositions are
given in Tables 2.S12 and 2.S15-2.S20 (Co) and Tables 2.521-2.523 (Ni).

The structure solution for Co,(m-dobdc) was completed from both neutron and X-ray
diffraction data. The X-ray powder pattern for Co,(m-dobdc) indexed to R3 with lattice
parameters of approximately a = 25.89 A and ¢ = 6.76 A using the GSASII software program.'®
The FOX crystallographic software program was used to perform ab initio structure solution by
simulated annealing algorithms from the powder X-ray data using the indexed lattice constants
and space group and inputting stoichiometric quantities of metal ions and m-dobdc ligand into
the unit cell.'® The m-dobdc ligand was fixed as a rigid body with the carboxyl group coplanar
with the benzene ring. Initial attempts at solving the structure by simulated annealing confined in
the R3 space group were unsuccessful, however, after consideration of how the dobdc ligand has
a rotoinversion axis (R—3) versus the potential for a mirror plane in the m-dobdc, the space group
was amended to R3m. Simulated annealing of the X-ray data resulted in a general connectivity
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resembling hexagonal channels with cobalt ions in the vertices at slightly exaggerated distances
and angles from reality. The overall connectivity and ligand orientation for Co,(m-dobdc) was
determined from a full Rietveld analysis of the neutron and X-ray diffraction data as
implemented in EXPGUI/GSAS." The structure solution from Co,(m-dobdc) was used as the
basis for the solution of the Ni,(m-dobdc) NPD data by Rietveld refinement. For the gas dosed
refinements, the starting model for the activated Co,(dobdc) framework was taken from our
previous data on the bare material."*" Fourier difference methods were employed to locate the
adsorbed D, molecules in both Co,(dobdc) and Co,(m-dobdc). A dose of 0.75 D, per Co** was
chosen to provide clarity in the structure model for the active site in eliminating potential D,
intermolecular interactions based on previous knowledge of adsorption in M,(dobdc). A
secondary dose of 2.25 D, per Co** was chosen for direct comparison with our previous
results.”*" In all instances, the atomic positions and isotropic atomic displacement parameters
(ADPs) left free to refine during the analysis process after first accounting for a significant
portion of the excess D, scattering density via Fourier methods. In the refinement of the 2.0 and
3.0 per Co** data in Co,(m-dobdc), the primary deuterium site occupancy (D1) was fixed at fully
occupied 1.0 D, per Co* to better model the data. Refined values for D, occupancies are
presented with standard deviations for the 0.75, 1.25, 1.5, 1.75, and 2.25 D, per Co*" results. For
the 3.0 D, per Ni** data, the first three deuterium sites were fixed at fully occupied 1.0 D, at each
site to better model the data.

Unit cells were determined for all M,(m-dobdc) frameworks at room temperature by
performing an overnight scan in the 26 range of 4-65° with 0.02° steps using a Bruker AXS D8
Advance diffractometer equipped with CuKa radiation (. = 1.5418 A), a Lynxeye linear
position-sensitive detector, and mounting the following optics: Gobel mirror, fixed divergence
slit (0.6 mm), receiving slit (3 mm), and secondary beam Soller slits (2.5 °). The generator was
set at 40 kV and 40 mA. The unit cell for Fe,(m-dobdc) was determined from data collected at
the Advanced Photon Source 11-BM. A standard peak search, followed by indexing via the
Single Value Decomposition approach,” as implemented in TOPAS-Academic,” allowed the
determination of approximate unit cell dimensions. Precise unit cell dimensions were determined
by performing a structureless Le Bail refinement in TOPAS-Academic. Note that while the peak
positions of the Fe,(m-dobdc) powder pattern match those of the other M,(m-dobdc) analogues
(Figure S2), the quality of the diffraction data on this air-sensitive material were not of high
enough quality to determine precise unit cell dimensions.

2.2.8. Inelastic Neutron Scattering. Inelastic neutron scattering (INS) spectra were
collected using the Filter Analyzer Neutron Spectrometer (FANS)*at the NCNR on the same
samples used for the NPD experiments. Spectra were obtained at 7 K using the pyrolytic
graphite (002) monochromator and 20°-20’ collimation options. Data were first collected for the
bare framework, followed by data collection for the sample loaded with normal-H, (n-H,), which
contains a 3:1 mixture of ortho (0-H,) to para (p-H,), respectively. For Co,(m-dobdc), data were
collected at loadings of 0.33, 0.5, 1.0, 2.0, 3.0, and 4.0 n-H, molecules per Co atom, while for
Ni,(m-dobdc) data were collected at loadings of 0.67, 1.0, 2.0, 3.0, and 4.0 n-H, molecules per
Ni atom. Gas was loaded into the materials using the same methodology as described in the NPD
experiments. The spectra of the bare frameworks were subtracted from the spectra obtained from
the H, loaded samples and Gaussian peaks were fit to the rotational transitions using the DAVE
suite of programs.” Further measurements of the framework vibrational densities of states for
the activated Co,(m-dobdc) material were made to higher energies (35 meV to 160 meV) using
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the Cu(220) monochromator with 20’-20° collimation.

2.29. Infrared Spectroscopy. Infrared spectra were acquired using a Bomem DA3
Michelson interferometer equipped with a glowbar source, CaF, beamsplitter and a liquid
nitrogen cooled mercury-cadmium-telluride detector. A cutoff filter above 9000 cm™ was used to
prevent unwanted sample heating from the IR source. A custom-built diffuse reflectance
system®* with a sample chamber that allows both the temperature and atmosphere of the material
to be controlled was used for all experiments. Powder samples of the frameworks (~ 10 mg)
were transferred under inert atmosphere to a cup affixed to a copper slab providing thermal
contact to a cold-finger cryostat (Janis ST-300T). The sample temperature was monitored by a
Si-diode thermometer. Known quantities of H, gas were dispensed from a calibrated gas
manifold by monitoring the change in pressure.

2.2.10. DFT Calculations. Due to the extended nature of the M,(dobdc) and M,(m-dobdc)
structures, cluster modeling was completed on the linker of interest coordinated to a pair of Co
atoms bound to either end of the organic linker. To truncate the system, the ligating oxygen
atoms that are not part of the included linker were added as formaldehyde molecules in order to
conserve charge. The experimentally determined crystal structures were truncated as described
and frozen. The geometry of a hydrogen molecule bound to the frozen system based on neutron
diffraction data was then optimized. The range-separated, dispersion corrected functional
®B97X-D implemented in the electronic structure software Q-Chem® was used with an ultra
fine (99, 590) grid and a triple split-valence basis set with polarization (6-311G**).** A small
core Stuttgart-Born (SRSC) effective core potential is employed to model the core electrons of
the Co.” Binding is further analyzed using the ALMO EDA *® Charge transfer is accounted for
using the perturbative Roothaan step approach, which allows for assignment of forward and
backbonding energies as well as generation of complementary occupied-virtual orbital pairs
(COVPs)™ to visualize charge transfer.

2.3. Results and Discussion

2.3.1. Structural Characterization of M,(m-dobdc). A less expensive regioisomer of
H,dobdc was selected in order to form a framework with the same overall topology and a high
density of open sites as in M,(dobdc), but with potentially different local geometry and electronic
properties. After the synthesis of H,(m-dobdc) from resorcinol, it was possible to synthesize an
isostructural series of M,(m-dobdc) (M = Mg, Mn, Fe, Co, or Ni) frameworks (Figure 2.1)
exhibiting powder x-ray diffraction patterns (Figures 2.S1-2.S5) analogous to the respective
M,(dobdc) frameworks, indicating that the two series adopt similar structures.
Thermogravimetric analyses of the Co,(m-dobdc) and Ni,(m-dobdc) frameworks show initial
mass losses of 33% and 14%, respectively, indicative of volatilization of trapped solvent
molecules and thus porosity (Figure 2.S6a). After repeatedly washing each compound with
methanol to replace the metal-bound DMF, the frameworks were activated by heating under
dynamic vacuum at 180 °C. Thermogravimetric analysis of the activated frameworks indicated
that Mn,(m-dobdc) and Co,(m-dobdc) are stable to 250 °C and the Ni,(m-dobdc) is stable to 350
°C.
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Figure 2.1. Synthesis of H,(m-dobdc) and M,(m-dobdc), starting from the
inexpensive compound resorcinol.

To confirm that the M,(m-dobdc) frameworks are indeed structurally analogous to
M,(dobdc), powder x-ray and neutron diffraction experiments were used to solve the crystal
structure of Co,(m-dobdc) (Figure 2.2). Similar to Co,(dobdc), Co,(m-dobdc) possesses helical
chains of Co* centers running parallel to the crystallographic ¢ axis. Upon activation and
removal of a bound DMF molecule, each metal center is ligated by a combination of oxido and
carboxylate donors in a square pyramidal geometry, with open coordination sites directed into
the one-dimensional hexagonal channels of the framework. Based on the change in point group
symmetry of the linker from C,, in H,(dobdc) to C,, in H,(m-dobdc), a change in the space group
from R3 in Co,(dobdc) to R3m in Co,(m-dobdc) is observed.* Additional structural differences
between the two compounds are apparent.”” For instance, the orientation of the carboxylate
groups of the linker is changed, with the CO, unit twisting out of the plane of the aromatic ring
by approximately 12.5° in Co,(m-dobdc), as compared to just 3.5° in Co,(dobdc). Furthermore,
metal centers in Co,(m-dobdc) that face into the same pore align directly along the
crystallographic b axis, resulting in a Co-+Co separation of 14.9(1) A across the channels. In
Co,(dobdc), the metals are offset from each other by one third of a twist in the chain, leading to a
Co---Co separation of 15.24(8) A across the channels. A structureless Le Bail refinement of the
other M,(m-dobdc) (M = Mg, Mn, Fe, Ni) compounds afforded related unit cells, confirming that
the entire series is isostructural.

Figure 2.2. Crystal structure of Co,(m-dobdc) showing one-dimensional
hexagonal pores and helical metal chains.
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With such similar crystal structures, the surface areas would be expected to be similar for
the two types of frameworks. Indeed, a geometric approximation of the surface areas for Co,(m-
dobdc) and Co,(dobdc) predicts them to both be 1297 m*/g.* Low-pressure N, adsorption
isotherms collected at 77 K reveal type I isotherms characteristic of microporous solids for the
M, (m-dobdc) (M = Mn, Fe, Co, Ni) compounds (Figure 2.S11). Langmuir and BET surface areas
were calculated (Table 2.1) and in each case the results are comparable to those reported for
M, (dobdc).*****' Based on the similar framework structure, this indicates full evacuation of the
pores and complete desolvation of the framework. Furthermore, the Co,(m-dobdc) BET surface
area of 1264 m*/g is very close to the predicted surface area of 1297 m*/g from the geometric
calculations. Achieving complete activation of the Mg analogue has proven challenging and all
efforts have thus far resulted in materials with lower than expected surface areas. As a result, the
remaining data will focus only on the other four M,(m-dobdc) compounds.

Table 2.1. Langmuir and BET surface areas of the M,(dobdc) and M,(m-dobdc)
frameworks. The values for M,(dobdc) are from literature sources.

Mn4b,95 Fe4c C031a Ni31b
Langmuir (m?/g) 1797 1535 1432 1574

M,(dobdc) BET (m%/g) 1102 1360 1341
Langmuir (m*/g) 1741 1624 1504 1592
M,(m-dobdc) BET (m*/g) 1349 1295 1264 1321

2.3.2. H, Adsorption Isotherms. To probe the potentially modified electronic structures at
the open metal coordination sites, low-pressure H, adsorption isotherms were measured for the
four M,(m-dobdc) (M = Mn, Fe, Co, Ni) frameworks at 77 K and 87 K (Figures 2.520-2.S23).
As for the M,(dobdc) series,” Ni,(m-dobdc) has the greatest H, uptake at 77 K and 1 bar,
followed by Fe, Mn, and Co compounds, respectively. Although the M,(dobdc) frameworks have
a higher H, uptake at 1 bar, in the very low-pressure regime, Ni,(m-dobdc) has a significantly
higher uptake than Ni,(dobdc) at both 77 and 87 K (Figure 2.S27). This indicates that the
interaction of H, with the exposed Ni** cations ion the surface of Ni,(m-dobdc) is stronger than in
Ni,(dobdc); since these frameworks have about the same surface area, another effect must be
influencing the binding strength of H,.

Isosteric heats of H, adsorption were calculated in order to gain insight into this increased
low-pressure H, adsorption and confirm whether there is indeed a stronger interaction between
H, and the metal centers in the M,(m-dobdc) frameworks. In order to determine the isosteric heat
of adsorption (Q,) using the Clausius-Clapeyron relation, H, isotherm data at 77 and 87 K were
fit with either a dual-site Langmuir-Freundlich equation or a tri-site Langmuir equation. Similar
to M,(dobdc),* the isosteric heat of adsorption plots for M,(m-dobdc) imply a nearly constant H,
binding enthalpy until a loading of 0.7-0.8 H,/M**, followed by a sharp decrease as all exposed
metal cations become occupied and only weaker adsorption sites are available (Figure 2.3). The
inflection points range from ~0.75 H,/M in Co,(m-dobdc) to ~0.85 H,/M in Fe,(m-dobdc), which
corresponds with the fraction of metal sites available for H, binding. These values are
comparable to previously observed values for the M,(dobdc) series.”'
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Figure 2.3. H, isosteric heat of adsorption curves for the M,(m-dobdc) series of
frameworks, as a function of the amount adsorbed.

Increasing the binding enthalpy of H, in metal-organic frameworks is important for practical
applications, as a binding enthalpy of —15 to —20 kJ/mol is predicted to be optimal for the on-
board storage of H, at ambient temperatures.’” The low-coverage isosteric heats of adsorption of
Mn,(m-dobdc), Fe,(m-dobdc), Co,(m-dobdc), and Ni,(m-dobdc) are —10.3, —11.1, —11.6, and
—12.3 kJ/mol, respectively. This trend in binding enthalpies for H, is consistent with the Irving-
Williams series, which predicts that high-spin complexes increase in stability moving from
Group 7 to 10.”° The trend further mirrors that observed for H, binding within M,(dobdc)
frameworks (Table 2.2). Calculated isosteric heat of adsorption values are highly sensitive to the
fitting equation used, the temperatures at which data is collected and the quality of the fits. Given
this, the values for the M,(dobdc) series were calculated from isotherms collected in this work
(except Fe,(dobdc), which was previously reported by our group and fit using the same method*)
in order to maintain consistency in the collected isotherms and the manner in which they are fit.
These values all agree with the literature values for the M,(dobdc) series except for Ni,(dobdc),
which we found to be 1 kJ/mol less than the literature value of —12.9 kJ/mol.** This discrepancy
most likely arises from a difference in data collection, isotherm temperatures, and equation used
to fit the data. Consequently, our data that was collected and fit in the same manner as the M,(m-
dobdc) data presented here is used for comparison. Importantly, the isosteric heats of adsorption
for the M,(m-dobdc) compounds are, on average, ~1.0 kJ/mol stronger than in the corresponding
M,(dobdc) frameworks (Table 2.2) and are as much as 1.5 kJ/mol stronger in the case of Mn,
which also has the largest percent increase (17%) in binding enthalpy.

Table 2.2. Zero-coverage H, isosteric heat of adsorption values for each metal in
the M,(dobdc) and M,(m-dobdc) frameworks.
Mn Fe Co Ni
M,(dobdc) -8.8 -97 -108 -119
M,(m-dobdc) -103 -11.1 -115 -12.3

21



2.3.3. Powder Neutron Diffraction. In an effort to understand further why the M,(m-
dobdc) frameworks show higher H, binding enthalpies than the structurally similar M,(dobdc),
neutron diffraction experiments were performed on microcrystalline powder samples dosed with
precise quantities of D,. Data were collected upon successively dosing the evacuated Co,(m-
dobdc) and Ni,(m-dobdc) samples with loadings ranging from 0.75 to 3.0 D, molecules per metal
center and cooling to 10 K. Based on previous results for M,(dobdc) frameworks,” as well as the
isosteric heats of adsorption for M,(m-dobdc) that begin to decrease at loadings near 1 H,/metal,
it was anticipated that the open metal coordination site would provide the primary hydrogen
binding site. Indeed, this site, designated site I, was found to be the only D, binding site in
Co,(m-dobdc) at the lowest loading of 0.75 D, per Co** (Figure 2.4a). The center of the D,
electron density was observed to be at a separation of 2.23(5) A from the metal center, closer
than the 2.32(2) A found for Co,(dobdc) at the same loading (Tables 2.S12-2.513), which is
further confirmation that the hydrogen binds more strongly to the open metal sites within the
meta framework. The same binding site is apparent in Ni,(m-dobdc), with a comparable M---D,
distance of 2.18(4) A at a loading of 1.0 D, per Ni**, which is within error of the distance of
2.201(1) A observed for Ni,(dobdc) at 4 K >*

Figure 2.4. Partial crystal structures at 10 K of Co,(m-dobdc) showing a) the
primary binding site (site I) on the open metal site; b) binding site II interacting
with the D, in site I; ¢) binding site III on the aromatic ring in the linker; and d)
binding site IV, interacting with the D, in site III. Purple gray, red, and white
spheres represent Co, C, O, and H atoms, respectively. Yellow and orange spheres
represent D, molecules.
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Increasing the D, loading in Co,(m-dobdc) revealed several secondary binding sites. At a
loading of 1.25 D, per metal, a second binding site (site II) adjacent to the primary site becomes
populated (Figure 2.4b). This can be attributed to a D,--D, interaction based on a short D,-D,
separation of 2.88(4) A, combined with a D,+O interaction occurring at a separation of 3.28(6)
A from the nearest framework oxygen atom. Site II is in a similar location to the secondary
binding sites observed in Co,(dobdc) and Mg,(dobdc),* whereby the second bound D, appears to
rely on D, D, interactions in all cases. The site I to site II D,-D, separation, however, of
3.05(2) A in Co,(m-dobdc) at a loading of 2.25 D, per metal is significantly shorter than the
3.16(2) A observed at the same loading in Co,(dobdc) or the 3.16(8) A arising for a similar
loading of 1.2 D, per metal in Mg,(dobdc). This closer site I to site II separation in Co,(m-dobdc)
is most likely a polarization effect, as the more strongly bound D, residing at site I has a larger
induced dipole, leading to a stronger interaction with a D, molecule adsorbed at site II.

2.34. Inelastic Neutron Scattering. Inelastic neutron scattering (INS) experiments were
carried out to probe the site-specific binding properties of H,. Data for various loadings of H,
after subtraction of the spectra for the evacuated materials are shown in Figure 2.5. At loadings
up to and including 1.0 n-H, (corresponding to a 3:1 ortho-H,:para-H, ratio) molecule per metal
atom, two low-energy rotational lines are apparent at 7.8(1) and 9.5(1) meV for Co,(m-dobdc)
and 7.5(1) and 9.3(1) meV for Ni,(m-dobdc). These features are similar to those observed in INS
spectra for several compounds in the M,(dobdc) series at low loadings, and have been assigned
to transitions occurring from the J = O state to sublevels of the split J = 1 rotational state for
initial H, molecules adsorbed at the metal centers.** "' This assignment has been confirmed
through correlation with neutron diffraction and DFT calculations.” Presumably, there is also a
higher-energy transition, not collected within this current data range, as seen in the M,(dobdc)
series. The splitting between the low energy peaks of approximately 1.6 meV for both Co,(m-
dobdc) and Ni,(m-dobdc) is smaller than that observed for any of the M,(dobdc) materials. The
position of the first peak is at higher energies than that of the first peak of the M,(dobdc)
frameworks (except for the Zn analogue), and the position of the second peak is at lower
energies than is observed for all the M,(dobdc) compounds. The energy splitting of these peaks
has been previously shown to have no correlation with the binding strength of H, at the open
metal site.*
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Figure 2.5. INS data for Co,(m-dobdc) (left) and Ni,(m-dobdc) (right) at loadings
of 0.33 (black), 0.50 (dark green), 0.67 (light green), 1.0 (red), 2.0 (blue), 3.0
(yellow), and 4.0 (purple) n-H, molecules per metal atom. Data are shown after
subtraction of the spectrum of the evacuated framework and offset for clarity.
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At loadings above 0.75 H, molecules per metal, as sites II-IV begin to populate, the
additional H, molecules affect the rotational potential for H, molecules at site 1. This adjusts the
rotational energy level, resulting in a shift of the first peak to lower energies and the second peak
to higher energies. These peak shifts are similar to those observed for the M,(dobdc)
frameworks, with magnitudes of approximately 0.7 meV for Co,(m-dobdc) and 0.5 meV for
Ni,(m-dobdc), though much less than the 1.4 meV shift observed for Fe,(dobdc).* Adsorption of
H, at the secondary sites also results in a significant increase in the area of the peak at 9 meV and
appearance of features near 12 and 15 meV as a new subset of rotational levels associated with
the rotationally hindered second adsorption site. Transitions in this energy range are also
observed in spectra reported for higher loadings of the M,(dobdc) materials, indicating the
similarity in adsorption potentials at these secondary sites.**

2.3.5. Infrared Spectra. Infrared Spectra. Since the higher binding enthalpies and low-
coverage H, uptake cannot reasonably be attributed to a significant change in the macrostructure
of the framework, infrared spectroscopy was used to further probe the binding of H, at the open
metal coordination sites. The vibrational frequency of adsorbed H, is almost always lower than
that of the molecule in the gas phase (4161 cm™), and it is now well established that for metal-
organic frameworks, there is a strong correlation between the magnitude of the frequency shift
and the binding energy at a particular site.”” A comparison of the H, vibrational frequencies is
shown at two different H, loadings for Ni,(m-dobdc), Ni,(dobdc), Co,(m-dobdc), and Co,(dobdc)
(Figure 2.6) and for Mn,(m-dobdc) and Mn,(dobdc) (Figure 2.S45). At this temperature, the pure
vibrational part of the spectrum consists of an ortho-para pair that is separated by just 6 cm™ in
the gas phase. The peak near 4025 cm™ in each spectrum corresponds to the H, bound to the
open metal site.

—2.0 H2/metal
—0.5 H2/metal

Niz(m-dobdc) A

Co,(m-dobdc) ¢< }_

Absorbance (a.u.)

Co,(dobdc)

4160 41'20 40180 40'40 40100

Wavenumber (cm_1)
Figure 2.6. Comparison of the IR spectra of Ni,(m-dobdc), Ni,(dobdc), Co,(m-
dobdc), and Co,(dobdc) at two different concentrations. The right peak shows the
H, bound to the open metal site and the left peak shows the H, bound to the
secondary adsorption sites. Spectra are offset for clarity.
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In each case, the spectra for loadings of 0.5 H, molecules per metal, which are known to
arise purely from H, bound to the open metal site, show a greater frequency shift for the Co,(m-
dobdc) and Ni,(m-dobdc) than for Co,(dobdc) or Ni,(dobdc). This shift is consistent with the
stronger H, binding observed in the M,(m-dobdc) frameworks based on equilibrium adsorption
isotherms and neutron diffraction studies. Upon further loading, the secondary adsorption sites
begin to be populated, which is evidenced by a second peak that grows in around 4125 cm™. The
energy of the peaks associated with the secondary sites is very similar to those seen for
M,(dobdc), consistent with the INS transitions for H, bound to the secondary sites, which were
also similar between M,(m-dobdc) and M,(dobdc) compounds. This supports our hypothesis that
the electronic structure at the metal center is significantly altered with the m-dobdc™ linker,
leading to a higher initial isosteric heat of adsorption, while the secondary sites in M,(m-dobdc)
and M,(dobdc) are similar in binding potential due to structural similarities between the two
frameworks. Furthermore, a consistent shift in the frequency for the metal-adsorbed H,
molecules as a function of concentration is seen for both the Co,(m-dobdc) and Ni,(m-dobdc)
samples, although not to the same degree in the Mn,(m-dobdc) sample. These concentration
shifts have previously been attributed to H, --H, interactions, and it is interesting to note that the
shifts seem largely unaffected by the change in linker. Furthermore, these shifts correlate well
with the shifts seen in rotational potential as the secondary binding sites are populated in the INS
data shown in Figure 2.5.

Variable-temperature infrared spectroscopy is a standard technique for establishing the
enthalpy of adsorption at a particular site.”® Figure 2.7 shows the spectra obtained for H, in
Co,(m-dobdc) while lowering the sample temperature from 142 to 75 K. In each case, the initial
H, pressure for the system was set such that only the open metal site was occupied over the full
temperature range. The fractional occupancy is then determined by the ratio of the area under the
infrared band to that observed at complete saturation. The inset in Figure 2.7 shows the van’t
Hoff relationship plot used to extract both the enthalpy and entropy change upon adsorption.
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Figure 2.7. Variable temperature infrared spectra of Co,(m-dobdc). The inset
shows the van’t Hoff plot that is used to extract the enthalpy and entropy change
in H, upon adsorption to the open metal site.
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The data obtained in this way for the different materials are summarized in Table 2.3. The
slopes extracted from the van’t Hoff plots are sensitive to small variations in the maximum
saturation area; as such, an error on the order of 0.5 kJ/mol is estimated. Even with these
limitations, the data is consistent with the calculated isosteric heats of adsorption from the H,
adsorption isotherms, showing an enthalpy increase from Mn to Co to Ni. More importantly,
these infrared spectroscopy-based heat of adsorption values are about 1.4 kJ/mol larger than
those calculated for their respective M,(dobdc) counterparts from similar infrared experiments.
The binding enthalpy of —13.7 kJ/mol in Ni,(m-dobdc) is among the highest reported H, binding
enthalpies in a metal-organic framework to date. This is consistent with the trends observed
using values calculated from H, adsorption isotherms. We further note that the measured large
entropy changes are consistent with previous studies, in which a strong correlation between the
enthalpy and entropy change of the bound hydrogen in different metal-organic frameworks was
observed.” Overall, the redshift seen in the infrared spectra for the adsorbed H, in M,(m-dobdc)
as compared to M,(dobdc) indicates that the H, is more strongly bound and the variable-
temperature data confirms the increased binding enthalpies seen from the H, adsorption data.

Table 2.3. Entropy and enthalpy values extracted from variable temperature
infrared spectra of M,(dobdc) and M,(m-dobdc) (M** = Mn, Co, Ni).

M, (dobdc) M, (m-dobdc)
M  SU/molK)  H&/mol)  S@molK)  H (kJ/mol)
Mn — — 135 ~105
Co 136 ~107 ~147 ~12.1
Ni 148 ~123 ~147 ~137

2.3.6. Electronic Structure Calculations. Density functional theory (DFT) was used to
examine the differences in the electronic structures at the open metal sites by using
representative complexes to model the M,(dobdc) and M,(m-dobdc) frameworks. DFT has
shown itself to be a fairly robust method for modeling chemical systems; its major failings, self-
interaction error and lack of dispersion interactions,” are well-known and can be corrected for by
using appropriate functionals that account for these failings, namely range-separation and
explicit dispersion correction.*' Previously, the ®B97X-D** functional was shown to accurately
model H, binding in metal-organic frameworks."

Modeling M,(dobdc)-type frameworks accurately with electronic structure theory is
challenging because fragmenting the structure at any point will lead to the neglect of important
interactions from the chains formed by the M** ions. In an attempt to understand the nature of the
differences in hydrogen binding between M,(dobdc) and M,(m-dobdc), some accuracy in the
calculated energetics is sacrificed in order to learn relevant information about the differences
between the two systems. In this vein, our modeling focused on the linker of interest coordinated
to two Co”" centers; the remaining ligands on each Co®* ion were truncated as formaldehyde
molecules in order to maintain charge balance. Since the key open coordination site for each Co**
center in the framework is enforced by constraints on the ligands imposed by the macrostructure
of the framework, which could not be explicitly included in our model, an unconstrained
optimized geometry of the model would not actually reflect the structural properties of the
framework in question. Thus, the geometry of the linker complex was taken from the
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experimentally determined crystal structure of the framework and subsequently frozen before the
interaction with H, was optimized. Furthermore, the Co---H, distance was taken from the neutron
diffraction spectra and used as a constraint to ensure an accurate depiction of this interaction in
the model system.

While comparing absolute energy differences gives a single number to describe H, binding,
energy decomposition analysis (EDA) breaks down that number into physically interpretable
components. An EDA based on absolutely localized molecular orbitals (ALMOs)* breaks down
total binding energies into frozen energy, polarization, and charge transfer components. The
frozen term is due to permanent electrostatics and Pauli repulsions, since the H, electron density
is being brought within the van der Waals radius of the Coatom. The polarization term
corresponds to the favorable interaction of electrons in the H, and complex fragments relaxing in
the presence of the other fragment without electron transfer. Charge transfer stems from energy
lowering when electrons are allowed to flow from one fragment to the other. A recent
generalization of the ALMO EDA to open-shell molecules allows for the application of this
method to general metal-containing systems.**

The binding energy decomposition analysis clarifies the differences in these two species
(Table 2.4). Specifically, there is more charge transfer and polarization in the m-dobdc*
containing complex, which is accompanied by a partially offsetting increase in the energetically
unfavorable frozen term. This larger frozen term is the result of the increased steric repulsion that
stems from a shorter Co---H, distance in the m-dobdc* complex. The increased charge transfer
energy of H, binding in this species is key, as that is the largest term in the total calculated
binding energy.

Table 2.4. ALMO energy decomposition analysis of H, binding to the dobdc* and
m-dobdc* complexes.

Energy (kJ/mol)
component dobdc*™  m-dobdc*
frozen 1.3 79
polarization —4.8 -95
charge transfer -12.5 -17.1
total -16.0 -18.6

A breakdown of the charge transfer term can be seen in Table 2.5; in both cases, the largest
portion of the charge transfer comes from the H, o orbital to the unoccupied orbitals of the Co
complex. The increased H, to Co forward donation is indicative of more positive charge at the
metal cation in the m-dobdc* complex as compared with the dobdc* complex. This explains the
experimentally determined increase in binding enthalpy of H, in the M,(m-dobdc) frameworks as
compared with their M,(dobdc) analogues, as increased positive charge at the metal center leads
to stronger polarization of the bound H,. Additionally, a difference is seen in the location of the
bound H, relative to the linker in the two complexes. In the dobdc* linker complex, the H, binds
to create a nearly octahedral geometry around the Co* ion, with a distance of 3.30 A from the H,
to the aromatic carbon bonded to the carboxylate group (the alpha carbon). Conversely, in the m-
dobdc* complex, the H, is reoriented toward the linker at a distance of 2.64 A from the alpha
carbon (Figure 2.8a-b). This difference suggests that a change in the charge at the alpha carbon
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due to the different symmetry of the m-dobdc* linker possibly facilitates a change in the binding
geometry for H,. While this significant change may be an artifact associated with the small
cluster models, it is the same trend seen experimentally for the H,---alpha carbon distance, which
is 3.48(3) A in Co,(m-dobdc) and 3.59(2) A in Co,(dobdc).

Table 2.5. Forward and backbonding contributions to the charge transfer term for
the dobdc* and m-dobdc* complexes.

