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Abstract

Design and Synthesis of Metal-Organic Frameworks
for Hydrogen Storage and Carbon Dioxide Capture

by
Kenji Sumida
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jeffrey R. Long, Chair

This dissertation describes the design and synthesis of metal-organic frameworks for applications
in high-density hydrogen storage for mobile applications, and in post-combustion carbon dioxide
capture from coal- or gas-fired power plants.

Chapter One introduces the area of metal-organic frameworks, which are a new class of porous
coordination solids, with an emphasis on the parameters requiring optimization in order to
achieve applications in hydrogen storage and carbon dioxide capture. The current state-of-the-art
is briefly discussed, and strategies for the development of next-generation materials exhibiting
enhanced performance are presented in the context of metal-organic frameworks. Furthermore,
the benefit of high-throughput technologies in the synthesis and characterization of metal-
organic frameworks is also highlighted as a potential means of accelerating the discovery of
high-performance materials.

In Chapter Two, the synthesis and hydrogen storage properties of Bej;2(OH)2(BTB)s, the first
metal-organic framework based on the lightest divalent metal, Be®", is described. The high
surface area resulting from the use of lightweight Be® cations leads to one of the highest
gravimetric hydrogen storage densities observed at both cryogenic and ambient temperatures.

Chapter Three introduces the use of a high-throughput methodology in the synthesis of an Fe*"-
based, sodalite-type metal-organic framework, Fes[(FesCl);(BTT)s], (Fe-BTT). This material
features a high-density of exposed metal cation adsorption sites on the pore surface, which
facilitates strong framework-H, interactions that are close to the adsorption enthalpy considered
optimal for hydrogen storage at ambient temperatures. The resulting hydrogen adsorption



properties are discussed, as well as the effect of these adsorption sites on the carbon dioxide
capture performance.

The hydrogen storage properties of Mgy(dobdc), a lightweight metal-organic framework
possessing Mg”" adsorption sites, are studied in Chapter Four using a combination of adsorption
experiments, infrared spectroscopy, and powder neutron diffraction data. The high affinity of H,
toward the exposed metal cation sites results in a high enthalpy of adsorption, which is of
importance in raising the storage density at ambient temperatures.

Chapter Five describes the hydrogen storage properties of Cr3(BTC),, a metal-organic
framework featuring pores decorated with Cr’" adsorption sites. In contrast to Fe-BTT and
Mg,(dobdc), the relatively diffuse nature of the Cr*™ cations results in a low adsorption enthalpy
at these sites, highlighting the importance of the identity of the metal ion in controlling the
thermodynamics of adsorption.

Chapter Six describes a new high-throughput methodology developed for the synthesis and
adsorption screening of new metal-organic frameworks for carbon dioxide capture. The use of
the workflow is discussed in the context of metal-insertion reactions within the material
AI(OH)(bpydc), which features one-dimensional pores lined with 2,2°-bipyridine binding sites.
As will be demonstrated, the metal salt employed imparts a considerable impact on the CO,
adsorption capacity, highlighting the benefit of a high-throughput approach to materials
optimization.

The precise control of the opposing wall distribution within metal-organic frameworks is an
important aspect in optimizing the adsorption properties for high-density storage and molecular
separation applications. In Chapter Seven, a new method for geometrically calculating the wall
separation distances from the single-crystal structure is described and employed in studying a
variety of known structure types. In this case, the routine is used to analyze metal-organic
frameworks for methane storage due to the abundance of high-pressure methane adsorption data
in the literature, and it is demonstrated that the optimization of the wall separations is indeed
crucial for maximizing the volumetric storage capacity in storage applications.
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Chapter 1: Design and Synthesis of Metal-Organic Frameworks for
Hydrogen Storage and Carbon Dioxide Capture

1.1 Introduction

Metal-organic frameworks are a new class of porous solids that have attracted much
recent attention owing to their potential applications in a variety of areas, including gas storage,
molecular separations, heterogeneous catalysis, and drug delivery.' These structures consist of
metal-based nodes (single ions or clusters) bridged by organic linking groups to form a one-,
two-, or three-dimensional coordination network. From an applications point of view, their
extraordinary surface areas (SApangmuir Of up to 10,400 mz/g),2 finely tunable pore surface
properties,’ and potential scalability to industrial scale* have made these materials an attractive
target for further study. Although a number of excellent reviews already exist on the synthetic
and structural aspects of metal-organic frameworks,'™™>¢ a number of key aspects of these
materials are described here in order to present the promises and challenges of utilizing metal-
organic frameworks for hydrogen storage and carbon dioxide capture.

1.2 Metal-Organic Frameworks

The preparation of metal-organic frameworks is generally achieved via the combination
of metal ions and an organic bridging unit in a high-boiling, polar solvent, resulting in a
crystalline coordination solid as shown schematically in Figure 1.1. This modular approach is
particularly attractive in the context of synthesizing materials that display a specific chemical or
structural property, since control over the material characteristics can often be achieved by
rational selection of the individual components. For example, the use of metal ions exhibiting a
preference for certain coordination geometries (or having a tendency for forming clusters that
facilitate a certain external coordination geometry), or the incorporation of organic ligands
possessing a specific geometry or functionalization, presents the opportunity for the properties of
the resulting framework to be optimized for a given application.

@ <R

| i'&ur‘-"a’ d
metal ions TS :‘S-.'Q'. »
or clusters ARyl 8 ’f‘
. LABeiEy T4

+ > L 2

o IPFE S

='ar
organic linkers metal-organic framework

Figure 1.1. A schematic drawing showing the concept of a metal-organic
framework, in which metal-based nodes (consisting of single ions or polynuclear
clusters), and multitopic organic briding units are combined in solution to assemble
a three-dimensional metal-organic framework.

1



One of the most well-studied metal-organic frameworks, and one that serves as an
illustrative example of the versatility of these compounds as a platform for developing next-
generation materials, is the ZnyO(BDC); (MOF-5; BDC*™ = 1,4-benzenedicarboxylate) network
depicted in Figure 1.2.” This material consists of tetrahedral [ZnsO]°" clusters bridged by ditopic
BDC” ligands to form a cubic, three-dimensional network with a BET surface area as high as
3800 m%/g.’® Importantly, from the perspective of materials optimization, functionalized
derivatives of the MOF-5 structure type can be prepared using other substituted linear
dicarboxylate linkers, allowing the linker length or functional groups present on the aromatic
backbone to be readily modified, while preserving the overall connectivity of the framework.*®
More recently, this concept has been extended to other families of materials, such as the
Z104(OH)4(BDC)s (Ui0-66),°'* AI(OH)(BDC) (MIL-53),'" and Cuy(BPTC) (NOTT-100;
BPTC* = 3,3’,5,5"-biphenyltetracarboxylate) ' structure types. In each case, the length and
functionality of the ligands can be changed, while forming materials of the same network
connectivities. As discussed in the forthcoming sections, in the context of H, storage and post-
combustion CO; capture, the ability to readily modify the surface chemistry of metal-organic
frameworks is of particular interest for installing the desired chemical features (such as exposed
metal cations, amines, or polarizing groups) for enhancing the performance of the material.

1.3 High-Density Hydrogen Storage for Mobile Applications

The widespread deployment of carbon-neutral energy sources for use in mobile
applications is of paramount importance due to the increasing atmospheric levels of CO;
resulting from the combustion of fossil fuels. As a result of its high energy content, clean
combustion, and potential renewability, hydrogen is one of the leading candidates in this regard,
although its high fugacity presents a difficult challenge in terms of its safe and efficient storage.

Figure 1.2. A portion of the crystal structure of Zn,O(BDC) (MOF-5;
BDC* = 1,4-benzenedicarboxylate). The network consists of [Zn401%" units
bridged by the linear BDC* bridging units to form a porous, three-
dimensional coordination solid.



The U.S. Department of Energy (DOE) has set system performance targets 1 for mobile
hydrogen storage systems with respect to their storage capacities, operating temperature, system
cost, kinetics of refueling and delivery, and durability. The most commonly employed storage
methods currently involve compression within insulated pressure tanks,'* although the cooling
systems used in these configurations are too bulky and energy-intensive to emerge as a practical
alternative to petroleum fuel tanks. This has spurred interest in a variety of other modes of
storage of hydrogen, including chemisorptive systems such as metal hydrides, and in
physisorptive storage within high-surface area porous materials."

Metal-organic frameworks have recently come under intense investigation for
applications in hydrogen storage, as a result of their high internal surface areas, convenient
modular synthesis, and chemical tunability. At cryogenic temperatures, gravimetric and/or
volumetric hydrogen storage capacities approaching the U.S. DOE targets for have been
demonstrated within the highest-surface area materials,’>'® although the weak affinity for H,
toward the surfaces of these materials leads to a greatly diminished storage density at ambient
temperatures. In order to increase the storage density of metal-organic frameworks, the following
two strategies are proposed: (1) the use of lightweight metal nodes consisting of main group
elements; and (2) the decoration of the pore surfaces of metal-organic frameworks with highly
polarizing binding sites to raise the adsorption enthalpy of H,.

Lightweight Materials. The construction of metal-organic frameworks from light main
group metal ions such as Be*", Mg®", or Al’", rather than the commonly employed heavier first-
row transition metals, namely Cu®" or Zn*" represents a promising strategy for raising the storage
capacity of metal-organic frameworks. In particular, the construction of isostructures of the high
surface area Zn>"-based structure types using lighter divalent metals would afford a significant
boost in the gravimetric storage capacity, due to the reduction of the mass of the system
attributable to the framework scaffold while accommodating a comparable quantity of H; into the
pores on a per-volume basis. Additionally, from a fundamental perspective, the use of these ions
to prepare metal-organic frameworks is still relatively rare, potentially allowing the discovery of
new structure types exhibiting unique adsorption properties (see Chapter 2).

Polarizing Surface Functionalities. One of the main challenges facing the use of metal-
organic frameworks as adsorbents in mobile H, storage applications is the low adsorption
capacities at ambient temperatures arising as a result of the weak, physisorptive interactions
between H; and the surfaces of the materials. Indeed, the isosteric heat of adsorption within most
metal-organic frameworks studied to date lies within the range of —5 to —7 kJ/mol, while the
optimal value for an adsorbent operating between 1.5 and 100 bar at 298 K is considered to be as
high as —20 to —25 kJ/mol."” This has prompted researchers to pursue new structure types
possessing high densities of polarizing binding sites, such as exposed metal cations,'® decorating
the pores of the framework. Such metal centers would serve as strong binding sites because they
represent a positive point-charge that would facilitate a dipole-induced dipole interaction that is
considerably stronger than the typical dispersion-type forces that predominate within most metal-
organic frameworks (see Chapter 3-5).



1.4 Post-Combustion Carbon Dioxide Capture

Although the transition of the existing infrastructure from carbon-based sources to
cleaner alternatives would be ideal for the mitigation of CO, emissions, such a change requires
considerable modifications to the current energy framework, and many of the proposed
technologies are not yet sufficiently developed to facilitate large-scale industrial implementation.
Thus, carbon capture and sequestration (CCS) technologies that efficiently capture CO, from
existing emission sources are also expected to play a vital role until more significant
modifications to the energy infrastructure can be realized.

One scenario under which CO, capture technologies could be rapidly implemented is at
stationary point sources, such as coal and natural gas-fired power plants. In the United States,
41% of the total CO, emissions can be attributed to electricity generation'®3 (ca. 60%
worldwide),” and hence the installation of effective post-combustion CO, capture systems to
existing plant configurations could offer a large reduction in emissions. The captured CO, would
then be subjected to permanent sequestration, where the CO; is injected into underground
geological formations, such as depleted oil reservoirs or salt water aquifers. Here, similar
technologies are already established for processes such as enhanced oil recovery (EOR), and
several trial CO, sequestration sites are in construction.’! Note that the reuse of the captured CO,
as a reactant in chemical transformations presents an alternative sequestration pathway, although
it would not be a viable long-term strategy owing to the tremendous scale of worldwide CO,
emissions (ca. 30 Gt per year)™ resulting in the market for any commodities prepared therefrom
being rapidly saturated.

The most significant challenge for a CCS framework employing post-combustion CO;
capture at present is the large energy penalty associated with the capture process. With current
technologies, approximately 70% of the cost of CCS is associated with the selective capture of
CO, from the power plant flue gas,” a value that must certainly be reduced if such an approach
for CO, mitigation is to become viable. The high cost primarily arises from the large energy
input required for regeneration of the capture material. Indeed, CO, capture from a post-
combustion flue gas using the most highly developed current technologies involving aqueous
alkanolamine solutions carries an energy penalty of roughly 30% of the output of the power plant,
most of which is associated with the heating of the large volumes of water in which the amine is
dissolved in order to liberate the captured CO,.> Thus, minimization of the energy input for
regeneration, through fine-tuning of the thermodynamics of the interaction between CO; and the
adsorbent, for example, is one of the most crucial considerations in improving the energy
efficiency of CO, capture.

As mentioned above, owing to their large capacity for the adsorption of gases and their
structural and chemical tunability, metal-organic frameworks could serve as an ideal platform for
the development of next-generation CO, capture materials. From the perspective of lowering the
energy penalty associated with the capture step, the use of a solid adsorbent is expected to yield
significant advantages over an the alkanolamine-based system due to the considerably lower heat
capacity of a porous solid compared to an aqueous medium (see Appendix A). Moreover, a
number of metal-organic frameworks have already been shown to exhibit a tremendously high
selectivity for CO, over N»,** which is the predominant gas separation in post-combustion CO,
capture. The main challenge facing the use of these materials is the fact that they do not exhibit a
sufficiently high stability or performance level in the presence of water and the other
contaminants present in the flue gas.”> This has prompted the search for new materials



possessing an enhanced stability profile, such that the performance can be retained over many
thousands of cycles. In this regard, the preparation of materials possessing strong metal-ligand
bonds by using high-valent metal ions, such as AI’", Ti*" or Zr*', and/or more basic ligand
groups, such as imidazolates, pyrazolates, or triazolates, is expected to afford materials that
would exhibit a sufficiently high long-term chemical and thermal robustness under the conditions
of post-combustion CO; capture and material regeneration.

1.5 High-Throughput Strategies for the Discovery of Metal-Organic Frameworks

Despite the apparent simplicity of the modular synthesis of metal-organic frameworks,
one of the greatest challenges in preparing new materials lies in optimizing the reaction
conditions that lead to the desired framework in high yield and crystallinity. Slight changes in the
reaction parameters employed, such as the reactant concentration, the presence of a co-solvent,
solution pH, metal-to-ligand ratio, metal counteranion, reaction temperature, and reaction time,
can have a considerable impact on the products that are obtained. Note that even in cases where
just a single metal and ligand are combined, a large number of network connectivities may be
possible, many of which are nonporous structures that are not of interest for gas storage and gas
separation applications. These undesired phases can often coprecipitate with the porous phase of
interest, giving rise to a mixture that is not readily separated owing to the insolubility of the
components. Thus, the discovery of optimized conditions that afford the desired product can
involve a large number of trial reactions in which the reaction parameters are systematically
varied. Consequently, numerous studies involving the use of high-throughput technologies have
appeared in recent years,”® and as demonstrated in Chapters 3 and 6, this has prompted the
development of a new methodology for the rapid discovery and characterization of new metal-
organic frameworks for H; storage and CO, capture.
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Chapter 2: Synthesis and Hydrogen Storage Properties of
Be12(OH)12(1,3,5-benzenetribenzoate),

2.1 Introduction

Owing to their convenient modular synthesis and high surface areas, metal-organic
frameworks have come under intense recent scrutiny for potential applications in gas storage.'
The dense storage of hydrogen for use in fuel cell vehicles presents a particularly difficult
challenge as a consequence of its high fugacity, which has prompted development of insulated
pressure tanks for cryogenic storage.” For an adsorbent within such a system, ZnsO(1,4-
benzenedicarboxylate); (MOF-5) offers the best known hydrogen storage properties, exhibiting a
total uptake of 10 wt % and 66 g/L at 77 K and 100 bar.” One possible means of improving the
gravimetric capacity for this type of material would be to replace the typically di- or trivalent
transition metal centers with light main group ions such as Be*", B*", Mg”’, or AI’".* For
example, substitution of the lightest divalent metal, Be?", for the Zn*" ions in MOF-5 would be
expected to lead to a roughly 40% increase in both surface area and gravimetric hydrogen
storage capacity.”® Although early experiments involving addition of dicarboxylate bridging
ligands to beryllium-containing solutions were recognized as leading to three-dimensional
polymeric solids (i.e., metal-organic frameworks),” the isolation of such materials as pure,
crystalline phases has proven elusive. Herein, we report the synthesis and hydrogen storage
properties of the first structurally characterized metal-organic framework based upon beryllium:
Be2(OH)»(1,3,5-benzenetribenzoate)s (Be-BTB).

2.2 Experimental Section

Dimethylsulfoxide (DMSO) and N,N-dimethylformamide (DMF) were dried over
activated 4 A sieves prior to use. The compound 1,3,5-benzenetribenzoic acid was prepared
according to the literature procedure.'® All other reagents were obtained from commercial
vendors and used without further purification. Caution! Beryllium compounds can pose a
serious health risk through skin contact and inhalation. All manipulations of solid beryllium-
containing materials should be performed in a fumehood or glove bag, taking care not to
generate airborne dust in the open air under any circumstances.

Be12(OH)12(1,3,5-benzenetribenzoate), (Be-BTB). Caution/ This reaction results in
partial decomposition of DMSO, liberating toxic SO, gas, the inhalation of which should be
avoided. To a borosilicate tube (1.2 mm o.d., 20 cm length) was charged 1,3,5-benzenetribenzoic
acid (18 mg, 0.041 mmol) and a mixed solution of DMSO (1.9 mL) and DMF (0.1 mL). Upon
dissolution of the ligand, an aqueous solution of beryllium nitrate (65 pL, 35 wt %, Aldrich) was
added. The solution was degassed by the freeze-pump-thaw method (3 cycles), and the tube was
subsequently flame-sealed under a reduced pressure. The tube heated in an oven at 130 °C for 10
days, after which time large (0.5 mm x 0.5 mm x 0.5 mm) colorless block-shaped single crystals
were observed as a single phase. The tube was removed from the oven, cooled to room
temperature, and broken open in a fumehood. The mother liquor was decanted from the sample,
and the solid was washed three times with DMF, followed by dichloromethane, and collected by
filtration. Activation of the sample was performed by transferring the collected product into a
nitrogen-filled glove bag, where the solid was soaked in anhydrous dichloromethane (5 mL) for
8 h. The supernatant was decanted and replenished a further four times over 2 days, and after the



final wash a gentle stream of nitrogen was passed over the sample so as to remove excess solvent.
The product is hygroscopic and was therefore stored in a glove box under a dinitrogen
atmosphere, and final degassing was performed on a vacuum manifold. Yield: 17 mg (81%). IR
(solid, ATR): 3413 (br w), 3047 (br w), 1595 (s), 1550 (m), 1519 (m), 1435 (s), 1392 (m), 1310
(w), 1252 (w), 1187 (w), 1106 (w), 1015 (m), 986 (br m), 876 (m), 854 (m), 829 (m), 783 (s),
760 (s), 712 (m), 606 (m), 539 (m), 511 (m). Anal. Calcd for C,7H;3Be;O9-3H,0: C, 57.14; H,
4.26. Found: C 56.85; H 3.96.

X-ray Structure Determination. A block-shaped single crystal of Be-BTB (0.22 mm X
0.22 mm x 0.25 mm) was coated in Paratone-N oil, attached to a Kapton loop, and mounted on a
Bruker X8 APEX diffractometer equipped with a Bruker MICROSTAR Cu rotating anode X-ray
source. The sample was cooled to 100 K under a stream of nitrogen, and preliminary cell data
were obtained to yield a tetragonal Laue group. A full hemisphere of data was collected over a
period of 24 h, after which time the crystal showed no significant decomposition or structural
distortion. Data were integrated and corrected for Lorentz, polarization, and absorption effects
within the APEX 2 software package. Crystal and refinement parameters are listed in Table 2.1.
Space group determinations were made based on systematic absences, E statistics, and successful
refinement of the structure. The structure solution was obtained using direct methods and the
SHELXS-97 software, and expanded through successive difference Fourier maps. Thermal
parameters for all non-hydrogen atoms were refined anisotropically, and hydrogen atoms were
assigned to ideal positions using the appropriate AFIX commands. Complete modeling of the
solvent within the pores was not possible due to disorder, hence the electron density within the
cavities was masked using the SQUEEZE routine within the PLATON software package.®

Accessible Surface Area Calculations. The source code for the accessible surface area
calculation program was obtained free of charge from the Internet.’ The crystallographic
information file (CIF) obtained from the single crystal X-ray structure was converted to the XYZ
file format using Mercury CSD 2.0. The XYZ file and UFF force field atomic parameters'® were
used as input for the simulation (atomic diameters (A): H 2.571, Be 2.446, C 3.431, O 3.118),
and the accessible surface area was evaluated using a dinitrogen-sized probe molecule (diameter
= 3.681 A) inserted at randomized points in the unit cell, and averaging the resultant individual
accessible surface area values after 5000 trials.

Low-Pressure Gas Sorption Measurements. Glass sample tubes of a known weight
were loaded with approximately 200 mg of sample, and sealed using a TranSeal. Samples were
degassed at 100 °C for 24 h on a Micromeritics ASAP 2020 analyzer until the outgas rate was no
more than 1 mTorr/min. The degassed sample and sample tube were weighed precisely and then
transferred back to the analyzer (with the TranSeal preventing exposure of the sample to the air
after degassing). The outgas rate was again confirmed to be less than 1 mTorr/min. Adsorption
isotherms were measured at 77 K in a liquid nitrogen bath for H, and N, and at 87 K in a liquid
argon bath for Hy.

Isosteric Heat of Adsorption Calculations. The H, uptake isotherms obtained at 77 K
and 87 K were fitted to the virial system of equations using the R statistical software package."’
The quality of the fit was confirmed by comparing the modeled data with the experimental data.

High-Pressure Gas Sorption Measurements. In a typical measurement, at least 200 mg
of sample was loaded in a sample holder in a glove box under an argon atmosphere. The sample
was evacuated at 100 °C for 10 h under a pressure of less than 10~ torr. Hydrogen excess
adsorption measurements were performed on an automated Sieverts’ apparatus (PCTPro-2000
from Hy-Energy Scientific Instruments LLC) over a pressure range of 0-100 bar. UHP-grade



hydrogen and helium (99.999% purity) were used for all measurements. Volumetric
measurements at 77 K were carried out by submerging the sample holder in a liquid nitrogen
bath, for which the fill-level was maintained constant throughout the experiment.

The total adsorption, Cy,, was calculated using the following relationship;

g pore

Ctot Cexc + 1 d
TV o @.1)

100xd_ V

where C.. 1s the excess uptake, d, represents the density of pure H, gas calculated from an
isothermal equation of s‘[ate,]2 Vpore 1 the pore volume of the sample. Vo is readily calculated
from the experimental skeletal density of the sample, d, and the crystallographically determined
bulk density of the sample, dyyix, using the expression below;

— dy = dypu
e dskdbulk (22)
The total volumetric uptake, Cyo1, was calculated by;
Cyol = Qads dbulk (23)

where Q4 represents the total H, adsorbed (in mmol/g). Alternatively, the excess volumetric
uptake can be calculated if the excess quantity of H; is used in place of Q.

Other Physical Measurements. Powder X-ray diffraction patterns were obtained on a
Bruker D8 Advance diffractometer with a Cu anode (1 = 1.5406 A). Infrared spectra were
obtained on a Perkin-Elmer Spectrum 100 Optica FTIR spectrometer furnished with an
attenuated total reflectance accessory (ATR). Carbon, hydrogen, and nitrogen analyses were
obtained from the Microanalytical Laboratory at the University of California, Berkeley.
Thermogravimeteric analyses (TGA) were performed on a TA Instruments TGA 5000
instrument at a ramp rate of 2 °C/min under a flow of nitrogen.
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Table 2.1. Crystallographic parameters for the crystal structure of Be;2(OH),,(BTB)4

Crystallographic Parameter Observed Value
Formula Cs4H36BegOgs
FW 1026.89

T,K 100(2)
Wavelength, A 1.54178

Crystal system, space group
Z

a, A

b, A

c, A

v, A’

deale, g/om’

Absorption coefficient, mm '

F(000)

Crystal size, mm’

Theta range for data collection

Index range

Reflections collected (R(int) = 0.0257)
Independent reflections
Data/restraints/parameters

GOF on F*

Largest diff. peak and hole, e-A ™
Ri(wRy)", [1> o(1)]

Ri(WR»)", all data

Tetragonal, P4 2

8

24.3013(9)

24.3013(9)

54.570(3)

32226.5

0.412

0.259

4224

0.22x0.22%0.25
1.62-50.46

21< h<23,24<k<24,-54<[<54
16885 [R(int) = 0.0257]
8940

16885/0/704

0.961

0.06 and —0.23

0.0315

0.0863

"Ry = Z||FolHF/E[Fo], WRy = {E[W(Fo —F AV [w(F ]

11




2.3 Results and Discussion

The solvated form of compound Be-BTB was obtained as colorless block-shaped crystals
by heating a solution of beryllium nitrate and 1,3,5-benzenetribenzoic acid (H;BTB) in a mixture
of DMSO, DMF, and water at 130 °C for an extended period of 10 days. X-ray analysis of an
evacuated single crystal revealed a highly porous network structure consisting of [Be;2(OH);2]"*"
rings connected through the tritopic BTB®™ ligands (see Figure 2.1). The saddle-shaped ring unit
displayed in Figure 2.2 is composed of tetrahedrally coordinated Be® ions linked around the

Figure 2.1. A portion of the crystal structure of Bej2(OH)2(BTB)4
(Be-BTB), as viewed down the [001] (upper) and [010] (lower)
directions. Turquoise, gray, and red spheres represent Be, C, and O
atoms, respectively, while purple tetrahedra highlight the BeO4 units;
H atoms are omitted for clarity. Selected interatomic distances (A) and
angles (deg): Be-Oon 1.485(3)-1.662(2), Be-Oprpg 1.561(2)-1.721(2),
Be-Opn-Be 114.7(1)-123.9(1), Oon-Be-Oprp 105.0(1)-117.1(1), Oprs-
Be-Ogrg 101.6(1)-107.7(2), Be-O-C 122.4(1)-129.8(1).
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Figure 2.2. The [Be2(OH)12]'*" moiety as viewed from the
side, with hydrogen atoms omitted, and faded peripheral
carboxylate groups, for clarity. Turquoise, grey and red spheres
represent Be, C, and O atoms, respectively.

inside edge via bridging hydroxide anions and around the periphery via bridging benzoate groups.
These rings are observed every 27 A along the [001] direction in the structure and reside on a 4

symmetry site. Each benzoate group is disposed approximately 90° to its neighboring benzoate
groups, alternating in an up and down fashion around the ring. To the best of our knowledge, this
twelve-metal ring structure is without precedent in beryllium chemistry, or indeed in any other
metal-carboxylate chemistry.

The overall network structure of Be-BTB consists of an unprecedented 3,12 net, in which
12-connected [Belz(OH)lz]12+ ring nodes are linked through 3-connected BTB*" ligand nodes.
The resulting framework contains large pear-shaped cavities that are approximately 27 A along
their long axis and 21 A in diameter at the widest portion of their base. These pores can be
accessed through three different types of openings: [Be 2(OH)»]"*" rings with a diameter of ca. 6
A (based on van der Waals radii), 7 A wide hexagonal rings formed by two BTB®" ligands and
two [Be,(OH)]*" segments, and larger 14 x 9 A? arrow head-shaped rings involving three BTB*
ligands, two Be”" ions, and a [Bey(OH)]* segment. The solvent-accessible volume calculated
from the crystal structure using the PLATON routine® is 77%, highlighting the extremely porous
nature of the framework.

Low-pressure N, adsorption measurements performed on 1 at 77 K afforded a Type I
isotherm characteristic of a microporous solid. Fits to the data gave a BET surface area of 4030
m*/g and a Langmuir surface area of 4400 m?/g. These values lie slightly above the accessible
surface area of 3600 m?/g calculated from the crystal structure,' indicating complete evacuation
of the pores. Although the BET surface area of 1 exceeds the 3800 m?/g observed for MOF-5, it
is still somewhat below that obtained for ZnsO(BTB), (MOF-177; 4750 mz/g)ld and at least two
other frameworks with larger pore openings.'®'* Nevertheless, it represents the highest value yet
reported for a main group metal-organic framework or covalent organic framework.

The low-pressure H, adsorption isotherms for 1 at 77 and 87 K are shown in Figure 2.3.
The total H, uptake of 1.6 wt % at 77 K and 1 bar is completely reversible, and the gradual rise
of the isotherm indicates a small adsorption enthalpy. Indeed, as shown in Figure 2.4, a fit to the
data yields an initial isosteric heat of adsorption of —5.5 kJ/mol, which gradually decreases with
loading. Hence, the [Belz(OH)lz]12+ rings do not serve as strong binding sites for Hy, resulting in
a flat adsorption profile. Note that this behavior is actually favorable for a cryogenic storage
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Figure 2.4. Isosteric heat of adsorption for Be-BTB calculated
from a virial-type fitting to the low-pressure H, adsorption data.

material, since operation of the fuel cell at pressures above 1.5 bar means that H; retained at
lower pressures would not ordinarily be utilized.