Energy (kJ/mol)

dobdc*  m-dobdc*
H, — Co bonding 9.1 -11.8
Co — H, backbonding -34 =53

The orbital interactions between H, and the Co complexes provide further insight into the
stronger H, binding in Co,(m-dobdc). While increased forward bonding is a product of increased
charge density at the metal, the nature of the backbonding from the complex to H, is quite
different. This can be seen by looking at the complementary occupied virtual orbital pairs
(COVPs) that contribute most to backbonding (Figure 2.8c-d). In the dobdc* complex, the
occupied orbital is primarily localized on the metal center, while in the m-dobdc* species, the
donating orbital includes contributions from the 7 system of the linker. This increased
backbonding for m-dobdc* agrees with the redshift seen in the H, infrared spectra for the M,(m-
dobdc) frameworks, as increased backbonding will weaken the H-H bond. This possible extra
interaction with the linker in the m-dobdc* complex, coupled with the larger forward donation of
the H, to the more positively charged metal center, are the key differences between these two
systems that help to explain the stronger H, binding seen in M,(m-dobdc) versus M,(dobdc).

dobdc complex m-dobdc complex
Figure 2.8. The calculated binding modes of H, in a) the dobdc complex and b)
the m-dobdc complex, in both of which the Co*" is purple and the H, is above the
Co®*. The corresponding COVPs are shown for ¢) the dobdc complex and d) the
m-dobdc complex, with occupied and virtual orbitals shown as solid and mesh,
respectively, at a 0.05 A2 isodensity.
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2.4. Outlook and Conclusions

The foregoing results demonstrate the synthesis of a new family of metal-organic
frameworks, M,(m-dobdc) (M = Mg, Mn, Fe, Co, Ni), representing a potentially less expensive
version of their well-known structural isomers M,(dobdc). Hydrogen was used as an initial probe
to determine how electronic and structural differences in the new frameworks modified the
interactions of the open metal coordination sites with adsorbates. The Mn_ Fe, Co, and Ni
variants exhibited greater isosteric heats of H, adsorption by approximately 1 kJ/mol compared
to the M,(dobdc) compounds. The results from powder neutron diffraction, inelastic neutron
scattering, and infrared spectroscopy experiments performed on hydrogen-loaded samples of
Co,(m-dobdc) all support this as arising from stronger interactions between the metal centers and
the H, molecules. Future efforts will focus on the larger-scale production of M,(m-dobdc)
compounds, and determining whether the enhanced charge density at the metal sites leads to
improvements compared to their M,(dobdc) analogues in the efficacy of key gas separations,
including O, from air,"* CO,/N,,"™"7*% CO,/H,,"** CO/H,,'**** ethylene/ethane,"’
propylene/propane,'”** and methane purification.”
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Figure 2.51. Experimental X-ray powder diffraction pattern (wavelength = 1.5406
A) of Mn,(m-dobdc) (black) with calculated diffraction pattern (red) from Le Bail
refinement and difference (blue). Unit cell parameters: a axis, 25.8225(6) A; c axis,
6.71(1) A.
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Figure 2.52. Experimental X-ray powder diffraction pattern (wavelength =

0413713 A) of Fe,(m-dobdc) (black) with calculated diffraction pattern (red) from

Le Bail refinement and difference (blue). Unit cell parameters: a axis, 26.0893(6)

A; c axis, 6.8740(2) A.
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Figure 2.53. Experimental X-ray powder diffraction pattern (wavelength = 1.5406
A) of Co,(m-dobdc) (black) with calculated diffraction pattern (red) from Le Bail
refinement and difference (blue). Unit cell parameters: a axis, 26.21(2) A; c axis,
6.95(1) A.
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Figure 2.54. Experimental X-ray powder diffraction pattern (wavelength = 1.5406
A) of Ni,(m-dobdc) (black) with calculated diffraction pattern (red) from Le Bail
refineme;nt and difference (blue). Unit cell parameters: a axis, 25.936(2) A; ¢ axis,
6.79(1) A.
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Figure 2.S5. Experimental X-ray powder diffraction pattern of Mg,(m-dobdc)
(black) with calculated diffraction pattern (red) from Le Bail refinement and
difference (blue). Unit cell parameters: a axis, 25.893(2) A; c axis, 6.81(1) A.
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Table 2.51. Unit cell parameters for Mn,(m-dobdc), Co,(m-dobdc), Ni,(m-dobdc),
and Mg,(m-dobdc) along with literature Mg,(dobdc) and Niy(dobdc) unit cell
parameters found from powder X-ray diffraction. Mg,(dobdc) data is loaded with
0.5 CO,/metal, but this was shown to have little effect on the unit cell.

aaxis(A)  caxis(A)  Volume (A®) Temp. (K)

Mn,(m-dobdc) 25.8225(6) 6.71(1) 3874(1) 298
Fe,(m-dobdc) 26.0893(6) 6.8740(2) 4051.9(2) 295
Co,(m-dobdc) 26.21(2) 6.95(1) 4132(6) 298
Ni,(m-dobdc) 25.936(2) 6.79(1) 3957(1) 298
Mg, (m-dobdc) 25.893(2) 6.81(1) 3955(1) 298
Mg,(dobdc) 25.863(2) 6.8919(9) 3992.3(5) 300
Ni,(dobdc) 25.7856(12) 6.7701(10) 3898.34 295
a) 1001 —Co,(m-dobdc)
904 ——Ni (m-dobdc)
804
° 704
_‘E;, 60-.
() J
< 504
401
30:
20 . . T . T o T . T ' T T T .
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Figure 2.56. Thermogravimetric analysis of a) unactivated Co,(m-dobdc) (red) and
Ni,(m-dobdc) (blue) demonstrating solvent loss and b) activated Mn,(m-dobdc),

Co,(m-dobdc), and Ni,(m-dobdc) showing thermal stability. All samples were run at
a ramp rate of 2 °C per min.
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Figure 2.57. Infrared spectrum of the fully evacuated sample of Mn,(m-dobdc).
Note the loss of the DMF and MeOH peaks indicated by arrows.
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Figure 2.88. Infrared spectrum of the MeOH exchanged and fully evacuated

samples of Fe,(m-dobdc). Note the loss of the DMF and MeOH peaks indicated by
arrows.
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Figure 2.59. Infrared spectra of Co,(m-dobdc) showing the loss of MeOH and
DMF upon evacuation, with arrows noting the MeOH and DMF peaks.
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Figure 2.510. Infrared spectra of Ni,(m-dobdc) showing the loss of MeOH and
DMF upon evacuation, with arrows noting the MeOH and DMF peaks.
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Figure 2.512. A plot of n*(1-p/p0) vs. p/p0 to determine the maximum value of

p/p0 that is used for fitting the BET isotherm of Mn,(m-dobdc), according to the

first BET consistency criterion.
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Figure 2.513. Plot of p/p0/(n*(1-p/p0)) vs. p/p0 to determine the BET surface area
of Mn,(m-dobdc). The y-intercept calculated from the best fit line fulfill the second
BET consistency criterion since the y-intercept is a positive value, giving a BET
surface area of 1349 m*/g.
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Fe,(m-dobdc) BET Consistency Check #1
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Figure 2.514. A plot of n*(1-p/p0) vs. p/p0 to determine the maximum value of

p/p0 that is used for fitting the BET isotherm of Fe,(m-dobdc), according to the first
BET consistency criterion.
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Figure 2.515. Plot of p/p0/(n*(1-p/p0)) vs. p/p0 to determine the BET surface area
of Fe,(m-dobdc). The y-intercept calculated from the best fit line fulfill the second
BET consistency criterion since the y-intercept is a positive value, giving a BET
surface area of 1295 m*/g.
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Co,(m-dobdc) BET Consistency Check #1
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Figure 2.516. A plot of n*(1-p/p0) vs. p/p0 to determine the maximum value of
p/p0 that is used for fitting the BET isotherm of Co,(m-dobdc), according to the

first BET consistency criterion.
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Figure 2.517. Plot of p/p0/(n*(1-p/p0)) vs. p/p0 to determine the BET surface area
of Co,(m-dobdc). The y-intercept calculated from the best fit line fulfill the second
BET consistency criterion since the y-intercept is a positive value, giving a BET
surface area of 1264 m?/g.
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Ni(m-dobdc) BET Consistency Check #1
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Figure 2.518. A plot of n*(1-p/p0) vs. p/p0 to determine the maximum value of

p/p0 that is used for fitting the BET isotherm of Ni,(m-dobdc), according to the first

BET consistency criterion.
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Figure 2.519. Plot of p/p0/(n*(1-p/p0)) vs. p/p0 to determine the BET surface area
of Niy(m-dobdc). The y-intercept calculated from the best fit line fulfill the second
BET consistency criterion since the y-intercept is a positive value, giving a BET
surface area of 1321 m?/g.
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Figure 2.820. H, adsorption isotherms at 77 K and 87 K for Mn,(m-dobdc). The
solid lines represent the dual-site Langmuir fit to the data, using the parameters
tabulated in Table 2.S2.

Table 2.52. Dual-site Langmuir fit parameters for the H, isotherms for Mn,(m-
dobdc) in Figure 2.520.

77K 87K

Qo 456 434
b, 212.50 34.65
v, 0.98 0.98
Qo 13.19 9.27
b, 0.54 0.46
Vg 0.69 0.80
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Figure 2.521. H, adsorption isotherms at 77 K and 87 K for Fe,(m-dobdc). The
solid lines represent the dual-site Langmuir fit to the data, using the parameters
tabulated in Table 2.S3.

Table 2.53. Dual-site Langmuir fit parameters for the H, isotherms for Fe,(m-
dobdc) in Figure 2.S21.

77K 87K
Qo 5.40 521
b, 1135.56 189.00
v, 0.91 0.91
Qo 1291 13.15
b, 0.58 0.25
Vg 0.75 0.69
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Figure 2.522. H, adsorption isotherms at 77 K and 87 K for Co,(m-dobdc). The

solid lines represent the dual-site Langmuir fit to the data, using the parameters
tabulated in Table 2.54.

Table 2.54. Dual-site Langmuir fit parameters for the H, isotherms for Co,(m-
dobdc) in Figure 2.522.

77K 87K
Qo 4.67 4.66
b, 3380.04 501.49
v, 0.90 0.90
Qo 10.89 24 81
b, 0.65 0.12
Vg 0.73 0.65
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Figure 2.523. H, adsorption isotherms at 77 K and 87 K for Ni,(m-dobdc). The
solid lines represent the tri-site Langmuir fit to the data, using the parameters
tabulated in Table 2.S5.

Table 2.S5. Tri-site Langmuir fit parameters for the H, isotherms for Ni,(m-dobdc)
in Figure 2.S23.

77 and 87 K

Dsata 3.78

b, 1.59E-4
E, 12.56
9satB 6.89

by 9.97E-4
E, 479
qsat,C 1 30

be 1.25E-3
E, 9.40
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Figure 2.824. H, adsorption isotherms at 77 K and 87 K for Mn,(dobdc). The solid
lines represent the dual-site Langmuir fit to the data, using the parameters tabulated
in Table 2.S6.

Table 2.56. Dual-site Langmuir fit parameters for the H, isotherms for Mn,(dobdc)
in Figure 2.S24.

77K 87K

Qo 9.65 8.29
b, 0.91 0.50
v, 0.74 0.84
Qo 3.64 3.84
b, 9232 19.34
Vg 0.99 0.99
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Figure 2.525. H, adsorption isotherms at 77 K and 87 K for Co,(dobdc). The solid
lines represent the dual-site Langmuir fit to the data, using the parameters tabulated
in Table 2.57.

Table 2.S7. Dual-site Langmuir fit parameters for the H, isotherms for Co,(dobdc)
in Figure 2.S25.

77K 87K

Qo 10.78 15.58
b, 0.96 0.28
v, 0.79 0.72
Qo 5.52 541

b, 1782.70 24457
Vg 0.99 0.99
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Figure 2.526. H, adsorption isotherms at 77 K and 87 K for Ni,(dobdc). The solid
lines represent the tri-site Langmuir fit to the data, using the parameters tabulated in
Table 2.S8.

Table 2.88. Tri-site Langmuir fit parameters for the H, isotherms for Ni,(dobdc) in
Figure 2.526.

77 and 87 K
Dsata 5.17
b, 4.55E-5
E, 12.23
9satB 8.81
b, 2 30E-4
E, 563
qsat,C 0 73
be 758E-5
E,. 9.10
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Figure 2.527. A low-pressure comparison of Ni,(m-dobdc) (circles) and Ni,(dobdc)
(squares) at 77 K (blue) and 87 K (red). Note the steepness of the Ni,(m-dobdc)
isotherms as compared to the Ni,(dobdc) isotherms.
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Figure 2.528. Isosteric heat of adsorption curve for M2(dobdc) (M = Mn, Co, Ni)

as a function of the amount adsorbed.
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Table 2.59. Atomic parameters from Rietveld refinement of desolvated Co,(m-
dobdc) at 10 K [NCNR, BT1], R3m, a = 25.873(2) A, ¢ = 6.7677(9) A, V =
3923.6(6) A*. Values in parentheses indicate one standard deviation in the refined
value. Goodness-of-fit parameters: %* = 0.87; WRp = 542 %; Rp = 4.32 %. Refined
composition: Co,sH,;C;,0s,.

Atom X Y y4 Occupancy Uy, (A Multiplicity
Cl1 0.658(1) 0.878(1) 0.837(4) 1 0.044(9) 18
C2 0.665(1) 0.8327(7)  0.744(5) 1 0.02(1) 9
C6 0.639(1) 0.8661(8)  0.040(4) 1 0.015(6) 18
Cll  0.6322(8)  0.9088(8)  0.163(3) 1 0.013(5) 18
Col  0.328(3) 0.376(2) 0.556(8) 1 0.02(2) 18
H7 0.680(3) 0.840(1) 0.59(1) 1 0.04(2) 9
09 0.670(1) 0.926(1) 0.748(4) 1 0.031(9) 18
012  0.652(1) 0.962(1) 0.096(3) 1 0.019(7) 18
015  0.610(1) 0.891(1) 0.334(4) 1 0.034(7) 18
C2m  0.628(1) 0.8141(6)  0.125(4) 1 0.026(9) 9

H7m  0.617(2) 0.809(1) 0.282(8) 1 0.03(1) 9

Table 2.510. Atomic parameters from Rietveld refinement of desolvated Co,(m-
dobdc) at 298 K [APS, 17-BM-B], R3m, a = 25.8902(7) A, ¢ = 6.7905(3) A, V =
3941.9(2) A*. Values in parentheses indicate one standard deviation in the refined
value. Goodness-of-fit parameters: y> = 4.505; wRp = 3.71 %; Rp = 2.94 %.
Refined composition: Co,¢H,;C;,0s,.

Atom X Y y4 Occupancy Uy, (A?)  Multiplicity
Cl 0.658(2) 0.877(2) 0.837(9) 1 0.17(2) 18
C2 0.669(3) 0.835(2) 0.74(1) 1 0.11(2) 9
C6 0.639(1) 0.866(1) 0.036(7) 1 0.026(8) 18
Cll  0.632(1) 0.908(1) 0.163(8) 1 0.022(9) 18
Col  03276(3)  0.3751(2) 0.557(6) 1 0.0213(6) 18
H7 0.69(1) 0.845(6) 0.58(4) 1 0.2(1) 9
09 0670490  0.9263(6) 0.747(8) 1 0.022(5) 18

012  06516(7)  0.9614(8) 0.098(7) 1 0.067(8) 18
015 06103(6)  0.8919(7) 0.339(6) 1 0.052(7) 18
C2m  0.627(2) 0.813(1) 0.127(7) 1 0.09(2) 9
H7m  0.63(1) 0.813(5) 0.29(4) 1 0.06(9) 9

52



Table 2.511. Atomic parameters from Rietveld refinement of desolvated Ni,(m-
dobdc) at 10 K [NCNR, BT1], R3m, a = 25.797(5) A, ¢ = 6.729(2) A, V = 3878.(1)
A®. Values in parentheses indicate one standard deviation in the refined value.
Goodness-of-fit parameters: x> = 1.10; wRp = 4.27 %; Rp = 3.48 %. Refined
composition: Ni,;sH,;C,,0s,.

Atom X Y y4 Occupancy  Upso, (A Multiplicity
Cl 0.658(2) 0.878(1) 0.837(6) 1 0.03(1) 18
C2 0.666(3) 0.833(1) 0.75(1) 1 0.03(2) 9
C6 0.639(2) 0.866(1) 0.043(6) 1 0.01(1) 18
Cl11 0.632(1) 0.909(1) 0.166(5) 1 0.011(9) 18
Nil 0.326(1) 0.376(1) 0.555(3) 1 0.020(6) 18
H7 0.679(4) 0.839(2) 0.58(1) 1 0.05(4) 9
09 0.669(2) 0.925(2) 0.749(7) 1 0.02(1) 18
012  0.652(1) 0.962(2) 0.096(5) 1 0.02(2) 18
015  0.610(2) 0.891(2) 0.338(7) 1 0.04(1) 18
C2m  0.628(2) 0.814(1) 0.128(7) 1 0.01(1) 9

H7m  0.619(3) 0.809(2) 0.28(1) 1 0.01(2) 18

Table 2.512. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 0.75 D, per Co** at 10 K [NCNR, BT1], R3m, a = 25.842(2) A, ¢ = 6.7810(7)
A, Vv =3921.7(5) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %> = 0.83; wRp = 4.98 %; Rp = 3.91 %.
Refined composition: Co,H,;C;,05,D5; 46-

Atom X Y y4 Occupancy  Uggo, (A% Multiplicity
Cl 0.6573(8) 0.8763(8) 0.838(3) 1 0.018(5) 18
C2 0.665(1) 0.8323(5) 0.747(4) 1 0.013(8) 9
c6  0.6399(7) 0.8669(7) 0.045(3) 1 0.015(5) 18
Cll  0.6321(6) 0.9089(6) 0.164(2) 1 0.004(3) 18
Nil 0.330(2) 0.376(2) 0.559(6) 1 0.001(9) 18
H7 0.678(3) 0.839(1) 0.59(1) 1 0.06(2) 9
09  0.6700(8) 0.9255(7) 0.748(3) 1 0.010(5) 18
012  0.6497(9) 0.9617(9) 0.090(3) 1 0.021(7) 18
015  0.6084(8) 0.8903(7) 0.330(3) 1 0.011(4) 18
C2m  0.629(1) 0.8142(6) 0.125(4) 1 0.026(8) 9

H7m  0.616(2) 0.808(1) 0.285(8) 1 0.04(1) 9
DI 0.2042(6) 0.2155(6) 0.018(2) 1.69(5) 0.090(6) 18
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Table 2.513. Atomic parameters from Rietveld refinement of Co,(dobdc) dosed
with 0.75 D, per Co* at 10 K [NCNR, BT1], R-3,a = 25.871(1) A, ¢ = 6.8687(4)
A, v =39813(3) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: ¥* = 1.356; wRp = 2.79 %; Rp = 2.29 %.
Refined composition: Co,H,;C;,05,Dyg ;-

Atom X Y y4 Occupancy Uy, (A Multiplicity
Co 0.386(1) 0.355(1) 0.134(3) 1 0.004(6) 18
01  03229(5)  0.2946(5) 0.372(2) 1 0.017(3) 18
02 030405  0.2292(5) 0.601(1) 1 0.005(3) 18
03  03577(5)  0.2742(5) 0.002(2) 1 0.005(3) 18
Cl  03147(5)  0.2463(5) 0.428(1) 1 0.030(3) 18
C2  0.3300(4)  0.2086(4) 0.281(1) 1 0.018(3) 18
C3  03491(4)  0.2278(4) 0.090(1) 1 0.010(3) 18
C4  0.3525(4)  0.1839(5)  —0.035(1) 1 0.004(3) 18
H 0.3601(7)  0.1925(6)  —0.159(3) 1 0.001(4) 18
DI 04659(4)  0.3498(4) 0.265(1) 1.59(3) 0.089(5) 18

Table 2.514. Atomic parameters from Rietveld refinement of Co,(dobdc) dosed
with 2.25 D, per Co* at 10 K [NCNR, BT1], R-3,a = 25.878(1) A, ¢ = 6.8820(3)
A, vV =39913(3) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: ¥* = 1.459; wRp = 2.81 %; Rp = 2.34 %.
Refined composition: Co,gH,;C;,05,Dgs 5.

Atom X Y y4 Occupancy  Ugso, (A  Multiplicity
Co 0.381(1) 0.351(1) 0.132(4) 1 0.004(7) 18
01  0.3246(6)  0.2940(6) 0.365(2) 1 0.009(4) 18
02  03006(6)  0.2281(6) 0.599(2) 1 0.009(3) 18
03  03570(6)  02745(7)  -0.003(2) 1 0.012(4) 18
Cl  03143(6)  0.2450(6) 0.426(1) 1 0.013(3) 18
C2  0.3296(5)  0.2087(5) 0.287(2) 1 0.010(3) 18
C3  03463(5)  0.2251(6) 0.088(2) 1 0.018(4) 18
C4  03501(5)  0.1811(6)  —0.029(2) 1 0.008(4) 18
H 0.3633(8)  0.1945(7)  —0.166(4) 1 0.010(6) 18
DI 04642(5)  0.3493(4) 0.250(2) 1.60(3) 0.065(4) 18
D2 04587(5)  0.2999(4) 0.673(2) 1.92(5) 0.130(7) 18
D3 0.24008)  0.4877(7) 0.852(3) 1.40(3) 0.15(1) 18
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Table 2.515. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 1.25 D, per Co** at 10 K [NCNR, BT1], R3m, a = 25.872(1) A, ¢ = 6.7881(5)
A, v =139288(5) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %> = 1.123; wRp = 3.45 %; Rp = 2.80 %.
Refined composition: Co,H,;C;,05,D,, .

Atom X Y y4 Occupancy Uy, (AY)  Multiplicity
Cl  0.6567(6)  0.8752(6) 0.837(2) 1 0.010(4) 18
C2  0.6664(9)  0.8332(4) 0.753(4) 1 0.010(6) 9
C6  0.6414(6)  0.8682(6) 0.040(2) 1 0.014(4) 18
Cll  0.6337(5)  0.9093(5) 0.160(2) 1 0.008(3) 18
Co2  0.328(2) 0.373(1) 0.570(4) 1 0.002(8) 18
H7 0.674(2) 0.837(1) 0.608(7) 1 0.05(2) 9
09  0.6723(6)  0.9273(6) 0.743(2) 1 0.005(4) 18
012  0.6511(7)  0.9636(7) 0.086(2) 1 0.018(5) 18
015  0.6103(7)  0.8947(6) 0.338(2) 1 0.010(4) 18

C2m  0.6275(8)  0.8137(4) 0.136(3) 1 0.012(6) 9

H7m  0.618(2) 0.8091(9) 0.275(7) 1 0.04(1) 9
DI 0.2044(4)  0.2145(5) 0.019(1) 1.87(4) 0.071(5) 18
D2 0.791(2) 0.952(2) 0.414(6) 0.50(4) 0.15(3) 18

Table 2.5S16. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed with
1.50 D, per Co* at 10 K [NCNR, BT1], R3m, a = 25.852(2) A, ¢ = 6.7898(7) A, V =
3929.9(6) A’. Values in parentheses indicate one standard deviation in the refined value.
Goodness-of-fit parameters: ¥* = 0.889; wRp = 5.11 %; Rp = 4.06 %. Refined composition:
CoysH,5C7,05,Disg 75.-

Atom X Y y4 Occupancy Uy, (AY)  Multiplicity
Cl  06571(9)  0.8745(9) 0.838(3) 1 0.014(6) 18
C2 0.664(1)  0.8322(6) 0.754(5) 1 0.012(9) 9
C6  0.6413(9)  0.8676(8) 0.044(3) 1 0.018(6) 18
Cll  0.6324(7)  0.9091(8) 0.165(3) 1 0.011(5) 18
Co2  0.327(2) 0.372(2) 0.555(7) 1 0.004(13) 18
H7 0.677(3) 0.839(1) 0.59(1) 1 0.06(2) 9
09  0.6706(8)  0.9261(8) 0.750(4) 1 0.008(6) 18
012  0.652(1) 0.964(1) 0.091(3) 1 0.022(8) 18
015  0.609(1)  0.8924(9) 0.336(3) 1 0.013(5) 18
C2m  0.628(1)  0.8138(6) 0.133(4) 1 0.018(9) 9

H7m  0.615(3) 0.808(1) 0.273(9) 1 0.03(2) 9
DI 02062(6)  0.2169(7) 0.018(2) 2.00(7) 0.096(8) 18
D2 0.778(2) 0.946(2) 0.440(7) 0.71(5) 0.12(2) 18
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Table 2.517. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 1.75 D, per Co** at 10 K [NCNR, BT1], R3m, a = 25.883(1) A, ¢ = 6.8030(4)
A, V =13946.8(3) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %> = 1.351; wRp = 3.01 %; Rp = 2.47 %.
Refined composition: Co,H,;C;,05,Dg, 4.

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl  0.6567(6) 0.8755(5) 0.836(2) 1 0.012(4) 18
C2  0.6672(8)  0.8336(4) 0.746(3) 1 0.010(5) 9
C6  0.6414(6)  0.8680(5) 0.045(2) 1 0.015(4) 18
Cll  0.6341(4)  0.9101(5) 0.163(2) 1 0.007(3) 18
Co2  0.328(1) 0.373(1) 0.571(4) 1 0.001(7) 18
H7 0.678(2) 0.8387(9) 0.599(8) 1 0.07(2) 9
09  0.6732(5)  0.9279(5) 0.747(2) 1 0.008(4) 18
012  0.6520(6)  0.9635(6) 0.092(2) 1 0.015(4) 18
015  06119(6)  0.8957(6) 0.336(2) 1 0.014(4) 18
C2m  0.6287(7)  0.8143(4) 0.143(3) 1 0.009(5) 9

H7m  0.621(2) 0.8105(8) 0.272(6) 1 0.03(1) 9
DI 02065(4)  02157(4) 0.006(2) 1.76(4) 0.082(5) 18
D2 0.7777(8)  0.9466(6) 0.426(3) 1.27(3) 0.104(7) 18
D3 0.575(2) 0.149(4) 0.47(1) 0.9(1) 0.8(2) 9

Table 2.518. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed with 2.0
D, per Co* at 10 K [NCNR, BT1], R3m, a = 25.881(2) A, ¢ = 6.8038(6) A, V = 3946.7(6)
A®. Values in parentheses indicate one standard deviation in the refined value. Goodness-
of-fit parameters: y* = 0.84; wRp = 5.19 %; Rp = 4.13 %. Refined composition:
CoysH,5C7,05,Dg7 14-

Atom X Y y4 Occupancy ~ Ugso, (A  Multiplicity
Cl  0.6572(9)  0.8750(9) 0.835(4) 1 0.016(6) 18
C2 0.666(1) 0.8328(6) 0.749(5) 1 0.015(8) 9
C6  0.6414(9)  0.8681(8) 0.044(4) 1 0.017(6) 18
Cll  0.6338(7)  0.9098(7) 0.162(3) 1 0.012(5) 18
Co2  0.325(2) 0.372(2) 0.558(7) 1 0.002(14) 18
H7 0.678(3) 0.839(1) 0.60(1) 1 0.07(2) 9
09  0.67189)  0.9267(9) 0.751(4) 1 0.014(7) 18
012  0.6523(9) 0.964(1) 0.093(3) 1 0.017(7) 18
015  0.6107(9)  0.8939(9) 0.331(3) 1 0.018(5) 18
C2m  0.628(1) 0.8141(6) 0.131(5) 1 0.014(8) 9

H7m  0.616(2) 0.808(1) 0.280(9) 1 0.03(2) 9
DI 02076(7)  0.2162(7) 0.008(3) 20 0.110(7) 18
D2 0.775(1) 0.9469(9) 0.426(4) 1.51(6) 0.12(1) 18
D3 0.581(3) 0.163(5) 0.49(2) 0.43(8) 0.19(8) 9
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Table 2.519. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 2.25 D, per Co** at 10 K [NCNR, BT1], R3m, a = 25.901(1) A, ¢ = 6.810(4)
A, Vv =13956.7(4) A*. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: ¥* = 1.149; wRp = 3.32 %; Rp = 2.73 %.
Refined composition: Co,H,;C;,05,Dg .-

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl  0.6578(6)  0.8758(6) 0.832(3) 1 0.013(4) 18
C2  0.6676(8)  0.8338(4) 0.739(4) 1 0.009(5) 9
C6  0.6425(6)  0.8683(6) 0.041(3) 1 0.019(4) 18
Cll  0.6357(5)  0.9108(6) 0.161(2) 1 0.015(4) 18
Co2  0.328(2) 0.373(1) 0.565(5) 1 0.003(8) 18
H7 0.676(1) 0.8380(7) 0.594(7) 1 0.04(1) 9
09  0.6747(5)  0.9287(5) 0.747(2) 1 0.000(4) 18
012  0.6538(6)  0.9638(7) 0.090(2) 1 0.011(5) 18
015  0.6130(6)  0.8968(7) 0.332(2) 1 0.019(4) 18
C2m  0.6295(8)  0.8147(4) 0.137(3) 1 0.008(6) 9

H7m  0.620(2) 0.8102(7) 0.267(7) 1 0.018(9) 9
DI 02059(5)  0.2157(5) 0.001(2) 1.82(4) 0.089(6) 18
D2 0.7756(7)  0.9478(6) 0.423(3) 1.64(3) 0.104(5) 18
D3 0.576(1) 0.152(2) 0.526(6) 1.05(9) 0.23(4) 9
D4 0.587(2) 0.174(5) 0.16(2) 1.0(2) 0.8(2) 9
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Table 2.520. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 3.0 D, per Co* at 10 K [NCNR, BT1], R3m, a = 25.892(2) A, ¢ = 6.8115(6)
A, V =3954.7(6) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %> = 0.873; wRp = 5.01 %; Rp = 4.00 %.
Refined composition: Co,H,;C;,05,D,; 34

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl 0.659(1) 0.877(1) 0.837(3) 1 0.018(6) 18
C2 0.667(1) 0.8335(6) 0.752(5) 1 0.012(8) 9
C6 0.644(1) 0.8692(9) 0.047(3) 1 0.023(6) 18
Cll  0.63658)  0.9117(9) 0.163(3) 1 0.024(6) 18
Co2  0.327(2) 0.371(2) 0.564(7) 1 0.001(13) 18
H7 0.678(2) 0.839(1) 0.583(9) 1 0.03(2) 9
09  0.67459)  0.9275(9) 0.751(3) 1 0.009(6) 18
012  0.6533(9) 0.964(1) 0.092(3) 1 0.015(7) 18
015  0.614(1) 0.897(1) 0.333(3) 1 0.025(6) 18
C2m  0.629(1) 0.8145(6) 0.131(4) 1 0.011(8) 9

H7m  0.615(2) 0.808(1) 0.271(8) 1 0.02(2) 9
DI 02088(7)  0.2169(7) 0.004(2) 20 0.093(6) 18
D2 0.7752(8)  0.9466(9) 0.429(3) 1.91(5) 0.120(8) 18
D3 0.5789(7) 0.158(1) 0.525(4) 2.00(9) 0.19(2) 9
D4 0.5855(6) 0.171(1) 0.045(4) 1.43(6) 0.11(2) 9

Table 2.521. Atomic parameters from Rietveld refinement of Ni,(m-dobdc) dosed
with 1.0 D, per Ni** at 10 K [NCNR, BT1], R3m, a = 25.749(4) A, ¢ = 6.739(1) A,
V = 3870.(1) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %* = 0.988; wRp = 3.77 %; Rp = 3.08 %.
Refined composition: Ni,;sH,C;,05,D;;5 46.