Consistent with its high surface area, compound Be-BTB shows excellent performance as
a hydrogen storage material at higher pressures (see Figure 2.5). At 77 K, the excess H, uptake
reaches a maximum of 6.0 wt % at 20 bar, while the total uptake climbs to 9.2 wt % and 43 g/L
at 100 bar. Although these capacities are among the highest recorded to date for a metal-organic
framework,'" the volumetric storage density is still considerably below the 66 g/L achieved in
MOF-5.% This is due to the larger pores of Be-BTB, wherein a significant amount of H, gas can
reside far from the influence of the framework walls. Interestingly, while the H, storage capacity
is dramatically reduced at 298 K, reaching 2.3 wt % and 11 g/L at 95 bar, the combined values
are arguably better than those of any other metal-organic framework. To our knowledge, only
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Mns[(MnsCl)s(BTT)s(MeOH) 0], (BTT = 1,3,5-benzenetristetrazolate), which possesses open
metal coordination sites, has a higher volumetric capacity of 12 g/L at 90 bar and 298 K,
although its gravimetric uptake is just 1.5 wt %."> Here, the relatively good performance of Be-
BTB is likely a consequence of its structure, which contains many rings near the 7 A diameter
calculated as ideal for achieving a high storage density at 298 K.'®

2.4 Outlook

The foregoing results demonstrate reaction conditions under which the first pure,
crystalline beryllium-based metal-organic framework could be isolated. It is likely that similar
conditions may now supply a range of new beryllium-based frameworks exhibiting exceptionally
high surface areas. In particular, the use of 1,4-benzenedicarboxylate as a linker can be expected
to afford frameworks with pore sizes near the 10 A diameter sought for high-density hydrogen
storage at cryogenic temperatures.“’
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Chapter 3: Hydrogen Storage and Carbon Dioxide Capture in an Iron-Based
Sodalite-Type Metal-Organic Framework (Fe-BTT) Discovered via High-
Throughput Methods

3.1 Introduction

Metal-organic frameworks have recently come under intense investigation for gas
storage and separation applications, owing to their high internal surface areas, convenient
modular synthesis, and chemical tunability.'! In the area of cryogenic hydrogen storage,
gravimetric and/or volumetric capacities that approach the U.S. Department of Energy targets’
for mobile hydrogen storage systems have been demonstrated within the highest-surface area
materials.'®> However, at room temperature, these materials typically exhibit little or no
improvement over the density of pure compressed hydrogen gas as a result of the weak
dispersion-type (physisorptive) interactions that predominate as the mode of gas uptake. Indeed,
the isosteric heat of adsorption within these materials usually lies within a range of -5 to —7
kJ/mol, which is far below the estimated optimal value of ca. —15 kJ/mol for storage at 298 K."*
This value applies to the whole adsorption range for an adsorbent operating between 1.5 and 100
bar, highlighting the need for materials that not only possess binding sites of the appropriate
adsorption enthalpy, but also have a high concentration of these sites in order to maximize the
quantity of usable hydrogen.

One strategy for improving the room temperature hydrogen storage performance of
metal-organic frameworks is through the generation of exposed metal cation sites on the
framework surface.® Previously, we have reported a number of metal-organic frameworks in
which removal of a solvent molecule from the coordination sphere of the framework metal
cations yields strong adsorption sites for H,. Indeed, zero-coverage isosteric heats of Hj
adsorption of —10.1 and -9.5 kJ/mol were observed in the cubic sodalite-type frameworks
Mns[(MnsCl)3(BTT)s(MeOH) o,  (Mn-BTT, BTT® = 1,3,5-benzenetristetrazolate)’” and
HCu[(CusCl)3(BTT)s]-3.5HCl (Cu-BTT),™ which remarkably retain their structures upon
desolvation. One possibility for improving the isosteric heat of adsorption within this structure
type would be through the replacement of the Mn>* or Cu®" ions in the structure with M*" cations
having a smaller radius. The greater charge density of the exposed metal cations on the
framework surface should then be more effective at inducing a dipole in Hy, leading to stronger
binding. Metal-organic frameworks with unsaturated metal cation sites are also of potential
utility as separation materials for the capture of CO, from flue gas streams.”’ While some
frameworks have been shown to have tremendous capacities for CO, at high pressures,ld’l most
of these materials exhibit low uptake in the pressure region of interest of 0.1-0.2 bar for flue gas
separations. Perhaps most importantly, for a framework to be viable as a separation material, a
high selectivity for CO, over the other components of the gas stream, primarily N,, is required.
Exposed metal cations can provide polarizing sites that interact selectively with CO,, which has
a greater polarizability than N,. Thus, tuning of the pore surface charge through variation of the
metal cation may be one route toward optimized CO, capture materials that exhibit reversible
capture at minimal energy cost. From a fundamental perspective, systematic studies of the gas
sorption properties of isostructural materials containing unsaturated coordination sites are
currently limited to a small number of systems, such as My(DOBDC) (M = Mg, Mn, Co, Ni, Zn;
H4DOBDC = 2,5-dihydroxyterephthalic ac:id).5j’7’8 The study of a larger number of systems is
needed in order to understand more fully the effects of metal substitution on crucial gas
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adsorption properties, such as the isosteric heat of adsorption for H,, or the separation factor for
CO; over N,. Moreover, the extent to which other metal cations can adopt the Mn- and Cu-BTT
structure type is currently unknown, which prompted our attempts to expand the library of these
materials. While a number of Fe’"-based porous metal-organic frameworks have been reported
to date,” the preparation of the Fe®'-based frameworks has been relatively rare."® Most
importantly, to our knowledge, no compounds with accessible, open Fe*" coordination sites have
been studied for gas adsorption. Herein, we report the synthesis and characterization of the iron-
based sodalite-type metal-organic framework Fes[(FesCl);(BTT)s(MeOH)4], (Fe-BTT), in which
exposed Fe" cations indeed serve as strong adsorption sites for H, and CO,.

3.2 High-Throughput Methodology

The modular synthesis of metal-organic frameworks, wherein a metal salt and an organic
bridging ligand are combined under solventothermal conditions, is a tremendously versatile
approach for the discovery of new materials. While convenient, the optimal synthetic procedures
affording a desired porous phase in pure crystalline form are frequently discovered only
following the survey of a large number of reaction conditions. This is in part due to the
considerable impact that subtle changes in the reaction parameters can have on the resulting
products. Indeed, for a given combination of metal salt and bridging ligand, numerous different
crystalline phases are often possible. Furthermore, the undesired side-products are frequently
extended network solids that are insoluble in organic solvents, and prove to be inseparable from
the desired phase by conventional solution techniques. Thus, the identification and optimization
of the synthetic conditions for a new metal-organic framework typically involves the systematic
variation of many reaction parameters, including the metal salt, metal-to-ligand ratio, solvent
composition, acid/base content, reaction temperature, and reaction time.

A thorough survey of so many different reaction parameters means that the total number
of screening reactions quickly becomes unwieldy. In such cases, high-throughput methodologies,
which have been successfully implemented in the synthesis and characterization of a variety of
inorganic materials,'' are of potential benefit. In fact, very recently, a number of metal-organic
framework systems have been studied by high-throughput approaches, showing that the
development of solventothermal syntheses of this class of materials can be well-suited to
automated methods.”*'?

The high-throughput methodology employed in this work was performed using an
automated solid- and liquid-dispensing robotic module mounted within a glove box under a
dinitrogen atmosphere. The system allows rapid dispensing of reagents and solvents into
individual reaction vials (1, 2, 4, 8, or 20 mL capacity), and depending on the vial size, up to 96
reactions can be performed on a single vial plate. The composition of each reaction mixture is
programmed through a computer interface, that also allows the experimental variables, such as
reaction temperature, ramping and cooling rate, and reaction time, to be precisely set and
monitored. Once the individual reactions are prepared and sealed, the synthesis is performed
under static conditions on the robot deck. The product formed within each reaction vial can be
imaged using a camera installed on the robot deck, allowing for rapid identification of the
reaction conditions leading to sizable single crystals. Additionally, the solids precipitated within
each reaction vial can be isolated and automatically dispensed onto a glass plate for high-
throughput powder X-ray diffraction measurements. The experimental data, such as the actual
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quantities of reagents dispensed, powder X-ray diffraction patterns, and image data, are
collectively recorded within a centralized database for analysis and comparison.

The following section describes the optimized synthesis and characterization of Fe-BTT.
Note that although this iron-based metal-organic framework is isostructural with Mn- and Cu-
BTT, a large number of screening reactions were required in order to obtain the material in pure
form. Significantly, initial attempts to synthesize Fe-BTT using reaction conditions similar to
those under which the other analogues could be prepared proved unsuccessful. Thus, the
optimized conditions were developed following successive refinements of the reaction
parameters using small-scale reactions (typically 1 or 2 mL-scale reactions). Most importantly,
the resulting optimized conditions were vastly different from those for Mn-BTT and Cu-BTT,
highlighting the benefit of systematic combinatorial screening performed using an automated
high-throughput system.

3.3 Experimental Section

Unless otherwise stated, all manipulations were performed under an inert dinitrogen or
helium atmosphere. 1,3,5-Tris(2H-tetrazol-5-yl)benzene hydrochloride (H3;BTT-2HCl) was
prepared according to the literature procedure.’ P All other reagents were obtained from
commercial vendors and used without further purification. Caution. Tetrazolate compounds are
potentially explosive, and should be handled with care. While we did not encounter any
difficulties in handling the free ligand H3;BTT-2HCI or the frameworks derived therein, care
should be taken to avoid generating sparks or creating friction on the material. In particular, a
teflon-lined spatula should be used when handling the desolvated form of Fe-BTT.

Fes[(FesCl);(btt)s].-22DMF-32DMSO:11H,0 (solvated Fe-BTT). Anhydrous ferrous
chloride (76 mg, 0.59 mmol), H;BTT-2HCI (58 mg, 0.20 mmol), DMF (5 mL), and DMSO (5
mL) were added to a 20 mL scintillation vial, and the vial was tightly sealed with a teflon-lined
cap. The reaction mixture was heated on a hotplate at 110 °C for 24 h, after which time small,
pale yellow crystals were formed on the vial walls. The solid was filtered and washed with DMF,
and isolated as a pale yellow-green solid (42 mg, 32%). IR (neat): 3391 (m br), 3002 (w), 2920
(W), 1654 (s), 1498 (w), 1435 (m), 1412 (s), 1389 (m), 1314 (w), 1253 (w), 1227 (w), 1194 (w),
1102 (w), 1014 (s), 951 (s), 904 (m), 788 (s), 749 (m), 661 (w). Anal. Calcd for
C274H416C16F€27N214065S32Z C, 3136, H, 400, N, 28.56. Found: C, 31.19; H, 4.05; N, 28.32. The
solvent composition was deduced using a combination of elemental analysis data and
thermogravimetric analysis. The DMF-solvated framework was generated by suspending 1
within DMF at 80 °C for 24 h, with exchanging of the solvent for fresh DMF each 8 h. IR (neat):
3178 (br s), 2927 (m), 2857 (m), 1656 (s) 1498 (m), 1437 (m), 1408 (s), 1385 (s), 1254 (m),
1090 (s), 1062 (m), 951 (w), 907 (w), 865 (w), 788 (m), 749 (w), 696 (w), 678 (w), 658 (s). The
methanol-solvated framework was generated by suspending the DMF-solvated material in
MeOH at 100 °C for 48 h, exchanging the solvent for fresh MeOH each 8 h. IR (neat): 3178 (br
8), 2943 (m), 2831 (m), 1416 (s), 1231 (w), 1194 (w), 1133 (w), 1069 (w), 1012 (s), 902 (W), 789
(s), 750 (m), 688 (w), 645 (w). The sample is air- and moisture-sensitive, and was stored in a
solvent-free glove box under dinitrogen.

High-Throughput Experiments. High-throughput experiments were performed using a
robotic Symyx Core Module System equipped with powder- and liquid-dispensing functionality.
The recipes for the screening reactions were programmed from a client computer terminal using
Symyx Library Studio version 7.1.7.14, and the automated dispensing protocols were executed
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through Symyx Automation Studio version 1.1.1.8. These client-side software applications
communicate to the Core Module through a central server, which maintains a database
containing all experimental parameters. The Core Module is loaded within a Braun glovebox
under a dinitrogen atmosphere, and the pneumatic valves were operated using a dinitrogen
supply with a pressure maintained at 80 psi.

Powder dispensing was performed by loading finely-ground metal salts and ligands into
plastic powder-dispensing hoppers. The solid was dispensed by automatic transfer of the
individual vials onto a Sartorius LP 1200.S balance on the Core Module deck with a
measurement error of less than 0.1 mg. Stability of the balance was achieved through sealing of
the balance headspace using a polymer membrane with a circular opening that allows for
lowering of the powder hopper to a position just above the aperture of the vial. Following taring
of the weight of the empty vial, the appropriate quantity of solid was dispensed by the robot arm.
The discrepancy between the mass dispensed and the programmed mass was typically within 2%.

Liquid dispensing was achieved by firstly placing vials filled with neat solvents on the
robot deck in positions as input in the Automation Studio protocol. The vials were sealed with
scepta to avoid cross-contamination or evaporation of the solvents. The liquids were aspirated
through a needle that is located on the right arm, and is connected to a series of three syringe
pumps with volumes of 0.5 mL, 3 mL, and 5 mL, respectively. The syringe used depended upon
the quantity of the liquid to be dispensed. Once the liquid is aspirated, the needle is moved to the
appropriate vials through movements of the right arm. The protocol was such that the needle was
thoroughly washed with methylene chloride following each solvent, to avoid cross-
contamination.

Automated dispensing of the products onto glass plates for powder X-ray analysis was
achieved by a protocol that firstly aspirates the mother liquid from the reaction product, and
replenishes it with fresh DMF. This procedure was repeated three times, followed by a similar
washing procedure using methylene chloride. The crystals were then pulverized using the
automated shaker system on the robot deck with small ball bearings, and the resulting slurry was
dispensed into individual wells of a crystallizer block attached to a glass plate. The methylene
chloride was then allowed to evaporate, and the crystallizer block was removed from the glass
plate. The plate was then mounted onto a metal frame, and subsequently transferred to the high-
throughput powder diffractometer.

X-ray Structure Determination. A block-shaped single-crystal of solvated Fe-BTT (0.1
mm % 0.1 mm % 0.1 mm) was coated in Paratone-N oil, attached to a Kapton loop, and mounted
on a Bruker X8 APEX diffractometer equipped with a Bruker MICROSTAR Cu rotating anode
X-ray source. The sample was cooled to 100 K under a stream of nitrogen, and preliminary cell
data were obtained to yield a cubic Laue group. A full hemisphere of data was collected over a
period of 24 h, after which time the crystal showed no significant decomposition or structural
distortion. Data were integrated and corrected for Lorentz, polarization, and absorption effects
within the APEX 2 software package. Crystal and refinement parameters are listed in Table 3.1.
Space group determinations were made based on systematic absences, E statistics, and successful
refinement of the structure. The structure solution was obtained using direct methods and the
SHELXS-97 software, and expanded through successive difference Fourier maps. Thermal
parameters for all non-hydrogen atoms were refined anisotropically, and hydrogen atoms were
assigned to ideal positions using the appropriate AFIX commands. Complete modeling of the
solvent within the pores was not possible due to disorder, hence the electron density within the
cavities was masked using the SQUEEZE routine within the PLATON software package."
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Accessible Surface Area Calculation. The source code for the accessible surface area
calculation program was obtained free of charge from the Internet.'* The crystallographic
information file (CIF) obtained from the single crystal X-ray structure was converted to the XYZ
file format using Mercury CSD 2.0. The XYZ file and UFF force field atomic parameters'> were
used as input for the simulation (atomic diameters (A): H 2.571, C 3.431, N 3.260, O 3.118, Fe
2.594, Cl 3.516), and the accessible surface area was evaluated using a dinitrogen-sized probe
molecule (diameter = 3.681 A) inserted at randomized points in the unit cell, and averaging the
resultant individual accessible surface area values after 5000 trials.

Mossbauer Spectroscopy. The Mdossbauer spectrum of Fe-BTT was measured at various
temperatures between 10 and 295 K in a Janis Supervaritemp cryostat with a constant-
acceleration spectrometer which utilized a rhodium matrix cobalt-57 source, and was calibrated
at 295 K with a-iron powder. The absorber contained 32 mg/cm” of powder mixed with boron
nitride. The absorber was prepared and inserted into the cryostat under dry dinitrogen. The
relative statistical errors associated with the isomer shifts, quadrupole splittings, line widths,
percent areas, and absolute areas measured between 10 to 225 K was £0.005, £0.01, £0.01 mm/s,
0.2 %, and 0.3 (%e)(mm/s), respectively; these statistical errors are approximately twice as large
between 260 and 295 K. The absolute errors of these parameters were approximately twice the
statistical errors.

Powder Neutron Diffraction Experiments. Neutron powder diffraction data were
collected on the High Resolution Neutron Powder Diffractometer BT-1 at the NIST Center for
Neutron Research (NCNR) with a Ge-(311) monochromator and using in-pile collimation of 15
min of arc, corresponding to a wavelength of 2.0787 A. Measurements were taken as a function
of deuterium loading at a temperature of 4 K with measurement times of ca. 9 h for the bare
framework and D, loadings of 4.1, 8.0 D, molecules per formula unit, and ca. 5 h for all higher
D, loadings.

All sample transfers were performed in a helium-filled glovebox equipped with water and
oxygen monitors. Initial sample activation was performed in a glass tube with a packless bellows
valve attached. The sample was evacuated using a turbomolecular pump (10~ Torr) and heated
to 135 °C with a ramp speed of ca. 0.5 °C per minute. After degassing at 135 °C for 16 h, the
sample was cooled and transferred to a cylindrical vanadium can (i.d. 0.95 cm) equipped with a
capillary gas line and a packless valve, and sealed with a lead O-ring. The sample was mounted
onto a sample stick equipped with a stainless-steel gas line with an additional valve for a top-
loading closed-cycle helium refrigerator. The sample was further degassed in situ for ca. 20 min
under high vacuum. During the experiments, a known amount of hydrogen (deuterium) gas was
loaded into the sample (813 mg), which was maintained at a temperature of 60 K until no
pressure drop was observed for at least 1 min. The sample was then cooled down to the base
temperature of 3.5 K over a period of 1 h in order to perform measurements. In all cases, the
outgas pressure reading was zero well before reaching 25 K.

A diffraction pattern was collected for Fe-BTT prior to dosing with D,. Subsequent
Rietveld analysis indicated the existence of extra neutron density close to the Fe* ions in the
framework skeleton, as expected due to the presence of residual methanol molecules.
Accordingly, the extra neutron density was modeled using a partial occupancy of methanol O
and C atoms, and this corrected “bare” model was used as a baseline for all subsequent
measurements involving D,. A significant quantity of nuclear density was observed in a position
approximately 4.23 A above the chloride ion, which could be modeled as extraframework Fe
atoms with the correct occupancy to fulfill charge balance of the anionic framework.
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Neutron scattering diffraction patterns were analyzed using the Rietveld refinement
method. The program EXPGUI incorporating the Rietveld program GSAS'® was used to perform
all refinements. The model of the bare material was refined first, and it was used as the starting
point for subsequent refinements of the D;-loaded samples. Deuterium molecules are treated as
point scatters with double occupancy since they are expected to be quantum mechanically
averaged in the ground state. As mentioned, during the refinement of the model for the bare
material, extra C and O atoms were introduced to account for the scattering intensities from the
residual methanol molecules bound to the intraframework Fe** ions. The information on the
extra atoms was obtained from the diffraction pattern of the bare material and was fixed at these
values when analyzing the cases with deuterium molecules loaded. The coordinates of all other
atoms and the Debye-Waller factors were allowed to vary during the refinement of each
deuterium loading case. Based on the structure obtained from the diffraction pattern of the bare
material, the diffraction patterns of the first D,-loaded case (4 D, molecules/formula unit) was
analyzed by firstly neglecting the D, molecules. The Fourier difference maps were calculated,
clearly indicating the positions of D, adsorption sites. Accurate values for the D, locations and
occupancy numbers were then obtained by Rietveld refinement. For each successive D, loading,
the Fourier difference map was calculated on the basis of the results of the previous D, loading
and used to identify new D, adsorption sites.

Inelastic Neutron Scattering Experiments. Inelastic neutron scattering data were
collected on the Filter Analyzer Neutron Spectrometer (FANS) BT-4 at the NCNR. The same
sample can from the diffraction experiment was used and was cooled in the same manner as the
neutron diffraction experiments.

Low-Pressure Gas Sorption Measurements. Glass sample tubes of a known weight
were loaded with approximately 200 mg of sample, and sealed using a TranSeal. Samples were
degassed at 135 °C for 24 h on a Micromeritics ASAP 2020 analyzer until the outgas rate was no
more than 1 mTorr/min. The degassed sample and sample tube were weighed precisely and then
transferred back to the analyzer (with the TranSeal preventing exposure of the sample to the air
after degassing). The outgas rate was again confirmed to be less than 1 mTorr/min. Adsorption
isotherms were measured at 77 K in a liquid nitrogen bath for H, and N, and at 87 K in a liquid
argon bath for Hy.

High-Pressure Gas Sorption Measurements. In a typical measurement, at least 200 mg
of sample was loaded in a sample holder in a glove box under an argon atmosphere. The sample
was evacuated at 130 °C for 10 h under a pressure of less than 10~ torr. Hydrogen excess
adsorption measurements were performed on an automated Sieverts’ apparatus (PCTPro-2000
from Hy-Energy Scientific Instruments LLC) over a pressure range of 0-100 bar. UHP-grade
hydrogen and helium (99.999% purity) were used for all measurements. Volumetric
measurements at 77 K were carried out by submerging the sample holder in a liquid nitrogen
bath, for which the fill-level was maintained constant throughout the experiment. The total
gravimetric and volumetric adsorption was calculated as described in Chapter 2.2.

Other Physical Measurements. Powder X-ray diffraction patterns were obtained on a
Bruker D8 Advance diffractometer with a Cu anode (A = 1.5406 A), or in the case of the high-
throughput experiments a Bruker D8 Discover with GADDS. Infrared spectra were obtained on a
Perkin-Elmer Spectrum 100 Optica FTIR spectrometer furnished with an attenuated total
reflectance accessory (ATR). Carbon, hydrogen, and nitrogen analyses were obtained from the
Microanalytical Laboratory at the University of California, Berkeley. Thermogravimeteric
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analyses (TGA) were performed on a TA Instruments TGA 5000 instrument at a ramp rate of
2 °C/min under a flow of nitrogen.
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Table 3.1. Crystallographic parameters for the crystal structure of Fe-BTT.

Crystallographic Parameter Observed Value
Formula C12H4Cly sFeaN160,
FW 533.74

T,K 100(2)
Wavelength, A 1.54178

Crystal system, space group Cubic, Pm—3m

Z 6

a, A 18.8235(11)

v, A’ 6669.6(7)

deale g/cm3 0.797

Absorption coefficient, mm™ 5.719

F(000) 1587

Crystal size, mm’ 0.10 x 0.10 x 0.10
Theta range for data collection 2.35-65.41

Index range 20< h<20,-21<k<22,-14<1<20
Reflections collected 22659
Independent reflections 1207
Data/restraints/parameters 1207/0/47

GOF on F° 1.075

Largest diff. peak and hole, e- A~ 0.60 and —0.26
Ry, [I>26(D)] 3.53

Ri(wR»)*, all data 3.72 (9.90)

"Ry = Z||Fol-[Fell/ ZIFo], WRy = {Z[W(Fo —F)’Y Z[w(F, )1
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3.4 Results and Discussion

The reaction between FeCl, and H;BTT in a 3:1 mole ratio in a mixture of DMF and
DMSO leads to the formation of Fes[(FesCl)3(BTT)s],-22DMF-32DMSO-11H,0 (solvated Fe-
BTT) as pale-yellow cubic crystals. X-ray structural analysis of a single crystal revealed the
expected porous cubic (space group: Pm3 m, a = 8.8235(11) A) framework structure consisting
of chloride-centered [Fe4C1]™" square units connected via triangular BTT®™ ligands to form a 3,8-
net (Figure 3.1). Here, six [FesCl]"" fragments and eight BTT ligands combine to form a
truncated octahedral, sodalite-like cage with an internal diameter of approximately 10.3 A (based
on van der Waals radii). Adjacent cages share square faces to form a cubic, anionic framework
with a three-dimensional channel system with pore openings of approximately 9 A in diameter.
Despite significant residual electron density observed within the sodalite cages and in the
channels of the framework, the X-ray data did not allow a clear determination of the location of
the charge-balancing Fe®™ cations within the pores of the solvated structure. However, their
presence within the pores could be identified by Mdssbauer spectroscopy (see below). Activation
of Fe-BTT for gas adsorption experiments was performed by first exchanging the solvent
molecules within the pores and bound to the Fe’" metal centers with methanol, followed by
heating of the solid at 135 °C under dynamic vacuum for 24 h. While the outgas rate after this

Figure 3.1. A portion of the single-crystal X-ray structure of
Fe-BTT. Orange, green, gray, and blue spheres represent Fe, Cl,
C, and N atoms, respectively. Solvent molecules, H atoms, and
charge-balancing cations are omitted for clarity. Selected
interatomic distances (A) and angles (°): Fe—Cl 2.649(1), Fe-N
2.132(2), Fe/Fe 3.746(2), Fe—Cl-Fe 90.0, N-Fe-N 87.4(1),
91.7(1), Fe-N—N 124.7(1), 125.6(1).
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time was <2 mTorr/min, powder neutron diffraction data (discussed below) indicate that
approximately 30% of the framework Fe®" centers retain a bound methanol molecule. The
ensuing formulation of Fes[(FesCl);(BTT)s(MeOH)4], for Fe-BTT is indeed consistent with
elemental analysis and infrared spectroscopy. Unfortunately, attempts to utilize higher activation
temperatures to remove all of the residual solvent resulted in decomposition of the framework.
This observation is consistent with thermogravimetric analysis data for methanol-exchanged Fe-
BTT, which display a rapid drop in mass above 150 °C.

Low-pressure N, adsorption measurements performed on Fe-BTT at 77 K revealed a
type-I adsorption isotherm characteristic of a microporous solid. Fits to the data yielded a BET
surface area'’ of 2010 m?/g, and a Langmuir surface area of 2200 m*/g. These values are close to
the accessible surface area of 2195 m?%/g calculated from the fully-desolvated crystal structure.'®
Note that the BET surface area of Fe-BTT lies slightly below the corresponding value for Mn-
BTT (2100 m?/g) and above that obtained for Cu-BTT (1710 m?*/g). The differences correlate
with the unit cell volumes of the three isostructures (Mn-BTT, 6985(1)A’; Fe-BTT, 6670(1) A’;
Cu-BTT: 6430(4) A3). The unit cell volume is directly related to the ionic radii of the three metal
ions (high-spin Mn”": 0.83 A; Fe*™: 0.78 A; Cu®": 0.73 A) and the resulting distances for the
metal—chloride and metal-nitrogen bonds.

3.4.1 Maossbauer Spectra

The sample used for Mossbauer spectroscopy was prepared by immersing the as-
synthesized form of Fe-BTT in DMF, thereby generating a material in which all of the DMSO
and water molecules within the pores had been replaced by DMF molecules. Selected Mdssbauer
spectra of this sample obtained between 10 and 295 K are shown in Figure 3.2, and the
corresponding hyperfine parameters are given in Table 3.2. The Mdssbauer spectrum at 10 K
was used to determine the optimal stoichiometry of the DMF-solvated material by identifying a
component doublet, shown in red in Figure 3.2, that is assigned to [Fe(DMF)s]’" complexes
within the pores. The relative areas of the spectral components then lead to the formulation
[Fe" (DMF)s]o.63[Fe" (DMF)slo.se[(Fe"4Cl);(BTT)s]-nDMF. The relative areas of the spectral
components were constrained to be consistent with this stoichiometry at all temperatures.
Relaxation of this constraint led to at most minor changes in the relative areas. In these fits, the
hyperfine parameters of the doublet assigned to [Fe(DMF)s]*", shown in black in Figure 3.2,
have been constrained to the parameters reported for [Fe(DMF)](ClO4), in the solid state.'” Note
that while the preparation of Fe-BTT utilized Fe’" ions, we envisage the origin of the
[Fe"'(DMF)s]*" signal to be a result of oxidation during sample work-up or transfer to the
spectrometer.
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The first unusual feature of the Mossbauer spectra is the broad nature of the spectral
component associated with the Fe?* ions in the [FesCl]”" units of the framework.
Crystallographically, the four Fe*" centers are equivalent, but a broad absorption profile, rather
than the expected single quadrupole doublet is observed. This broadening occurs because of a
distribution in the positions of the DMF, [Fe(DMF)]*", and [Fe(DMF)e]*" species that, at least at
lower temperatures, are frozen within the pores. This distribution of local environments has been
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Figure 3.2. Mossbauer spectra collected between 10 and 295 K for a
sample of DMF-solvated Fe-BTT. The four green doublets are
attributed to the high-spin Fe’" ions in the [Fe4Cl]”" units of the
framework, and the black and red doublets to charge-balancing high-
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spin Fe*" and Fe”" ions within the pores.
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Figure 3.3. Low-pressure H, adsorption isotherms in Fe-BTT
recorded at 77 K (blue) and 87 K (green). Closed and open
symbols represent adsorption and desorption, respectively.

fit with the four high-spin Fe’" quadrupole doublets shown in green. The second unusual feature
found in the spectra is the narrowing at 225 K and above of the distribution of local
environments of the Fe?" ions in the framework. This narrowing occurs because at 225 K and
above the mobility of the DMF molecules in the pores increases dramatically, consistent with the
melting point of 212 K for bulk DMF. In addition, there should also be an increase in the
mobility of the [Fe"(DMF)s]>" and [Fe"(DMF)s]*" complexes within the pores at some
temperature above 155 K, leading to an averaging of the local environments. This increased
mobility within the pores averages the local structural perturbations at an Fe*™ site and the
framework Fe?" ions therefore become electronically and structurally more similar.