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl 0.658(1) 0.875(1) 0.836(5) 1 0.02(1) 18
C2 0.668(2) 0.8339(8) 0.748(7) 1 0.003(11) 9
C6 0.647(1) 0.869(1) 0.054(5) 1 0.022(9) 18
Cll  0.635(1) 0.912(1) 0.172(4) 1 0.020(9) 18
Ni2  0.3262(8)  0.3720(8) 0.563(2) 1 0.006(4) 18
H7 0.671(3) 0.836(2) 0.613(9) 1 0.02(2) 9
09 0.673(1) 0.929(1) 0.759(4) 1 0.000(7) 18
012  0.654(1) 0.965(1) 0.100(5) 1 0.01(1) 18
015  0.6102) 0.893(2) 0.357(5) 1 0.04(1) 18
C2m  0.630(2) 0.8148(8) 0.135(5) 1 0.003(10) 9

H7m  0.624(2) 0.812(1) 0.27(1) 1 0.003(17) 9
DI 0.2095(09) 0.219(1) 0.018(4) 1.97(7) 0.15(2) 18
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Table 2.522. Atomic parameters from Rietveld refinement of Ni,(m-dobdc) dosed with 2.0
D, per Ni** at 10 K [NCNR, BT1], R3m, a = 25.776(5) A, ¢ = 6.754(2) A, V = 3887.(1) A’.
Values in parentheses indicate one standard deviation in the refined value. Goodness-of-fit
parameters: ¥° = 1.676; wRp = 4.69 %; Rp = 3.70 %. Refined composition:
Ni;sH 5C7,05,Dg0 30-

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl 0.660(2) 0.877(2) 0.832(7) 1 0.02(1) 18
C2 0.672(3) 0.836(1) 0.74(1) 1 0.01(2) 9
C6 0.648(2) 0.869(2) 0.051(6) 1 0.02(1) 18
Cll  0.632(2) 0.909(1) 0.162(5) 1 0.01(1) 18
Ni2  0.325(1) 0.3697(9) 0.557(3) 1 0.002(6) 18
H7 0.673(4) 0.836(2) 0.59(2) 1 0.02(3) 9
09 0.674(2) 0.928(2) 0.764(6) 1 0.01(1) 18
012  0.656(2) 0.964(2) 0.097(7) 1 0.02(2) 18
015  0.615(2) 0.894(2) 0.351(8) 1 0.05(2) 18
C2m  0.627(2) 0.813(1) 0.138(8) 1 0.01(2) 9

H7m  0.623(4) 0.812(2) 0.26(2) 1 0.00(3) 9
DI 0.211(1) 0.218(1) 0.009(4) 2.0(1) 0.09(2) 18
D2 0.782(2) 0.955(2) 0.434(7) 1.6(1) 0.16(3) 18
D3 0.569(3) 0.138(5) 0.48(1) 0.4(1) 0.01(5) 9
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Table 2.523. Atomic parameters from Rietveld refinement of Ni,(m-dobdc) dosed
with 3.0 D, per Ni** at 10 K [NCNR, BT1], R3m, a = 25.802(5) A, ¢ = 6.761(2) A,
V = 3898.(1) A®. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: %> = 1.545; wRp = 4.64 %; Rp = 3.84 %.
Refined composition: Ni;sH,;C,,05,D,; g6-

Atom X Y y4 Occupancy Uy, (A>)  Multiplicity
Cl 0.662(2) 0.878(2) 0.827(7) 1 0.01(1) 18
C2 0.672(3) 0.836(1) 0.75(1) 1 0.00(2) 9
C6 0.647(2) 0.869(2) 0.057(6) 1 0.02(1) 18
Cll  0.634(2) 0.911(2) 0.171(6) 1 0.03(1) 18
Ni2  0.327(1) 0.373(1) 0.557(4) 1 0.008(7) 18
H7 0.670(6) 0.835(3) 0.61(2) 1 0.07(5) 9
09 0.671(2) 0.923(2) 0.763(7) 1 0.01(1) 18
012  0.655(2) 0.963(2) 0.083(8) 1 0.02(2) 18
015  0.612(3) 0.892(3) 0.35(1) 1 0.07(2) 18
C2m  0.631(2) 0.816(1) 0.129(7) 1 0.01(2) 9

H7m  0.620(4) 0.810(2) 0.28(2) 1 0.02(3) 9
DI 0.210(1) 0.217(1) 0.013(4) 20 0.08(1) 18
D2 0.778(2) 0.953(2) 0.419(6) 20 0.17(2) 18
D3 0.5778(9) 0.156(2) 0.530(6) 20 0.10(1) 9
D4 0.587(2) 0.173(4) —0.02(1) 1.5(1) 0.26(7) 9

Table 2.524. Atomic parameters from Rietveld refinement of Co,(m-dobdc) dosed
with 0.7 H, per Co* at 10 K [NCNR, BT1], R3m, a = 25.860(1) A, ¢ = 6.7766(4)
A, Vv =1392453) A’. Values in parentheses indicate one standard deviation in the
refined value. Goodness-of-fit parameters: ¥* = 0.973; wRp = 2.53 %; Rp = 2.12 %.
Refined composition: Co, Hs, ,C;,0s,.

Atom X Y y4 Occupancy Uy, (AY)  Multiplicity
Cl  0.6571(4)  0.8756(4) 0.841(2) 1 0.011(4) 18
C2  0.6687(8)  0.8344(4) 0.752(3) 1 0.018(5) 9
C6  0.6388(5)  0.8658(4) 0.045(2) 1 0.010(3) 18
Cll  0.63254)  0.9102(4) 0.171(1) 1 0.012(3) 18
Co2  0327(1) 0.375(1) 0.560(4) 1 0.02 18
H7 0.680(1) 0.8399(6) 0.597(4) 1 0.029(9) 9
09  06715(4)  0.9268(5) 0.748(2) 1 0.010(4) 18

012  0.6529(4)  0.9633(5) 0.095(2) 1 0.014(4) 18
015  0.6076(4)  0.8932(5) 0.345(2) 1 0.015(3) 18

C2m  0.6288(6)  0.8145(3) 0.139(2) 1 0.002(4) 9

H7m  0.619(1) 0.8094(6) 0.273(4) 1 0.021(7) 9
H1 0.207(1) 0.214(1) 0.035(3) 1.05(3) 0.09(1) 18
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Figure 2.529. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc). The calculated pattern (red trace) is in good agreement
with the experimental data (circles) as evidenced by the difference pattern (blue
trace) between calculated and experimental data. Final Rietveld fit parameter was y’
=0.87.
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Figure 2.530. Rietveld refinement of the experimental synchrotron X-ray
diffraction pattern (298 K) of Co,(m-dobdc). The calculated pattern (red trace) is in
good agreement with the experimental data (circles) as evidenced by the difference
pattern (blue trace) between calculated and experimental data. Final Rietveld fit
parameter was ° = 4.505.
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Figure 2.531. Rietveld refinement of the experimental neutron diffraction pattern

(10 K) of Niy(m-dobdc). The calculated pattern (red trace) is in good agreement

with the experimental data (circles) as evidenced by the difference pattern (blue

trace) between calculated and experimental data. Final Rietveld fit parameter was

=1.10.
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Figure 2.532. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 0.75 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 0.83.
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Figure 2.533. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co’*(dobdc) dosed with 0.75 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 1.356.
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Figure 2.534. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(dobdc) dosed with 2.25 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was > = 1.459.
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Figure 2.535. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 1.25 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 1.123.
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Figure 2.536. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 1.5 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was %> = 0.889.
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Figure 2.537. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 1.75 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 1.351.
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Figure 2.538. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 2.0 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 0.84.
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Figure 2.539. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 2.25 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was x> = 1.149.
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Figure 2.540. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Co,(m-dobdc) dosed with 3.0 D, per Co** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was * = 0.873.
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Figure 2.541. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Ni,(m-dobdc) dosed with 1.0 D, per Ni** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was %> = 0.998.
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Figure 2.542. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Ni,(m-dobdc) dosed with 2.0 D, per Ni** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was y* = 1.676.
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Figure 2.543. Rietveld refinement of the experimental neutron diffraction pattern
(10 K) of Ni,(m-dobdc) dosed with 3.0 D, per Ni** as described in the text. The
calculated pattern (red trace) is in good agreement with the experimental data
(circles) as evidenced by the difference pattern (blue trace) between calculated and
experimental data. Final Rietveld fit parameter was * = 1.545.
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Figure 2.544. Rietveld refinement of the experimental neutron diffraction pattern

(10 K) of Co,(m-dobdc) dosed with 0.7 H, per Co** as described in the text. The

calculated pattern (red trace) is in good agreement with the experimental data

(circles) as evidenced by the difference pattern (blue trace) between calculated and

experimental data. Final Rietveld fit parameter was %> = 0.973.
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Figure 2.845. Comparison of the IR spectra of Mn,(m-dobdc) and Mn,(dobdc) at
different concentrations. The slight shift in the peak around 4080 cm™ to lower
frequency in Mn,(m-dobdc) is indicative of a more strongly bound H, to the open

metal center. Spectra are offset for clarity.
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Figure 2.846. The variable temperature infrared spectra of Mn,(m-dobdc). The

inset shows the van’t Hoff relationship plot that is used to extract the enthalpy and
entropy change in H, upon adsorption.
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Figure 2.847. The variable temperature infrared spectra of Co,(dobdc). The inset

shows the van’t Hoff relationship plot that is used to extract the enthalpy and
entropy change in H, upon adsorption.
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Figure 2.848. The variable temperature infrared spectra of Ni,(m-dobdc). The inset

shows the van’t Hoff relationship plot that is used to extract the enthalpy and
entropy change in H, upon adsorption
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Figure 2.549. The variable temperature infrared spectra of Ni,(dobdc). The inset

shows the van’t Hoff relationship plot that is used to extract the enthalpy and
entropy change in H, upon adsorption.

Figure 2.550. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 1 (Table 2.524) for the dobdc
complex.
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Figure 2.551. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 1 (Table 2.524) for the m-dobdc
complex.

Figure 2.552. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 1 (Table 2.524) for the dobdc
complex.
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Figure 2.553. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 1 (Table 2.524) for the m-dobdc
complex.

Figure 2.554. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 2 (Table 2.524) for the dobdc
complex.
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Figure 2.555. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 2 (Table 2.524) for the m-dobdc
complex.

Figure 2.556. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 2 (Table 2.524) for the dobdc
complex.
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Figure 2.557. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 2 (Table 2.524) for the m-dobdc
complex.

Figure 2.558. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 3 (Table 2.524) for the dobdc
complex.
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Figure 2.559. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 3 (Table 2.524) for the m-dobdc
complex.

Figure 2.560. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 3 (Table 2.524) for the dobdc
complex.
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Figure 2.561. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the backbonding pair COVP 3 (Table 2.524) for the m-dobdc
complex.

Figure 2.562. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 4 (Table 2.524) for the dobdc
complex.
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Figure 2.563. The occupied and virtual orbitals, shown as solid and mesh,
respectively, for the forward bonding pair COVP 4 (Table 2.524) for the m-dobdc

complex.

Table 2.525. Breakdown of the energies of the most important forward bonding and

backbonding charge transfer COVPs for the dobdc and m-dobdc complexes.

Energy (kJ/mol/H,)
COvPp dobdc complex m-dobdc complex

Backbonding 1 -043 -0.84

2 -0.33 -0.84

3 -0.32 -0.51

Forward bonding 1 -3.29 -3.62
2 -2.25 -3.58

3 -2.17 -2.30

4 -1.36 -2.25
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Chapter 3: Record High Hydrogen Storage Capacity in the Metal-Organic Framework
Ni,(m-dobdc) at Near-Ambient Temperatures

3.1. Introduction

While hydrogen has exceptional potential to serve as an environmentally benign fuel in
motor vehicles, current hydrogen storage technologies require energy-intensive compression
and/or cooling in order to achieve an acceptable driving range. Filling the fuel tank with an
adsorbent capable of lowering the loading pressure to 100 bar at near-ambient temperatures
could result in significant energetic and economic savings by obviating the need for more costly
storage conditions. However, materials that can successfully store hydrogen at lower pressures
must maintain or improve upon the density of pure, compressed H,, typically loaded at a pressure
of 700 bar, while simultaneously providing access to H, on demand. A possible route to
achieving practical storage capacities at reduced pressures without the need for cryogenics is to
target porous materials containing coordinatively-unsaturated metal cations capable of polarizing
H,. In this work, we evaluate metal-organic frameworks featuring a high density of such sites for
their H, adsorption properties under conditions relevant to fuel cell vehicles, showing that Ni,(m-
dobdc) is the best current adsorbent for high-density hydrogen storage at near-ambient
temperatures.

Molecular hydrogen (H,) holds significant promise as a transportation fuel and is already
used in some motor vehicles and for certain specialty applications, such as forklifts. Because
water is the only byproduct of the fuel cell cycle, hydrogen fuel cell vehicles could, in principle,
provide zero-emission transportation." An economy can be envisioned in which solar energy is
used to inexpensively produce hydrogen and oxygen from water; these products are then
consumed in fuel cells to produce water and electricity that power the vehicle and close the
cycle. Achieving such an economy, however, requires the successful development of each aspect
of this process to both efficiently produce H, for use in fuel cells and consume H, in the
production of electricity.

Significant investment in infrastructure supporting hydrogen fuel cell vehicles is underway
around the world. As of 2017, the United States has 34 publicly accessible hydrogen fueling
stations, with 31 of these in California.” The “California Hydrogen Highway” is a planned
expansion of the current distribution network to 100 hydrogen fueling stations in California,
primarily linking San Diego, Los Angeles, and the San Francisco Bay Area.’ Other countries
including Japan, France, Germany, and the United Kingdom have made significant investments
in hydrogen infrastructure both in anticipation of and to help bring about the wider use of
hydrogen fuel cell vehicles.* Public-private partnerships further these efforts and provide a basis
for the future of hydrogen fuel cell vehicles to provide a clean alternative to traditional fossil-fuel
based transportation.’

In addition to infrastructure developments, further scientific advances are imperative in
order to realize the widespread adoption of hydrogen as a commercial fuel. Notable among such
desired advances is the development of efficient hydrogen storage systems.® While containing
2.6 to 3 times more energy per unit mass than gasoline,”® hydrogen poses challenges in the
pursuit of storage at high volumetric densities. Hydrogen is a weakly interacting gas at ambient
temperature and pressure and thus requires cooling and/or compression for storage at densities
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sufficient for acceptable driving ranges in automobiles. However, cryogenic storage requires the
use of large, expensive, and well-insulated systems in order to maintain a low temperature.®’
Similarly, compression of H, at high pressures, typically up to 700 bar, is costly and requires
heavy, expensive, and bulky storage tanks.'”"' Both of these solutions therefore add to the price
of the vehicle in addition to providing significant engineering challenges given the wide
operating temperature range for passenger vehicles (—40 to 60 °C). Furthermore, compression to
700 bar only results in a hydrogen volumetric energy density of 5.6 MJ/L at 298 K, significantly
lower than the 32.4 MJ/L for gasoline.® While the use of a metal or chemical hydride as a storage
medium could mitigate the need for low temperature or high pressure storage vessels, these
materials tend to suffer from either capacity limitations or problems arising from large activation
energies and reversibility issues.'>">'*!

An alternative to either cryogenic or compressive storage involves the use of an adsorbent
material, such as a zeolite'® or activated carbon,'’ to boost the hydrogen density in a tank under
more ambient conditions. With just two electrons and a low polarizability, H, is capable of
engaging in only weak van der Waals interactions, leading to an adsorption enthalpy that is
typically on the order of —5 kJ/mol. Accordingly, adsorption sites capable of strongly polarizing
H, must be introduced to achieve sufficient densification and a reasonable driving range. Cryo-
adsorption, which entails a combination of adsorption and cryogenic storage, is one possible
strategy to yield high capacities.'®'"” However, the ideal situation would involve adsorption under
ambient temperature conditions, with a relatively low fill pressure of 100 bar or lower. Such a
system would be expected to lower costs significantly because a conformable, lightweight
storage vessel could potentially be used and no on-board cooling system would be required.

Metal-organic frameworks (MOFs) are a class of materials with great potential for hydrogen
storage, among other applications related to gas storage and separations.” The inherent synthetic
tunability of these structures has led to a wide range of interesting properties such as high surface
areas,”’ negative gas adsorption,”* and precisely engineered pore environments.” Such tunability
can be used to improve their properties for a desired application, including hydrogen
storage,”**?°*" and has made MOFs one of the most intensely-studied fields in modern inorganic
chemistry. For example, it is possible to create MOFs featuring pore surfaces with a high
concentration of strong H, adsorption sites, a feature less readily achieved in zeolites and
activated carbon adsorbents. Computationally predicted hydrogen adsorption isotherms in MOFs
have shown high hydrogen capacities at near-ambient temperatures, but these materials have yet
to be evaluated experimentally.?®**”**' MOFs can thus, in principle, be designed to exhibit H,
binding enthalpies in the optimal range of —15 to —20 kJ/mol,” leading to a high storage capacity
under conditions relevant to light-duty fuel cell vehicles.” The appeal of this approach is
apparent in the many studies of MOFs for H, storage that have often focused on materials
containing coordinatively-unsaturated (open) metal sites.”* These exposed positive charges are
able to polarize H, more strongly than the typical surfaces available for physisorption in most
storage materials.”>”%*"*® Thus far, however, no MOFs have been shown to achieve the necessary
binding enthalpies or the capacity metrics set forth by the U.S. Department of Energy.”

The most promising metal-organic framework identified to date for H, storage is Ni,(m-
dobdc) (m-dobdc*™ = 4,6-dioxido-1,3-benzenedicarboxylate), which was shown previously to
display an H, binding enthalpy of —13.7 kJ/mol, as measured by variable-temperature infrared
spectroscopy and representing the largest value yet observed in a MOF by this method.” Ni,(m-
dobdc) is a structural isomer of Ni,(dobdc) (dobdc* = 2,5-dioxido-1 4-benzenedicarboxylate; Ni-
MOF-74), and its record binding enthalpy is largely a result of a higher charge density at its
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coordinatively-unsaturated Ni** centers. These sites strongly polarize H,, providing the primary
binding sites for H, within the pores of the material and leading to a high volumetric storage
capacity of greater than 11 mmol/g (2.2 wt %) at 77 K and 1 bar. Recent reports have shown that
the material Cu(I)-MFU-4[ exhibits an H, isosteric heat of adsorption of —32 kJ/mol;* however,
the volumetric density of these open metal coordination sites in this material is about 10% of that
in Ni,(m-dobdc), rendering it perhaps more suitable for H,/D, separations than H, storage."’

In this work, the hydrogen storage properties of Ni,(m-dobdc) and other related top-
performing MOFs, specifically Co,(m-dobdc), Co,(dobdc), and Ni,(dobdc), are investigated
under more practical conditions. Adsorption isotherms at multiple temperatures in the range of
198 to 373 K were measured to determine capacities at pressure up to 100 bar, while in situ
powder neutron diffraction and infrared spectroscopy experiments were employed to probe the
nature of the interactions of hydrogen within the pores of the materials.

3.2. Experimental
3.2.1. Synthesis of H,(m-dobdc). See Section 2.2.2.

3.2.2. Synthesis of Co,(m-dobdc). Aliquots of 310 mL of methanol and 310 mL of N,N-
dimethylformamide (DMF) were added to a 1-L three-neck round-bottom flask equipped with a
reflux condenser and sparged with N, with stirring for 1 h. The solids H,(m-dobdc) (2.00 g, 10.1
mmol) and CoCl, (3.27 g, 25.2 mmol) were added under N, pressure, and the reaction mixture
was vigorously stirred and heated at 120 °C for 18 h. The mixture was then cooled to ambient
temperature and filtered, affording a pink microcrystalline powder. The powder was soaked in
500 mL of DMF for 24 h, then soaked in three successive aliquots of 500 mL of methanol for 24
h each. The resulting pink powder was collected by filtration and heated at 180 °C under
dynamic vacuum until the outgas rate was <1 pbar/min, yielding 1.71 g (54.3 %) of activated
product.

3.2.3. Synthesis of Ni,(m-dobdc). An identical procedure was used as for Co,(m-dobdc)
above, except that the solvent consisted of 220 mL of methanol and 405 mL DMF, and NiCl,
(3.27 g, 25.2 mmol) was used in place of CoCl,. The reaction yielded 1.69 g (544 %) of
activated product.

3.24. Synthesis of M,(dobdc) (M = Co, Ni). These materials were synthesized using
identical procedures to their M,(m-dobdc) congeners above, with the substitution of like amounts
of the isomeric H,(dobdc) ligand for the H,(m-dobdc) ligand. These reactions yielded 2.06 g
(65.4%) of activated Co,(dobdc) and 2.25 g (80.1%) of activated Ni,(dobdc).

3.2.5. Synthesis of MOF-5. The synthesis of MOF-5 was carried out according to a
previously published procedure.”*

3.2.6. Measurement of Gas Adsorption Isotherms. All gas adsorption isotherms in the
range 198 to 373 K were measured on a Particulate Systems HPVA 1II instrument. The sample
holder was custom-built using a Swagelok valve connected to a sample holder. Typically, 1.0-2.0
g of sample was used for each measurement to ensure that measurement and mass errors were
minimized. These samples were activated in standard glass sample tubes as loose powders on a
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Micromeritics ASAP 2420 instrument and transferred to the custom HPVA sample holder in a
dry box. Once the sample holder was connected to the HPVA instrument, the sample was
immersed in a recirculating fluid bath connected to a Julabo FP89-HL/TK filled with Dow
Syltherm fluid.* During the data collection, a portion of the sample holder was exposed above the
fluid in the temperature bath but below the temperature-controlled dosing manifold of the
HPVA-II instrument. The resulting existence of three temperature zones leads to challenges in
performing the required volume calibrations, which are essential to properly determining the gas
uptake of a sample. The volume of each temperature zone was therefore experimentally
determined based on He measurements at multiple temperatures, and the results were applied in
obtaining corrected adsorption data. A more complete discussion of this calibration method can
be found in a similar paper discussing the measurement of methane adsorption in MOFs.*

Importantly, the background adsorption of H, within the sample in an empty sample holder
should be close to zero at all pressures, assuming the proper calibrations are in place. While this
is true for isotherms being measured at close to ambient temperature (at which the temperatures
of the two parts of the sample holder are very similar, resulting in a minimal temperature
gradient), isotherms measured at temperatures further from ambient will see a larger temperature
gradient and a commensurate deviation from null adsorption. To account for this deviation,
background adsorption measurements for H, were repeated three times at each temperature and
fit using a third-order polynomial, which was then used to perform a background correction on
all subsequently collected data at each temperature. The uptake in these background adsorption
isotherms was typically on the order of 10 v/v (volume of H, per volume of MOF) and the
measured values were subtracted from the total adsorption isotherms of the metal-organic
frameworks. Such error primarily stems from minor temperature fluctuations in the three-zone
experimental setup, as well as small valve volumes. Pore volumes were determined
experimentally using N, adsorption isotherm data. Crystallographic densities were used in all
calculations to obtain volumetric capacities.

Adsorption isotherms at 77 K and 100 K (Figures 3.S2-3.S3) were collected on a custom-
built volumetric adsorption apparatus at the National Renewable Energy Laboratory (NREL).
The H, gas adsorption measurement at —197 °C at higher pressures (~5 to 105 bar Figure S2) was
collected on a volumetric adsorption apparatus at the National Renewable Energy Laboratory
(NREL). (The temperature of liquid N, at the elevation in Golden, CO is 75.6 K). The sample
was packed in the custom-made sample holder in a dry box and transported to NREL in argon
atmosphere. The sample holder includes a VCR diaphragm isolation valve, 1/8” tubing, and a
1/4” Swagelok VCR union and cap where the sample is located. There is a 2 micron filter gasket
to ensure the sample remains in the sample holder. The sample was degassed to 180 °C at a
heating rate of 2 °C/min, held at 180 °C for 12 hours, and cooled to ambient temperature at 2
°C/min. The H, adsorption isotherm was measured on a custom modified PCTPro 2000. The
mass of the sample after measuring the isotherm was 256 mg. This system has been previously
described in detail.” Modifications to the system include water-cooled copper jacket fittings to
maintain extended temperature control of the gas dosing arm and the sample holder. For
measurements at —197 °C, the bottom portion of the sample holder containing the sample is
placed in a liquid nitrogen bath. It is essential that the level of the liquid nitrogen bath remain
constant throughout the measurement, as to not change the temperature profile of the sample
holder as this would change the headspace calibration for the instrument. All calculations are
performed using custom software, where the calibrated volumes are calculated directly from the
empty cell measurements, and the number of hydrogen moles adsorbed is directly calculated
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based on these volumes. A detailed description of the calculations for determining capacities is
provided elsewhere.’

The same experimental setup was used to measure the isotherm at 100 K (1 to 154 bar,
Figure S3) with the exception that a cryostat was used to control the temperature of the sample
and the sample mass was 1.0117 g.

High pressure hydrogen capacity measurements were performed on a modified commercial
Sieverts system (PCTPro 2000) that was integrated with an Advanced Research System’s cryo-
cooler (DE-110 with ARS-10HW). This allows PCT measurements at arbitrary temperatures
from 40 K to 350 K. A custom designed and built copper assembly interfaces the cryo-cooler
with the stainless-steel sample holder to ensure a highly isothermal sample volume. Special care
was taken to control heat flow and maintain a static and reproducible temperature profile for the
instrument, which is critical to accurately calibrate the headspace. This hardware modification
included supplementing the as-received temperature-control system so that the temperature-
controlled region was expanded to include the sample support arm and the sample chamber
assembly (sample chamber, manual isolation valve, and 0.125 inch OD connection tubing) using
temperature-controlled water circulating through copper components physically connected to the
sample chamber assembly. The temperatures of the internal cabinet and the external circulator
were equal and this modification greatly improved the overall temperature stability of the
apparatus. Another hardware modification consisted of adding a manifold to the high-pressure
gas inlet that allows either hydrogen or helium to be introduced. In this way, the exact same
protocol for the hydrogen measurement could also occur for the helium calibration procedure
(vide infra). All these measures allow the temperature profile of the sample volume to be stable
and reproducible and yield accurate headspace calibrations. For the 100K measurement, the
temperature was allowed to equilibrate overnight and multiple temperature sensors showed that
the temperature uniformity at the low-temperature portion of the sample volume (where the
sample was entirely contained) was within +0.1 K.

The samples were degassed on a custom-built degassing station with two turbo pumps
yielding a base pressure of 107 torr and the effluents from the sample can be monitored by a
mass spectrometer. Typically, samples are evacuated at room temperature for 1 hour, then the
temperature is increased to 110 °C over two hours, and then held at 110 °C for ~ 14 hours, all
under evacuation. Since the sample chamber assembly has a manual isolation valve, the sample
chamber can be transferred between the degassing station and the Sieverts apparatus without
exposure to air.

The Sieverts protocol consists of the following sequence after the degassing was
accomplished:

1) Measure hydrogen capacity of sample at 100K.

2) Warm to 303 K and pump off hydrogen (base pressure 10~ torr ) for 1 hour.
3) Perform helium calibration at 303 K with sample present.

4) Remove sample material and reassemble empty sample chamber assembly.
5) Perform helium calibration at 100K on empty sample chamber.

6) Perform helium calibration at 303 K on empty sample chamber.

For each hydrogen measurement step, the pressure was held for 15 minutes to allow the

sample to come to equilibrium, which is consistent with the physisorption mechanism expected
in these materials. For the helium calibration steps, the pressure was held for 6 minutes as little
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adsorption occurs and equilibrium occurs more quickly. These steps allow calculation of the
sample skeletal volume (steps 3 and 6) and the calculation of the warm and cold empty volumes
(steps 5 and 6). The sample skeletal volume can then be subtracted from the empty volumes to
yield the cold volume with the sample present. The volume and gas density for the temperature
gradient region is calculated directly assuming a linear temperature gradient and the geometrical
dimension of the tubing. The critical requirements needed for the above protocol are that the
sample chamber volume be repeatable to a high degree upon disassembly and re-assembly as
well as the repeatability of the temperature profile both at 303 K, any temperature gradients, and
the volume at non-ambient temperatures. These requirements have been thoroughly verified
through control experiments on empty sample chambers.

The above protocol avoids helium adsorption effects on the sample at low temperatures for
the calibration steps when it is expected to be the most significant. Instead, the sample is only
exposed to helium at 303 K when the effects are much reduced. The helium adsorption that
occurs at 303 K is assumed to be negligible from necessity as it is very difficult to accurately
determine this adsorption and compensate for its effects on the hydrogen adsorption
determination. This is especially true for samples that cannot be heated to high temperatures
such as MOFs. Not compensating for helium adsorption effects will yield capacity
measurements that underestimate the hydrogen adsorption. As mentioned above, because of the
modification that allows helium to be introduced into the high-pressure port of the instrument,
the exact same measurement protocol used for hydrogen can also be done with helium. This
provides a higher degree of confidence for the helium calibration and can also investigate any
calibration effects dependent on pressure.

Data analysis to determine hydrogen capacities was performed using custom analysis
procedures to ensure the highest accuracy and proper handling for the temperature profile of the
sample chamber. The analysis is based on a mass-balance model of the gas phase where missing
gas is assumed to be adsorbed onto the sample and surplus gas is assumed to have desorbed from
the sample. A real equation of state was used for the gases and the compressibility factor was
based on calculations using GASPAK for helium and hydrogen.

3.2.7. Temperature-Programmed Desorption. The temperature-programmed desorption
(TPD) data were collected on a custom-built NREL TPD apparatus that allows for identification
and quantification of effluent gases, as described elsewhere.* In summary, calibrated adsorption
capacities and desorption activation energies and kinetics can be investigated using the system,
in which it is possible to heat or cool samples in vacuum to temperatures between 77 K and 1200
K. Samples may be exposed to hydrogen (99.9999%) at pressures up to ~1000 Torr, and the
system can achieve pressures as low as 10~ Torr. The TPD system is equipped with a mass
spectrometer with detection range of 0—100 atomic mass units to detect impurities present in
materials both during degas and after hydrogen exposures.

3.2.8. Powder Neutron Diffraction Measurements. Powder neutron diffraction data were
collected on the high resolution neutron powder diffractometer, BT-1, at the National Institutes
of Standards and Technology (NIST) Center for Neutron Research (NCNR), with a Ge-(311)
monochromator using an in-pile 60’ collimator corresponding to a wavelength of 2.077 A.
Measurements were performed on 1.11 g of activated Co,(m-dobdc). The activated sample was
transferred into a He-purged glove box equipped with oxygen and water monitors. The sample
was loaded into an aluminum can equipped with a valve for gas loading up to pressures of 100

84



bar and loaded into a top-loading closed-cycle refrigerator. Data collection was performed at 77
and 198 K for the activated sample. At 77 K, one loading of 78 bar of D, was measured. At 198
K, the sample was initially exposed to 79 bar of D, and allowed to reach equilibrium. Additional
measurements were performed at reduced pressures of 54 and 36 bar of D,. Aluminum Bragg
peaks were removed from the data during analysis.

Diffraction patterns were analyzed using the Rietveld refinement method as implemented
within GSAS' and EXPGUI* was used to perform all refinements. A previously determined
starting model for the bare material’ was refined against the bare sample data first, with soft
restrains placed on the internal bond distances and bond angles of the M,(m-dobdc); this refined
model was then used as the starting point for refinements of the sample dosed at 78 bar or 79 bar
D,. Fourier difference maps were used to approximate the position of D, adsorption sites with
values for the D, fractional coordinates, occupancies, and thermal parameters then obtained by
Rietveld refinement. Deuterium molecules were treated as D-atoms with double occupancy and a
large thermal factor as determined previously.* Subsequent refinements of the measurements
performed at 54 and 36 bar D, were made by holding all variables constant except occupancy.

3.2.9. In situ Infrared Spectroscopy. Infrared spectra were acquired using a Bomem DA3
Michelson interferometer equipped with a quartz-halogen source, a CaF, beamsplitter, and a
liquid nitrogen-cooled mercury-cadmium-telluride detector. A cutoff filter above 9000 cm™" was
used to prevent unwanted sample heating from the IR source. A custom-built diffuse reflectance
system with a sample chamber that allows both the temperature and atmosphere of the material
to be controlled was utilized for all experiments.” Activated powder samples (~10 mg) were
transferred to a Cu sample holder within an Ar-purged glove box. The samples were sealed
within a dome containing sapphire windows and a valve for gas loading. Seals were achieved
using either indium or Teflon gaskets depending on the pressure and temperature of the specific
experiment. The dome was bolted to a copper slab providing thermal contact to a cold-finger
cryostat (Janis ST-300T). The sample temperature was monitored by a Si-diode thermometer
bolted directly to the copper slab. A reference infrared spectrum was obtained at each
temperature. Hydrogen gas was introduced from a dosing manifold to a desired pressure while
maintaining the sample at constant temperature. Multiple infrared spectra were obtained at each
pressure step up to a maximum pressure of 100 bar. These spectra were then referenced to the
initial spectrum without H,.

Infrared spectra measured at LBNL were collected on a Bruker Vertex 70 spectrometer
equipped with a custom DRIFTS apparatus and an external mercury-cadmium-telluride detector.
Powdered samples of activated framework (~20 mg) were transferred under an inert
atmosphere to a homebuilt IR cell in which the atmosphere could be controlled. H, gas was
dispensed to the sample to target pressures from a UHP (99.999%) hydrogen cylinder. A
forthcoming publication will provide the full instrument setup and capabilities.

3.3. Results and Discussion
3.3.1. General Considerations for H, Storage in Adsorbents. As introduced earlier,
adsorbent materials have the potential to store H, at reduced pressures and temperatures relative

to cryogenic or high-pressure technologies and therefore offer a more energetically and
financially promising solution. The United States Department of Energy (DOE) has released
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guidelines for hydrogen storage in light-duty and specialty vehicles (e.g. passenger vehicles,
forklifts, golf carts, and specialized airport vehicles, among others). A subset of the system-based
targets associated with these guidelines and relevant to adsorbent-based storage is reproduced in
Table 3.1.

Table 3.1. Selected U.S. Department of Energy (DOE) targets for the onboard
storage of hydrogen in light-duty vehicles.

Storage Parameter Units 2020 Ultimate
System gravimetric H, capacity wt%. ke Holkg system, 4 50 045,15  6.5%,0065,2.2
kWh/kg
System volumetric H, capacity g H,/L system, kWh/L 30,1.0 50,1.7
Storage system cost $/kg H, stored, $/kWh net 333,10 266, 8
Operating ambient temperature °C —40 to 60 —40 to 60
Min/max delivery temperature °C —40 to 85 40 to 85
Operational cycle life (1/4 tank to full) cycles 1500 1500
Min delivery pressure from storage bar (abs) 5 3
system
Max delivery pressure from storage bar (abs) 12 12
system
System fill time (5 kg) min 3-5 3-5

To date, no adsorbents have been produced that satisfy the 2020 target capacity
requirements of 4.5 wt % and 30 g/L H,. The trade-off between volumetric and gravimetric H,
density in MOFs has been previously studied, however, showing maximization of both to be
difficult.***” While pressure ranges are not explicitly given, operating pressures below 100 bar
have the potential to reduce storage vessel and compression costs while maintaining reasonable
capacities. Importantly, these target capacity requirements are full system capacities. Therefore,
potential adsorbent materials must actually exceed target capacities, as the full system will
involve more mass and volume than that of the adsorbent alone.

The volumetric capacity is the primary consideration when evaluating MOF materials for H,
storage, because in light-duty vehicles, the available volume for a tank for adsorbent-based
storage of H, is the limiting factor in determining the driving range of a vehicle. This concept has
been discussed in detail elsewhere for natural gas storage,” and the same principles will apply to
H, storage. For example, a given percent increase in volumetric storage capacity will yield a
commensurate percent increase in driving range assuming a fixed-volume tank. In contrast, the
same percent increase in gravimetric capacity will only yield a small percent increase in driving
range due to the savings in weight of the adsorbent in the fuel tank; therefore, targeting materials
based on their total volumetric capacity is a more useful means of identifying candidate materials
for H, storage. Crystallographic densities are used herein to calculate volumetric capacities as an
upper bound of storage capacity, as these represent an intrinsic property of each material and
allow for the comparative evaluation of materials across multiple studies without needing to
account for sample preparation or measurement of other densities. The actual storage capacity in
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a system, however, will depend on the bulk density, shaping, and packing of the storage material,
which is outside the scope of this report.*®

Furthermore, the volumetric usable capacity is the most important consideration when
evaluating adsorbents for hydrogen storage. For the purposes of this work, usable capacity is
defined as the total amount of H, adsorbed between 5 and 100 bar in the total adsorption
isotherm (Figure 3.1). The total adsorption isotherm is calculated by accounting for the excess
capacity plus the amount of bulk H, present under the conditions at which the isotherm was
measured. The total adsorption thus gives the total amount of gas contained within the volume of
a crystal of the adsorbent. A minimum pressure of 5 bar is assumed to be necessary for the fuel
injector in the vehicle, such that any H, stored below 5 bar is inaccessible as fuel. Thus, all H,
uptake would ideally occur after 5 bar and the total capacity would be equal to the usable
capacity.® In practice, however, materials that strongly bind H, typically adsorb large quantities
of H, at lower pressures, which are then inaccessible to use in the fuel cell.
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Figure 3.1. An illustration of how usable capacity is calculated, considering
adsorption at 100 bar and desorption at 5 bar. For MOFs, usable volumetric
capacity is determined from the total uptake and crystallographic density of the
material for easy comparison across multiple studies.

There are many considerations when measuring adsorption isotherms at high pressures that
are crucial for properly evaluating materials for their H, adsorption properties. For example, it is
important to use a large mass of material to minimize mass errors that may significantly affect
the gas uptake. Furthermore, all volumes must be carefully calibrated in order to ensure
reproducibility and accuracy of measurements. Maintaining isothermal control is also essential;
regardless of the number of temperature zones in the measurement, consistent volumes at
consistent temperatures must be maintained to ensure accuracy across multiple isotherm
collections.

The adsorbent cost, which impacts the entire system cost, is another important metric, as the
H, storage system must be economically competitive with gasoline storage tanks. This necessity
is quite challenging, owing to the relative difficulty of containing a compressed gas versus a
liquid fuel. Further, the complexity of synthesis and high precursor expenses for many metal-

87



organic frameworks can render them costly to prepare, limiting their industrial application in gas
storage, gas separations, and catalysis. Zeolites currently used in such applications are generally
less expensive based on their aluminosilicate composition, although a recent report shows that
alternative synthetic routes for MOFs can significantly reduce their cost, making some
competitive with zeolites.”® Furthermore, among MOFs, the M,(m-dobdc) series of materials is
particularly poised as a low-cost adsorbent with useful gas adsorption properties. The cost of the
H,(m-dobdc) linker is low, as it can be formed in a one-step reaction from cheaply available
resorcinol, potassium bicarbonate, and CO,, with no solvent needed other than water during
isolation of the product. The overall cost of M,(m-dobdc) itself is thus largely dependent on the
metal salt, but can be as low as ~$3/kg for raw materials for the Mg,(m-dobdc) analog. Such
economic considerations are paramount to the successful deployment of MOFs in gas storage
applications.

3.3.2. High-Pressure H, Adsorption Isotherms. Structural characterization and low-
pressure H, adsorption isotherms of Co,(m-dobdc), Ni,(m-dobdc), Co,(dobdc), Ni,(dobdc), and
MOF-5 have been reported previously.””’**# In this study, the high-pressure H, adsorption
isotherms of these five materials were measured between O and 100 bar at temperatures of —75, —
50, 40, =25, 0, 25, 50, 75, and 100 °C. Increments of 25 °C were chosen to provide a wide
range of conditions for considering temperature swings when determining the volumetric usable
capacity of these materials; —40 °C was also measured because it is the temperature at which
hydrogen is stored at and dispensed from fueling stations.” These isotherms for Co,(m-dobdc),
Ni,(m-dobdc), Co,(dobdc), and Ni,(dobdc) materials are shown in Figure 3.2 and for MOF-5 in
Figure 3.S1.

88



25 . 25
-75°C Co,(m-dobdc) Lo 2.0

T
g
o

-75°C Ni,(m-dobdc) oo’
[ ]

T
-
[$)]

P
(% ) axeydn °H [elol

Total H, uptake (g/L of crystal)
Total H, uptake (g/L of crystal)

L 0.5
N

0.0

P (bar) P (bar)
25 N —_ -
3 |78°C Co,(dobdc) 20 = 2.0
' -50 °C 5
5 01 g 5 g
- =25 e L1558 - 153
g £ -
2 c =2 C
) 108 o 1.0 S
x ® X o
© x O x
B © T 2
3&\! “ ko5 g :SN 0.5 §~
I . "; T 53
T T 3 =
(o] o
. : —+o00 = 0.0
0 20 40 60 80 100
P (bar) P (bar)

Figure 3.2. Hydrogen adsorption isotherms for a) Co,(m-dobdc), b) Ni,(m-
dobdc), c¢) Co,(dobdc), and d) Ni,(dobdc) at —75 (black circles), —50 (navy
squares), —40 (blue triangles), —25 (green upside-down triangles), 0 (gold
diamonds), 25 (yellow hexagons), 50 (orange stars), 75 (dark red pentagons), and
100 °C (bright red crosses) measured between 0 and 100 bar and plotted in terms
of total volumetric and gravimetric capacity. The black line in each plot
represents the volumetric density of pure compressed H, at 25 °C.

Among the five measured materials, Ni,(m-dobdc) exhibits the highest adsorption capacities
at all temperatures and pressures, and all isotherms in this material at 75 °C and below exhibit a
higher H, capacity than pure compressed H, at 25 °C. At 25 °C and 100 bar, Ni,(m-dobdc) takes
up 11.9 g of H, per L of crystal, which is the highest among the MOFs measured in this study
and, to our knowledge, the highest for any known adsorbent. The usable capacity under these
conditions is slightly reduced to 11.0 g/L, however, due to the uptake of 0.9 g/L at 5 bar. This
still outperforms compressed hydrogen, which would require compression to over 150 bar to
obtain the same total volumetric usable capacity at 25 °C. At 100 bar and the lowest measured
temperature of —75 °C, Ni,y(m-dobdc) takes up a total of 23.8 g/LL H,, corresponding to a total
usable capacity of 19.0 g/L. Notably, H, adsorption data collected at 75.6 K exhibit a total
capacity of 57.3 g/L at 105 bar (Figure 3.S2), a value that exceeds the DOE system capacity
target, albeit at cryogenic temperatures. Furthermore, data collected at 100 K show capacities
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approaching the DOE system capacity targets, which is notable given that measured sample
densities were used in calculating the capacity (Figure 3.S3).

If the possibility of using a temperature swing in a storage system through application of
active cooling at high filling levels, the usable capacities attained with Ni,(m-dobdc) are even
higher. For example, adsorption at —40 °C with desorption at 25 °C affords a usable capacity of
18.2 g/L. An even more extreme temperature swing from adsorption at —75 °C to desorption at
25 °C gives a usable capacity of 23.0 g/L.. This enhanced usable capacity represents 77% of the
DOE system target of 30 g/L, which is the highest H, volumetric usable capacity achieved to
date for an adsorbent operating in this temperature range. It is relevant to note that increasing the
desorption temperature to 100 °C only offers only an additional 0.4 g/L of usable capacity over
desorption at 25 °C, which is not likely to be worthwhile given the additional system complexity
required to heat the MOF above ambient temperature.

The related MOFs Co,(m-dobdc), Co,(dobdc), and Ni,(dobdc) were also evaluated for their
H, storage performance under various temperature swings, and the results are summarized in
Table 2. As the best known adsorbent for cryogenic hydrogen storage, MOF-5, was also
measured for comparison (Figure 3.S1) and the data agree well with a previous measurement
performed at 25 °C.*” From the results in Table 3.2, Ni,(m-dobdc) is clearly the top-performing
material for all of the considered temperature swings. This superiority arises from it having the
highest capacity under all conditions, which is a consequence of the greater charge density at its
open metal coordination sites compared to the other materials. Volumetrically, MOF-5 is inferior
to the M,(m-dobdc) and M,(dobdc) adsorbents due to a lack of strong adsorption sites within its
pores.

Table 3.2. A comparison of the volumetric usable capacities in g/L. for selected
temperature swings.

Co,(m-dobdc) Ni,(m-dobdc) Co,(dobdc) Ni,(dobdc) MOF-5
25 °C, no swing 10.5 11.0 8.8 9.9 8.8
75 °C, no swing 18.2 19.0 16.5 184 15.8
—40 to 25 °C 173 18.2 14.0 16.6 12.8
~751t025°C 219 23.0 183 214 16.5
=75 to 100 °C 22.3 234 18.6 21.8 16.7

It is important to understand the benefits that an adsorbent can offer over compression of
pure H,. To that end, a comparison of volumetric H, storage capacities at all of the measured
temperatures shows that Ni,(m-dobdc) imparts a clear enhancement in capacity relative to the
compressed gas (Figure 3.3). Furthermore, this advantage increases substantially with decreasing
temperature. Even at 100 °C, the volumetric H, capacity of a crystal of Ni,(m-dobdc) is 121% of
the capacity of pure H,. This advantage increases to 155% at 25 °C and 209% at —75 °C,
highlighting the utility of Niy(m-dobdc) for increasing the density of hydrogen in a storage
cylinder filled at 100 bar.
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Figure 3.3. A comparison of the total volumetric capacities of Ni,(m-dobdc)

(green circles) and pure compressed H, (blue squares), both at 100 bar.

Decreasing temperature leads to an increase in the advantage Ni,(m-dobdc) has

over pure H, in terms of total volumetric capacity.

3.3.3. Temperature-Programmed Desorption. Physisorptive storage of H, (such as in
MOFs) has the advantage over chemisorptive storage (such as in metal hydrides) in that the gas
is accessible without large energy inputs. As an illustration of this accessibility and the stronger
binding in the M,(m-dobdc) series, we carried out temperature-programmed desorption (TPD)
experiments on samples of Ni,(m-dobdc) and Ni,(dobdc) loaded with H,.

The results of the TPD measurements indicate that Ni,(m-dobdc) binds H, more strongly,
given the shift in the desorption profile of H, as compared with Ni,(dobdc) (Figure 3.4). These
desorption peaks, centered at —165 and —175 °C for Ni,(m-dobdc) and Ni,(dobdc), respectively,
appear to indicate that both materials polarize H, strongly enough that it desorbs above liquid
nitrogen temperature (—198 °C at the NREL altitude). Empirical differences in desorption
temperature between materials typically arise due to differences in pore shape or size, which
impact the diffusion of hydrogen through the pores. However, due to the similar pore shapes and
sizes exhibited by these two MOFs, the higher desorption temperature for Ni,(m-dobdc) is
indicative of a stronger H, binding at the open Ni** sites.
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Figure 3.4. Temperature-programmed desorption of H, in Ni,(m-dobdc) and

Ni,(dobdc). Note the difference in desorption temperature between Ni,(m-dobdc)
and Ni,(dobdc).

3.34. In Situ Powder Neutron Diffraction. Powder neutron diffraction experiments were
undertaken at high pressures in order to further understand hydrogen adsorption in the M,(m-
dobdc) frameworks. The measurements were performed on Co,(m-dobdc), as its greater degree
of crystallinity allowed for structure solutions of the D,-dosed samples and the refinement of the
D, adsorption positions within the pores. While not a direct measure of the performance of
Ni,(m-dobdc), the similar structure and adsorption behavior of Co,(m-dobdc) should provide a
representative example of the Ni,(m-dobdc) material. Additionally, D, and H, have previously
been shown to behave nearly identically in powder neutron diffraction experiments.” Samples
were measured at 198 K at pressures of 36, 54, and 79 bar, as well as at 77 K at a pressure of 78
bar in order to most closely simulate the adsorption isotherm conditions while retaining the
ability to crystallographically locate each D, binding site within the pores.

At 77 K, the sample of Co,(m-dobdc) loaded with D, at 78 bar revealed seven distinct
adsorption sites (Figure 3.5). At site 1, the strongest adsorption site, the D, is bound to the open
Co®* coordination site with a Co-D,(centroid) separation of 2.25(7) A. The D, at site 2 is
directly adjacent, interacting with both the D, bound at site 1 as well as ligand O atoms from a
hydroxide and a carboxylate. Site 3 occupies a position above the center of the aromatic ring of
the m-dobdc*™ linker, while site 4 lies adjacent to this. These first four adsorption sites were
previously observed in neutron diffraction experiments carried out on Co,(m-dobdc) at 4 K and
pressures below 1 bar.”” Adsorption sites 5-7, which only become occupied at the higher D,
pressures measured here, could likely have been located in the previous study if higher dosings
were used. Sites 5 and 6 lie at the center of the hexagonal channels of the framework, while site
7 resides 3.10(3) A from the D, located at site 5 and primarily relies on D,D, interactions for
stabilization. At 77 K and 78 bar, sites 1-6 show full occupancy of D, and site 7 shows

approximately half occupancy. Importantly, a comparison of the adsorption isotherm data
collected at 198 K and the D, loadings observed by powder neutron diffraction at the same
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temperature reveal a quantitative agreement between the two methods for measuring storage
capacity (Figure 3.S4).

sites as determined from neutron diffraction data. Purple, red, grey, white, and
yellow spheres represent Co, O, C, H atoms and D, molecules, respectively.

Notably, the D,--D, distances measured for certain sites within the pores of Co,(m-dobdc)
are very short. For example, the distance between the D, molecules at sites 1 and 2 is only
2.86(3) A. This is significantly shorter than the H,~-H, separation of 3.21 A in solid hydrogen,*
and is approaching the H,-H, distance of 2.656 A in solid H, pressurized to 54 kbar at 300 K.
These comparisons to solid hydrogen powerfully illustrate the ability of materials in the M,(m-
dobdc) series to densify hydrogen within their pores. Other notably short D, --D, distances within
Co,(m-dobdc) can be seen in Table 3.3, further illustrating this principle.”* Significantly, the high
charge density on the metals not only strongly polarizes D, bound at the coordinatively-
unsaturated Co>* center, but additionally impacts D, bound in more weakly physisorbing
secondary sites as well, leading to a high hydrogen packing density within the adsorbent.

Table 3.3. Selected D,-D, distances within Co,(m-dobdc) as determined from
powder neutron diffraction collected at 77 K and 78 bar. Numbers in parentheses
indicate one standard deviation in the value.

D,-D, interaction Distance (A)
12 2.86(3)
2:-2 3.08(3)
34 3.12(5)
4---5 341(3)
solid H,” 321
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3.3.5. In Situ Infrared Spectroscopy. High-pressure H,-dosed in situ infrared spectroscopy
was used to further understand H, loading in Ni,(m-dobdc). Spectra were collected in the
pressure range 10-90 bar at multiple temperatures ranging from 198 K (Figure 3.6) to 298 K
(Figures 3.S11-3.S19). Adsorbed H, in MOFs has been shown to exhibit a vibrational frequency
that is lower than that of free gaseous H, (4161 cm™) and generally correlates with the H,
binding energy at a given site.” In Figure 3.6, the peak at ~4035 cm™ corresponds to H, bound to
the open Ni** sites in the framework, while the peak at ~4125 cm™ corresponds to H, adsorbed at
more weakly interacting secondary sites within the pores. At lower pressures, the peak area of
the Ni**-bound H, is significantly larger than that of the peak area at the secondary sites,
indicating a substantially higher H, binding enthalpy.

198 K 90 bar

Absorbance (a.u.)

10 bar

4200 4160 4120 4080 4040 4000

Wavelength (cm™)
Figure 3.6. In situ H,-dosed infrared spectroscopy of Ni,(m-dobdc) at 198 K with
H, pressure between 10 and 90 bar. Note that the spectra have been offset for
clarity. The peak on the right corresponds to H, bound to the open Ni** site and
the peak on the left corresponds to H, bound at secondary sites within the pores.

As the gas pressure is increased, the area of the secondary site peak grows with the
corresponding increase in adsorbed H, within the pores. A commensurate increase is not seen for
the Ni**-bound H,, as saturation of these sites prior to the occupation of secondary sites is likely.
A comparison of the peak areas calculated from these spectra, which should be proportional to
the H, loading, shows good agreement with the isotherm data when a single linear scaling factor
(used to compare absolute adsorption from isotherms to the relative adsorption determined by
infrared spectroscopy) is applied to the peaks areas at each temperature (Figures 3.S11-3.S19),
especially at pressures below 60 bar. The small standard deviations for the observed scaling
factors (<0.8 for all temperatures and <0.3 for 198 and 233 K) support the validity of this method
(Table 3.S6).

Figure 7 displays infrared spectra collected for Ni,(m-dobdc) at approximately equivalent H,
loadings at various temperatures and pressures. The results illustrate how the loading of each of
the two types of adsorption sites (Ni** centers at 4035 cm™ and more weakly physisorbing sites
at 4125 cm™) changes as a function of temperature. At 273 K and 70 bar, the area under the
peaks for each binding site are approximately equal, indicating an even distribution of bound H,
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between the open Ni** sites and other sites within the pores. As the temperature is decreased, the
pressure drops as more H, adsorbs in the material, and the peak at 4035 cm™ begins to grow
while the peak at 4125 ¢cm™ shrinks, indicating a shift toward more adsorption at the open Ni**
sites. At 198 K and 10 bar, most of the adsorbed H, is bound to the open metal sites. This
confirmation of the temperature dependence of the binding site population, while expected, is
quite interesting and illustrates the importance of operating conditions when considering the use
of an adsorbent in a hydrogen storage system.

— 273 K, 70 bar

248 K, 50 bar
—— 233K, 30 bar
—— 198 K, 10 bar

Absorbance (a.u.)

4200 4160 4120 4080 4040 4000
Wavelength (cm-")
Figure 3.7. Comparison of infrared spectra with approximately constant
adsorption of H, in Ni,(m-dobdc) based on total peak area for each spectrum.
Note the change in relative peak areas from approximately equal loading of open
Ni** sites (~4035 cm™) and other sites (~4125 cm™) at 273 K and 70 bar to a
much higher concentration of H, bound to the open Ni** sites at 198 K and 10 bar.

3.4. Outlook and Conclusions

Selected high-performance metal-organic frameworks were evaluated for their H,
adsorption properties under conditions relevant to on-board storage in motor vehicles.
Adsorption isotherms in the pressure range of 0—100 bar were measured for the materials Co,(m-
dobdc), Ni,(m-dobdc), Co,(dobdc), and Niy(dobdc), which contain a high density of
coordinatively-unsaturated metal sites, as well as for MOF-5, which does not. Ni,(m-dobdc) is
the top-performing material with respect to the critical metric of usable volumetric H, capacity at
pressures between 5 and 100 bar and near ambient temperatures. To our knowledge, this
compound displays the highest physisorptive hydrogen storage capacity of any known adsorbent
under these conditions. Its high capacity is attributable to the presence of highly polarizing Ni**
adsorption sites, which lead to large binding enthalpies and a dense packing of H, within the
material. This conclusion is supported by the results of temperature-programmed desorption, in
situ powder neutron diffraction, and in situ infrared spectroscopy experiments performed under
relevant conditions. The results provide benchmark data for comparison with future generations

95



of adsorbents designed for hydrogen storage. In particular, efforts are underway to create new
metal-organic frameworks with low-coordiante metal cations capable of binding multiple H,
molecules at enthalpies in the optimal range of —15 to —20 kJ/mol. Lastly, this study highlights
the importance of adsorption conditions in the evaluation of materials and the superior
performance of metal-organic frameworks containing open metal coordination sites for
physisorptive H, storage.
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Table 3.S1. Atomic parameters from Rietveld refinement of activated Co,(m-
dobdc) at 198 K [NCNR, BT1], R3m, a = 25.8825(9) A, ¢ = 6.7838(4) A, V =
3935.6(2) A*. Goodness-of-fit parameters: y* = 2.158; wRp = 3.22 %; Rp = 2.57 %.
Numbers in parentheses indicate 1 standard deviation in the value. Refined
composition: Co,C¢H,Oq

Atom X Y z Occupancy U, (A%  Multiplicity
Cl 0.6575(5) 0.8751(5)  0.092(1) 1 0.057(6) 18
C2 0.6675(7) 0.8333(4)  -0.005(2) 1 0.021(6) 9
C6 0.6412(5) 0.8666(4)  0.296(1) 1 0.020(4) 18
Cll 0.6316(5) 0.9085(5)  0.408(1) 1 0.028(3) 18
Co 0.330(2)  0.372(1)  0.791(4) 1 0.006(6) 18
H7 0.673(1)  0.8364(5)  0.840(1) 1 0.03(1) 9
09 0.6676(5) 0.9257(5)  -0.010(0) 1 0.005(3) 18

012 0.6499(5) 0.9588(5)  0.338(2) 1 0.014(2) 18

015 0.6095(5) 0.8945(6)  0.598(2) 1 0.014(2) 18

C2m  0.6289(8) 0.8145(4) 0.387(3) 1 0.029(5) 9

H7m 0.618(1)  0.8087(5)  0.540(4) 1 0.02(1) 9
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Table 3.52. Atomic parameters from Rietveld refinement of Co,(m-dobdc) at 198 K
dosed with 36 bar D,. [NCNR, BT1], R3m, a = 25.8728(1) A, ¢ = 6.7926(6) A, V =
3937.8(3) A®. Goodness-of-fit parameters: x* = 1.508; wRp = 4.40 %; Rp = 3.71 %.
Numbers in parentheses indicate 1 standard deviation in the value. Refined
composition: Co,CiH,0((D,), s

Atom X Y z Occupancy U, (A*»  Multiplicity
Cl 0.6580 0.8762 0.0995 1 0.051 18
C2 0.6588 0.8294 0.9995 1 0.021 9
C6 0.6377 0.8658 0.2962 1 0.023 18
Cll 0.6270 0.9073 0.4089 1 0.029 18
Co 0.3335 0.3685 0.8103 1 0.006 18
H7 0.6670 0.8335 0.8408 1 0.001 9
09 0.6695 09211 0.0044 1 0.002 18

012 0.6449 0.9576 0.3445 1 0.017 18
015 0.6152 0.8991 0.6050 1 0.017 18

C2m 0.6314 0.8158 0.3966 1 0.049 9

H7m 0.5224 0.4775 0.2183 1 0.083 9
D1 0.3550 0.4694 0.9278 1.28(3) 0.1013 18
D2 0.7744 0.5489 0.9964 0.80(0) 0.8 9
D3 0.052 -0.053 0.678 0.40(2) 0.8 18

Table 3.53. Atomic parameters from Rietveld refinement of Co,(m-dobdc) at 198 K
dosed with 54 bar D,. [NCNR, BT1], R3m, a =25.872(1) A, c = 6.7934(6) A, V =
3937.9(3) A®. Goodness-of-fit parameters: x* = 1.948; wRp = 3.80 %; Rp = 3.12 %.
Numbers in parentheses indicate 1 standard deviation in the value. Refined
composition: Co,C;H,0((D,), »,

Atom X Y Z Occupancy U, (A*  Multiplicity
Cl 0.6580 0.8762 0.0995 1 0.051 18
C2 0.6588 0.8294 0.9995 1 0.021 9
C6 0.6377 0.8658 0.2962 1 0.023 18
Cl1 0.6270 0.9073 0.4089 1 0.029 18
Co 0.3335 0.3685 0.8103 1 0.006 18
H7 0.6670 0.8335 0.8408 1 0.001 9
09 0.6695 0.9211 0.0044 1 0.002 18
012 0.6449 0.9576 0.3445 1 0.017 18
015 0.6152 0.8991 0.6050 1 0.017 18

C2m 0.6314 0.8158 0.3966 1 0.049 9

H7m 0.5224 0.4775 0.2183 1 0.083 9
D1 0.3550 0.4694 0.9278 1.41(3) 0.1013 18
D2 0.7744 0.5489 0.9964 0.88(5) 0.8 9
D3 0.052 -0.053 0.678 0.42(2) 0.8 18
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Table 3.S4. Atomic parameters from Rietveld refinement of Co,(m-dobdc) at 198 K dosed
with 79 bar D,. [NCNR, BT1], R3m, a = 25.870(7) A, ¢ = 6.793(8) A , V = 3937.8(7) A’.
Goodness-of-fit parameters: y* = 1.786; wRp = 3.56 %; Rp = 2.85 %. Refined composition:

Co,CsH,04(D5), 60
Atom X Y Z Occupancy U, (A%  Multiplicity
Cl 0.6580(4) 0.8762(8) 0.0995(0) 1 0.051(9) 18
C2 0.6588(8)  0.8294(9)  0.9995(2) 1 0.021(4) 9
C6 0.6377(9) 0.8658(5) 0.2962(4) 1 0.023(2) 18
Cll 0.6270(1)  0.9073(6) 0.4089(2) 1 0.029(2) 18
Co 0.3335(1)  0.3685(8)  0.8103(6) 1 0.006(2) 18
H7 0.6670(2) 0.8335(2) 0.8408(0) 1 0.001(3) 9
09 0.6695(0) 0.9211(4) 0.0044(3) 1 0.002(5) 18
012  0.6449(1) 0.9576(6) 0.3445(5) 1 0.017(1) 18
015  0.6152(9) 0.8991(2) 0.6050(8) 1 0.017(1) 18
C2m  0.6314(9) 0.8158(0) 0.3966(8) 1 0.049(9) 9
H7m  0.5224(4) 04775(6) 0.2183(9) 1 0.083(7) 9
D1 0.3550(7) 0.4694(8) 0.9278(2)  1.62(6) 0.1013 18
D2 0.7744(9) 0.5489(8) 0.9964(7)  1.01(9) 0.8 9
D3 0.052(3)  -0.053(3)  0.678(8) 0.56(1) 0.8 18

Table 3.S5. Atomic parameters from Rietveld refinement of Co,(m-dobdc) at 77 K
dosed with 78 bar D,. [NCNR, BT1], R3m, a = 25.9276(21) A, ¢ = 6.8267(8) A,V
= 3974 4(8) A’. Goodness-of-fit parameters: %> = 1.648; wRp = 3.30 %; Rp = 2.73
% . Refined composition: Co,CiH,04(D,), ,

Atom X Y Z Occupancy U, (A%  Multiplicity
Cl 0.6551(11) 0.871(14)  0.843(4) 1 0.035(9) 18
C2 0.6753(17) 0.8377(8)  0.758(7) 1 0.056(13) 9
C6 0.6385(11) 0.8666(7)  0.049(4) 1 0.021(6) 18
Cll 0.6330(9) 0.9109(8)  0.170(4) 1 0.015(6) 18
Co 0.3309(26) 0.3738(23)  0.558(8) 1 0.0017(2) 18
H7 0.6779(23) 0.8389(12) 0.590(10) 1 0.010(14) 9
09 0.6704(14) 0.9222(15)  0.755(5) 1 0.056(11) 18
012  0.6472(10) 0.9601(10) 0.091(4) 1 0.005(6) 18
015  0.6126(13) 0.8964(15) 0.351(5) 1 0.026(7) 18
C2m  0.6315(16) 0.8158(8)  0.144(5) 1 0.009(7) 9
H7m  0.6171(22) 0.8085(11) 0.280(10) 1 0.02 9
DI 0.2054(8) 0.2182(9)  0.009(4) 1.9(1) 0.123(9) 18
D2 0.7733(10) 0.9461(10)  0.403(4) 1.9(1) 0.122(9) 18
D3 0.5764(10) 0.1528(20)  0.494(5) 2.1(1) 0.26(3) 9
D4 0.58715  0.17439  0.04181 2.1(1) 0.27(3) 9
D5 0.0 0.0 0.92706 2.1(1) 0.26(3) 3
D6 0.0 0.0 0.42637 1.8(2) 0.54(3) 3
D7 0.069 0.138 0.95 0.94(8) 0.10(3) 9
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Figure 3.84. Volumetric adsorption isotherm measured by adsorption isotherms for
H, uptake at 198 K (black). Total H, uptake based on NPD data (red) show good
agreement. Error bars indicate one standard deviation.
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Figure 3.55. Rietveld refinement of the experimental neutron diffraction pattern
(198 K) of bare Co,(m-dobdc). The calculated pattern (red trace) is in good
agreement with the experimental data (hashes) as evidenced by the difference
pattern (blue trace) between calculated and experimental data. Final Rietveld fit
parameter was %> = 1.967.
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Figure 3.56. Rietveld refinement of the experimental neutron diffraction pattern
(198 K) of Co,(m-dobdc) dosed with 36 bar D,. The calculated pattern (red trace) is
in good agreement with the experimental data (hashes) as evidenced by the
difference pattern (blue trace) between calculated and experimental data. Final
Rietveld fit parameter was %* = 1.509.
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Figure 3.57. Rietveld refinement of the experimental neutron diffraction pattern
(198 K) of Co,(m-dobdc) dosed with 54 bar D,. The calculated pattern (red trace) is
in good agreement with the experimental data (hashes) as evidenced by the
difference pattern (blue trace) between calculated and experimental data. Final
Rietveld fit parameter was % = 1.948.
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Figure 3.88. Rietveld refinement of the experimental neutron diffraction pattern
(198 K) of Co,(m-dobdc) dosed with 79 bar D,. The calculated pattern (red trace) is
in good agreement with the experimental data (hashes) as evidenced by the
difference pattern (blue trace) between calculated and experimental data. Final
Rietveld fit parameter was % = 1.786.
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Figure 3.59. Rietveld refinement of the experimental neutron diffraction pattern
(77 K) of Co,(m-dobdc) dosed with 78 bar D,. The calculated pattern (red trace) is
in good agreement with the experimental data (hashes) as evidenced by the
difference pattern (blue trace) between calculated and experimental data. Final
Rietveld fit parameter was % = 1.648.
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Figure 3.510. Fourier difference map calculated for Co,(m-dobdc) dosed at 79 bar
D, at 198 K based on refinement of the bare sample reveals varying intensity in

regions of missing nuclear scattering density. The intensity scale bar is in units of
bound coherent scattering length (fm).