3.4.2 Hydrogen Storage Properties

Low-pressure H, adsorption isotherms for an activated sample of Fe-BTT were collected
at 77 and 87 K, and the plots are shown in Figure 3.3. The adsorption of 2.3 wt % at 77 K, and
1.6 wt % at 87 K, is completely reversible, and the steep initial portion of each isotherm is
indicative of the presence of strongly-polarizing binding sites with a high affinity for H,. A virial
type fitting to the data recorded at the two temperatures allowed the calculation of the isosteric
heat of adsorption as a function of H, coverage, as shown in Figure 3.4. Indeed, the steep rise in
the isotherms translates to a zero-coverage isosteric heat of adsorption of —11.9 kJ/mol, which is
among the largest recorded for H, binding in a metal-organic framework.”” As the loading of H,
is increased, the isosteric heat decreases in magnitude, corresponding to the strongest binding
sites becoming saturated and subsequent population of weaker binding sites. At an uptake of 1
wt %, the isosteric heat reaches —7 klJ/mol, whereafter more typical dispersive interactions
dominate as the binding mode.
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Comparison of the initial isosteric heat of adsorption for Fe-BTT to that observed for Mn-
BTT (-10.1 kJ/mol) reveals a significant increase as a result of metal substitution. This is
consistent with the higher charge-to-radius ratio for Fe*" compared to Mn”", leading to a more
polarizing binding site at the metal ion. Furthermore, in the case of Cu-BTT, although Cu®" is a
smaller ion than Fe®', it has an anisotropic electron distribution that reduces the charge at the
open coordination site, leading to a longer Cu”—H, interaction distance.™ This longer distance
translates to a lower initial isosteric heat of adsorption of —9.5 kJ/mol. However, beyond 0.4
wt % uptake, the isosteric heat of adsorption for Cu-BTT overtakes that of Fe-BTT. This is likely
due to the greater number of desolvated M*" ions in Cu-BTT, whereas Fe-BTT retains some
bound methanol molecules.

The higher-pressure adsorption isotherms recorded at 77 K and 298 K are shown in
Figure 3.5. At 77 K, Fe-BTT exhibits a maximum excess adsorption of 3.7 wt %. The total
adsorption was calculated using the experimental pore volume measured by argon porosimetry,
which yielded a value of 0.715 cm®/g. This result is close to the idealistic pore volume calculated
from the crystallographic data (0.724 cm’/g). The total uptake, which is more relevant for
assessment of the system sorption properties, reaches 4.1 wt % and 35 g/L at 95 bar. Surprisingly,
these values are below the corresponding total adsorption values recorded for Mn-BTT (6.9 wt %,
60 g/L at 90 bar),” and Cu-BTT (5.7 wt %, 53 g/L at 90 bar).”" Nevertheless, the total uptake in
Fe-BTT at 95 bar constitutes a 16% increase in volumetric density compared to that of pure H»
gas at the same pressure.

At 298 K, the total H, uptake in Fe-BTT reaches 1.0 wt % and 8.4 g/L owing to the high
isosteric heat of adsorption at the unsaturated metal centers. This is still somewhat lower than the
uptake observed for Mn-BTT, which is likely due to the differences in the unit cell, in particular
the position of the extraframework cations, observed for the desolvated structures. The
volumetric uptake still, however, ranks among the highest observed at room temperature for
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Figure 3.5. High-pressure H, adsorption isotherms in Fe-BTT
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represent excess and total uptake, while the solid lines show the
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metal-organic frameworks, highlighting the importance of open coordination sites for high-
density H, storage."

3.4.3 Powder Neutron Diffraction Data

Powder neutron diffraction experiments using the high resolution diffractometer BT1 at
the National Institute of Standards and Technology Center for Neutron Research (NCNR) have
directly confirmed that the large isosteric heat of adsorption for H, in Fe-BTT is associated with
the presence of open Fe’™ coordination sites associated with the [Fe4Cl]”" clusters of the
framework. Prior to D, loadings, the neutron diffraction pattern of the evacuated form of Fe-BTT
was collected using the Ge(311) monochromator and an in-pile collimation of 15 min of arc
corresponding to a wavelength of 2.0878 A. The subsequent structure determination and Rietveld
analysis®' allowed two important structural features of the evacuated material to be elucidated.
Firstly, the position of the charge-balancing Fe*" ions could be refined at the expected occupancy
of 1/8 for a position approximately 4.23 A directly above the chloride anion of the [FesCl]”"
cluster in a bowl-like binding site (see Figure 3.6). Interestingly, this is in contrast to the
desolvated structures of Mn-BTT and Cu-BTT, wherein the extra-framework cations were
observed between two tetrazolate rings in a chelated coordination geometry. Detailed analysis of
the neutron diffraction data for Fe-BTT indicated an absence of nuclear scattering density at the
analogous chelate site. Secondly, a partial occupancy of approximately 30% of methanol was
detected bound to the framework Fe" ions. Note that throughout the diffraction experiments,
there was no evidence for any superlattice or magnetic Bragg reflections and the data could be
entirely described from the nuclear structure indicating lack of long-range magnetic order.
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The binding sites for D, within Fe-BTT were located by taking the nuclear density
Fourier difference maps between the loaded and bare materials, and allowing the positions and
occupancies of D, to freely refine while fixing the methanol location and composition. The
evacuated framework was sequentially dosed with quantities of approximately 4, 8, 20, 33, 65,
and 98 D, molecules per formula unit. A portion of the neutron diffraction pattern obtained at 4
K at a loading of 8 D, molecules per formula unit is shown in Figure 3.7. The first position in the
structure to be occupied by D, labeled I in Figure 3.8, corresponds to the strongest adsorption
site and lies at a remarkably short 2.17(5) A from the framework Fe®" ion. This is indeed
consistent with the higher initial isosteric heat of adsorption for H, compared to Mn-BTT and
Cu-BTT, which exhibited metal-D, distances of 2.27 and 2.47 A, respectively.’*® To our
knowledge, this constitutes the shortest metal-D, distance yet observed in a metal-organic
framework. The close approach of the hydrogen molecules to the surface is essential for
achieving a high storage density. Interestingly, the extra-framework cations do not appear to act
as high-affinity binding sites, since no nuclear density was observed in the proximity of these
sites at low loadings. This
demonstrates that the greater isosteric heat of adsorption observed at zero-coverage is primarily
provided by the unsaturated metal sites of the [Fe4C1]”" cluster.

At higher D, loadings, additional adsorption sites become more prominent. The next
strongest binding position, labeled II in Figure 3.8, is situated approximately 3.44 A above the
chloride ion of the [FesCl]”" units. Four tetrazolate rings are also within 3.60 A of this site,
forming a bowl-like adsorption pocket with a negative surface charge. Up to a loading of 8 D,
molecules per formula unit, only sites I and II are occupied, suggesting that the binding enthalpy
at these two sites is considerably higher than the subsequently occupied sites. At a loading of 20
D, molecules per formula unit, two further sites, labeled III and IV, become occupied. Site I1I

Figure 3.6. The location of the extraframework ions within Fe-
BTT as determined by neutron diffraction. Orange, green, blue,
and gray spheres represent Fe, Cl, N, and C atoms, respectively.
Hydrogen atoms have been omitted for clarity. The occupancy
of the extra-framework ions is approximately 1/8.
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Figure 3.7. Powder neutron data for Fe-BTT loaded with 8 D, molecules per
formula unit. Green lines, crosses, and red lines represent the background,
experimental, and calculated diffraction patterns, respectively. The blue line
represents the difference between experimental and calculated patterns. The final
Rietveld goodness-of-fit parameter was x> = 1.063.

places the D, molecules at the openings of the sodalite-type cages, allowing interactions with the
N, atoms of four tetrazolate ligands at a distance of approximately 3.45 A. Site IV is located in
the channels of the structure, with the D; centroid 3.16 A from the plane of two tetrazolate rings.
All subsequently occupied sites, while localized, are typical for physisorbed hydrogen, as
reflected in a framework—D, distance of greater than 3.6 A.

Comparison of the D, adsorption sites of Fe-BTT and its analogues reveals a number of
differences. Most notably, site III is not occupied within Mn-BTT and Cu-BTT until much
higher D, loadings. The third binding site in the other frameworks corresponds to a position
analogous to that of site IV in Fe-BTT, while the position of the fourth occupied site, which
places the D, molecule in close contact with the aromatic ring of the BTT" ligand, is not
occupied in Fe-BTT until higher loadings. These differences presumably reflect changes
associated with the slightly differing unit cell dimensions and the distinct position of the
extraframework cations in Fe-BTT compared to Mn-BTT and Cu-BTT.

3.4.4 Inelastic Neutron Scattering Spectra

The H, loading characteristics of Fe-BTT have been further probed by inelastic neutron
scattering’"** using the FANS spectrometer at the NCNR. Spectra were obtained by subjecting
the compound to a collimated and monochromated neutron beam, and determining the energy
transferred to the sample at a bank of *He detectors after passing the scattered neutrons through a
lowenergy band-pass filter consisting of polycrystalline Bi, Be, and graphite. Data were collected
at approximately the same loading levels as for the neutron diffraction experiments to allow the
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Figure 3.8. The first four D, binding sites within Fe-BTT determined from
Rietveld analysis of the powder neutron diffraction data. Yellow, orange,
green, blue, and gray spheres represent D,, iron, chlorine, nitrogen, and carbon,
respectively. Hydrogen atoms have been omitted for clarity.

best opportunity for correlation of the FANS spectra with the binding sites observed
crystallographically. Routine data reduction and subtraction of the evacuated Fe-BTT spectrum
was performed,”* and selected spectra are shown in Figure 3.9. In the lowest loading data (< 0.5
wt %), there is an absence of a rotational line at 14.7 meV corresponding to the first rotational
transition of free hydrogen. This is indicative of a strong rotational hindering potential of the
binding sites occupied at these levels, consistent with the large initial isosteric heat of H,
adsorption. At 0.25 wt %, a loading at which sites I and II are populated, two lines are observed
at approximately 13.2 and 19.7 meV. These peaks gain intensity upon increasing the loading to
0.5 wt% of H,, and can be assigned as rotational lines that correspond to a rotational barrier of
approximately 15 meV.

Upon increasing the loading to 1.25 wt %, sites III and IV become occupied at
approximately 50% occupancy. The rotational lines associated with these sites presumably give
rise to the new distinct peaks around the energy of free H,, implying a lower rotational barrier.
Further increases in the loading to 2.0 wt % increase the intensities of these lines, which
corresponds to increasing the population of these sites, as well as the population of an additional
site that is a dispersive H,—framework interaction. The highest loading data of 4.0 and 6.0 wt %
exhibit very broad indistinct features at higher energy (> 20 meV), adopting the character of
molecular recoil from weakly bound hydrogen. The overall intensity of the spectral features scale
well with the loading level for all spectra. Furthermore, at a loading of 6 wt %, there is the
additional appearance of a shoulder on the most intense peak, which is at a frequency
characteristic of bulk hydrogen as would be typical of weakly adsorbed hydrogen on a carbon
surface. Comparison of the spectra for normal-H, (n-H,) and para-H, (p-H;) at a loading of 4
wt % reveals a scaling factor of 1.2. The composition of n-H, at room temperature is 25% p-Ho,
and 75% ortho-H; (0-H,). No significant change in this composition is expected upon lowering
of the temperature of the gas, unless the conversion between the two forms is catalyzed by a
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Figure 3.9. Inelastic neutron spectra at several hydrogen loadings following
subtraction of the spectrum of evacuated Fe-BTT. Filled circles and open
triangles represent data for normal hydrogen (n-H») and para-hydrogen (p-H,),
respectively. Left: lowest n-H, data up to 2.0 wt %. Right: higher n-H,
loadings up to 6 wt %, and p-H, at 4 wt %. In both panels, the dashed line
represents the expected energy transfer of 14.7 meV corresponding to the first
rotational transition (J =0 —1) for free hydrogen.

paramagnetic material. Indeed, the small scaling factor between the two spectra is indicative of
the conversion of o-H; to p-H, by Fe-BTT. This is presumably due to the H, coming into close
proximity with a paramagnetic high-spin Fe*" center following dosing of H, at approximately 50
K, initiating interconversion between the two forms. However, as the sample is cooled to the
final temperature of 4 K, the hydrogen mobility and access to the Fe*" centers becomes
sufficiently hindered such that the para—ortho ratio becomes frozen. Evidence for catalytic
conversion by solely the Fe*" centers also comes from the dependence of the scaling factor on
the loading level. Indeed, as the loading level of p-H; is decreased, the scaling factor approaches
1, consistent with a greater fraction of H, molecules being able to interact with the Fe*" centers.
At a loading of 0.1 wt %, the p-H, and n-H, become virtually superimposable due to the H,
being completely accommodated at the unsaturated coordination site.

3.4.5 Selective CO, Adsorption

Figure 3.10 displays the CO, and N, adsorption isotherms obtained for Fe-BTT at 298 K.
The initial steep portion of the CO, isotherm likely corresponds to the strong binding of CO, to
the exposed Fe*" cation sites. The uptake of approximately 3.8 wt % reached in this steep portion
is consistent with the interaction of 0.4 CO, molecules per available Fe?" cation. At 1 bar, the
CO, uptake reaches 13.5 wt %. The near-linear adsorption profile for N, is indicative of its low
affinity for the open metal sites, as expected from its relatively low polarizability. Indeed, this
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Figure 3.10. Adsorption isotherms for Fe-BTT for the uptake of CO, (green
triangles) and N, (blue circles) recorded at 298 K.

leads to an N, uptake of just 1.0 wt % at 1 bar. This is also reflected in the uptake ratio by weight
for CO, over N,, which reaches 30.7 : 1 at 0.1 bar, and 10.8 : 1 at 1.0 bar.

Assessing the utility of an adsorbent for capture of CO, using single-component
isotherms requires that the relative pressures of the gases in a flue gas be taken into account. A
typical flue gas has a total pressure of approximately 1 bar, and consists of primarily N> (70-75
wt %), CO, (15-16 wt %), and H,O (5-7 wt %).”> This converts to partial pressures of
approximately 0.15 and 0.75 bar for CO, and N, respectively. The separation factor calculated
from the experimental uptakes at these partial pressures is approximately 5.5 : 1. For comparison
with other metal-organic frameworks investigated for CO, capture, we note that the uptake of
4.8 wt % at 0.1 bar of CO; is surpassed only by the compounds M,(DOBDC) (M = Mg, Co, Ni
Zn), which possess a higher concentration of open metal cation sites.””’ While these compounds
are also favored for their exceptional water stability,”® it is possible that the larger pore openings
within Fe-BTT could provide an advantage in terms of gas diffusion rates.