25

~ T o ® -2.0
© | 198K o’
» i °®
_|
g 20- T i ° O
u— i -15 ©
o) ° 2
S, 15 of T
° ! 10T
-1 ®
B (0]
S o =
IN ..i -0.5 gg
54 S
© .. e Gas adsorption isotherm i <
© r = Scaled infrared spectra loadings
= od — 100
0 20 40 60 80 100

P (bar)
Figure 3.511. A comparison of the 198 K H, adsorption isotherm in Ni,(m-dobdc)
with linearly scaled areas from the in sifu infrared spectrum at 198 K (Figure 3.7).
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Figure 3.512. Variable pressure in situ infrared spectra of Ni,(m-dobdc) dosed with
H, at 233 K. The peak on the right at =4030 cm™ corresponds to H, bound to the
open metal coordination sites and the peak on the left at =4130 cm™ corresponds to
H, bound to secondary binding sites.
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Figure 3.513. A comparison of the 233 K H, adsorption isotherm in Ni,(m-dobdc)
with linearly scaled areas from the in sifu infrared spectrum at 233 K.
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Figure 3.514. Variable pressure in situ infrared spectra of Ni,(m-dobdc) dosed with
H, at 248 K. The peak on the right at =4030 cm™ corresponds to H, bound to the
open metal coordination sites and the peak on the left at =4130 cm™ corresponds to
H, bound to secondary binding sites.
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Figure 3.515. A comparison of the 248 K H, adsorption isotherm in Ni,(m-dobdc)
with linearly scaled areas from the in situ infrared spectrum at 248 K.
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Figure 3.516. Variable pressure in situ infrared spectra of Ni,(m-dobdc) dosed with
H, at 273 K. The peak on the right at =4030 cm™ corresponds to H, bound to the
open metal coordination sites and the peak on the left at =4130 cm™ corresponds to
H, bound to secondary binding sites.
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Figure 3.517. A comparison of the 273 K H, adsorption isotherm in Ni,(m-dobdc)
with linearly scaled areas from the in situ infrared spectrum at 273 K.
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Figure 3.518. Variable pressure in situ infrared spectra of Ni,(m-dobdc) dosed with
H, at 294 K. The peak on the right at ~4030 cm™ corresponds to H, bound to the
open metal coordination sites and the peak on the left at =4110 cm™ corresponds to
H, bound to secondary binding sites. The large area under the secondary peaks
relative to the primary peak and the peak shifts to lower energies relative to the
spectra collected at all other temperatures are likely due to a contaminant at the
open metal sites, perhaps water.
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Figure 3.519. A comparison of the 298 K H, adsorption isotherm in Ni,(m-dobdc)
with linearly scaled areas from the in sifu infrared spectrum at 294 K.
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Table 3.S6. A summary of the individual scaling factors calculated for each
temperature at the comparable pressures to compare isotherm data with peak areas
from infrared spectroscopy. Each scaling factor was calculated by dividing the
isotherm uptake by the peak area. The average scaling factor is the single number
used at each temperature to scale peak areas to their corresponding loadings for
comparison with isotherms. The standard deviation (o) for each temperature is the
standard deviation of the population of individual scaling factors calculated at each
pressure to ensure consistency at various pressures at a given temperature.

P (bar) 198K 233K 248K 273K 298K
10 2.289 3.042 3.867 4.964 —
20 2.146 2.528 4.347 3.051 3.637
30 2.029 2.593 3.234 2.859 3.683
40 2.030 2.509 3.037 2.685 3.406
50 1.871 2.450 2.789 2.487 3.731
60 1.838 2.256 2.815 2.397 2.764
70 1.909 2.105 2.670 2474 3.049
80 1.761 2.061 2272 2.347 2.998
90 1.711 2.060 2.398 2213 2.939
100 — 2.150 2.170 2.160 2.936
Average scaling factor  1.954 2.375 2.960 2.764 3.238
o (Population) 0.176 0.296 0.662  0.779 0.354
298 K 100 bar

T

10 bar

Absorbance (a.u.)

4200 4160 4120 4080 4040 4000 3960
Wavenumber (cm™)

Figure 3.520. Variable pressure in situ infrared spectra of Ni,(m-dobdc) dosed with
H, at 298 K at LBNL. This data was collected on a new DRIFTS instrument built at
LBNL, the experimental details of which can be found below. It is notable that this
spectrum shows little H, bound to the secondary binding sites (~4130 cm™),
indicating that the open metal coordination sites are not completely saturated at this
temperature, even at 100 bar. This also confirms that the spectrum at 294 K in
Figure S18 likely has water on the open coordination sites (leading to population of
the secondary binding sites prior to saturation of the primary site).
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Chapter 4: M,(m-dobdc) (M = Mn, Fe, Co, Ni) Metal-Organic Frameworks as Highly
Selective, High-Capacity Adsorbents for Olefin/Paraffin Separations

4.1. Introduction

Olefins, including ethylene and propylene, are high-value products obtained primarily from
naphtha or ethane cracking and are ubiquitous feedstocks for the most commonly used
polymers.' However, olefins are produced as a mixture with their saturated paraffinic
counterparts. Separations of these olefin/paraffin mixtures are some of the most energy-intensive
industrial processes and are currently dominated by cryogenic distillation technologies.'” The
U.S. alone consumes over 120 TBtu/yr in carrying out olefin/paraffin separations.’* Non-
thermally driven processes, such as adsorption, can dramatically reduce the cost and energy
required to purify olefins.” However, replacing distillation requires adsorbents with adequate
performance characteristics, including selectivity, capacity, kinetics, and cost. While there have
been significant research efforts directed towards designing materials with the requisite
olefin/paraffin  separation properties, usually operating via size-selective,®’®?'
chemisorptive,'"'>!*!*13117 or physisorptive'®'*?**'** mechanisms, better performing materials
are still needed.

Metal-organic frameworks are a class of porous crystalline materials with a high degree of
structural tunability that have been demonstrated to be capable of facilitating gas separations
through each of these three mechanisms.”****° Due to the small and similar kinetic diameters of
light olefins and paraffins, size-selective adsorbents typically display moderate selectivities
alongside a very low working capacity and slow kinetics. These characteristics arise from the
narrow pore sizes necessary to discriminate between small molecules. For example, NbOFFIVE-
Ni, a metal-organic framework in which Ni**-pyrazine square grids are pillared by [NbOF]*
units to form 4.752(1) A channels that accommodate propylene but reject propane, displays near
perfect propylene/propane selectivity but is impaired by a very low (0.6 mmol/g) working
capacity.'” Chemisorptive mechanisms, such as s-complexation with Ag(I) or Cu(l), appear
promising due to the high binding enthalpy for olefins.”’” However, these high selectivities arise
from metal-olefin interactions that are typically greater then 100 kJ/mol in strength, leading to
irreversible binding under typical temperature swing or pressure swing adsorption conditions. By
exchanging Ag(I) into the porous aromatic framework PAF-1-SO,H,* Li and coworkers showed
high ethylene/ethane selectivity using the 106 kJ/mol binding affinity between the olefin and
Ag(I); however, they could not demonstrate reversibility under process conditions.'” Finally,
adsorbents that display separation properties based on physisorptive mechanisms typically have
faster cycling kinetics and better working capacities due to larger pore sizes and weaker binding
affinities. However, due to the difficulty in discriminating between olefins and paraffins,
adsorbents have not yet displayed sufficient selectivity to produce polymer grade (99.9% purity)
olefins.”

The metal-organic frameworks M,(p-dobdc) (M-MOF-74; CPO-27-M; M = Mg, Mn, Fe,
Co, Ni, Zn; p-dobdc* = 2,5-dioxido-1 4-benzenedicarboxylate),**'*? which feature ~12 A-wide
hexagonal channels lined with a high concentration of exposed divalent cations, use
coordinatively unsaturated M*" sites to polarize and adsorb olefins preferentially over
paraffins.'®'** Among these materials, Fe,(p-dobdc) shows an ethylene/ethane selectivity of ~14
at 45 °C with an ethylene capacity of greater than 7 mmol/g, and Mn,(p-dobdc) shows a
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propylene/propane selectivity of ~16 with a propylene capacity of greater than 7.5 mmol/g.
While these frameworks show reversible olefin adsorption with olefin capacities that are more
than an order of magnitude higher than in size-selective adsorbents, improvements in selectivity
are desired in order to boost olefin purity in the product stream. Such increases in selectivity
would translate to olefin purities sufficient for downstream processes, such as polymerization.

We hypothesized that higher selectivities could be achieved in these physisorptive materials
by altering the affinity of the metal site for adsorbed hydrocarbons. By employing a meta-
substituted H,(m-dobdc) ligand, a structural isomer M,(m-dobdc) (M = Mg, Mn, Fe, Co, Ni; m-
dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate) can be formed. This metal-organic framework
has been shown to have increased charge density at the metal sites, leading to enhanced H,
binding enthalpies and greater H, storage capacities.’* Further, this metal-organic framework is
produced from low-cost raw materials, as its linker is derived from a reaction of CO, with the
commodity chemical resorcinol, lending itself to large-scale industrial applications.” The present
study aims to evaluate a series of M,(m-dobdc) metal-organic frameworks for utility in
olefin/paraffin separations using single-component equilibrium gas adsorption, multicomponent
equilibrium gas adsorption, adsorption kinetics, transient breakthrough measurements, and in-
situ single-crystal X-ray diffraction experiments. From this, we have found that the M,(m-dobdc)
frameworks exhibit superior performance to their para-functionalized counterparts (M,(p-
dobdc)) and the highest selectivity values among materials that utilize a fast, reversible,
physisorptive mechanism. Most notably, Fe,(m-dobdc) shows an ethylene/ethane selectivity of
~25 and a propylene/propane selectivity of ~55 under relevant conditions, demonstrating that
control over the electronic properties of the open metal sites can lead to improved performance.
This is a generalizable concept, in that tuning the electronic environment around a given
adsorption site in a given structure can greatly affect adsorption and separation properties. The
combined features of these adsorbents including selectivity, capacity, kinetics, and cost, make
the M,(m-dobdc) compounds promising adsorbents for industrial olefin/paraffin separations, and
these materials have the potential to offset significant energy consumption relative to the
decades-old distillation technology that is employed today.

4.2. Experimental

4.2.1. Synthesis of M,(m-dobdc) (M = Mn, Fe, Co, Ni). The M,(m-dobdc) materials were
synthesized according to modified versions of the large-scale literature procedures.** MnCl,,
FeCl,, CoCl,, and NiCl, were purchased from Sigma-Aldrich and used as received. Methanol
was purchased from EMD Millipore Corporation as DriSolv grade, dried over 3 A sieves, and
sparged with Ar prior to use. Dimethylformamide (DMF) was purchased from EMD Millipore
Corporation as OmniSolv grade, sparged with Ar, and dried with an alumina column prior to use.

4.2.1.1. Co,(m-dobdc) and Ni,(m-dobdc). A mixture of 310 mL of methanol and 310 mL
of DMF was added to a 1-L three-neck round-bottom flask equipped with a reflux condenser and
purged with N, while stirring for 1 h. The ligand H,(m-dobdc) (2.00 g, 10.1 mmol) and CoCl,
(3.27 g, 25.2 mmol) or NiCl, (3.27 g, 25.2 mmol) were added to the solvent under N, pressure
and the reaction mixture was heated at 120 °C for 18 h while stirring vigorously. The mixture
was cooled to ambient temperature and then filtered, yielding a microcrystalline powder. The
resulting powder was collected by filtration, rinsed with DMF, and soaked in 20 mL of DMF at
120 °C for 24 h. The powder was collected by filtration, rinsed with methanol, and soaked in 20
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mL of methanol at 60 °C for 12 h. The supernatant solution was decanted, and 10 mL of fresh
methanol was added. This procedure was repeated four times, such that the total time washing
with methanol was 2 days. This resulted in a ~54% yield Co,(m-dobdc) and Ni,(m-dobdc) The
resulting powder was collected by filtration and heated at 180 °C under dynamic vacuum (< 0.01
mbar) for 24 h. The resulting activated powders were purple and brown for Co,(m-dobdc) and
Ni,(m-dobdc), respectively.

4.2.1.2. Mn,(m-dobdc) and Fe,(m-dobdc). All manipulations involving the preparation and
handling of Mn,(m-dobdc) and Fe,(m-dobdc) were performed under an N, atmosphere in a VAC
Atmospheres glovebox or using standard Schlenk techniques. A solution of MCl, (2.5 equiv, 3.0
mmol) in 12 mL of methanol was added to a 200-mL Schlenk flask charged with a magnetic stir
bar and a solution of H,(m-dobdc) (240 mg, 1.0 equiv, 1.2 mmol) in 68 mL of DMF. The
solution was stirred at 120 °C for 18 h. The resulting powder was collected by filtration, rinsed
with DMF, and soaked in 20 mL of DMF at 120 °C for 24 h. The powder was collected by
filtration, rinsed with methanol, and soaked in 20 mL of methanol at 60 °C for 12 h. The
supernatant solution was decanted, and 10 mL of fresh methanol was added. This process was
repeated four times, such that the total time washing with methanol was 2 days. This resulted in a
~75% vyield for Mn,(m-dobdc) and a ~85% yield for Fe,(m-dobdc). The resulting powder was
collected by filtration, and heated at 180 °C under dynamic vacuum (< 0.01 mbar) for 24 h. The
resulting activated powders were light purple and light pink for Fe,(m-dobdc) and Mn,(m-
dobdc), respectively.

4.2.2. Single-Component Gas Adsorption Measurements. Single-component gas
adsorption experiments in the pressure range of 0-1.1 bar were conducted on a Micromeritics
3Flex instrument, which uses a volumetric method to determine the amount adsorbed under an
equilibrated gas pressure. Activated samples were transferred under a dry N, atmosphere into
pre-weighed sample tubes, and then capped with a Micromeritics TranSeal. Samples were then
evacuated at 180 °C under a dynamic vacuum of < 107 bar, until the off-gas rate was less than
1077 bar/s. The mass of the activated sample was then recorded, typically in the range of 50-150
mg. Prior to collecting each adsorption isotherm, the free-space of the sample was measured
using UHP (99.999%) He. Gas adsorption isotherms of ethylene, ethane, propylene, and propane
were measured at 25, 35, and 45 °C using a water bath to maintain a constant temperature.
Samples were reactivated in between each isotherm measurement by heating at 180 °C under
dynamic vacuum for 2 h. Oil-free vacuum pumps and oil-free pressure regulators were used for
all measurements.

4.2.3. Isotherm Fitting, Ideal Adsorbed Solution Theory, and Differential Enthalpies.
The single-component gas adsorption isotherms were fit using a dual-site Langmuir—Freundlich
equation, given by

dsatabaP"2 QSat,bbbpvb

n= + 1)

1+byPYa 1+bpP"b

where 7 is the amount adsorbed in mmol/g, g, is the amount adsorbed when saturated with the
gas in mmol/g, b is the Langmuir parameter in bar™', P is the gas pressure in bar, v is the
dimensionless Freundlich parameter, and subscripts a and b correspond to two different site
identities. These parameters were determined using a least-squares method, and are given in
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Supplementary Tables 1-4. Ideal Adsorbed Solution Theory (IAST) was used to determine
adsorbent selectivities from single-component gas adsorption isotherms.”®”’® This involves
numerically solving for the spreading pressure and subsequently determining the composition of
the adsorbed phase at a given gas phase composition. The selectivity is then given by

Xolefin
/xparaffin

Yolefin
/Yparaffin

S = 2)

where § is the IAST selectivity, x is mole fraction in the adsorbed phase, and y is the mole
fraction in the gas phase. Finally, the differential enthalpy was extracted from the temperature
dependence of the isotherms using the Clausius—Clapeyron relationship.” The adsorption
isotherm fits were numerically inverted and solved as P(n). The differential enthalpy, /4, can then
be determined at a constant loading by

d(IlnP)

h=-R (i)

2)

where R is the ideal gas constant, P is the pressure at a given loading, and T is the temperature
(298.15, 308.15, or 318.15 K) at which the isotherm data were collected.

4.24. Breakthrough Measurements. Breakthrough experiments were performed using a
custom-built breakthrough apparatus, composed of primarily 1/8” copper tubing fitted with
Swagelok fittings and valves to control the flow of the gas to either flow through the sample
holder or bypass the sample holder and flow directly to a gas chromatograph used to monitor
outflow composition. A premixed 1:1 ethane:ethylene or 1:1 propane:propylene cylinder was
attached to the breakthrough manifold via an MRS mass flow controller to control gas flow from
the cylinder. A helium (99.999%) cylinder used to dilute the hydrocarbon mixture was also
attached to the manifold and controlled by an MRS mass flow controller. A coil of tubing was
placed after the mass flow controllers to ensure mixing of the gases. The Co,(m-dobdc) sample
was pelletized and broken into pieces using a 20-40 mesh sieve. Then, 0.575 g of the sample was
loaded into one vertical component (13.335 c¢m, inner diameter of 0.4572 cm) of a U-shaped
sample holder comprised of 4” tubing and fitted with Swagelok VCR fittings with fritted (0.5
um) gaskets to prevent the sample from moving. The U-shaped tubing was immersed in a sand-
filled heating mantle and connected to the breakthrough manifold. The Co,(m-dobdc) sample
was activated in the sample holder by heating it in the sand bath at 180 °C under flowing He.
The sample was then cooled to 45 °C for the breakthrough experiments. A total flow rate of 30
mL/min was employed, with each hydrocarbon mixture set to 2 mL/min and the He set to 28
mL/min. The uncertainty in the flow rate of the olefin/paraffin mixture is about 0.5 mL/min. The
mixture was tested without flowing to the packed Co,(m-dobdc) bed to ensure proper
composition and separation using the GC monitoring the outflow. The mixture was then flowed
through the packed bed of Co,(m-dobdc) and the outflow was recorded by GC every 2.0 min for
the ethane/ethylene mixture and every 3.5 min for the propane/propylene mixture. The outflow
composition was analyzed by gas chromatography using an SRI Instruments 8610V GC
equipped with a 6" HayeSep D column, which was kept at 90 °C. After both components for an
experiment had broken through the packed Co,(m-dobdc) bed, the flow was switched to He to

115



fully desorb both hydrocarbon components from the column. The data were recorded and
analyzed using PeakSimple software.

4.2.5. Single-Crystal X-ray Diffraction Experiments. /n situ X-ray diffraction
measurements for both Co,(m-dobdc) and Co,(p-dobdc) were performed on single crystals in
ethylene-dosed capillaries, which were prepared according to a previously reported procedure.*
Briefly, a methanol-solvated crystal of either Co,(m-dobdc) or Co,(p-dobdc) was mounted onto a
borosilicate glass fiber using a minimal amount of epoxy, ensuring accessibility of the crystal
pores. The glass fiber was then inserted into a 1.0 mm borosilicate glass capillary, which was
connected to a capillary-dosing assembly attached to a port on a Micromeritics 3Flex instrument.
The sample was evacuated under reduced pressure at 180 °C for 24 h to remove all solvent from
the crystal. The capillary was dosed with 300 mbar of ethylene, and then flame-sealed with a
methane/oxygen torch.

X-ray diffraction data for all samples were collected at Beamline 11.3.1 at the Advanced
Light Source at Lawrence Berkeley National Laboratory using synchrotron radiation (4 = 0.8856
A for Co,(m-dobdc)-2.0C,H, and 1 = 0.6888 A for Co,(p-dobdc)-1.9C,H,) and a Bruker
PHOTON100 CMOS detector mounted on a D8 diffractometer. The samples were cooled to a
100 K using an Oxford Cryosystems cryostream for data collection. For Co,(p-dobdc)-1.9C,H,,
the crystal was found to be an obverse/reverse twin based on analysis of the diffraction patterns,
and CELL_NOW* was used to determine the orientation matrices. Raw data for each structure
(using both twin matrices for Co,(p-dobdc)-1.9C,H,) were integrated and corrected for Lorentz
and polarization effects using the Bruker AXS SAINT* software and corrected for absorption
using SADABS for Co,(m-dobdc)-2.0C,H, and TWINABS for Co,(p-dobdc)-1.9C,H,.* For
Co,(p-dobdc)-1.9C,H,,TWINABS was used to produce a merged HKLF4 file for structure
solution and initial refinement and an HKLFS file for final structure refinement.

Structures were solved using either direct methods with SHELXS** (for Co,(p-
dobdc)-1.9C,H,)or intrinsic phasing methods for Co,(m-dobdc)-2.0C,H, with SHELXT* and
refined using SHELXL**" operated in the OLEX2 interface.* Thermal parameters were refined
anisotropically for all non-hydrogen atoms. Disorder and thermal motion of the bound gas
molecules required the use of displacement parameter and distance restraints. All framework H
atoms were refined using the riding model. Hydrogen atoms on the coordinated ethylene
molecules in Co,(m-dobdc)-2.0C,H, could not be located in the electron density difference map
and were omitted from the refinement, but not the formula. Hydrogen atoms on the coordinated
ethylene molecules in Co,(p-dobdc)-1.9C,H, were located in the electron density difference map,
constrained to be coplanar with the ethylene carbon atoms, and restrained to have C—H distances
based on those of free ethylene.

4.3. Results and Discussion

4.3.1. Structrual Characterization of Ethylene-Dosed Co,(m-dobdc) and Co,(p-dobdc).
In-situ single-crystal X-ray diffraction was employed as an initial means of comparing ethylene
binding in the isomeric Co,(m-dobdc) and Co,(p-dobdc) frameworks. This technique requires
large single crystals that can be manipulated and mounted, which restricts the method to the
characterization of Co,(m-dobdc) and Co,(p-dobdc), the most crystalline of the M,(dobdc)
materials investigated here. However, relative differences between the two structures are
expected to be similar in other variants. The structures of Co,(m-dobdc) and Co,(p-dobdc) under
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~0.3 bar of ethylene at 100 K (Figure 4.1) confirm that ethylene primarily binds through a side-
on interaction with the cobalt(I) sites in both materials. Unlike molecular Co—C,H, complexes
reported in the Cambridge Crystal Structure Database,” which feature low-spin cobalt(II) centers
and Co—C distances in the range 1.965-2.087 A, much longer Co-C distances are apparent in
Co,(m-dobdc)-2.0C,H, (2.643(18) and 2.687(16) A) and Co,(p-dobdc)-1.9C,H, (2.667(7) and
2.743(8) A). These long distances indicate that the cobalt sites in both frameworks bind ethylene
through much weaker reversible interactions compared to typical transition metal alkene
complexes. Similar weak interactions have been reported for ethylene and propylene in Co,(p-
dobdc)" and Fe,(p-dobdc),'” and have been attributed to limited 7t backbonding from the high-
spin metal(Il) centers in these frameworks.

[ ]
2.630(18) A} 42.685(17) A
"o

Co,(m-dobdc)(C,H,),

Figure 4.1. Comparison of the ligand structure, framework structures, and
ethylene binding geometries for (a) Co,(p-dobdc) and (b) Co,(m-dobdc) under
~0.3 bar of ethylene at 100 K as determined from in-situ single-crystal X-ray
diffraction experiments. Purple, red, gray, and white spheres represent Co, O, C,
and H atoms, respectively.

The shorter Co--C distances in Co,(m-dobdc)-2.0C,H, compared to Co,(p-dobdc)-1.9C,H,
likely result from stronger ethylene binding induced by the increased charge density at the
cobalt(Il) site in Co,(m-dobdc). A similar effect was also observed for H, binding to Ni,(m-
dobdc), in structures obtained from in-situ neutron powder X-ray diffraction experiments, and
this was attributed to a higher charge density at the metal site in the meta-substituted variant
using density functional theory.” The stronger Co—C,H, interactions inferred from shorter Co---C
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distances in Co,(m-dobdc)-2.0C,H, are more generally expected to correspond to an increased
olefin/paraffin selectivity in the M,(m-dobdc) frameworks compared to the M,(p-dobdc) isomers,
as discussed below.

4.3.2. Gas Adsorption and Olefin/Paraffin Selectivity in M,(m-dobdc) Frameworks. In
rigid frameworks with well-defined gas adsorption sites, single-component gas adsorption
isotherms reveal a wide range of information about the thermodynamics of gas molecules
interacting within the system. Single-component ethylene, ethane, propylene, and propane
isotherms were therefore measured at 25, 35, and 45 °C in M,(m-dobdc) (M = Mn, Fe, Co, Ni)
(Figures 4.2a and 4.2b). These isotherms display steep adsorption behavior at low pressures,
corresponding to strong interactions with the frameworks. Among the four gases, propylene
adsorbs the strongest, followed by ethylene, then propane, and lastly ethane for each variant.
This qualitative comparison suggests that all of these materials selectively adsorb olefins over
paraffins. Further, the high densities of coordinatively-unsaturated metal centers in these
materials afford olefin saturation capacities in excess of 7 mmol/g. Note that the adsorption of
one molecule per metal corresponds to a loading of 6.6, 6.5, 6.4 and 6.4 mmol/g for M = Mn, Fe,
Co, and Ni, respectively.
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Figure 4.2. Single-component gas adsorption isotherms of (a) ethylene/ethane
and (b) propylene/propane and their corresponding olefin/paraffin IAST
selectivity for (c) ethylene/ethane and (d) propylene/propane at 25 °C in M,(m-
dobdc) (M = Mn, Fe, Co, Ni).
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Single-component isotherms can be used to understand the expected equilibrium properties
of multicomponent systems by applying IAST to predict the composition of the adsorbed phase
in the presence of a gas mixture.” The IAST model is expected to work accurately for this
system, given the relatively rigid nature of the framework and the absence of significant
interactions between adsorbates bound to the metal sites at low gas loadings. The TAST
selectivities were obtained from single-component dual-site Langmuir—Freundlich fits (Figures
4.2c and 4.2d). As this method extrapolates the isotherm of the less strongly bound gas (in this
case ethane and propane), obtaining realistic results depends on restricting the saturation capacity
for these isotherms to reasonable values (Tables 4.S1-4.54). Otherwise, non-physical trends in
the IAST selectivities can arise and severe overestimations of the values can result.’

After taking these procedures into consideration, we observe an ethylene/ethane IAST
selectivity in Fe,(m-dobdc) of over 25 under equimolar feed conditions at a total pressure of 1
bar and 25 °C, making it the most selective physisorptive material for the separation. This
selectivity corresponds to a composition in the adsorbed phase of 96% ethylene in equilibrium
with an equimolar gas phase. Within only two equilibrium stages, in which the ethylene adsorbed
from an equimolar mixture at equilibrium is then desorbed and subsequently equilibrated with
the adsorbent a second time, an ethylene purity of greater than 99.9% can be achieved. This is
the minimum purity required for a polymerization feed, and can usually only be achieved
through cryogenic methods.” Additionally, this separation is accomplished at near ambient
temperatures, with further improvements in selectivity expected at reduced temperatures.
Propylene/propane selectivity in Fe,(m-dobdc) is greater than 55 under the same conditions,
corresponding to 98% of the adsorbed phase composed of propylene in the first equilibrium
stage. Variants including Mn, Co, and Ni also display high adsorption selectivities of greater
than 15 for ethylene/ethane and greater than 30 for propylene/propane.

To verify the applicability of IAST in predicting behavior under real mixtures,
multicomponent equilibrium adsorption measurements were conducted (Figure 4.S3). By dosing
an ethylene/ethane mixture of known composition, determining the total amount of gas adsorbed
at equilibrium, and measuring the equilibrium composition of the gas phase after adsorption
using a mass spectrometer, the composition of the adsorbed phase can be determined. Indeed,
samples of M,(m-dobdc) (M = Fe, Co, Ni), when dosed with an equimolar mixture of ethylene
and ethane, revealed significant enrichment of ethylene in the adsorbed phase. Additionally,
equimolar ethylene/ethane breakthrough on Mn,(m-dobdc) reveal its applicability under real gas
conditions. Ethylene/ethane selectivities as determined from this method corroborate those
calculated from IAST, with measured values of 25 + 3 compared with 26, 14 + 2 compared with
16, and 18 + 2 compared with 16 for Fe,(m-dobdc), Co,(m-dobdc), and Ni,(m-dobdc),
respectively. This is not surprising, as the assumptions that are required for IAST to hold (the
thermodynamic state of the adsorbent does not change upon gas adsorption, and adsorbate-
adsorbate interactions are minimal, given they are isolated at discrete metal sites) are fulfilled in
this system.

The TAST selectivities calculated at 45 °C for the M,(m-dobdc) frameworks are significantly
higher than for the corresponding M,(p-dobdc) isomers (Figure 4.3). In the case of
ethylene/ethane, the most selective in the para series, Fe,(p-dobdc), shows similar selectivity to
Ni,(m-dobdc), the least selective of the meta series. Additionally, Ni,(m-dobdc) and Co,(m-
dobdc) have more than double the selectivity of their para-substituted counterparts. These
changes are even more pronounced for a propylene/propane separation. All variants in the M,(m-
dobdc) series are significantly more selective than in the M,(p-dobdc) series, and Fe,(m-dobdc)
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has nearly triple the selectivity of Fe,(p-dobdc). Moreover, temperature-dependent TAST
calculations predict more dramatic differences in selectivity at lower temperatures, under which
differences in adsorption enthalpy play a larger role in determining adsorption equilibria.
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Il M,(m-dobdc)
40 4

304

UI ﬂl nl 1

Figure 4.3. Comparison of the IAST selectivity under an equimolar feed at 45 °C
between M,(p-dobdc) and M,(m-dobdc) (M = Mn, Fe, Co, Ni) for (a)
ethylene/ethane and (b) propylene/propane separations.

Propylene/propane selectivity O

As the increased charge density at the metal site changes the relative adsorption enthalpies,
it was not surprising to see improvements in olefin/paraffin adsorption selectivity; however, the
magnitude of these changes was unexpected. Using the single-component isotherm fits and the
Clausius—Clapeyron relationship, differential enthalpies of ethylene, ethane, propylene, and
propane were determined as a function of loading (Figure 4.4). For ethylene and propylene,
initial adsorption enthalpies below ~1 mmol/g correspond to interactions between the gas and the
metal site. The decrease in differential enthalpy for these species corresponds to saturation of the
metal sites, and the enthalpies beyond this point result from subsequent binding sites. For ethane
and propane, the initial adsorption at low loading also corresponds to interactions with the metal
sites. However, increases in enthalpy are observed upon metal site saturation, due to more
pronounced adsorbate—adsorbate interactions as the pore begins to fill with gas molecules.” This
analysis reveals Fe,(m-dobdc) to have the largest ethylene and propylene adsorption enthalpy
relative to the other metal variants. At a loading of 1 mmol/g, where the differential enthalpies
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primarily arise from the interaction between the adsorbate and the metal site, Fe,(m-dobdc)
shows ethylene adsorption of about —52 + 0.1 kJ/mol and propylene adsorption of —65 + 0.5
kJ/mol.
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Figure 44. Differential enthalpies of adsorption for (a) ethylene and ethane and
(b) propylene and propane in M,(m-dobdc) (M = Mn, Fe, Co, Ni).

Ethylene adsorption enthalpy magnitudes follow the trend, Fe ~ Ni ~ 52 kJ/mol > Mn ~ Co
~ 47 kJ/mol. Interestingly, these are not consistent with the trend in IAST selectivity. The
explanation for this discrepancy lies in the ethane adsorption enthalpies. While Ni,(m-dobdc) and
Fe,(m-dobdc) have similar ethylene adsorption enthalpies, the ethane adsorption enthalpy in
Ni,(m-dobdc) is ~5 klJ/mol greater than in Fe,(m-dobdc). Selectivity is associated with the
difference in adsorption enthalpy rather than the absolute enthalpy of the more strongly adsorbed
component. This results in the Fe,(m-dobdc) analog having the highest ethylene/ethane
selectivity. Relatedly, Fe,(m-dobdc) shows both the strongest propylene adsorption and also the
highest difference in enthalpy between propylene and propane, leading to its high
propylene/propane selectivity.

This metal-dependence can also be explained by a convolution of cation charge density and
backbonding character. As the hard Ni** center polarizes olefins and paraffins strongly, both
adsorbates show high adsorption enthalpies. Conversely, the softer Fe** cation does not polarize
olefins or paraffins as strongly as Ni**, but can show enhanced backbonding interactions
uniquely with olefins.