3.5 Outlook

The foregoing results demonstrate the successful use of a high-throughput methodology
for the synthesis of a new sodalite-type metal-organic framework, Fe-BTT, featuring open Fe*"
cation sites. Gas adsorption measurements combined with neutron diffraction data and inelastic
neutron scattering spectroscopy show that these sites provide a strong interaction with Hp,
drawing it close to the surface to afford an enhanced storage capacity at 298 K. The exposed
cation sites further lead to selective adsorption of CO, over N, at 298 K, rendering it of potential
interest for CO; capture from flue gas. We anticipate that this powerful synthetic methodology
will now provide access to a broad range of isostructural materials, for which the greater
polarizing power of cations such as Mg®", Co*", and Ni*" can be expected to give rise to
improved H, storage and CO, capture properties. In addition, compounds of this type
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incorporating triazolate or pyrazolate groups in place of tetrazolate can be expected to exhibit
enhanced thermal and chemical stability.”” Such improvements in stability are deemed essential
for enabling the complete desolvation of the metal cation sites, and improving the suitability of
these metal—-organic frameworks for real-world applications.
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Table 3.2. Mossbauer Spectral Parameters for DMF-solvated Fe-BTT

T, 0, AEg, I, Area,” Area, Assignment
K mm/s’ mm/s mm/s % (%e)(mm/s)
295 0.45 0.84 0.45 4.75 6.04 [Fe"(DMF)¢]**
1.28 2.05  0.3003) 4.27 - [Fe'(DMF)q]*"
1.038(1) 1.772(4) 0.300(3)  90.98 - [(Fe'"4Cl);(BTT)s]>
277 047 0.83 0.45 4.75 7.22 [Fe"(DMF)s]**
1.28 215 037(1)  4.27 - [Fe'(DMF)q]*"
1.046(3) 1.94(2) 0.37(1)  90.98 - [(Fe'"4CI);(BTT)s]>
260  0.49 0.82 0.45 4.75 7.78 [Fe"(DMF)s]*"
1.29 225  041(1) 427 - [Fe"(DMF)q]*"
1.060(2) 2.093) 0.41(1)  90.98 - [(Fe"4C1)s(BTT)s]>
225 0.1 0.80 0.45 4.75 8.71 [Fe"(DMF)¢]**
1.29 235 0357(5) 427 - [Fe'(DMF)q]**
1.077(1) 2.29(4) 0.357(5)  90.98 - [(Fe'"4Cl);(BTT)s]*
155  0.54 0.84 0.45 4.75 10.88 [Fe" (DMF)s]**
1.18 201  0.336(1) 4.27 - [Fe"(DMF)q]*"
1.113(5) 2.560(5) 0.336(1)  90.98 - [(Fe'"4CI);(BTT)s]>
85 058 0.88  0453) 475 12.84 [Fe"(DMF)s]*"
1.33 272 0.329(5)  4.27 - [Fe"(DMF)q]*"
1.144(2) 2.774(5) 0.329(5)  90.98 - [(Fe'4C1)s(BTT)s]>
60  0.65 0.85 0442 475 13.64 [Fe"(DMF)¢]**
1.35 294  0.350(4) 4.27 - [Fe'(DMF)q]*"
1.152(1) 2.812(4) 0.350(4) 90.98 - [(Fe'"4Cl);(BTT)s]*
10 0.65 092  0432) 475 14.48 [Fe" (DMF)s**
1.35 290  0.353(5) 4.27 - [Fe"(DMF)q]*"
1.158(1) 2.857(6) 0.353(5) 90.98 - [(Fe'"4CI);(BTT)s]>

“Statistical errors are given and the absence of an error indicates that the parameter was
constrained to the value given in the final refinement. The average parameters are given for the
[(Fe"4Cl)3(BTT)s]> anion. “The isomer shifts are given relative to 295 K a-iron powder. “The
relative areas have been constrained to the values observed at 10 K and have a statistical
accuracy of 0.2 %.
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Chapter 4. Hydrogen Storage Properties and Neutron Scattering Studies of
Mgz(dobdc) — A Metal-Organic Framework with
Open Mg*" Adsorption Sites

4.1 Introduction

Owing to their high permanent porosity, exceptional structural and chemical tunability,
and convenient modular synthesis, metal-organic frameworks have recently come under
intensive study for use as solid-state sorbents in gas storage applications.! With regard to
cryogenic hydrogen storage, gravimetric and/or volumetric hydrogen storage capacities that
approach the U.S. Department of Energy targets” for mobile systems have been demonstrated in
the highest surface area materials.'®> However, the performance of these materials is greatly
diminished at ambient temperature due to the weak, physisorptive interactions between the
internal pore surface and the hydrogen molecules. Indeed, the isosteric heat of H, adsorption
within these materials typically lies in the range of —5 to —7 kJ/mol, which is well below the —15
kJ/mol that is considered optimal for a sorbent operating between 1.5 and 30 bar at 298 K.** The
study of metal-organic frameworks with exposed metal cation sites represents one promising
avenue for achieving stronger framework-H, interactions, and is of particular interest for light
cations with a high charge density.®’ Herein, we report the hydrogen storage properties of
Mgy(dobde) (MOF-74(Mg); dobdc™ = 2,5-dioxido-1,4-benzenedicarboxylate),’™  which
possesses pores that are decorated with unsaturated Mg>" coordination sites (see Figure 4.1).
Importantly, rigorous study of the adsorption properties via adsorption experiments, variable-
temperature infrared spectroscopy, and neutron scattering methods affords a detailed description
of the loading characteristics, which is crucial for the design of next-generation materials.

4.2 Experimental Section

All reagents were obtained from commercial vendors and used without further
purification. All manipulations, unless otherwise stated, were performed in the air.

Synthesis and activation of Mga(dobdc). The literature procedure™ was adapted.
Hsdobdc (0.56 g, 2.8 mmol), Mg(NOs),-6H,0 (2.4 g, 9.3 mmol), DMF (220 mL), ethanol (15
mL), and water (15 mL) were added to a 500 mL conical flask, and the mixture was sonicated
until dissolution of the solid reagents. The mixture was then dispensed into 25 x 20 mL
scintillation vials, and tightly capped with Teflon-lined caps. The vials were then placed on a hot
plate at 120 °C, and heated for a period of 8 h. The resulting solid was then combined, and
transferred to a dinitrogen-filled glove box. The material was submerged in anhydrous DMF (50
mL), and heated at 80 °C for a period of 2 days, replacing the DMF each 12 h. The DMF was
decanted, and replaced with methanol (50 mL). The suspension was heated to 100 °C for a
period of 3 days, replacing the methanol each 12 h. The material was activated by heating the
solid in vacuo to a temperature of 180 °C at a ramp rate of 0.2 °C/min to afford 0.35 g (51 %) of
desolvated product.

Infrared Spectra. A thin self-supported wafer of solvated Mg,(dobdc) was prepared and
activated under high vacuum (residual pressure <10 * mbar) at 433 K for 18 h. Transmission
FTIR spectra were collected at 2 cm™' resolution on a Bruker Equinox-55 FTIR spectrometer
equipped with an MCT detector. The measurements were performed using a custom-made
cryogenic cell that allows: (i) in-situ high-temperature activation of the sample under a high

41



vacuum and (ii) variable-temperature infrared spectroscopy of the adsorbed species while
simultaneously measuring temperature and equilibrium pressure. A series of IR absorption
spectra recorded over a sufficiently large temperature range while simultaneously measuring
temperature and equilibrium pressure of the adsorbed gas, allows the standard adsorption
enthalpy and entropy to be determined by following the variable-temperature infrared method.
Here, integrated absorbance (4) of an infrared absorption band characteristic of a gas adsorption
complex, temperature (7) and equilibrium pressure (p) are considered to be interrelated by the
Langmuir type equation:

0 =A/Av = K(D)p/[1 + K(T)p] (1

where 6 stands for the fractional coverage of (localized) adsorption sites, Ay is the
integral IR absorbance corresponding to full coverage (f = 1), and K is the adsorption
equilibrium constant at temperature, 7. Combination of eq. 1 with the van’t Hoff (eq. 2) leads to
eq. 3 below;

K(T) = exp(—AH"/RT) exp(AS’/R) 2)
In[A/(Am — A)p] = (~AH/RT) + (AS"/R) (3)

After determining the relative band intensity from the integrated infrared absorbance as a
function of 7 and p, eq. 3 gives direct access to the standard adsorption enthalpy (AH") and
entropy (AS”). It should be noted, however, that knowledge of Ay is needed. From that
approximate value (for each of the adsorbed gases), we obtained the corresponding refined
values of 4y by following the iteration procedure described elsewhere.*®

Powder Neutron Diffraction. The powder diffraction patterns were measured at 4 K
using the BT-1 diffractometer at the National Institute of Standards and Technology Center for
Neutron Research (NCNR). An activated sample of Mgy(dobdc) (1.89 g) was loaded in a
vanadium cell equipped with a capillary gas line and a packless valve, and sealed with an indium
O-ring. The sample was mounted onto a sample stick, equipped with a stainless-steel gas line
with an additional valve for a top loading closed-cycle helium refrigerator (CCR). Using a
wavelength of 2.078 A and collimation of 15°, powder patterns were recorded for the bare
material and at nominal loading values of 0.6 D,, 1.2 D», and 2.4 D, per Mg”" site. During the
experiments, a known amount of hydrogen (deuterium) gas was loaded into the sample, which
was maintained at a temperature of 70 K until no pressure drop could be observed for at least 1
minute. The sample was then cooled down to the base temperature of the CCR (4 K) over one
hour in order to perform measurements. In all cases the outgas pressure reading was zero well
before reaching 25 K. Data collection times at 4 K were for approximately 11 h.

Neutron scattering diffraction patterns were analyzed using the Rietveld refinement
method with the program EXPGUI.’ The model of the bare material, based on that of previous
work,'® was refined first and it was used as the starting point for subsequent refinements of the
D,-loaded samples. Fourier difference maps were used to successively determine the missing
nuclear density from the added D,. In the refinements, deuterium molecules are treated as point
scatters with double occupancy since they are quantum mechanically rotationally averaged in the
ground state.'' The deuterium adsorbed at the metal site was able to be refined with anisotropic
thermal parameters, while the higher adsorption sites were refined isotropically. Final
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refinements at the highest loading were performed with anisotropic thermal parameters for all
deuterium.

Inelastic Neutron Scattering (INS). The INS spectra were measured at 4 K using the
pyrolytic graphite monochromator and 20’-20” collimation options on the BT-4 filter analyzer
neutron spectrometer (FANS)'? at the NCNR. The sample (1.286 g) was sealed in a cylindrical
aluminum cell suitable for in-situ gas loading while cooled in a CCR.

Hydrogen gas was used during the measurements to take advantage of its large
incoherent neutron scattering cross section. A H, molecule is a very good quantum rotor due to
its light mass and consists of two indistinguishable fermions (protons) that require the
wavefunction to be anti-symmetric. If the nuclear spins of two protons are anti-parallel, H; is
said to be in a para state (p-H); otherwise, it is in an ortho state (0-H). The quantum rotation
number, J, of a H, molecule thus has to be even for a para-H, and odd for an ortho-H,. At room
temperature, only one fourth of H, molecules are in the para state. Usually, the conversion rate
between states is very slow, but can be greatly accelerated in the presence of a fluctuation
magnetic moment. Normal hydrogen (n-H;) consisting of 25 % p-H, and 75% o-H, was used in
these experiments.

A neutron scattered by a H, molecule can induce the required nuclear spin flip to convert
a paralortho H; to an ortho/para H,. This para-ortho or ortho-para transition is associated with
the change of the rotational quantum number, J, from even/odd to odd/even, and has a large
neutron scattering cross-section that is proportional to the incoherent neutron scattering cross-
section of the proton. INS spectra of the adsorbed H, were obtained by subtracting the INS
spectrum of the bare materials. For a free hydrogen molecule, the para-ortho transition is usually
associated with the /= 0 to J = 1 excitation occurring with an energy of 14.7 meV, which can be
directly measured by INS but not optical spectroscopies. The local potential of a host material
will generate rotational barriers for the adsorbed H, which typically cause the J = 1 state to split
into its three sublevels. Additionally, the translation excitations of the H, molecule may be
coupled to the rotational transition and complicate the observed spectra. Hence, the INS spectra
of adsorbed H, may show complex features with multiple peaks in the spectrum containing rich
information about the host material and the hydrogen interactions.

Loadings of 0.2, 0.4 and 0.6 n-H, per Mg”" site were performed at 70 K with data
collection at 4 K. Additional measurement at 0.2, 0.4, 0.6 and 1.2 loadings were also performed
using p-H, after evacuating the system of H, at room temperature. Data were collected for
approximately 9 h per loading. The energy resolution is between 1.2 meV to 2.0 meV over the
energy transfer ranges accessible.

Background measurements of unloaded and activated parent Mg,(dobdc) and Zn,(dobdc)
compounds were made to higher energy transfers (35 meV to 125 meV) using a copper
monochromator with 20’-20° collimation before and after the monochromator resulting in an
energy resolution that degrades from 1.2 meV to 3 meV with increasing energy transfer. Data
from the two monochromators are normalized to merge around 37 meV. Data reduction,
including the subtraction of the bare Mg,(dobdc) spectrum from the hydrogen loaded spectra,
and peak fitting were performed within the DAVE software suite."

Quasielastic Neutron Scattering (QENS). The QENS spectra were measured using the
Disk Chopper Spectrometer (DCS)'* at the NCNR. QENS measurements using an instrument
configured for the highest neutron flux at a wavelength of 5.0 A. With detectors masked that
contained Bragg peaks, and grouped in momentum transfer (Q) with 0.2 A™' bins, this instrument
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configuration allows for an accessible O range of 0.27 A~ to 2.27 A™' with an elastic energy
resolution of approximately 110 meV.

An activated sample of Mgy(dobdc) sample (1.286 g) was mounted in a CCR. As with the
other experiments, the sample can was connected with a stainless steel capillary line to a gas-
handling unit consisting of a reference volume and a high-resolution pressure transducer. Normal
hydrogen loading was performed at 77 K at select pressures along the hydrogen isotherm. These
correspond to H,:Mg loadings of 0.33, 0.86, 0.95, 1.21, 1.42 and 1.57. Scattering from
Mg,(dobdc) without H, was also measured at 77 K to serve as a background and subtracted from
the loaded data.

An additional series of data were collected at a shorter wavelength of 1.81 A using the
medium resolution configuration of the disk chopper slits. The accessible Q-range is grouped in
bins of 0.3 A~ between 0.75 A" to 5.82 A" with an elastic energy resolution of approximately 1
meV. In this case data were collected at 4 K for the bare Mgy(dobdc) and the same after loading
with 1.2, 2.0, and 2.6 p-H, per Mg site. Data reduction, including vanadium normalization, the
subtraction of the bare Mgy(dobdc) spectrum from the hydrogen loaded spectra, masking of
detecgors containing Bragg peaks, and peak fitting were performed within the DAVE software
suite.

Accessible Surface Area Calculation. The source code for the accessible surface area
calculation program was obtained free of charge from the Internet.'’ The crystallographic
information file (CIF) obtained from the single crystal X-ray structure was converted to the XYZ
file format using Mercury CSD 2.0. The XYZ file and UFF force field atomic parameters'® were
used as input for the simulation (atomic diameters (A): H 2.571, C 3.431, N 3.260, O 3.118, Mg
2.691), and the accessible surface area was evaluated using a dinitrogen-sized probe molecule
(diameter = 3.681 A) inserted at randomized points in the unit cell, and averaging the resultant
individual accessible surface area values after 5000 trials.