Along with olefin/paraffin selectivity, the kinetics of olefin adsorption is a crucial factor
when evaluating adsorbents for industrial separations. To probe the kinetics of olefin adsorption,
a transient volumetric measurement of ethylene uptake in Fe,(m-dobdc) was conducted by
dosing 1000 mbar of ethylene from a reservoir to the adsorbent and monitoring the pressure drop
to an equilibrated pressure of 270 mbar. The resulting transient adsorption profile (Fig. 4.5)
revealed rapid adsorption kinetics, reaching > 90% of equilibrium in less than 30 s, with
complete adsorption observed in just 60 s. Thus, fast cycle times can be used in a pressure-swing
adsorption process, minimizing the amount of adsorbent needed to process a given flow of gas.
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This fast adsorption behavior distinctly contrasts with adsorbents that rely on a size-exclusion
mechanism for separating gases, in which separation occurs far from equilibrium in a real
process. These findings also emphasize the advantage of adsorbents displaying fast kinetics, as
pure-component equilibrium adsorption measurements for these systems can accurately model
the near-equilibrium operation of the process.
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Figure 4.5. Transient adsorption measurement for ethylene in Fe,(m-dobdc); the
equilibrium pressure is ~300 mbar corresponding to an equilibrated loading (Q,,)
of ~6 mmol/g.

4.3.3. Olefin/Paraffin Breakthrough Experiments. To test the applicability of the M,(m-
dobdc) adsorbents under more realistic process conditions, Co,(m-dobdc) was tested in a
breakthrough measurement. In a typical experiment, an ethylene/ethane or propylene/propane
mixture was flowed through a fixed packed bed of adsorbent with He as the carrier gas. The
relative time it takes for the olefin and paraffin to break through the bed indicates the ability of
the adsorbent to discriminate between the two components (Figure. 6). Longer breakthrough
times for the propylene/propane mixture relative to the ethylene/ethane mixture are likely due to
uncertainties in the olefin/paraffin flow rate. Using an equimolar olefin/paraffin feed, it can be
seen that the paraffin breaks through the bed first, followed by the olefin. The steep breakthrough
of ethane, propane, ethylene, and propylene indicates that there is a clean separation of each
species. After breakthrough of both components, when the bed is saturated with an equilibrium
composition, the effluent composition returns to equimolar. A subsequent purge with He at
ambient conditions regenerated the bed. Notably, residual paraffin in the bed shortly after
switching to desorption was not observed, indicating that the adsorbed phase is highly enriched
in olefin. This implies that during olefin separation, high purity ethylene or propylene can be
produced, exceeding the purity requirement of 99.9%. Additionally, the rapid desorption of the
olefin by merely purging with He indicates that the olefin is labile and regeneration of the bed
can be accomplished without a temperature swing. This is significant, as flowing a purge gas or
using a vacuum or pressure swing are desirable over a temperature swing process, which has
longer cycle times due to the time-consuming heating and cooling steps.
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Figure 4.6. Transient breakthrough measurements of an equimolar mixture of (a)
ethylene/ethane and (b) propylene/propane in Co,(m-dobdc) at 45 °C.
Breakthrough corresponds to the time when the olefin composition goes to
approximately 50% of the total outflow from the packed bed. The subsequent
uptick in olefin concentration corresponds to a change in the feed composition to
100% He to regenerate the bed.

4.4. Outlook and Conclusions

Olefin/paraffin separations account for an enormous amount of energy consumed in the
industrial sector and represent a major opportunity for new adsorbents to replace cryogenic
distillation. Competitive adsorbent-based technologies require materials with high selectivity and
capacity, fast kinetics, labile desorption, and low production cost. We have demonstrated these
key features in M,(m-dobdc) (M = Mn, Fe, Co, Ni). Specifically, single-component adsorption
isotherms combined with IAST reveal ethylene/ethane and propylene/propane selectivities at 25
°C in excess of 25 and 55, respectively. These selectivities arise from differences in adsorption
enthalpy between olefins and paraffins, in which olefins bind more strongly at the
coordinatively-unsaturated metal sites present at high concentration in these materials. This
separation mechanism does not rely on size-exclusion and thus retains the excellent adsorption
kinetics necessary for fast cycling. Notably, stronger olefin adsorption arising from increased
charge density at the metal site leads to much higher selectivity in the M,(m-dobdc) frameworks
relative to their structural isomers, M,(p-dobdc). Finally, this separation capability was
demonstrated in breakthrough measurements, in which high olefin purities under mild
regeneration conditions were obtained. These unique properties make the M,(m-dobdc)
compounds the adsorbents of choice for industrial olefin/paraffin separations, and indicate a

promising route to improving separation properties by tuning the electronic environment of the
adsorption sites.
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Figure 4.51. Thermal ellipsoid plot of Co,(m-dobdc)-2.0C,H, at 100 K drawn at
50% probability level as determined by single-crystal X-ray diffraction; purple, red,
gray, and white ellipsoids represent Co, O, C, and H atoms, respectively.

Figure 4.5S2. Thermal ellipsoid plot of Co,(p-dobdc)-1.89C,H, at 100 K drawn at
50% probability level as determined by single-crystal X-ray diffraction; purple, red,
gray, and white ellipsoids represent Co, O, C, and H atoms, respectively.
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Binary, equilibrium gas adsorption experiments were conducted based on methods reported in
our previous works. Equilibrium gas adsorption of a binary mixture of ethylene and ethane were
measured on a custom-built, high-throughput gas adsorption analyzer developed in collaboration
with Wildcat Technologies. Activated samples were transferred under a dry nitrogen atmosphere
into pre-weighed 4 ml vials, and sealed into a sample assembly. The sample assembly was
affixed to the instrument, and samples were reactivated in-situ at 180 °C prior to measuring gas
adsorption. Gas cylinders with verified compositions of 25.0 + 0.1%, 50.0 £ 0.1%, and 75.0 +
0.1% ethylene in ethane were supplied by Praxair Distribution. To determine the fraction
pC2H4/[pC2H4+pC2H6] in equilibrium with the adsorbed phase, a calibration curve using gases
with known compositions was developed on a mass spectrometer (MKS Microvision 2).
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Figure 4.83. Comparison of IAST selectivities as calculated from the single-
component fits with measured selectivities using a binary ethylene/ethane mixture
for M,(m-dobdc) (M = Fe, Co, Ni) at 25 °C.
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Figure 4.54. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane
in Mn,(m-dobdc) at 25, 35, and 45 °C.

Table 4.S1. Dual-site Langmuir-Freundlich isotherm fitting parameters for
ethylene, ethane, propylene, and propane at 25, 35, and 45 °C in Mn,(m-dobdc).

T (°C)

Qsaca (Mmol/g)
b, (1/bar)

V.

qsal.b (mmOI/g)
b, (1/bar)

Vb

Ethylene Ethane Propylene Propane

25 35 45 25 35 45 25 35 45 25 35 45
5.603 5451 5421 6854 7727 6.700 5403 5.195 4865 3333 3211 2801
73.02 4825 3043 6228 4080 2606 1109 1019 7306 3165 1331 968.5
0854 0.868 0876 1.170 1.173 1.153 0877 0949 0989 1.641 1819 1.710
2394 1072 9560 O 0 0 2.508 2.700 3.084 3281 3.161 3276
0.057 0.116 0.109 n/a n/a n/a 3.182 2587 2.100 3.704 3.610 4.106
0.727 0.646 0.632 n/a n/a n/a 0.718 0.650 0557 0.635 0.681 0.726
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Figure 4.S5. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane
in Fe,(m-dobdc) at 25, 35, and 45 °C.

Table 4.S2. Dual-site Langmuir-Freundlich isotherm fitting parameters for

ethylene, ethane, propylene, and propane at 25, 35, and 45 °C in Fe,(m-dobdc).

Ethylene Ethane Propylene Propane

T (°C) 25 35 45 25 35 45 25 35 45 25 35 45

Qua(mmol/g) 5.657 5288 5479 4907 4250 3485 4623 6093 5546 3.155 5026 3975
b, (1/bar) 5952 4899 28.01 9.727 6.895 4924 2303 3541 3423 3.109 113.7 300.6
v, 0.735 0.771 0776 1254 1295 1344 0941 0.833 0886 0.640 1.124 1.376
Qe (mmol/g)  3.841 4255 7464 3274 3703 4049 4015 1437 1463 3585 1472 1433
by, (1/bar) 0503 0500 0.173 0876 0947 1004 2352 9.089 1244 1094 1929 9997
vy 0.790 0.593 0576 0.700 0.761 0.818 0366 1214 0993 1395 1453 1341

129



a8
5
©
€
E
°
[0
2
o
(2]
o
©
(0]
c
Qo .
22 — Fit
i ®25°C
1 ®35°C
0 e 45°C
L] T T L] T L]
0 200 400 600 800 1000
Pressure (mbar)
c 8
74
S 6
E
E 51
kS
£
3
3
(0]
8 21
>
Q
O 1-
a
04
L] L} L} L] L} L]
0 200 400 600 800 1000

Pressure (mbar)

(ep
®

Ethane adsorbed (mmol/g)

o4

L}
200

L]
400

T
600

Pressure (mbar)

T
800

T
1000

o
©

Propane adsorbed (mmol/g)

T
200

L]
400

L]
600

Pressure (mbar)

L}
800

T
1000

Figure 4.56. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane

in Co,(m-dobdc) at 25, 35, and 45 °C.

Table 4.53. Dual-site Langmuir-Freundlich isotherm fitting parameters for
ethylene, ethane, propylene, and propane at 25, 35, and 45 °C in Co,(m-dobdc).

Ethylene Ethane Propylene Propane

T (°C) 25 35 45 25 35 45 25 35 45 25 35 45
Qua(mmol/g) 5968 5983 5850 5756 3.409 0.178 5611 5061 4282 4410 4260 3.893
b, (1/bar) 7989 4560 2982 8.88 0362 82.65 2141 1804 1324 300 300 300
v, 0869 0.866 0876 1.133 0.707 2270 0985 1.048 1.099 1.109 1.199 1.286
Qe (mmol/g) 4917 9454 3615 3724 5561 6697 2169 2673 3451 2192 1996 2.128
by, (1/bar) 0293 0.108 0321 0362 5767 2725 7.674 7618 7.616 3234 4679 4.767
vy 0838 0.760 0.719 0.684 1.130 1.033 0.645 0.607 0570 0.760 1.019 1.061
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Figure 4.S7. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane
in Ni,(m-dobdc) at 25, 35, and 45 °C.

Table 4.54. Dual-site Langmuir-Freundlich isotherm fitting parameters for

ethylene, ethane, propylene, and propane at 25, 35, and 45 °C in Ni,(m-dobdc).

Ethylene Ethane Propylene Propane

T (°C) 25 35 45 25 35 45 25 35 45 25 35 45

Qua(mmol/g) 5496 5304 5631 6666 6510 6321 4.634 4065 4462 4959 3470 3024
b, (1/bar) 52.14 3807 2179 6824 4804 3460 2296 1802 5234 2166 702.1 685.1
v, 0.755 0777 0.776 1.046 1.063 1.075 0927 0978 0909 1.074 1347 1461
Qe (mmol/g)  5.558 6990 1.003 0 0 0 3590 4018 3.589 1473 3276 3.576
by, (1/bar) 0267 0.192 1.784 n/a n/a n/a 3511 3711 2.847 3963 2934 2843
vy 0866 0.727 1774 nla n/a n/a 0485 0457 0511 1278 0.681 0.677
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Figure 4.S8. Ethylene/ethane IAST selectivities for (a) Mn,(m-dobdc), (b)
Fe,(m-dobdc), (¢) Co,(m-dobdc), (d) Ni,(m-dobdc) at 25, 35, and 45 °C.
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Figure 4.59. Propylene/propane IAST selectivities for (a) Mn,(m-dobdc), (b)
Fe,(m-dobdc), (c) Co,(m-dobdc), (d) Ni,(m-dobdc) at 25, 35, and 45 °C.
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Figure 4.510. Breakthrough of a binary ethylene/ethane mixture in Mn,(m-dobdc).
The method used for conducting breakthrough measurements on Co,(m-dobdc)
were repeated on 0.56 g of Mn,(m-dobdc). Clean breakthrough of ethane with no
observable ethylene indicates high adsorptive selectivity consistent with single-
component equilibrium measurements.
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Chapter 5: Separation of Xylene Isomers through Multiple Metal Site Interactions in
Metal-Organic Frameworks

5.1 Introduction

Industrial chemical separations account for 22% of the global energy demand.' As a
consequence, the development of more energy-efficient separations using adsorbent- or
membrane-based technologies represents a key pursuit toward mitigating the continuous rise in
worldwide energy consumption.” One of the most difficult industrial mixtures to partition
consists of the C; isomers o-xylene, m-xylene, p-xylene, and ethylbenzene, which are primarily
obtained from either reformates or pyrolysis gasoline.” Both sources yield mixtures of the four
isomers that do not match market demand. For example, of the 39.2 Mt of xylenes produced in
2008, 33.0 Mt was used as pure p-xylene, 3.6 Mt as o-xylene, 0.4 Mt as m-xylene, and the
remainder was used directly without separation as mixed xylenes solvent." The large need for
pure p-xylene stems from its use as a precursor to terephthalic acid, a major feedstock in the
production of polyesters and polyamides.” The second most valuable isomer, o-xylene, is mainly
converted to phthalic anhydride, a precursor to plasticizers.® Current processes do not isolate
ethylbenzene from the Cg; mixture, as the isomer is produced more economically by the
alkylation of benzene with ethylene.” Optimizing output to meet economic demand requires
separation of the desired isomers, mainly p-xylene and some o-xylene, followed by isomerization
of the unwanted fraction back to the thermodynamic mixture.’

Table 5.1. Physical properties of the Cg alkylaromatics38.

Dipole

Boiling - Kinetic moment Polarizability

C, Isomer poomt dlameter x 10 (x 10 cm?)
) (A)
esu cm)
o-xylene 144 4 6.8 0.649 141-149
m-xylene 139.1 6.8 0.36 142
p-xylene 1384 5.8 0.1 137-149
ethylbenzene 136.2 5.8 0.59 142

The similar boiling points of the Cg isomers makes distillative separation of all four nearly
impossible, while their comparable sizes and polarizabilities limit the ability of adsorbents to
distinguish between the different isomers (Table 5.1). Current state-of-the-art technology
involves either crystallization (25% of production) or adsorption (75% of production) to effect
separation. Industrial adsorption-based techniques for the production of pure p-xylene are carried
out in the liquid phase with faujasite-type zeolites using simulated moving bed technology.’
Although difficult, o-xylene can be separated by fractional distillation, while the m-xylene and
ethylbenzene are obtained through other adsorption- and complexation-based processes, such as
the commonly used Parex process from Honeywell UOP.” The isolation of all four isomers using
a single process has yet to be implemented, prompting research efforts to pursue the
development of more efficient technologies. Several studies have focused on improving
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adsorptive separations with zeolites,'""*

based separations as competitive and less energy-intensive alternatives.

Metal-organic frameworks have previously been studied for the separation of hydrocarbon
mixtures such as ethane/ethylene, propane/propylene, and C, alkane mixtures, among many
others.' In particular, some of these materials have been studied for the separation of xylene
isomers based on size and shape selectivity. '“'"** For example, the framework V(O)(bdc)
(H,bdc = 1,4-benzenedicarboxylic acid) or MIL-47 affords separation based on packing
differences and adsorbate—adsorbate interactions upon adsorption,' engendering many follow-up
studies on both MIL-47"* and its structural analogs M(OH)(bdc) or MIL-53-M (M = Al,
Fe).”'*’** In addition, the flexible metal-organic framework Ce(Htcpb) (H,tcpb = 1,24,5-
tetrakis(4-carboxyphenyl)benzene) has been demonstrated to separate the four Cg isomers
effectively through shape-selective conformational changes in response to specific isomers.”®

Frameworks bearing coordinatively unsaturated metal centers have been extensively
investigated as adsorbents for the separations of small gas molecules, due to the ability of their
exposed metal sites to bind specific gases preferentially.'®** Despite considerable work
demonstrating the ability of these materials to separate gas mixtures that are generally difficult to
purify, only a limited number of studies have explored their use in the separation of larger
molecules such as the C; alkylaromatics.”®” In one report, the metal-organic framework
Ni,(dobdc) was shown to separate two-component mixtures of o-xylene, m-xylene, and p-xylene
although the exposed nickel(ii) coordination sites in this material were thought to play a minor
role in the separation.” Here, we demonstrate through adsorption and breakthrough
measurements coupled with structural characterization by single-crystal X-ray diffraction that the
metal—organic frameworks Co,(dobdc) and Co,(m-dobdc) (Figure 5.1) facilitate the separation of
the Cg aromatics through subtle differences in the interaction of two coordinatively-unsaturated
metal centers with each C¢ molecule. Furthermore, Co,(dobdc) is found to undergo a structural
distortion upon binding either o-xylene or ethylbenzene, which significantly increases its
adsorption capacity for these isomers.

while more recent work has highlighted membrane-
10,15

OH OH

OH
H,dobdc

OH
H,(m-dobdc)

Co,(dobdc) Co,(m-dobdc)

Figure 5.1. A portion of the crystal structures of Co,(dobdc) and Co,(m-dobdc)
(dobdc*™ = 2,5-dioxido-1 4-benzenedicarboxylate; m-dobdc* = 4,6-dioxido-1,3-
benzenedicarboxylate); purple, red, gray, and white spheres represent Co, O, C,
and H atoms, respectively.
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5.2. Experimental

5.2.1. Materials and Methods. N,N-dimethylformamide (DMF), tetrahydrofuran (THF),
ethanol, and methanol were obtained from commercial sources and used without further
purification. The solvent n-heptane, the internal standard n-undecane, and the Cg isomers o-
xylene, m-xylene, p-xylene, and ethylbenzene were purchased from commercial sources, dried
over sodium (n-heptane) or 3 A molecular sieves (undecane, o-xylene, m-xylene, p-xylene, and
ethylbenzene), degassed via three successive freeze—pump—thaw cycles, and then stored over 3 A
molecular sieves in an N,-filled glovebox. The compounds Co(NO,),-6H,0, Co(acetate),4H,O
and 2,5-dihydroxy-1.4-benzenedicarboxylic acid (H,dobdc) were purchased from commercial
sources and used as received. The metal-organic framework Co,(dobpdc) (dobpdc® = 44'-
dioxidobiphenyl-3,3’-dicarboxylate), which is the expanded analogue of Co,(dobdc) and the
ligand 4 .4'-dioxidobiphenyl-3,3'-dicarboxylic acid (H,dobpdc) were synthesized according to a
previously published procedures as detailed in the Supporting Information.*

5.2.2. Synthesis of H,(m-dobdc). See Section 2.2.2.

5.2.3. Synthesis of Co,(dobdc). The framework Co,(dobdc) was synthesized using a slight
modification to a previously published procedure. A 1-L Pyrex jar was charged with H,dobdc
(2.23 g, 11.3 mmol), Co(NO),-6H,0 (109 g, 37.5 mmol), and a 1:1:1 (v/v/v) mixture of
DMF/ethanol/water (900 mL), and then sealed with a PTFE-lined cap. The resulting mixture was
sonicated until all reactants were fully dissolved to form a violet solution. The reaction mixture
was then placed in an oven that was preheated to 100 °C and kept at this temperature for 24 h,
yielding violet needle-shaped single crystals. The crystals were soaked three times in 1 L of
DMF for 24 h at 120 °C, followed by soaking three times in 1 L of methanol at 60 °C. The
crystals were then heated at 180 °C under dynamic vacuum for 24 h to give fully-desolvated
Co,(dobdc). Langmuir surface area (N,, 77 K): 1410 m?/g.

The single crystals obtained from the large-scale synthesis of Co,(dobdc) were all found to
exhibit obverse/reverse twinning, which complicated analysis of the structures showing
distortion of the lattice upon soaking with o-xylene or ethylbenzene. Non-twinned single-crystals
were therefore synthesized using a slight modification to a previously published procedure.” A
solution of H,dobdc (74.3 mg, 0.375 mmol) in 2.5 mL of THF was added to a solution of
Co(acetate),4H,O (93.4 mg, 0.375 mmol) in 2.5 mL deionized water in a PTFE-lined Parr-
reactor. The reactor was placed in an oven that was preheated to 110 °C and kept at this
temperature for 5 days to give pink needle-shaped single crystals. The crystals were soaked three
times in 20 mL of DMF for 24 h at 120 °C, followed by soaking three times in 20 mL of
methanol at 60 °C. Fully-desolvated Co,(dobdc) single crystals were obtained by heating at 180
°C under dynamic vacuum for 24 h.

5.24. Synthesis of Co,(m-dobdc). The framework Co,(m-dobdc) was synthesized
according to literature procedures.”” A 1 L three-neck round-bottom flask was charged with 310
mL of methanol and 310 mL of DMF and sparged with N, for 1 h while stirring. The solids
H,(m-dobdc) (2.00 g, 10.1 mmol) and CoCl, (3.27 g, 25.2 mmol) were added and the flask was
equipped with a reflux condenser and sealed under N,, forming a blue-pink suspension. The
reaction mixture was then stirred at 120 °C for 18 h, yielding a pink microcrystalline solid that
was isolated by filtration. The powder was soaked in 500 mL of DMF 500 mL at 60 °C for 24 h,
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followed by soaking three times in 500 mL of methanol at 60 °C for 24 h. The resulting powder
was collected by filtration and heated to 180 °C under dynamic vacuum for 24 h to give fully-
desolvated Co,(m-dobdc). Langmuir surface area (N,, 77 K): 1500 m*/g.

Single crystals of Co,(m-dobdc) were prepared by adapting the procedure used for the large-
scale synthesis of Co,(dobdc). A 100 mL Pyrex jar was charged with H,(m-dobdc) (198 mg, 1.00
mmol), Co(NO),-6H,0 (970 mg, 3.33 mmol), and 80 mL of a 1:1:1 (v/v/v) mixture of
DMF/ethanol/water, and then sealed with a PTFE-lined cap. The resulting mixture was sonicated
until all reactants were fully dissolved to form a pink solution. The reaction mixture was then
placed in an oven that was preheated to 100 °C and kept at this temperature for 24 h, yielding
pink needle-shaped single crystals. The crystals were soaked three times in 100 mL of DMF at
120 °C for 24 h, followed by soaking three times in 100 mL of methanol at 60 °C. Fully
desolvated Co,(m-dobdc) single crystals were obtained by heating at 180 °C under dynamic
vacuum for 24 h.

5.2.5. Single-Component Vapor-Phase Adsorption Experiments. Approximately 150 mg
of each sample was loaded into a preweighed sample tube in an N,-filled glovebox and the
sample tubes were capped with a Transeal equipped with Kalrez O-rings. The samples were then
transferred to a Micromeritics 2420 instrument degas manifold and heated at a rate of 0.2 °C/min
to a temperature of 180 °C while each sample was under vacuum. When a degas rate of <I
pbar/min was achieved, each sample was considered to be activated. Following this procedure,
the sample were transferred to a Micromeritics 3Flex gas adsorption analyzer equipped with a
vapor dosing tube for single-component xylene adsorption measurements. Each sample tube was
subsequently immersed in a temperature-controlled oil bath that surrounded most of the tube.
Each xylene was stored over 4 A molecular sieves prior to being placed in the vapor dosing tube,
and was degassed on the instrument via three freeze—pump—thaw cycles. The vapor dosing tube
was then heated to 35 °C with a heating mantle and kept at this temperature for the duration of
the experiment. The manifold of the instrument itself was heated to 45 °C to prevent
condensation of liquid xylenes. Experiments were conducted with the instrument in fixed
pressure incremental dose mode in increments of 0.1 mmol/g. Importantly, to ensure full
equilibration of each isomer with the metal-organic framework adsorbent, each dose was
allowed to equilibrate until the change in pressure was below 0.01% of the average pressure
measured over a 90-s interval.

5.2.6. Multi-Component Vapor-Phase Breakthrough Experiments. Breakthrough
experiments were carried out using a custom-built breakthrough apparatus consisting of
Swagelok fittings and copper tubing connecting an N, cylinder, several valves, a sample holder,
and a bubbler to a Perkin Elmer Clarus 500 gas chromatograph (GC). A mixture of o-xylene, m-
xylene, p-xylene, and ethylbenzene was loaded into a glass bubbler connected to the setup.
Nitrogen (N,, 99.999%) was flowed through the bubbler at a rate of 40 mL/min, which was
controlled by a Parker Porter mass flow controller. Composition of the four components in the
bubbler was adjusted until a 1:1:1:1 mixture was achieved in the vapor phase, as detected by the
GC equipped with a Supelco SCOT Bentone 34/DNDP capillary column. Each sample was then
loaded into one vertical portion of a U-shaped Swagelok assembly equipped with a fritted gasket
to hold the sample in place, then connected to the apparatus and heated to 125 °C. The Cq
mixture from the bubbler was carried by this nitrogen flow through the sample and to the GC,
which sampled the effluent gas every 5 min. Peak integration of each sampling event allowed for
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the determination of the relative amounts of each component over time. Once all four of the Cq
isomers had broken through the column and the starting composition was detected, the flow was
switched to pure N, and the temperature of the packed bed was increased to 225 °C at a rate of 1
°C/min, while continuing to monitor the eluent from the packed bed using the GC.

5.2.7. Multi-Component Liquid-Phase Adsorption Experiments. In an N,-filled
glovebox, equimolar stock solutions of o-xylene, m-xylene, p-xylene, and ethylbenzene (0.010—
1.7 M for each isomer) in dry n-heptane were prepared with n-undecane (0.01 M) as an internal
standard. For each concentration, a 250 uL aliquot of Cg isomer solution was added to a pre-
weighed (~20 mg in most cases) sample of Co,(dobdc) in a 4-mL vial. Each sample vial was
sealed with a PTFE-lined cap and kept at 33 °C for 24 h. The concentrations of both the stock
solution and the solution over the Co,(dobdc) were both analyzed by gas chromatography using
an SRI instruments 8610V GC equipped with a Supelco SCOT Bentone 34/DNDP capillary
column and a Cobra autosampler. The amount of each isomer adsorbed was then calculated from
the difference between the initial and equilibrium concentrations of the isomer and the mass of
the Co,(dobdc) sample. Two-component selectivities, S, were calculated according to eq 1,
where q; and g; represent the quantity adsorbed for components i and j, respectively, while C; and
C, represent the equilibrium concentration for components i and j, respectively.

_qi/q;
= e (1)

5.2.8. Single-Crystal X-ray Diffraction. In an N,-filled glovebox, fully-desolvated single
crystals of either Co,(dobdc) or Co,(m-dobdc) were soaked in ~3 mL of o-xylene, m-xylene, p-
xylene, or ethylbenzene for at least 24 h at 33 °C in 4 mL vials sealed with PTFE-lined caps.
Sample vials were kept sealed and taken out of the glove box prior to data collection.
Immediately after opening the sample vial, crystals were coated with Paratone-N oil, mounted on
MiTeGen loops, and then cooled to 100 K using an Oxford Cryostreams cryostrem for data
collection. X-ray diffraction data for all samples were collected at Beamline 11.3.1 at the
Advanced Light Source at Lawrence Berkeley National Laboratory using synchrotron radiation
(. = 0886 A for Co,(dobdc)-0.99(o-xylene),  Co,(dobdc)-0.36(ethylbenzene),
Co,(dobdc)-0.82(p-xylene), and Co,(m-dobdc)(H,0),4-0.77(ethylbenzene); . = 0.7749 A for
Co,(dobdc)-0.74(m-xylene) and Co,(m-dobdc)-0.92(o-xylene)) with a Bruker D8 diffractometer
equipped with a Bruker PHOTON100 CMOS detector.

Raw data were integrated and corrected for Lorentz and polarization effects using Bruker
AXS SAINT* software and corrected for absorption using SADABS.” The structures were
solved using direct methods with SHELXS** or intrinsic phasing using SHELXT* and refined
using SHELXL*** operated in the OLEX2 interface.”” Thermal parameters were refined
anisotropically for all non-hydrogen atoms. In all structures, disorder of the Cg isomers required
the use of displacement parameter and distance restraints. In some cases, the disorder was so
severe that geometric constraints were necessary to model the aromatic ring of the C, isomers.
All hydrogen atoms were refined using the riding model. In the presence of either o-xylene or
ethylbenzene, Co,(dobdc) undergoes a structural distortion that involves the elongation of three
out of four hexagonal channels along the direction normal to two opposing walls of the pore.
This distortion results in the formation of a supercell, characterized by the doubling of both the a
and b axes of the undistorted structure. Refinement of the distorted structures
(Co,(dobdc)-0.99(o-xylene) and Co,(dobdc)-0.36(ethylbenzene)) revealed significant residual

138



electron density at positions that match the structure of the undistorted framework (Figures S10
and S11), suggesting that a small fraction of these crystals remain undistorted. This likely arises
from defects in the crystals where the cobalt(II) sites are inaccessible, which has been reported in
the M,(dobdc) series of metal-organic frameworks based on gas adsorption measurements.** A
suitable structural model that accounts for this electron density could not be generated, leading to
high R-factors for both structures.

5.2.9. Synthesis of 4,4’-dihydroxy-(1,1’-biphenyl)-3,3’-dicarboxylic acid (H,dobpdc).
This compound was synthesized according to a previously reported procedure.'

Briefly, 5-bromosalicylic acid (10.0 g, 46.1 mmol) was heated to reflux in methanol (300
mL) with sulfuric acid (10 mL) for 12 h and cooled to room temperature. The solvent was
removed with a rotary evaporator, producing a white solid product (methyl 5-bromo-2-
hydroxybenzoate).

A 500 mL three-neck round bottom flask was then charged with methyl 5-bromo-2-
hydroxybenzoate (8.00 g, 34.6 mmol), bi(pinacolato)diboron (8.79 g, 34.6 mmol), potassium
acetate (10.2 g, 104 mmol), bis(triphenylphosphine)-palladium dichloride (1.21 g, 1.73 mmol),
and 1,4-dioxane (300 mL). The reaction mixture was sparged with argon for 1 h, heated at reflux
under inert gas while stirring for 24 h, and cooled to ambient temperature. The solution was
filtered and the filtrate was extracted with diethyl ether (3 x 150 mL). Organic extracts were
combined, dried over MgSO,, and the solvent was removed on a rotary evaporator to yield and
off-white crystalline powder (methyl 2-hydroxy-5-(4.4,5,5-tetramethyl-1,3,2-dioxaborola-
yl)benzoate).

A 500 mL three-neck round-bottom flask was charged with methyl 5-bromo-2-
hydroxybenzoate (5.00 g, 21.6 mmol), methyl 2-hydroxy-5-(44,55-tetramethyl-1,3,2-
dioxaborola-yl)benzoate (6.62 g, 23.8 mmol), potassium carbonate (6.58 g, 47.6 mmol), lithium
chloride (0.101 mg, 2.38 mmol), 1,4-dioxane (150 mL), and water (150 mL) and sparged with
argon for 1.5 h. Tetrakis(triphenylphosphine)palladium (0.826 g, 0.714 mmol) was added to the
reaction mixture while still under argon and the reaction mixture was heated to reflux under inert
atmosphere for 24 h, cooled to ambient temperature, and then filtered. The filtrate was acidified
to pH = 1 using 12 M HCI, causing a white precipitate to form. This precipitate was collected by
filtration to yield a white powder, which is the H,(dobpdc) product.

5.2.10. Synthesis of Co,(dobpdc). This compound was synthesized according to a
previously reported procedure.’ Briefly, H,(dobpdc) (41.1, 0.15 mmol), Co(NO,),"6H,0 (109
mg, 0.375 mmol), and 15 mL of 1:1:1 water/DMF/ethanol were added to a 20 mL scintillation
vial. The vial was sealed with a PTFE-lined cap, placed in a well plate, and heated to 393 K for
36 h. The reaction mixture was decanted and the remaining powder was soaked three times in
DMF at 60 °C and then three times in methanol at 60 °C, each for 8 h. The pink solid was
collected by filtration and desolvated by heating under dynamic vacuum (<10 ubar) at 523 K for
24 h, yielding the fully desolvated Co,(dobpdc).

5.2.11. Powder X-ray Diffraction. In an N,-filled glovebox, single crystals of Co,(dobdc)
were ground into a microcrystalline powder and soaked for 24 h in 3 mL of o-xylene, m-xylene,
p-xylene, or ethylbenzene. The soaked samples were then quickly filtered, taking care not to
completely dry the powder, and loaded into 1.5 mm quartz capillaries that were flame-sealed.
Powder X-ray diffraction data were collected on Beamline 17-BM-B at the Advanced Photon
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Source (APS) at Argonne National Laboratory with a wavelength of 0.75009 A. A standard peak
search, followed by indexing via the Single Value Decomposition approach,’ as implemented in
TOPAS-Academic,’ allowed the determination of approximate unit cell dimensions. Precise unit
cell dimensions were determined by performing a structureless Le Bail refinement in TOPAS-
Academic.