Figure 4.1. A portion of the crystal structure of Mgy(dobdc) as viewed down the [001]
direction. Green, gray, and red spheres represent Mg, C, and O atoms, respectively; H
atoms omitted for clarity. Inset:D, binding sites (site I: yellow, site II: orange) as
determined by neutron diffraction.
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4.3 Results and Discussion

The solvated form of Mgy(dobdc) was prepared using a synthesis adapted from the
literature procedure.”® Activation was performed by heating the material in anhydrous DMF
followed by anhydrous methanol, and heating the material in vacuo at 180 °C. The BET surface
area'’ of 1510(5) m*/g for a material activated under the optimized conditions is close to the
accessible surface area'® of 1705 m*/g, indicating the full evacuation of the pores.

The lower-pressure H, adsorption isotherms for an activated sample of Mgy(dobdc) are
presented in Figure 4.2. Remarkably, the H, uptake at 77 K reaches 1 wt % at just 0.02 bar,
presumably due to the high density of open metal sites within the structure. In addition, the
relatively high surface area leads to the H, uptake (1 bar) of 2.2 wt % and 1.7 wt % at 77 K and
87 K, respectively. The zero-coverage isosteric heat of adsorption (Qsx) of —10.3(2) kJ/mol
evaluated using a virial-type fitting to the isotherm data is indicative of the polarizing nature of
the exposed Mg®" cations, and the gradual decrease of Oy to —7.9(2) kJ/mol at an adsorption
level of 1 wt % is consistent with the gradual saturation of these sites.

The corresponding high-pressure H, adsorption isotherms recorded at 77 K and 298 K are
shown in Figure 4.3. At 77 K, the excess adsorption saturates at a maximum of 3.2 wt % at 15
bar, and the total adsorption reaches 4.9 wt % and 45 g/L at 100 bar. The volumetric storage
capacity at 100 bar constitutes a 44% increase over the corresponding density of pure H, gas, and
is a result of the close approach of H; to the framework surface facilitated by the Mg*" centers.
Surprisingly, despite the high density of unsaturated metal sites, the total adsorption at 298 K is

@
e © .8
e ©
2.0 - o ©
o ©
—_— - Q @ o @ [ ] @
'89' Q ® o @
Q o ©

'E 1.5 5 © & © o
= o - fo
@ 18° o 2
2 [ % ~101
o 104 o® 3
a 5 g ¢
< 2 8
o~ B
T o5 Q 6

00 02 04 06 08 10 12 14

H,Adsorbed (wt %)
00 I " I I v I

Ll Ll l L] L]
0.0 0.2 0.4 0.6 0.8 1.0 1.2
P (bar)

Figure 4.2. Lower-pressure H; isotherms recorded at 77 K (blue) and 87 K
(green). Filled and open symbols represent adsorption and desorption,

respectively. Inset: Isosteric heat of adsorption (Qy) as a function of H,
adsorbed.
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Figure 4.3. High-pressure H; isotherms recorded at 77 K (blue) and
298 K (red). Triangles and circles represent excess and total uptake,
while the solid lines show the density of pure H, gas.

just 0.8 wt % and 7.5 g/L1 at 100 bar, representing just a marginal improvement over the
corresponding storage density of compressed H, gas.

The site-specific binding enthalpy at the open Mg*" adsorption site was probed through
variable-temperature infrared spectroscopy. Upon cooling of a sample of Mgy(dobdc) exposed
to H,, the evolution of two absorption bands centered at 4091 and 4085 cm ™' is observed as
shown in Figure 4.4. These bands can be, respectively, assigned to para-H, (p-H,) and ortho-H,
(0o-H,) owing to their expected frequency difference (6 cm ' for gas phase H,), and by the
observation of a spectral change at low temperature (ca. 20 K) and decreased equilibrium
pressure. The integrated infrared absorbance was used to generate a van’t Hoff-type plot, from
which the standard adsorption enthalpy (AH" = —12.1 + 1.0 kJ/mol) and entropy (AS” = —137 +
10 J/(K-mol)) could be determined. The large magnitude of AH’ is consistent with the close
approach of H, to the exposed Mg®" cations. Note that this value lies slightly below the
corresponding value of —13.5 kJ/mol for Niy(dobdc)," likely as a result of the slightly larger
ionic radius (and lower charge density) of Mg®" (0.72 A) compared to Ni*" (0.69 A). Meanwhile,
the negative sign of AS” is presumably a result of the more efficient packing and limited mobility
of the adsorbed molecules compared to the bulk gas, owing to the close approach and localized
adsorption of H,.’

The loading-dependent H, adsorption characteristics were probed using powder neutron
diffraction experiments performed at the BT-1 high-resolution diffractometer at the National
Institute of Standards and Technology Center for Neutron Research (NCNR). At a loading of 0.6
D, per Mg”" site, the nuclear density map indicates the highest-affinity adsorption site to be just
2.45(4) A from the metal center (see Figure 4.1). Note that this distance is in close agreement
with the theoretically calculated distance of 2.50 A evaluated using density functional theory.”'
At the same loading, a secondary binding site approximately 3.5 A from the oxido group of the
organic linker could be identified. Two further sites were located within the structure at higher
loadings, although their distance from the framework surface (>4.0 A) suggests only very weak
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Figure 4.4. Variable-temperature infrared spectra of H, adsorbed
on activated Mg,(dobdc) in the temperature range of 85 to 162 K.

interactions that are physisorptive in nature. These observations are also supported by the
infrared spectra collected at similarly low temperatures.

Selected inelastic neutron scattering spectra collected at the BT-4 filter analyzer neutron
spectrometer'> (FANS) at the NCNR are shown in Figure 4.5. The spectrum recorded at 4 K for
the evacuated material is dominated by vibrational modes of the ligand, and bears close
resemblance to the corresponding spectrum of Zny(dobdc).”? The material was then dosed with
0.6 p-H, per Mg®" site, resulting in three new features in the spectra at approximately 6.8, 10.4,
and 24.1 meV. These new peaks are attributed to the splitting of the J = 1 rotational level of H,
upon association with the open metal site. Upon increasing the loading to 1.2 p-H, per Mg”" site,
additional features between 15 and 20 meV are observed, and are attributable to H, adsorbed at
site I1.** The analogous data for normal-H, (n-H,), which is a mixture of approximately 75% o-
H, and 25% p-Ha, reveal three additional peaks at 14.1, 18.0, and 27.3 meV, respectively. These
peaks are presumably a result of the coupling of H; in the J = 1 rotational state with the hydrogen
phonons.

The corrected neutron scattering data' collected on the disk-chopper spectrometer'®
(DCS) at the NCNR for a loading of 1.2 n-H, per Mg”" site are displayed in Figure 4.6. As
reported recently,”” the rotational lines observed in neutron energy loss at 6.8 meV and 10.2 meV
are not symmetrical, and only a single peak at —6.5 meV is observed with an intensity reduced by
a factor of 9.7 In the previous work, the absence of the peak at approximately —10 meV was
ascribed to the presence of multiple binding sites at the Mg”" site. However, we note that there is
a quantum-mechanically allowed thermal population of the J = 1 sub-levels, wherein the lowest J
= 1 sub-level is populated at 4 K. Such an interpretation allows the INS data to be described with
just one type of H, adsorption site at the Mg®" center, which is in agreement with the powder
neutron diffraction data. The diffusional behavior of H, within the one-dimensional channels of
Mg,(dobdc) was studied by quasielastic neutron scattering (QENS). Surprisingly, at a dosing of
0.33 n-H, per Mg”" site, a QENS signal that is virtually indistinguishable from the resolution
function of the instrument was obtained. This suggests the absence of H, diffusion on the
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Figure 4.5. Selected INS spectra recorded at 4 K following subtraction of
the spectrum of evacuated Mgy(dobdc) for loadings of 0.2 (blue), 0.4
(green), 0.6 (orange), and 1.2 (black) H, molecules per Mg”" site. Filled and
open symbols represent data for p-H, and n-H,, respectively.

picosecond timescale owing to the strong interaction between H, and the exposed Mg”" cations.
However, the spectrum becomes successively broadened at higher loadings, indicative of the
diffusion of H, associated with the weaker binding sites and bulk H, within the channels,
respectively.

The Q-dependent spectra were fit to a hydrogen diffusion model composed of two
Lorentzian functions (narrow and broad) along with an elastic contribution that was convoluted
with the instrument resolution function. The elastic response partially originates from stationary
H,, the narrow function originates from H, diffusing along the pore surface, and the broad
function arises from bulk-like gas diffusing through the one-dimensional pores. The extracted
line widths of the narrow component are indicative of a liquid-like jump-diffusion with no
distinct spatial orientation of the jump direction as observed in other studies of H, within porous
media.** Interestingly, the diffusion coefficients (D = 1.2(1) % 10® m%s at low loading; D =
0.51(2) x 10 m?%s at 1 bar) derived from the fittings is an order of magnitude lower than the
one-dimensional diffusion of H, in Cr(OH)(bdc) (bdc*” =1,4-benzenedicarboxylate; MIL-53(Cr))
and VO(bdc) (MIL-47(V)) under similar conditions,” and of similar magnitude to H, diffusing
on a carbon surface.

4.4 Outlook
The foregoing results describe the hydrogen storage properties of Mg,(dobdc) as studied

by adsorption experiments, infrared spectroscopy, and neutron scattering studies. The
complementary nature of these techniques has afforded a complete picture of the H, adsorption
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Figure 4.6. DCS data measured at 1.81 A for 1.2 n-H, per Mg®" site (black
symbols) fit (blue line) to a series of Gaussian peaks (dashed red line) and a
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within the material, and has revealed an alternative interpretation to the INS data recently
reported, in which the data can be completely described by a single type of adsorption site at the
exposed Mg®" cation. We envisage that further studies of this type will afford a clearer
understanding of the effect of the chemical and structural features of metal-organic frameworks
on the H; storage properties at ambient temperatures.
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Chapter 5: Neutron Scattering and Spectroscopic Studies of Hydrogen
Adsorption in Cr3(BTC), — A Metal-Organic Framework
with Exposed Cr?* Sites

5.1 Introduction

Metal-organic frameworks have attracted significant interest in recent years, in part
owing to their potential applications in gas storage, molecular separations, and heterogeneous
catalysis.! In particular, the ability to construct these materials from the combination of a
judiciously selected metal ion and organic bridging unit may provide a versatile platform for the
preparation of materials possessing physical and chemical properties that are finely-tuned for
specific applications. With regard to hydrogen storage for mobile applications, gravimetric and
volumetric storage densities approaching those prescribed by the U. S. Department of Energy”
have been observed within the highest surface-area metal-organic frameworks at cryogenic
temperatures. > However, the storage capacity within these materials greatly diminishes at
ambient temperature owing to the weak physisorptive interactions that predominate between H,
and the framework surface. Indeed, the zero-coverage isosteric heat of adsorption within these
materials typically lies in the range of —5 to —7 kJ/mol, which is far below the —15 kJ/mol
considered optimal for an adsorbent operating between 1.5 and 30 bar at 298 K.* Furthermore,
the inclusion of an enthalpy-entropy correlation increases this magnitude even further,
suggesting an optimal enthalpy of adsorption in the range —20 to —25 kJ/mol.’

One strategy for improving the isosteric heat of H, adsorption within metal-organic
frameworks is the synthesis of materials possessing open metal cation sites on the pore surface.®
Here, the charge of the cation serves to induce a dipole on the H, molecule, resulting in an

Figure 5.1. A portion of the crystal structure of evacuated Cr3(BTC),.
Green, gray, and red spheres represent Cr, C, and O atoms, respectively.
Hydrogen atoms have been omitted for clarity.
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electrostatic interaction that is stronger than the dispersion-type interactions that predominate for
physisorbed molecules.*’ Indeed, a zero-coverage isosteric heat of H, adsorption as high as —
15.1 kJ/mol has been demonstrated within the material Co4(H,0)4(MTB), (H{MTB =
methanetetrabenzoic acid), which features unsaturated Co”” sites following activation.® However,
in this case the isosteric heat rapidly decreases as a function of surface coverage, indicating that
the density of strong binding sites is a crucial factor in facilitating large H, storage capacities at
298 K.’ Thus, increasing the density of open metal sites remains a significant synthetic
challenge, and a substantial body of recent computational work has been devoted to identifying
potential candidate materials."

The microporous metal-organic framework Cr3(BTC), (Figure 5.1, H;BTC = 1,3,5-
benzenetribenzoic acid), '' features a cubic network (space group: Fm—3m) of dinuclear
paddlewheel units linked by triangular BTC® organic bridging units to form a (3,4)-net that is
isostructural with Cus(BTC), (HKUST-1)."? Here, six paddlewheel units and four BTC* ligands
form octahedral cages that share vertices to form a three-dimensional pore system resembling the
boracite net topology. Upon desolvation of the solid by heating in vacuo, the material possesses
unsaturated Cr’" sites at the paddlewheel units. The presence of these sites has recently been
demonstrated to afford tremendous adsorption selectivity for O, over N, owing to the ability of
the metal centers to engage in a partial electron transfer with O, but not N,.* Although such an
interaction was not expected to occur with Hy, the high charge density at these coordination sites
could still be of benefit for H, adsorption. Herein, we report the H, storage properties of
Cr3(BTC),, as probed through low-pressure adsorption experiments, infrared spectroscopy, and
neutron scattering studies. The complementary nature of the experiments offers a greater depth in
the description of H, adsorption within the material, and results in a more complete
understanding of the influence of various chemical and structural features on the adsorption
properties.

5.2 Experimental Section

General Considerations. Cr3(BTC), was synthesized and activated according to the
literature procedure.'' All reagents were obtained from commercial vendors, and used without
further purification. All powder X-ray diffraction patterns were collected using a Bruker D8
Advance diffractometer (Cu Kq; A = 1.5406 A) equipped with a capillary stage. Owing to the air-
and moisture-sensitivity of Cr3(BTC),, all manipulations were performed within a glove box
under a dinitrogen or argon atmosphere. Note that even brief exposure of the compound to the air
induces an immediate color change of the solid to a dark forest green color, which is
accompanied by a loss of crystallinity and porosity. The isosteric heat of H, adsorption was
calculated using the method reported previously.®

Low-Pressure Gas Sorption Measurements. Glass sample tubes of a known weight
were loaded with approximately 100 mg of sample, and sealed using a TranSeal. Samples were
degassed at 160 °C for 24 h on a Micromeritics ASAP 2020 analyzer until the outgas rate was no
more than 1 mTorr/min. The degassed sample and sample tube were weighed precisely and then
transferred back to the analyzer. The outgas rate was again confirmed to be less than 1
mTorr/min. H, adsorption isotherms were measured at 77 K in a liquid nitrogen bath, and at 87
K in a liquid argon bath. The isosteric heat of adsorption was obtained using a virial-type fitting
to the data as described previously.
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Neutron Powder Diffraction Measurements. Neutron powder diffraction data were
collected on the high resolution neutron powder diffractometer BT-1 at the National Institute of
Standards and Technology (NIST) Center for Neutron Research (NCNR) with a Ge-(311)
monochromator and using in-pile collimation of 15 min of arc, corresponding to a wavelength of
2.0782 A. Measurements were taken as a function of deuterium loading (0.5, 1.0, 1.5, 2.0, and
3.0 D, molecules per Cr*" site, loading performed at ca. 60 K) at a temperature of ca. 4 K with a
measurement time of ca. 9 h.