5.3. Results and Discussion

53.1. C; Isomer Adsorption Experiments. The isomeric metal-organic frameworks
Co,(dobdc) and Co,(m-dobdc) both possess one-dimensional hexagonal channels lined with a
high density of coordinatively unsaturated cobalt(II) centers.”* To determine the ability of these
frameworks to distinguish the four Cg isomers, single-component adsorption isotherms were
collected at 150 °C. Comparison of the adsorption isotherms for Co,(dobdc) (Figure 5.2a) reveals
that the affinity of the framework for each isomer follows the trend o-xylene > ethylbenzene >
m-xylene > p-xylene, suggesting that all four molecules can be separated by the framework. In
contrast, the order of adsorption strength in Co,(m-dobdc) is o-xylene > ethylbenzene = m-xylene
> p-xylene (Figure 5.2b), which indicates that the framework cannot discriminate between
ethylbenzene and m-xylene despite having a structure similar to Co,(dobdc). Previous work has
shown that Ni,(dobdc) exhibits the same trend in affinity for o-xylene, m-xylene, and p-xylene.”
Both cobalt frameworks show saturation capacities that range from 3.1-3.6 mmol/g at ~7 mbar,
which are much higher than those reported for the Ni variant (1.9-2.1 mmol/g), and correspond
to the adsorption of one xylene molecule per two metal centers (3.2 mmol/g). Notably,
Co,(dobdc) and Co,(m-dobdc) also display greater volumetric capacities (3.8—4.2 mmol/cm’)
than those reported for the industrially relevant faujasite-type zeolites (2.4-2.8 mmol/cm’ of
NaY).>*?'** In general, the adsorption isotherms for the C, isomers in Co,(dobdc) and Co,(m-
dobdc) show considerable uptake at low pressures (0.1 to 1 mbar) and relatively high
temperature, indicating strong interactions between the framework and the alkylaromatics.

Additional single-component isotherms were collected at 140, 150, and 160 °C (Figures S18
and S19) for each C; isomer in both frameworks to determine differential enthalpies of
adsorption. These were found to range from —63 + 4 kJ/mol for ethylbenzene to —77 + 6 kJ/mol
for o-xylene in Co,(dobdc), and from —-67 + 2 kj/mol for p-xylene to —81 + 1 kJ/mol for
ethylbenzene in Co,(m-dobdc) at about half saturation capacity (Figure S20). The large errors
associated with the calculated enthalpies preclude meaningful comparisons between the different
isomers for each framework, although these highly exothermic adsorption enthalpies are
consistent with the steep adsorption isotherms and likely arise from a combination of multiple
framework—guest interactions.

Multi-component vapor-phase breakthrough measurements were performed on Co,(dobdc)
and Co,(m-dobdc) to evaluate their performance in separating an actual mixture of the four Cq
alkylaromatics. In these experiments, N, was bubbled through a mixture of o-xylene, m-xylene,
p-xylene, and ethylbenzene to produce an equimolar vapor mixture that was subsequently flowed
through approximately 1 g of each material at 125 °C. The components of the eluent from the
sample columns were determined via gas chromatography and plotted as a function of
normalized time (Figure 5.2¢). Consistent with the order of adsorption strengths determined from
the single-component adsorption isotherms, p-xylene breaks through the Co,(dobdc) column first
followed by m-xylene, ethylbenzene, and finally o-xylene. In contrast, as also predicted from the
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single-component adsorption isotherms, the breakthrough profile of Co,(m-dobdc) shows the
elution of p-xylene first, followed by m-xylene and ethylbenzene simultaneously, and finally o-
xylene (Figure 5.2d). Overall, these experiments establish that a four-component mixture of the
C; isomers can be partitioned in Co,(dobdc), whereas Co,(m-dobdc) can separate all isomers
except ethylbenzene and m-xylene.
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Figure 5.2. Single-component vapor-phase o-xylene (yellow), ethylbenzene
(green), m-xylene (blue), and p-xylene (red) adsorption isotherms for Co,(dobdc)
(a) and Co,(m-dobdc) (b) at 150 °C. Multi-component vapor-phase breakthrough
measurements for an equimolar mixture of o-xylene (yellow), ethylbenzene
(green), m-xylene (blue), and p-xylene (red) vapor with Co,(dobdc) (c) and
Co,(m-dobdc) (d) at 125 °C. To facilitate comparisons between the two
breakthrough experiments, time is normalized by assigning the time of p-xylene

breakthrough as ¢,.
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Although the breakthrough measurements clearly demonstrate separation of the four Cg
isomers in Co,(dobdc), this experiment was conducted under adsorbate concentrations (~9-13
mbar partial pressure for each isomer) that are much lower than those typically employed in
current adsorption-based processes, which operate in the liquid phase.” As the selectivity of an
adsorbent can show strong dependence on feed concentration,” Co,(dobdc) was further
evaluated through liquid-phase batch adsorption experiments at 33 °C using equimolar solutions
of the four isomers (0.040-6.8 M total concentration) in n-heptane. The results of these
measurements confirm that Co,(dobdc) maintains its separation performance over a wide range
of concentrations (Figure 5.3 and Figure 5.522), even when approaching the concentrations in a
pure xylenes mixture (~8 M total concentration). The selectivities calculated from these liquid-
phase adsorption experiments (Table 5.2) agree well with the trends observed in both the single-
component vapor-phase adsorption experiments and the multi-component breakthrough
experiments. At the highest total concentration (6.8 M; 1.7 M in each isomer), Co,(dobdc) is
most selective for o-xylene over p-xylene (3.9 + 0.5) and least selective for o-xylene over
ethylbenzene (1.21 + 0.02). Comparable values have been reported for two-component mixtures
of o-xylene, m-xylene, and p-xylene in Ni,(dobdc), although the reported capacities are much
lower.”
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Figure 5.3. Multi-component liquid-phase o-xylene (yellow), ethylbenzene
(green), m-xylene (blue), and p-xylene (red) adsorption measurements for
Co,(dobdc) at 33 °C using equimolar solutions of the four isomers in n-heptane.
Data points with error bars (for measurements with initial Cg isomer
concentrations of 0.010, 0.050, 0.10, 0.50, 1.0, and 1.7 M) were determined from
an average of three replications. The error bars for data points obtained from
measurements with an initial concentration of 0.010 M are smaller than the

markers.
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Table 5.2. C, isomer selectivities for Co,(dobdc) determined from a multi-
component liquid-phase adsorption experiment with equimolar amounts of the Cq
isomers (1.7 M in each isomer; 6.8 M total concentration) in n-heptane at 33 °C.

C, isomers Selectivity
o-xylene/m-xylene 25+0.1
o-xylene/p-xylene 39+05
o-xylene/ethylbenzene 1.21+0.02
ethylbenzene/m-xylene 2.05+£0.05
ethylbenzene/p-xylene 321+04
m-xylene/p-xylene 1.6+0.2

The foregoing data suggest that Co,(dobdc) could facilitate the separation of all four Cq
isomers in a single industrial adsorption process, which would be especially useful for removing
ethylbenzene from Cg; mixtures. Although unable to separate all four isomers, Co,(m-dobdc)
could conceivably be applicable in current xylenes separation processes, wherein the p-xylene
and o-xylene are obtained by separation and the mixture of m-xylene and ethylbenzene are
regioisomerized to the equilibrium mixture. In addition, Co,(m-dobdc) and its isostructural
analogs with other metal cations also offer the advantage of combining high adsorption
performance with low materials cost compared to that of other metal-organic frameworks.” The
selectivity of both cobalt frameworks for the other isomers over p-xylene could even be used in
the separation of these components from the 90+% p-xylene product mixtures of toluene
disproportionation processes.™

5.3.2. Structural Characterization of C; Isomer Adsorption. Single-crystal X-ray
diffraction studies were performed to elucidate the structural features that underlie the ability of
these frameworks to bind and differentiate the Cg isomers. In general, structures were obtained
from data collected at 100 K on single crystals that were soaked for ~24 h in an aliquot of each
C; alkylaromatic. Contrary to the structural rigidity maintained by the M,(dobdc) series of
metal-organic frameworks upon adsorption of different small molecules,”>**"*>% Co,(dobdc)
exhibits appreciable flexibility upon adsorption of the two strongest binding isomers, o-xylene
and ethylbenzene. Upon binding either of these isomers, three out of every four pores in the
framework elongate along the direction perpendicular to two opposing edges of the hexagonal
channel (Figure 5.4). The arrangement of six deformed channels around a single undistorted
channel maintains the R3 symmetry of the lattice but lowers its translational symmetry, which
manifests in the formation of a supercell with a and b edges that are double that of the
undistorted framework. Notably, these experimental results corroborate computational work
predicting similar adsorbate-induced lattice distortions in expanded variants of this framework.”

Remarkably, each distorted pore in the o-xylene structure accommodates four xylene
molecules for every three adsorbed in an undistorted channel, resulting in three distinct binding
sites for o-xylene in the framework (Figure 5.4 and Figure 5.S3). Two cobalt(Il) centers interact
with a single o-xylene molecule at two of these sites, one located in a deformed channel and the
other in an undistorted channel. In the third site, o-xylene binds to only a single cobalt(II) center
through m* coordination of the aromatic ring. Only one binding site was resolved in the structure
of ethylbenzene in Co,(dobdc), which is located in the distorted pore of the framework (Figure
5.S5). In contrast, no framework distortion occurs when m-xylene or p-xylene bind to
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Co,(dobdc), and for these isomers only one xylene molecule is adsorbed for every two cobalt
sites at full occupancy (Figure 5.S1 and 5.S2), consistent with the saturation capacities measured
from the single-component adsorption isotherms.

)

o-xylene
—_—

Figure 5.4. Structural distortion of Coz(dobdc) upon adsorption of o-xylene
as determined by single-crystal X-ray diffraction at 100 K. Three out of four
channels distort to accommodate an additional equivalent of o-xylene. The o-
xylene molecules in the undistorted pore were found to be disordered over
two sets of locations due to the 3 symmetry of the framework, but only one
set is shown here for clarity. Purple, red, gray, and white spheres represent
Co, O, C, and H atoms, respectively.

In the o-xylene and ethylbenzene structures, the two cobalt centers interacting with a single
molecule in the distorted channels are brought ~0.2 A closer together than in the activated
framework (7.854(2) A with o-xylene and 7.897(3) A with ethylbenzene compared to 8.0771(12)
A in the activated framework). This contraction facilitates a closer contact between the exposed
cobalt sites and the adsorbate, resulting in greater stabilization of the adsorbed o-xylene or
ethylbenzene molecules. As the framework distortion only occurs upon adsorption of the two
strongest binding isomers, we can infer that this structural change requires sufficiently strong
framework—guest interactions, while the tight packing of o-xylene molecules in the deformed
channels suggests that guest—guest interactions also play a key role. Altogether, these structural
results indicate that distortion of the framework is governed by an interplay between the
energetic penalty incurred upon framework deformation and the thermodynamic stability gained
through enhanced framework—guest interactions and the adsorption of additional molecules upon
distortion.

To determine whether the structural distortion of Co,(dobdc) occurs at temperatures relevant
to those employed in evaluating Cg isomer separations, we carried out variable-temperature
powder X-ray diffraction studies on o-xylene- and ethylbenzene-soaked samples of the
framework from 27-127 °C (Figures 5.5S23 and 5.S24). These experiments revealed that the

144



distortion only happens at temperatures well below the those of the single-component adsorption
isotherms (150 °C) and breakthrough measurements (125 °C). Specifically, o-xylene induces
framework distortion at temperatures lower than or equal to 67 °C, while the ethylbenzene-
soaked sample remained undistorted even as low as 27 °C. Moreover, diffraction experiments at
100 K on single crystals taken from the multi-component liquid-phase batch adsorption
measurements showed no evidence of the distortion, indicating that the presence of the other
isomers prevents o-xylene and ethylbenzene from distorting the framework. Thus, the observed
separation performance of Co,(dobdc) under the conditions of the breakthrough and liquid-phase
adsorption experiments cannot be attributed to the flexibility of the framework. Comparing the o-
xylene adsorption isotherms at 50 °C and 150 °C, however, demonstrates the distortion does
impact the adsorption properties of the framework. Indeed, the saturation capacity at 150 °C
corresponds to the loading of one o-xylene per two cobalt sites in the undistorted pore (3.2 mmol
o-xylene), whereas the isotherm at 50 °C displays the anticipated 25% increase in capacity that
accompanies the distortion (Figure 5.5).
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Figure 5.5. Comparison of the o-xylene adsorption isotherms for Coz(dobdc)
at 50 °C (blue) and 150 °C (red). The saturation capacity at 50 °C
corresponds well with full crystallographic occupancy of all the o-xylene sites
in the structure of o-xylene in Coz(dobdc) at 100 K, whereas the capacity at
150 °C matches a loading of one o-xylene per two cobalt sites in an
undistorted pore.

Comparison of the structures of the four isomers in Co,(dobdc) at 100 K reveals that each
isomer interacts with both the exposed cobalt(Il) sites and the linker aromatic rings (Figure 5.6).
All four isomers display comparable arene m—sm interactions with the dobdc* linker, with
centroid-to-centroid distances that range from 3.583(4) A for p-xylene to 3.651(9) A for o-
xylene. The similarity of these distances and lack of an apparent trend with binding affinity
suggest that 77— interactions do not contribute significantly to the xylene isomer selectivity. In
contrast, clear differences can be identified in the interactions of each isomer with the exposed
cobalt(IT) sites of the framework. Significantly, o-xylene, ethylbenzene, and m-xylene are
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capable of interacting with two cobalt(II) centers situated at opposite ends of a linker, whereas p-
xylene, the weakest binding isomer, interacts with only a single metal site. Two of the binding
sites for o-xylene feature the interaction of a methyl group and an aryl C—H group at the 1 and 4
positions of the o-xylene ring with two cobalt(II) centers on opposing sides of a dobdc*™ linker
(Figure 5.6 and Figure 5.S3), with Co-C, ., distances of 3.101(18) A and 3.13(5) A and
CoC,,, distances of 2.789(19) A and 2.9130(18) A, respectively. These distances are much
longer than those observed for agostic interaction in alkyl and aryl complexes,”"”” indicating that
the xylene molecule binds through weak non-covalent interactions that arise from polarization by
the exposed partial positive charge on the cobalt centers. We note that although another binding
mode was identified for o-xylene in the distorted structure of Co,(dobdc) (Figure 5.S4), this site
is less relevant as the distortion does not occur under the conditions of the multi-component

separation.

Ao = 2:789(19) A dpy.o=310119)A  Joo.c =2:9266(18) A ey = 3:35(3) A
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m-xylene p-xylene
Figure 5.6. A portion of the structures of o-xylene, ethylbenzene, m-xylene,
and p-xylene in Coz(dobdc) at 100 K as determined through analysis of
single-crystal X-ray diffraction data, showing the interactions of each isomer
with two exposed cobalt(Il) sites and the linker arene ring. The structures
shown for o-xylene and ethylbenzene correspond to binding sites within the
distorted hexagonal channels. Two additional binding sites were located for
o-xylene (Figure S2). Purple, red, gray, and white spheres represent Co, O, C,

and H atoms, respectively.

Ethylbenzene also interacts with two metal sites through a benzylic carbon and an opposing
aryl C-H group. Both interactions are longer than those observed with o-xylene, in line with the
lower affinity of Co,(dobdc) for ethylbenzene (Figure 5.6). These comparatively weaker Co"—
ethylbenzene interactions likely result from the additional steric bulk of the ethyl group, which
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prevents a closer approach of molecule to the cobalt sites and is evident in the much longer
Co*Chenzy distance (3.35(3) A) of ethylbenzene compared to the Co-C distance of o-xylene
(3.101(8) A).

The second weakest adsorbing isomer, m-xylene, also binds to two cobalt(Il) sites through
opposing alkyl and aryl C-H groups. In comparison to o-xylene and ethylbenzene, m-xylene
exhibits a longer Co--C,,,, distance of 3.0164(3) A, which can be attributed to steric repulsion
between the adjacent methyl group and a linker oxygen atom that is only 3.34(3) A away. The
longer Co--C,, distance suggests that a weaker Co"-aryl interaction leads to the lower affinity
of the framework for this isomer.

The 1,4 substitution of p-xylene causes it to be too long to adopt the same orientation as the
other C, isomers, precluding its interaction with two metal sites. As a consequence, this isomer is
only stabilized by the interaction of an aryl C—H group with a single cobalt(Il) center and an
arene 71— interaction with the linker. The absence of a second Co"—p-xylene interaction results
in this isomer binding the weakest to Co,(dobdc). Single-component adsorption isotherms from
an expanded analog of this material, Co,(dobpdc) (dobpdc* = 4 4'-dioxidobiphenyl-3,3'-
dicarboxylate)," corroborate that interaction with only a single metal site leads to weaker
adsorption of the Cg isomers, as the longer distances between the two cobalt(Il) centers across
each linker in this material prevent any of the four isomers from interacting with both cobalt sites
(Figure 5.S21).

Interestingly, Co,(m-dobdc) does not exhibit pore distortion upon binding any of the isomers
at the investigated temperatures. The lack of any observed distortion likely arises from the closer
distance between the cobalt(IT) centers in Co,(m-dobdc) (7.7923(15) A) compared to Co,(dobdc)
(8.0771(12) A). This difference of ~0.2 A matches well with the observed change in Co--Co
distance upon framework distortion in Co,(dobdc) and likely precludes the need for a distortion
to maximize the interaction between two metal sites and a single Cy molecule in Co,(m-dobdc).
Furthermore, this difference in behavior between the isomeric frameworks highlights how subtle
changes in the framework structure can affect its adsorption properties. As in Co,(dobdc), o-
xylene and ethylbenzene were also observed to bind to two cobalt(Il) sites in Co,(m-dobdc)
through the interaction of an alkyl group and an aryl C—H group (Figure 5.7), resulting in three
binding sites in each hexagonal channel related by three-fold symmetry (Figures S6 and 5.S7).
The stronger binding isomer, o-xylene, dlsplays a shorter Co-C,, distance of 2.7953(7) Aanda
similar Co--C,,,, distance of 2.89(3) A compared to the respective distances of 3.09(3) A and
2.81(4) A for ethylbenzene, suggesting that Co,(m-dobdc) also distinguishes between the two
isomers through the strength of their interactions with two metal sites. Although sufficiently
resolved structures of the other Cg alkylaromatic molecules in Co,(m-dobdc) could not be
obtained due to severe disorder enforced by the mirror symmetry of the framework, the
selectivity of Co,(m-dobdc) for the different isomers is expected to be controlled by similar
factors as those identified in Co,(dobdc).

methyl
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ethylbenzene

Figure 5.7. A portion of the structures of o-xylene and ethylbenzene in
Coz(m-dobdc) at 100 K as determined through analysis of single-crystal X-ray
diffraction data, showing the interactions of each isomer with two exposed
cobalt(1) sites and the linker arene ring. The Cg isomers in both structures
are disordered over two positions due to the mirror symmetry of the
framework. Water was found to contaminate 30% of the cobalt(i1) sites in the
structure of ethylbenzene in Coz(m-dobdc), but only ethylbenzene is shown
here for clarity. Purple, red, gray, and white spheres represent Co, O, C, and H
atoms, respectively.

5.4 Conclusions and Outlook

The foregoing results demonstrate that the C, alkylaromatics o-xylene, m-xylene, p-xylene,
and ethylbenzene can be separated by the metal-organic frameworks Co,(dobdc) and Co,(m-
dobdc) through the varied extent of interaction of each isomer with two adjacent coordinatively
unsaturated cobalt(Il) centers. Single-component adsorption isotherms, multi-component vapor-
phase breakthrough measurements, and multi-component liquid-phase batch adsorption
experiments show that Co,(dobdc) effectively separates all four isomers and has the strongest
affinity for o-xylene, followed by ethylbenzene, m-xylene, and p-xylene. In contrast, Co,(m-
dobdc) can only distinguish between three of the four isomers, due to its similar binding affinity
for m-xylene and ethylbenzene.

Single-crystal X-ray diffraction experiments indicate that the strong adsorption of the Cq
alkylaromatics arise from their interactions with a linker aromatic ring and exposed cobalt(II)
sites in both Co,(dobdc) and Co,(m-dobdc). In particular, a comparison of the structures of the
four xylene isomers in Co,(dobdc) shows that the framework distinguishes among the isomers
due to nuanced differences in the interaction of o-xylene, ethylbenzene, and m-xylene with two
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adjacent cobalt(Il) centers and the inability of p-xylene to interact with a second metal site.
Furthermore, the structures of o-xylene and ethylbenzene in Co,(dobdc) reveal that the
framework undergoes an unprecedented structural distortion upon binding of these isomers,
allowing the accommodation of additional adsorbate molecules.

Altogether, these results highlight how leveraging the interaction of multiple coordinatively
unsaturated metal centers with a single molecule may lead to the design of new adsorbents for
the separation of hydrocarbons. In particular, altering the distance between the exposed metal
sites in related materials could afford control over their selectivity for the different C, isomers
and could potentially enable the separation of mixtures containing other adsorbates.
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Figure 5.51. A portion of the crystal structure of Co,(dobdc)-0.74(m-xylene) at
100 K as determined through analysis of single-crystal X-ray diffraction data. The
chemical occupancy for m-xylene were refined to be 74% (37% site occupancy).
The m-xylene molecules were found to be disordered over two sets of locations
due to the 3 symmetry of the framework, but only one set is shown here for
clarity. Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.
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100 K as determined through analysis of single-crystal X-ray diffraction data. The
chemical occupancy for p-xylene were refined to be 82% (41% site occupancy).
The p-xylene molecules were found to be disordered over two sets of locations
due to the 3 symmetry of the framework, but only one set is shown here for
clarity. Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.

Figure 5.83. A portion of the crystal structure of Co,(dobdc)- 0.99(o-xylene) at
100 K as determined through analysis of single-crystal X-ray diffraction data. In
the structure, three out of four channels distort to accommodate an additional
equivalent of o-xylene. The chemical occupancies for o-xylene were refined to be
89% for Site I, 78% for Site II, and 69% for Site III. The o-xylene molecules in
the undistorted pore (Site II) were found to be disordered over two sets of
locations due to the 3 symmetry of the framework, but only one set is shown here
for clarity. Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.
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Figure 5.54. Views of the single-crystal structure of o-xylene in Co,(dobdc) at
100 K showing two additional binding sites for o-xylene. Site II shows the
interaction of o-xylene with two exposed cobalt(ii) sites and the linker arene ring,
whereas o-xylene at Site III interacts with only a single cobalt center. The o-
xylene molecules in the undistorted pore (Site 1I) were found to be disordered
over two sets of locations due to the 3 symmetry of the framework, but only one
set is shown here for clarity. Purple, red, gray, and white spheres represent Co, O,
C, and H atoms, respectively.

Figure 5.585. A portion of the crystal structure of Co,(dobdc)- 0.36(ethylbenzene)
at 100 K as determined through analysis of single-crystal X-ray diffraction data.
In the structure, three out of four channels distort. The chemical occupancy for
ethylbenzene were refined to be 71%. Purple, red, gray, and white spheres
represent Co, O, C, and H atoms, respectively.
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Figure 5.56. A portion of the crystal structure of Co,(m-dobdc)-0.92(o-xylene) at
100 K as determined through analysis of single-crystal X-ray diffraction data. The
chemical occupancy for p-xylene were refined to be 92% (46% site occupancy).
The o-xylene molecules were found to be disordered over two positions due to the
mirror symmetry of the framework, but only one orientation is shown here for
clarity. Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.

Figure 5.57. A portion of the crystal structure of
Co,(m-dobdc)(H,0),.,-0.77(ethylbenzene) at 100 K as determined through
analysis of single-crystal X-ray diffraction data. The chemical occupancies for
ethylbenzene were refined to be 77% (38.5% site occupancy). The ethylbenzene
molecules were found to be disordered over two positions due to the mirror
symmetry of the framework, but only one orientation is shown here for clarity.
Water was found to contaminate 30% of the cobalt(ll) sites in the structure of
ethylbenzene in Co,(m-dobdc), but only ethylbenzene is shown here for clarity.
Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.
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o-xylene ethylbenzene m-xylene p-xylene

Figure 5.88. Comparison of the space-filling models of the crystal structures of o-
xylene, ethylbenzene, m-xylene, and p-xylene in Co,(dobdc) at 100 K. The
structures shown for o-xylene and ethylbenzene correspond to binding sites within
the distorted hexagonal channels. Two additional binding sites were located for o-

xylene. Purple, red, gray, and white spheres represent Co, O, C, and H atoms,
respectively.

o-xylene ethylbenzene

Figure 5.89. Comparison of the space-filling models of the crystal structures of o-
xylene and ethylbenzene in Co,(m-dobdc) at 100 K. Purple, red, gray, and white
spheres represent Co, O, C, and H atoms, respectively.
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Figure 5.510. Overlay of the electron-density difference map of the structure of
Co,(dobdc)-0.99(o-xylene) on the structural model for Co,(dobdc)-0.99(o-xylene)
(red) (a) and Co,(dobdc) (gray) (b). Red surfaces correspond to regions of positive
electron density, while green surfaces correspond to regions of negative electron
density. Regions of electron density that are not accounted for by the model match
the positions of the cobalt(ii) atoms in the structure of the undistorted Co,(dobdc).
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Figure 5.511. Overlay of the electron-density difference map of the structure of
Co,(dobdc)-0.36(ethylbenzene) on the structural model for
Co,(dobdc)-0.36(ethylbenzene) (blue) (a) and Co,(dobdc) (gray) (b). Red surfaces
correspond to regions of positive electron density, while green surfaces
correspond to regions of negative electron density. Regions of electron density
that are not accounted for by the model match the positions of the cobalt(ii) atoms
in the structure of the undistorted Co,(dobdc).
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Figure 5.S12. Atomic displacement parameter plot for Co,(dobdc)-0.99(o-xylene)
at 100 K drawn at 50% probability level as determined by single crystal X-ray

diffraction; purple, red, gray and white ellipsoids represent Co, O, C, and H
atoms, respectively.
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Figure 5.813. Atomic displacement parameter plot for
Co,(dobdc)-0.36(ethylbenzene) at 100 K drawn at 50% probability level as
determined by single crystal X-ray diffraction; purple, red, gray and white
ellipsoids represent Co, O, C, and H atoms, respectively.

Figure 5.514. Atomic displacement parameter plot for
Co,(dobdc)-0.74(m-xylene) at 100 K drawn at 50% probability level as
determined by single crystal X-ray diffraction; purple, red, gray and white
ellipsoids represent Co, O, C, and H atoms, respectively.
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Figure 5.515. Atomic displacement parameter plot for Co,(dobdc)-0.82(p-xylene)
at 100 K drawn at 50% probability level as determined by single crystal X-ray
diffraction; purple, red, gray and white ellipsoids represent Co, O, C, and H
atoms, respectively.

Figure 5.516. Atomic displacement parameter plot for
Co,(m-dobdc)-0.92(o-xylene) at 100 K drawn at 50% probability level as
determined by single crystal X-ray diffraction. The o-xylene molecules were
found to be disordered over two positions due to the mirror symmetry of the
framework, but only one orientation is shown here for clarity. Purple, red, gray
and white ellipsoids represent Co, O, C, and H atoms, respectively.
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Figure 5.817. Atomic displacement parameter plot for
Co,(m-dobdc)(H,0),,-0.77(ethylbenzene) at 100 K drawn at 50% probability
level as determined by single crystal X-ray diffraction. The ethylbenzene
molecules were found to be disordered over two positions due to the mirror
symmetry of the framework, but only one orientation is shown here for clarity.
Purple, red, gray and white ellipsoids represent Co, O, C, and H atoms,
respectively.
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Table 5.51. Crystallographic Data

Formula

Temperature (K)
Crystal System

Space Group

a,b,c(A)

a,B,y ()

Vv, (A)

V4
Radiation,
A(A)

20 Range for
Data Collection (°)

Completeness to
20

Data / Restraints /
Parameters

Goodness of Fit on

Co,(dobdc)-0.99
00X

Co,(dobdc)-0.36
EB

Co,(dobdc)-0.74
MX

Co,(dobdc)-0.82
PX

Co,(m-
dobdc)-0.920X

Co,(m-dobdc)
(H,0),,,:0.77EB

CLS,WHI I.SXCOZO(:
100(2)

Trigonal

R3

51.6110(19),
51.6110(19),
6.8292(3)

90,
90,
120

15753.8(14)
36

Synchrotron,
0.8856

5.204 to 75.960

99.7%
(20 = 64.194°)

971171397498

C IO.MHS SGCO’IOE»
100(2)

Trigonal

R3
51.7341(19),
51.7341(19),

6.8014(3)

90,

90,

120
15764.6(14)
36

Synchrotron,
0.8856

5.192 to 75.880

99.8%

(20 =64.194°)

9751769 /350

C]B 8%’H9v36C0206
100(2)

Trigonal

R3

25.8450(9),
25.845009),
6.8219(3)

90,
90,
120

3946.3(3)
9
Synchrotron,
0.7749
5.954 to0 87.922

99.9%
(20 =55412°)

5205/104 /135

C I4.53H 10, I7C0206
100(2)

Trigonal

R3

25.9019(15),
25.9019(15),
6.8226(5)

90,
90,
120

3964.1(5)
9

Synchrotron,
0.8856

6.790 to 64.562

99.9%
(20 =64.194°)

1623 /1157133

C lSJQH] 1 Z]CO’IOb
100(2)

Trigonal

R3m

25.812(3),
25.812(3),
6.8165(8)

90,
90,
120

3933.1(11)
9
Synchrotron,
0.7749
5.962 to 65.120

99.9%
(20 =55.412°)

2569 /1127137

Cl4,l5HI0.9]COZOb,6I
100(2)

Trigonal

R3m

25.8977(9),
25.8977(9),
6.7599(3)

90,
90,
120

3926.4(3)
9
Synchrotron,
0.8856
6.792 to 68.968

99.8%
(20 = 64.194°)

2004 /54 /146

e 1.183 1.101 1312 1.053 1.087 1.083
R/, WR," 0.1481, 0.1631, 0.0492, 0.0538, 0.0412, 0.0399,
(>20(D) 0.3584 0.4703 0.1271 0.1390 0.1064 0.1080
R, WR, 0.1508, 0.1743, 0.0536, 0.0749, 0.0477, 0.0440,
(all data) 0.3593 0.4748 0.1287 0.1516 0.1098 0.1099
Pi:f:;ﬁ;f)fl'e 3.249 and 6.576 and 1.088 and 1.932 and 0.830 and 1.068 and
2 2420 2255 ~1.499 ~0.459 ~0.515 ~0.391
(eA™)
OX = o-xylene; EB

FEPVSWE D},
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Figure 5.518. Single-component vapor-phase o-xylene (a), ethylbenzene (b), m-
xylene (c), and p-xylene (d) adsorption isotherms for Co,(dobdc) at 140 °C (blue),
150 °C (violet), and 160 °C (red). Filled circles represent experimental data, while

solid lines represent corresponding fits obtained by spline interpolation.

165




1Y
o

] s ]
53.57 © 3.5
©° ] ')0'.. g ] o‘/
g/ g .‘ { ] o] 1 °®
8 ] g ]
g 257 5257
o E kel 1
(2] © 4
3 o 23
Q] IS
& 1.5 N 1,57
2 ] S
S 13 2 13
% . © 1 c
] 140° @ o] 140 °
© 0.59 0.59
R 150 °C 87 150 °C
] o S ] °
B e e L 8 ol 10
0.01 0.1 1 0.01 0.1 1
P (mbar) P (mbar)
c d
5357 cooo” 3.5
S o° 3 ]
£ 3 E 3 s
o ] - 1
257 2257
o ] o ]
§ 2 g 2
Q [ON
157 & 1.57
ISRE S 19
)] (7] 4
® e 140 °C %05: 140 °C
07 O 0.99
305' 150 °C B 150 °C
] 160 °C ] 160 °C
0 T T T T T T T 0 T T T T T v
0.01 0.1 1 0.01 0.1 1
P (mbar) P (mbar)

Figure 5.519. Single-component vapor-phase o-xylene (a), ethylbenzene (b), m-
xylene (c), and p-xylene (d) adsorption isotherms for Co,(dobdc) at 140 °C (blue),
150 °C (violet), and 160 °C (red). Filled circles represent experimental data, while
solid lines represent corresponding fits obtained by spline interpolation.

Differential Enthalpy of Adsorption Calculations. As suitable fits to the
adsorption isotherm data could not be obtained with multi-site Langmuir equations,
isotherms were fit independently by spline interpolation. Using the fits, the differential
enthalpy of adsorption, Ak, can be calculated as a function of the total amount of gas
adsorbed, n, by using the the Clausius-Clapeyron equation (eq 1), where R is the gas
constant in J/mol-K, 7 is the temperature in K, n is the total amount adsorbed in mmol/g,

and P is the pressure in bar.
dln P

Mhggs = —RT? (%57) ()

The fits for each Cg isomer (fit independently for each temperature) were used to
obtain the exact pressures that correspond to specific loadings at different temperatures
(140 °C, 150°C, and 160 °C). This was done at loading intervals of 0.05 mmol/g. At each
loading, the slope of the best-fit line to In (P) versus 1/T was calculated to obtain the
differential enthalpy.
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Figure 5.520. Differential enthalpy of adsorption (Ah,,) plots (calculated from
fits to the adsorption isotherms generated by spline interpolation) o-xylene
(orange), ethylbenzene (green), m-xylene (blue), and p-xylene (red) adsorption in
Co,(dobdc) (a) and Co,(m-dobdc) (b).
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Figure 5.S21. Comparison of the single-component vapor-phase o-xylene
(orange), ethylbenzene (green), m-xylene (blue), and p-xylene (red) adsorption
isotherms for Co,(dobdc) (filled circles) and Co,(dobpdc) (filled diamonds) at 150
°C.

167



8: OX/PX
71 EB/PX
] OX/MX
67 MX/PX
] OX/EB
297
=]
g+ .
3.1 7 ot o
[ )
33 g "ttt . }
. .. = ] § [
21 ¢ s oo o 8 o
L L O,\ . i
1] s : ccese s e o o . .
0. R | T T T T TTTT T T —TTTT"T

Total CgH,, concentration (M)

Figure 5.522. Two-component selectivities for o-xylene/p-xylene (violet),
ethylbenzene/p-xylene (blue), o-xylene/m-xylene (green), ethylbenzene/m-xylene
(yellow), m-xylene/p-xylene (orange), and o-xylene/ethylbenzene (red)
determined from a multi-component liquid-phase adsorption experiment with
equimolar amounts of the C, isomers (0.1-1.7 M in each isomer; 0.4-6.8 M total
concentration) in n-heptane at 33 °C. The selectivities are plotted over the initial
total Cg isomer concentration for each measurement. Data points with error bars
(for measurements with initial total Cq isomer concentrations of 0.044,0.22,0.44,
2.2,4.4,and 6.8 M) were determined from an average of three replications.

Table 5.52. Unit cell parameters for Co,(dobdc) powder samples.

o T® a) c(A) V(A
o-xylene R3 300 51713(1)  6.8842(3)  15943(1)
o-xylene R3 400 25873(1)  6.8973(3)  3998.4(4)
m-xylene R3 300 25.8808(6)  6.8923(2)  3998.1(2)
p-xylene R3 300 25.8916(9)  6.8853(3)  3997.4(3)
ethylbenzene R3 300 2595803)  6.9065(1)  4030.2(1)
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Figure 5.823. Powder X-ray diffraction patterns (A = 0.75009 A) at 300 K for
Co,(dobdc) soaked in o-xylene (blue), m-xylene (green), p-xylene (red), and
ethylbenzene (dark gray). Light gray lines indicate the positions of Bragg peaks
that are only present in the distorted framework, where the dimensions of the a
and b axes of the unit cell are doubled.
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Figure 5.824. Variable temperature powder X-ray diffraction patterns (A =
0.75009 A) for Co,(dobdc) soaked in o-xylene from 300 K to 400 K. Light gray
lines indicate the positions of Bragg peaks that are only present in the distorted
framework, where the dimensions of the a and b axes of the unit cell are doubled.
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Figure 5.525. Structureless Le Bail refinement for X-ray powder diffraction data
at 300 K of Co,(dobdc) soaked in o-xylene. Blue and red lines represent the
observed and calculated diffraction patterns, respectively. The gray line represents
the difference between observed and calculated patterns, and the green tick marks
indicate calculated Bragg peak positions. R,, =0.049,R, = 0.035, A = 0.75009 A.
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Figure 5.526. Structureless Le Bail refinement for powder X-ray diffraction data
at 400 K of Co,(dobdc) soaked in o-xylene. Blue and red lines represent the
observed and calculated diffraction patterns, respectively. The gray line represents
the difference between observed and calculated patterns, and the green tick marks
indicate calculated Bragg peak positions. R, =0.062,R =0.045,\ =0.75009 A.
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Figure 5.527. Structureless Le Bail refinement for powder X-ray diffraction data
at 300 K of Co,(dobdc) soaked in m-xylene. Blue and red lines represent the
observed and calculated diffraction patterns, respectively. The gray line represents
the difference between observed and calculated patterns, and the green tick marks
indicate calculated Bragg peak positions. R, =0.040,R =0.028, A =0.75009 A.
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Figure 5.528. Structureless Le Bail refinement for powder X-ray diffraction data
at 300 K of Co,(dobdc) soaked in p-xylene. Blue and red lines represent the
observed and calculated diffraction patterns, respectively. The gray line represents
the difference between observed and calculated patterns, and the green tick marks
indicate calculated Bragg peak positions. R, =0.065,R, =0.045,\ =0.75009 A.
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Figure 5.529. Structureless Le Bail refinement for powder X-ray diffraction data
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Chapter 6: Acetylene/Ethylene Separation in the Metal-Organic Framework Cu[Ni(pdt),]
via Binding in a Square Tetrapyrazine Cage

6.1. Introduction

Metal-organic frameworks (MOFs) are a class of porous materials comprised of inorganic
units bridged by organic ligands. The high internal surface areas and degree of tunability in this
structure class have led to interest in using them for a wide variety of applications including gas
storage and gas separations. The separation of hydrocarbon mixtures relevant to the chemical
industry, such as olefins and paraffins,' hexane isomers,” or xylene isomers’ have been of
particular interest due to the potential energy savings non-thermally driven adsorptive-based
separations could provide over currently-employed cryogenic distillation techniques.*

One particularly challenging separation is that of acetylene (C,H,) and ethylene (C,H,).
Acetylene can poison ethylene polymerization catalysts, leading to the need for acetylene
removal from ethylene streams. While acetylene is typically hydrogenated to produce ethylene in
these streams, any over-hydrogenation from this reaction will reduce the amount of ethylene
present. Adsorptive-based processes could potentially yield high selectivities for separating
acetylene from ethylene without the need for hydrogenation. Furthermore, designing adsorbents
that can perform this separation in a physisorptive manner is of fundamental interest owing to the
difficulty in distinguishing between alkynes and alkenes via a physisorptive mechanism.

Relatedly, acetylene storage is quite dangerous and requires acetone as a stabilizing agent.
MOFs offer a potential method for safely storing acetylene at high volumetric capacities by
relying on the stabilizing host-guest interactions of acetylene binding in the pores.

A MOF with square channels, Cu[Ni(pdt),] (pdt* = pyrazine-2 3-dithiolate), is studied here
for its use in separating acetylene and ethylene.'’ This material is formed from a Ni(pdt),
metalloligand containing a square planar Ni(IIl) bound to two pdt* ligands that, in the presence
of Cul, immediately precipitates the Cu[Ni(pdt),] MOF as a black solid. By taking advantage of
the small square channels in this material and a unique interaction with the tetrapyrazine cages
present in the pores, the difficult separation of acetylene and ethylene was completed.

56,789

6.2. Experimental

6.2.1. General procedures and measurements. The synthesis of Na,[Ni(pdt),] was
completed according to the literature procedure.'’ Diffraction data were collected using a Bruker
AXS D8 Advance diffractometer with the generator set at 40 kV and 40 mA; samples were
loaded onto zero-background sample holders. Elemental analysis was obtained from the
Microanalytical Laboratory at the University of California, Berkeley.

6.2.2. Synthesis of Cu[Ni(pdt),]. The synthesis of Cu[Ni(pdt),] was adapted from a
previous report.'” A flask was charged with 270 mL acetonitrile and sparged with N, for 30 min.
Na,[Ni(pdt),] (0.630 g, 1.62 mmol) was added and the solution was stirred. A separate flask was
charged with 75 mL of acetonitrile, sparged with N, for 30 min, and Cul (0.309 g, 1.62 mmol)
was added. While under N,, the Cul solution was then slowly added to the solution of
Na,[Ni(pdt),] via a syringe, rapidly precipitating Cu[Ni(pdt),] as a black solid. The resulting
solid was filtered on 0.22um nylon filter paper in air and activated overnight at 90°C under high
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vacuum on an ASAP 2420 instrument, yielding 0.453 g of the framework (68.8% yield).
Elemental Analysis for Cu[Ni(pdt),]: calecd C 23.63%, H 0.99%, N 13.78%, S 31.54%; found: C
22.92%,H 1.05%,N 13.74%, S 30.43%.

6.2.3. Isotherm measurements. Approximately 100 mg of each sample was loaded into a
preweighed sample tube in an N,-filled glovebox and the sample tubes were capped with a
Transeal. The samples were then transferred to a Micromeritics 2420 instrument degas manifold
and heated at a rate of 0.5 °C/min to a temperature of 90 °C while under dynamic vacuum. When
the degas rate was <1 ubar/min, each sample was considered to be activated. The mass of the
sample was then recorded based on the mass of the evacuated tube prior to sample loading. The
sample was then transferred to a Micromeritics 3Flex gas adsorption analyzer. Prior to collecting
each isotherm, the free space of each sample was measured using UHP (99.999%) He. Gas
adsorption isotherms of acetylene and ethylene were measured at 298, 308, and 318 K by
immersing the sample in a bath of Dow Syltherm and the controlling the temperature using a
water recirculator with copper coils immersed in the Dow Syltherm bath to maintain the desired
temperature. The recirculator was set to the desired temperature. Samples were reactivated at 90
°C between each measurement under dynamic vacuum for at least 8 h. Oil-free pumps and
pressure gauges were used for all measurements.

The single-component gas adsorption isotherms were fit using a tri-site Langmuir-
Freundlich equation, fitting all three temperatures (298, 308, and 318 K) simultaneously. This is
seen in equation 1; n is the amount adsorbed (mmol/g), q,, is the saturation loading for site a, b,
or ¢ (mmol/g), b is the Langmuir parameter associated with either site a, b, or ¢ (bar™), p is the
pressure (bar), and v is the dimensionless Freundlich parameter for site a, b, or c. Subscripts
indicate different sites (a, b, or ¢) for all variables. The value for b is calculated per equation 2.

— ant,abapva CIsat,bbbpvb qsat,cbcpvC (1)
1+bgpPa 1+bpp¥b 1+b,pPc
-E
b = byert 2)

The equation was fit using the Solver feature of Microsoft Excel. The quality of the fits was
determined by comparing the residual sum of squares of the difference between the calculated
and experimental uptake values at each pressure as well as by visual inspection. Wolfram
Mathematica 11 was then used to create a series of data points corresponding to points on the fit
curves at equivalent loadings for each temperature.

The Ideal Adsorbed Solution Theory (IAST) selectivities were then calculated using the data
points from Mathematica for the 298, 308, and 318 K isotherms. This involves numerically
solving for the spreading pressure and subsequently determining the composition of the adsorbed
phase at a given gas phase composition. The selectivity is then given by

__ Xolefin/Xparaffin (3)
J’olefin/.')’paraffin

where § is the IAST selectivity, x is the mole fraction in the adsorbed phase, and y is the mole
fraction in the gas phase. Finally, the differential enthalpy was extracted from the temperature
dependence of the isotherms using the Clausius-Clapeyron relationship."'
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6.24. Powder X-ray Diffraction Measurements. Powder X-ray diffraction data for
Cu[Ni(pdt),] was collected on Beamline 17-BM-B at the Advanced Photon Source at Argonne
National Laboratory. Approximately 3 mg of fully desolvated framework was loaded into a 1.0
mm borosilicate capillary inside a N,-filled glovebox. Each capillary was then attached to a
custom designed gas-dosing cell equipped with a gas valve and transferred to the goniometer
head. All adsorbed N, was then removed by evacuating in situ using a turbomolecular pump. An
Oxford Cryosystems Cryostream 800 was used to hold the temperature of the sample at 25 °C.
Scattered intensity was measured by a PerkinElmer a-Si flat panel detector.

Diffraction data was collected for the evacuated material, after which variable pressures of
C,H, and C,H, gas was dosed using a custom-built gas dosing manifold. Each dose of gas was
equilibrated on the sample for over half an hour, until no further change was observed in both the
pressure above the sample and in the resulting diffraction patterns. The average wavelength of
measurement was 045212 A. In between dosing C,H, and dosing C,H,, the sample was
activated at 120 °C under vacuum for 1 hour to remove all traces of the previously dosed gas
from the material. The re-evacuated sample had a diffraction pattern that was identical to the
initial evacuated sample.

As was previously reported, the material Cu[Ni(pdt),] is isostructural to Cu[Cu(pdt),]."” As a
result, the published structural model of Cu[Cu(pdt),] was used as a starting point for the
Rietveld refinement of activated and gas-dosed Cu[Ni(pdt),]. Precise unit cell parameters of
activated Cu[Ni(pdt),] were obtained by Pawley refinement as implemented in TOPAS-
Academic 4.1, and were found to be consistent with a tetragonal lattice.'”> When progressing to
Rietveld refinement, the thiolate-ligated Cu in the Cu[Cu(pdt),] was replaced by Ni, and C-N
and C—C distances were restricted with “soft” constraints. H atoms were placed on calculated
positions, with the aromatic C—H distance fixed at 1.09 A. In the final stages of the refinement,
all atomic positions (with the exception of special positions and the atomic positions of the H
atoms) and thermal and unit cell parameters were fully refined with no constraints and
convoluted with the sample and instrument parameters and Chebyshev background polynomials.
The calculated diffraction pattern for the final structural model of Cu[Ni(pdt),] is in excellent
agreement with the experimental diffraction pattern as seen in the plot of the Rietveld refinement
in Figure 6.S5.

After determination of the activated structure of Cu[Ni(pdt),], the patterns of Cu[Ni(pdt),]
after dosing 20, 92,291, 591, and 1077 mbar of C,H, were analyzed. All patterns showed peaks
consistent with the P4,/mm space group, but with changes in intensity indicative of gas
molecules occupying the pores of the framework. Precise unit cell parameters of C,H,-dosed
Cu[Ni(pdt),] were obtained by Pawley refinement. Using the refined structure of activated
Cu[Ni(pdt),] as a starting model, a Fourier difference map was calculated after a Rietveld
refinement of a pattern of Cu[Ni(pdt),] dosed with 291 mbar of C,H,. Excess electron density
was observed along the c-axis, in a prolate shape reminiscent of an adsorbed acetylene molecule.
When carbon atoms were placed within this shape and constrained to a bond length of 1.20 A,
the goodness-of-fit parameters showed a dramatic improvement.

In the initial stages of the refinement, C—C, and C-N bond distances were implemented with
soft constraints, and H atoms were subsequently placed on calculated positions. In the final
stages of the refinement, the C,H, occupancy, all atomic positions (with the exception of those
on special positions and all atomic positions for the H atoms) and thermal and unit cell
parameters were fully refined with no constraints, convoluted with the sample and instrument
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parameters and Chebyshev background polynomials. The calculated diffraction pattern for the
final structural models of C,H,-dosed Cu[Ni(pdt),] are in excellent agreement with the
experimental diffraction pattern (Rietveld plot in Figures 6.S6-S10).

Subsequently, the patterns of Cu[Ni(pdt),] after dosing 24, 88, 273, 589, and 985 mbar of
C,H, were analyzed. All patterns showed peaks consistent with the P4,/mm space group, but
with changes in intensity indicative of gas molecules occupying the pores of the framework.
Precise unit cell parameters of C,H,-dosed Cu[Ni(pdt),] were first obtained by Pawley
refinement. Then, using the refined structure of activated Cu[Ni(pdt),] as a starting model, a
Fourier difference map was calculated after a Rietveld refinement of a pattern of Cu[Ni(pdt),]
dosed with 273 mbar of C,H,. Excess electron density was observed along the c-axis, in a
prolate shape reminiscent of an adsorbed ethylene molecule, similar in location to that observed
for acetylene. When carbon atoms were placed within this shape and constrained to a bond
length of 1.34 A, the goodness-of-fit parameters showed a dramatic improvement.

In the initial stages of the refinement, C—C, and C-N bond distances were implemented with
soft constraints, and H atoms were subsequently placed on calculated positions. Two sets of
positions for H atoms on the ethylene molecule were assumed, to approximate the vibrational
disorder of the adsorbed ethylene molecule. In the final stages of the refinement, the C,H,
occupancy, all atomic positions (with the exception of those on special positions and all atomic
positions for the H atoms) and thermal and unit cell parameters were fully refined with no
constraints, convoluted with the sample and instrument parameters and Chebyshev background
polynomials. The calculated diffraction pattern for the final structural models of C,H,-dosed
Cu[Ni(pdt),] are in excellent agreement with the experimental diffraction pattern (Rietveld plot
in Figures 6.S11-S15 and crystallographic details in Table 6.S1).

6.2.5. In situ Infrared Spectroscopy Measurements. Infrared spectra were collected using
a Bruker Vertex 70 spectrometer equipped with a glowbar source, KBr beamsplitter, and a liquid
nitrogen cooled mercury-cadmium-telluride detector. A custom-built diffuse reflectance system
equipped with an Oxford Instruments OptistatDry TLEX cryostat for temperature control and a
sample cell which allows control of the atmosphere in the sample chamber through a manifold
was used for all experiments. The sample cell atmosphere was controlled by a Micromeritics
ASAP 2020Plus instrument connected to the manifold. In a typical experiment, a powder sample
of activated framework (~5 mg) was ground with KBr, and transferred into the chamber. The
sample was evacuated for 1 hr at 300 K prior to spectra collection. Dosing was performed
through the ASAP 2020Plus instrument at the relevant temperatures while spectra were collected
at a resolution of 4 cm™ at one-minute intervals until changes in pressure and spectral features
were observed to cease.

6.3. Results and Discussion

Activation of the Cu[Ni(pdt),] material by heating to 90 °C under dynamic vacuum results
in a material with a Langmuir surface area of 426 m*g (Figure 6.1). Structure solution from
powder X-ray diffraction data reveals that Cu[Ni(pdt),] is isostructural with the previously
reported Cu[Cu(pdt),] (Figure 6.2), possessing square channels lined by square planar Ni**
centers (Figure 6.3) and square cages formed by four pyrazine rings.
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Figure 6.1. Powder X-ray diffraction pattern of Cu[Ni(pdt),].
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Figure 6.2. The 77 K N, adsorption isotherm collected for Cu[Ni(pdt),] and used
to calculate the Langmuir surface area of 426 m?/g.
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Figure 6.3. Structure of Cu[Ni(pdt),] as solved from powder X-ray diffraction a)
down the c-axis and b) showing the connectivity of the main cage. White, gray,

blue, yellow, green, and orange spheres represent H, C, N, S, Ni, and Cu atoms,
respectively.

Since Cu[Ni(pdt),] has pore dimensions similar to the size of acetylene and ethylene, along
with available Ni** sites lining the pores, it was thought that adsorptive-based separation of these
two species could be completed in Cu[Ni(pdt),]. To that end, C,H, and C,H, adsorption
isotherms were measured at 298, 308, and 318 K (Figure 6.4). Cu[Ni(pdt),] shows very strong
acetylene adsorption, with an uptake of over 1 mmol/g at only 0.77 mbar pressure at 298 K.
Acetylene and ethylene uptake at 298 K and a low pressure of 1 mbar are quite distinct, at 1.08
and 0.03 mmol/g, respectively.
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Figure 6.4. Acetylene (circles) and ethylene (triangles) isotherms at 298, 308, and

318 K.
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This remarkable difference at low pressures suggests the use of Cu[Ni(pdt),] for separating
trace amounts of acetylene from ethylene, at which <1% acetylene is present in the stream. From
fitting a tri-site Langmuir-Freundlich equation to the single-component isotherms, ideal adsorbed
solution theory (IAST) was used to predict multicomponent selectivities from the single-
component adsorption isotherm data (Figure 6.5). The 298 K selectivity is as high as 44.6 at 5%
acetylene; if this plot is extended to 1% acetylene in ethylene, the selectivity rises to 54.4, a
record value for an adsorbent under these conditions.
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Figure 6.5. Ideal adsorbed solution theory (IAST) selectivities for
acetylene/ethylene in Cu[Ni(pdt),].

To better understand the high selectivity for adsorbing acetylene over ethylene in
Cu[Ni(pdt),], powder X-ray diffraction patterns of evacuated, acetylene-dosed, and ethylene-
dosed Cu[Ni(pdt),] were collected. After structure solution, space filling models of the evacuated
structure showed full accessibility of the channels (Figure 6.6a,b). Acetylene was identified to
bind in the cage formed by four pyrazine rings at various pressures at 298 K (Figure 6.6c.d). The
binding site was found to be fully occupied at a pressure of only 20 mbar. That this is the binding
site is interesting, as the square planar Ni** sites lining the pores were expected to be the primary
site of interaction due to the ability of open metal coordination sites in other metal-organic
frameworks to bind small gas molecules more strongly than other surfaces within the pores.

Ethylene was found to bind in the same pyrazine cage. However, rather than having the
nearly 100% occupancy at 20 mbar as the acetylene-dosed structure does, the occupancy of
ethylene in the tetrapyrazine cage in the ethylene-dosed structure gradually increases as the
pressure is increased, commensurate with the weaker binding of ethylene in this cage. The
binding of these unsaturated hydrocarbons in this site is attributed to the pi-pi interactions
available between the acetylene or ethylene and the pyrazine rings, which are oriented at 90°
angles to one another and have a cage size that fits both acetylene and ethylene well enough to
become the primary interaction site for both gases. Further supporting this hypothesis is that
ethane was unable to be located in any discrete location in the channels of an ethane-dosed
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sample of Cu[Ni(pdt),], indicating that the occupation of the pyrazine binding cage is unique to
the unsaturated C, hydrocarbons. The immobilization of the pyrazine rings in this square cage
allows for the donation of electron density from the pi orbitals in acetylene and ethylene into the
pi cloud of the electron-deficient aromatic rings, highlighting the utility of MOFs in creating
unique chemical environments that are relatively inaccessible in molecular chemistry.

b)

Figure 6.6. Crystal structures as determined from powder X-ray diffraction of
evacuated Cu[Ni(pdt),] a) down the b-axis and b) down the c-axis and C,H,-dosed
Cu[Ni(pdt),] ¢) down the b-axis and d) down the c-axis. White, gray, blue,
yellow, green, and orange spheres represent H, C, N, S, Ni, and Cu atoms, while
the pink spheres represent C atoms in acetylene.

Importantly, the difference in binding between these two molecules can be explained on the
basis of this binding site. Since acetylene possesses electron density in two orthogonal pi bonds,
it can interact with all four pyrazine rings, leading to the experimentally strong binding in
Cu[Ni(pdt),]. In contrast, ethylene only has one pi bond and can thus interact with only two of
the pyrazine rings in the cage, leading to a weaker interaction. Binding in this cage, rather than to
an open metal site, is quite important to this separation. This becomes apparent in comparison
with M,(m-dobdc) (M = Co, Ni; m-dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate), which has
nearly no selectivity for binding acetylene over ethylene (Figure 6.7) despite having previously
been shown to excel at olefin/paraffin separations.' This data agrees with previously reported
IAST selectivities of <2.5 calculated for acetylene/ethylene separations in Fe,(dobdc) (dobdc* =
2,5-dioxido-1 4-benzenedicarboxylate)."
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Figure 6.7. Comparison of the IAST selectivities for acetylene/ethylene
separations at 45 °C between Cu[Ni(pdt),] and M,(m-dobdc) (M** = Co, Ni).

This hypothesis was confirmed through the use of in situ gas-dosed infrared (IR)
spectroscopy. Cu[Ni(pdt),] was loaded into a custom-built DRIFTS system in which a sample
holder connected to an ASAP 2020 Plus gas sorption analyzer was placed in a cryostat for
control of both temperature and pressure of gas while measuring the IR spectrum of the sample.
Spectra were collected at various acetylene pressures, revealing that the typical acetylene IR-
active C-H stretch at 3280 cm™ and C—H bend at 730 cm™ are visible (Figure 6.8). The stretch is
shifted to a lower energy of 3240 cm™, which is typical of the interaction of the C—H bonds with
surfaces within the pores of the MOF (Figure 6.9). The bend is shifted to slightly higher energy
at 737 cm™', likely due to the constrained chemical environment of the acetylene (Figure 6.10).
Notably, the Raman-active stretches typically seen in acetylene at 3374, 1974, and 612.8 cm™
are not visible (Table 1), indicating a perfectly symmetric environment that corroborates with the
binding of acetylene in the symmetric pyrazine cage as seen in the structures solved from powder
X-ray diffraction.
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Figure 6.8. Overall infrared spectra of Cu[Ni(pdt),] evacuated (gray) and dosed to
17 mbar with C,H, (black), with the difference shown at the bottom (red). The
labeled peak in the difference spectrum at 3240 cm™ corresponds to the IR-active

C-H stretch and the labeled peak at 737 cm™ corresponds to the IR-active C-H
bend.
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Figure 6.9. Variable pressure C,H,-dosed spectra of Cu[Ni(pdt),] at 25 °C. The
C-H stretch is observed at 3240 and 3230 cm™, redshifted relative to the 3280
cm™ for free C,H,.
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Figure 6.10. Variable pressure C,H,-dosed spectra of Cu[Ni(pdt),] at 25 °C. The
C-H bend is observed at 737 cm™, blueshifted relative to the 730 cm™ for free
C2H2-

Table 6.1. Summary of vibrational modes in C,H,. *Modes marked with an
asterisk are Raman active."

Mode V (ecm™)
C-H stretch* 3373.7
C-H stretch 32949
C-C stretch* 1973.8
C-H bend 730.3
C-H bend* 611.8

6.4. Outlook and Conclusions

In summary, the MOF Cu[Ni(pdt),] was studied for its use in an adsorptive-based separation
of acetylene and ethylene. Adsorption isotherms and calculated IAST selectivities indicated very
strong binding of acetylene relative to ethylene, especially at low acetylene concentrations.
Powder X-ray diffraction was used to determine that the tetrapyrazine cage was the primary
binding site for both gases, indicating that acetylene binds more strongly due to the greater
number of pi-pi interactions it can have with the tetrapyrazine cage. Infrared spectroscopy
confirmed this symmetrical interaction. This highly unique mechanism for the challenging
separation of acetylene and ethylene illustrates the opportunity that MOFs provide for adsorptive
separations not possible in other classes of porous adsorbents.”
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Figure 6.S1. Variable temperature C,H,-dosed to 0.81 mbar in Cu[Ni(pdt),] at 25
°C. The C-H stretch is observed at 3240 cm™ and the peak shape is independent
of temperature.
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Figure 6.S2. Variable temperature C,H,-dosed to 19 mbar in Cu[Ni(pdt),] at 25
°C. The C-H stretch is observed at 3240 cm™ and the peak shape now changes
depending on the temperature. Compared to the lower loading in Figure 6.S1,
these are spectra with more features, indicating a variety of C,H, binding sites.
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Figure 6.S3. Variable temperature C,H,-dosed to 0.81 mbar in Cu[Ni(pdt),] at 25
°C. The IR-inactive C—C stretch is not observed at this loading and temperature.
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Figure 6.S4. Variable temperature C,H,-dosed to 0.81 mbar in Cu[Ni(pdt),] at 25
°C. The usually IR-inactive C—C stretch is now observed due to the higher
loading, indicating an additional, asymmetric binding site for C,H, in the pores
outside of the tetrapyrazine cage.
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Figure 6.55. Rietveld refinement of Cu[Ni(pdt),] dosed with 20 mbar C,H, at 298
K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 4.67%, R, = 352%,R.. =1.57%,
Rp0c = 2.50%, GoF = 2.97. The wavelength was 0.45212 A.
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Figure 6.56. Rietveld refinement of Cu[Ni(pdt),] dosed with 92 mbar C,H, at 298
K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 4.76%, R, = 3.60%, R.,, = 1.83%,
R =2.79%, GoF = 2.61. The wavelength was 0.45212 A.
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Figure 6.S7. Rietveld refinement of Cu[Ni(pdt),] dosed with 291 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.

Figures-of-merit (as defined by TOPAS): R,, = 5.05%, R, = 3.83%, R, = 1 47%,
Riyage = 2.94%, GOF = 3 44. The wavelength was 045212 A.
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Figure 6.58. Rietveld refinement of Cu[Ni(pdt),] dosed with 591 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 4.92%, R, = 3.83%, R, = 2.38%,
Rpa0e =2.91%, GoF = 2.07. The wavelength was 0.45212 A.
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Figure 6.59. Rietveld refinement of Cu[Ni(pdt),] dosed with 1077 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 4.92%, R, =3.83%, R, =2.38%,
Rpa0e =2.91%, GoF = 2.07. The wavelength was 0.45212 A.
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Table 6.S1. Experimental conditions, unit cell parameters, figures-of-merit, and
C,H, occupancy values as determined by Rietveld refinement of powder X-ray
diffraction patterns of Cu[Ni(pdt),] dosed with increasing amounts of C,H, gas.

24 mbar 88 mbar 273 mbar 589 mbar 985 mbar
C,H, C,H, C,H, C,H, C,H,
A (A) 0.45212 0.45212 0.45212 0.45212 0.45212
Temp. (K) 298 298 298 298 298
Space Group P42/mmc P42/mmc P42/mmc P42/mmc P42/mmc
a(A) 6.8191(8) 6.8281(8) 6.8342(9) 6.8368(9) 6.8385(3)
c(A) 16.1323(17) 16.1088(17) 16.0964(18) 16.0946(18) 16.0963(9)
V (A% 750.16(19) 751.0(2) 751.8(2) 752.3(2) 752.76(8)
R, 6.31% 6.52% 6.84% 6.91% 7.06%
Re. 1.91% 1.91% 1.91% 1.91% 1.91%
Rpge 3.89% 4.33% 4.72% 4.81% 5.01%
R, 4.87% 5.04% 5.30% 5.29% 5.39%
GoF 3.30 3.40 3.57 3.62 3.70
occizpljilcy 38.1(13)% 64.3(14)% 80.6(14)% 86.7(14)% 89.2(14)%
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Figure 6.510. Rietveld refinement of Cu[Ni(pdt),] dosed with 24 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R,, = 6.31%, R, = 4.87%,R,,, = 1.91%,
Rp a0 = 3.89%, GoF = 3.30. The wavelength was 0.45212 A.
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Figure 6.S11. Rietveld refinement of Cu[Ni(pdt),] dosed with 88 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 6.52%, R, =5.04%, R, = 191%,
Ry,00. = 4.33%, GOF = 3.40. The wavelength was 0.45212 A.
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Figure 6.512. Rietveld refinement of Cu[Ni(pdt),] dosed with 273 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R,;, = 6.84%, R, = 5.30%, R,,, = 1.91%,
R =2.94%, GoF = 3.57. The wavelength was 0.45212 A.
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Figure 6.513. Rietveld refinement of Cu[Ni(pdt),] dosed with 589 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R,, =6.91%, R, =529%, R, =2.38%,
R =4.81%, GoF = 3.62. The wavelength was 0.45212 A.
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Figure 6.514. Rietveld refinement of Cu[Ni(pdt),] dosed with 985 mbar C,H, at
298 K from 2.6° to 17°. Blue and red lines represent the observed and calculated
diffraction patterns, respectively. The gray line represents the difference between
observed and calculated patterns, and the black tick marks indicate calculated
Bragg peak positions. The inset shows the high angle region at a magnified scale.
Figures-of-merit (as defined by TOPAS): R, = 7.06%, R, =539%, R, =191%,
Ry.uee = 5.01%, GoF = 3.70. The wavelength was 0.45212 A.
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