All sample transfers were performed in a helium-filled glovebox equipped with water and
oxygen monitors. Initial sample activation was performed in a glass tube with a packless bellows
valve attached. The sample was evacuated using a turbomolecular pump (10~ Torr) and heated
to 150 °C for 48 h, after which time the sample was cooled and transferred to a cylindrical
vanadium can equipped with a capillary gas line and a packless valve, and sealed with an indium
O-ring. The sample was mounted onto a sample stick equipped with a stainless-steel gas line
with an additional valve for a top-loading closed-cycle helium refrigerator. The sample was
further degassed in-sifu under high vacuum to remove residual helium. During the experiments, a
known amount of hydrogen (deuterium) gas was loaded into the sample (1.174 g), which was
typically maintained at a temperature of 60 K (CCR) until no pressure drop was observed for at
least 1 min. The sample was then cooled down to the base temperature of 3.5 K over a period of
1 h in order to perform measurements. In all cases, the outgas pressure reading was zero well
before reaching 25 K.

Neutron powder diffraction patterns were analyzed using the Rietveld refinement method.
The program EXPGUI'" incorporating the Rietveld program GSAS'* was used to perform all
refinements. The model of the bare material was refined first, and was used as the starting point
for subsequent refinements of the D,-loaded samples. In all cases, D, molecules were treated as
point scatters with double occupancy in accord with the rotationally-disordered quantum
mechanical molecule."” The coordinates of all other atoms and the displacement parameters were
allowed to vary during the refinement of each D, loading case. Based on the structure obtained
from the diffraction pattern of the bare material, the diffraction patterns of the first D,-loaded
case (0.5 D, molecules per Cr’") was analyzed by firstly neglecting the D, molecules. The
Fourier difference maps were calculated, clearly indicating the positions of D, adsorption sites.
Accurate values for the D, locations and occupancy numbers were then obtained by Rietveld
refinement after incorporating the D, molecules into the structure model. For each successive D,
loading, the Fourier difference map was calculated on the basis of the results of the previous D,
loading and used to identify new D, adsorption sites.

Inelastic Neutron Scattering (INS) Spectroscopy. The INS spectra were measured at 4
K using the pyrolytic graphite monochromator and 20°-20’ collimation options on the BT-4 filter
analyzer neutron spectrometer (FANS)'® at the NCNR. The sample (1.174 g) was sealed in a
cylindrical aluminum cell suitable for in-situ gas loading while cooled in a CCR. H, gas was
used during the measurements to take advantage of its large incoherent neutron scattering cross
section. Note that the H, molecule is a very good quantum rotor due to its light mass and consists
of two indistinguishable fermions (protons) that require the wavefunction to be antisymmetric. If
the nuclear spins of two protons are anti-parallel, H, is said to be in a para state (p-Hy);
otherwise, it is in an ortho state (0-H;). The quantum rotation number, J, of a H, molecule thus
has to be even for a para-H, and odd for an ortho-H,. At room temperature, only one fourth of
H, molecules are in the para state. Usually, the conversion rate between states is very slow, but
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can be greatly accelerated in the presence of a fluctuating magnetic moment. Both p-H, and
normal H; (n-H;), which consists of 25 % p-H; and 75% o-H,, were used in these experiments.

A neutron scattered by a H, molecule can induce the required nuclear spin flip to convert
a paralortho H; to an ortho/para H,. This para-ortho or ortho-para transition is associated with
the change of the rotational quantum number, J, from even/odd to odd/even, and has a large
neutron scattering cross-section that is proportional to the incoherent neutron scattering cross-
section of the proton. INS spectra of the adsorbed H, were obtained by subtracting the INS
spectrum of the bare materials. For a free hydrogen molecule, the para-ortho transition is usually
associated with the /= 0 to J = 1 excitation occurring with an energy of 14.7 meV, which can be
directly measured by INS but not optical spectroscopies. The local potential of a host material
will generate rotational barriers for the adsorbed H, which typically cause the J = 1 state to split
into its three sub-levels. Additionally, the translation excitations of the H, molecule may be
coupled to the rotational transition and complicate the observed spectra. Hence, the INS spectra
of adsorbed H, may show complex features with multiple peaks in the spectrum containing rich
information about the host material and the hydrogen interactions.

Loadings of 0.5, 1.0, 2.0, and 3.0 p-H, and n-H, per Cr*" site were performed at 70 K
with data collection at 4 K. Data were collected for approximately 9 h per loading. The energy
resolution is between 1.2 meV to 2.0 meV over the energy transfer ranges accessible. Data
reduction, including the subtraction of the bare Cr3(BTC), spectrum from the H,-loaded spectra,
and peak fitting, were performed within the DAVE software suite.'”

Infrared Spectroscopy. Infrared spectra were acquired using a Bomem DA3 Michelson
interferometer equipped with a quartz-halogen source, CaF, beamsplitter and a liquid nitrogen
cooled mercury-cadmium-telluride detector. 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. Powder samples of Cr3(BTC), (ca. 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 placed directly within the sample cup. Prior to introduction of the hydrogen gas,
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Figure 5.2. (a) Lower-pressure H, isotherms in Cr3(BTC); collected at 77 K (blue) and 87 K
(green). Closed and open symbols represent adsorption and desorption, respectively, and the solid
lines represent a virial-type fitting to the data. (b) A plot of the isosteric heat of adsorption as a
function of H, coverage.
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Figure 5.3. Representative neutron powder diffraction data, collected for
Cr3(BTC), following a dosing of 0.5 D, molecules per Cr*" site. Green
lines, crosses, and red lines represent the background, experimental, and
calculated diffraction patterns, respectively. The blue line represents the
difference between experimental and calculated patterns. The final Rietveld
goodness-of-fit parameter was x> = 0.9329.

the samples were evacuated for several hours at room temperature. Known quantities of research
grade (99.9999% purity) H, was dispensed from a calibrated gas manifold by monitoring the
change in pressure.

5.3 Results and Discussion

H, Adsorption Isotherms. The H, adsorption isotherms collected for an activated
sample of Cr3(BTC), are presented in Figure 5.2. The relatively high BET surface area of 1810
m?*/g facilitates a reversible adsorption (1 bar) of 1.9 wt % and 1.3 wt % at 77 K and 87 K,
respectively. The zero-coverage isosteric heat of adsorption (Qy) for H, obtained from a virial-
type fitting to the isotherm data of —7.4(2) kJ/mol represents just a slight increase in the
magnitude of Oy compared to materials that do not feature exposed cation sites. As discussed
below, the neutron powder diffraction data reveal that the Cr*" sites are occupied only at high
loadings following a slight elongation of the Cr-Cr distance within the paddlewheel unit. As a
result, this leads to the occupation of a single binding site that facilitates short contacts with the
organic component of the framework at low coverage, which is consistent with the relatively
small magnitude of Q. Note that this serves to highlight one of the primary disadvantages of the
analysis of bulk isotherm data, as is often performed in adsorption studies, since conclusions
regarding the binding environment of H, within the framework cannot be deduced directly,
particularly in cases where the site-specific adsorption enthalpies of two or more sites within the
unit cell are quite similar. Nevertheless, the value of Qg at zero-coverage is comparable to the
corresponding value reported for Cuz(BTC), (-6.8 kJ/mol)." Consistent with the successive
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occupancy of the strongest binding sites within Cr3(BTC),, the magnitude of Qg gradually
decreases to —5.7(2) kJ/mol at a H, uptake of 1.0 wt %. A complete analysis of the coverage-
dependent adsorption characteristics and binding sites within the material is explored in detail
below in the context of neutron powder diffraction, inelastic neutron scattering spectroscopy, and
infrared spectroscopy.

Neutron Powder Diffraction Data. Rietveld analysis of the bare Cr;(BTC), material
revealed the expected cubic network of dinuclear paddlewheel secondary building units bridged
by 3-connected organic linkers (Figure 5.1). Significantly, the Cr-Cr distance of 2.06(2) A is
indicative of the presence of a metal-metal quadruple bond, and results in the Cr*" being situated
approximately 0.11(2) A below the four-atom mean plane formed by the oxygen atoms of the
carboxylate ligands. We note that in the fully evacuated state, no nuclear density was observed
on the axial coordination sites on the Cr*" centers, reflecting the removal of all of the coordinated
solvent molecules, and full activation of the pores.

The D, binding sites within Cr3(BTC), were determined by successively dosing the evacuated
material with D, at loadings corresponding to 0.5, 1.0, 1.5, 2.0, and 3.0 D, molecules per crt
center, and taking nuclear density Fourier difference maps between the loaded and evacuated
materials. Any new locations were added to the Rietveld process where the final positions and
occupancies of the D, molecules were allowed to refine freely. Note that at each loading level,
the total refined occupancy of D, assigned from the neutron density map agrees well with the
expected total occupancy, indicating full assignment of all of the binding sites within the unit

where green, red, and gray spheres represent, Cr, O, and C atoms, respectively, while large
yellow spheres represent D, molecules (A). The first occupied position (site I) is located at the
apertures of the octahedral cages (B), while at higher loadings, the unsaturated Cr*" center (site
IT) is occupied (C).
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Figure 5.5. D, binding sites III to V observed within Cr3(BTC); at higher loadings. Site III (A)
lies in the center of the octahedral cages, site IV (B) resides within a V-shaped binding pocket
between two BTC? moieties, while site V (C) is situated in a close contact (ca. 2.7 A) with the
oxygen atom of the carboxylate group.

cell.

The neutron diffraction data and Rietveld refinement results for data collected at a
loading of 0.5 D, molecules per Cr*" site are shown in Figure 5.3. Surprisingly, no nuclear
density was observed at the open Cr’" site at this loading level, and the D, is located in the
apertures of the octahedral cages at a distance of approximately 4 A from the carbon atoms of the
aryl rings of the BTC” ligands (Figure 5.4B, site I). Upon increasing the loading to 1.0 D,
molecules per Cr’" site, additional nuclear density was observed at site I, as well as a small
quantity at the open Cr’" site (Figure 5.4C, site II). Here, the D, is disposed at a distance of
2.63(2) A from the Cr** center, which is significantly greater than the corresponding distance of
2.39(1) A observed in Cu3(BTC),,%° and is also much greater than observed for other frameworks
featuring exposed metal cation sites.”' This is consistent with the larger ionic radius of Cr*" (0.80
A; high spin) compared to Cu*" (0.73 A), yielding a lower charge density and subsequently a
weaker induced dipole on the adsorbed D, molecules.”? Furthermore, the Cu---Cu distance in
Cus(BTC), is significantly longer than the Cr-Cr distance in Cry(BTC),, which results in the Cu®"
ions projecting out into the pores of the framework. This likely allows the D, molecules to
interact more directly with the metal centers due to the lower steric demand of these sites. Here,
the apparent preference for D, to populate site I rather than site II at the lowest loadings is
probably a result of a combination of the Cr*" binding site being sterically less accessible to
guest molecules, and the binding energy at the open metal site being comparable to that of site L.
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Nevertheless, to our knowledge, Cr3(BTC), is the first example of a metal-organic framework
furnished with open metal sites wherein the metal center is not the favored binding site for D, at
low coverages.

Interestingly, upon increasing the D, loading from 1.0 to 1.5 D, molecules per Cr*"
center, an elongation of the Cr-Cr distance from 2.06(2) A to 2.17(2) A is observed, representing
a decrease in the bond order of the Cr-Cr interaction. This serves to project the Cr*" cations
above the four-atom mean plane of the O atoms of the carboxylate moieties. Importantly, this
structural change is accompanied by a reorganization of the nuclear density after the next dosing
step such that site II is fully populated, suggesting that the D, molecules are able to more readily
access the open metal site once it is projected out into the channels. Note that the sample is
warmed to approximately 60 K during each dosing step, allowing the D, molecules to migrate
more rapidly to their preferred positions following the structural change. Furthermore, at this
loading level, additional nuclear density is also observed at the center of the octahedral cages
(site IIT in Figure 5.5), and is observed at full occupancy. As the loading is increased further to
2.0 and 3.0 D, molecules per Cr*" site, additional nuclear density is appears, corresponding to
close contacts in the channels of the framework. As shown in Figure 5.5 site IV is positioned in a
V-shaped binding pocket formed by two carboxylate moieties of the paddlewheel units, wherein
the D, molecule is disposed approximately 3.3 A from the framework surface. Meanwhile, site V
is observed approximately 2.8 A from the O atoms of the carboxylate moieties, although only a
small occupancy is observed at this site even at the highest loadings. Previous studies performed
on Cu3(BTC), revealed adsorption sites with coordinates and interaction distances similar to sites
III-V observed here, which might be anticipated based on the isostructural nature of the two
frameworks.

Inelastic Neutron Scattering Spectra. The H, loading characteristics of Cr3(BTC), were
examined in further detail by inelastic neutron scattering. Data were collected at the same
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Figure 5.6. Selected inelastic neutron scattering (INS) spectra recorded at
4 K following subtraction of the spectrum of evacuated Cr;(BTC), for
loadings of 0.5 (blue), 1.0 (green), 2.0(red), and 3.0 (black) H, molecules
per Cr”" site. Filled and open symbols represent data for p-H, and n-Ha,
respectively.
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loadings (0.5, 1.0. 2.0, and 3.0 H, molecules per Cr*" site) as for the powder neutron diffraction
experiments to allow for the best opportunity for correlation of FANS spectra with the binding
sites observed crystallographically. For all spectra, routine data reduction and subtraction of the
spectrum for the evacuated form of Cr3(BTC), was performed, and selected spectra are displayed
in Figure 5.6.

At the lowest loading of 0.5 H, per Cr*" site, a sharp peak is observed at 14.3 meV. This
feature is consistent with the first transition between rotational energy levels, /=0 — 1, of an
almost unhindered H, molecule, and presumably corresponds to the molecules located in the
windows of the octahedral cages (site I). The lack of a significant shift for these molecules from
the corresponding signal for free H, observed at 14.7 meV is presumably due to the relatively
large distance between H, and the framework surface, resulting in only a small increase in the
rotational barrier of the H, molecule upon occupation of site I. A broader feature is also observed
at 23.0 meV, which is likely due to the rotation of H, coupled with a phonon of approximately 9
meV as observed in Cus(BTC),."” The overall similarity of the n-H, and p-H, spectra indicates
that the normal hydrogen is converted from the J = 1 ortho form to the J = 0 para form, and this
is mirrored for all loadings, even in the cases where the strongest accessible adsorption site is not
the metal center. This suggests that virtually all of the H, molecules are able to approach the
paramagnetic Cr*" ion with a sufficient proximity for ortho-para conversion.

Upon increasing the loading to 1.0 H, per Cr*" site, a sharp feature at 9.6 meV is observed.
This peak is assigned to H, molecules bound to the unsaturated Cr’" sites (site II), which
experience a significant rotational hindrance due to the close approach of these molecules to the
framework surface, as observed in the powder neutron diffraction experiments. Rotational
transitions are also apparent at energies close to this value for p-H; in Cus(BTC), where the
initial adsorption is at the metal center.'” The corresponding growth of a peak at around 19 meV
is clearly observed and was previously ascribed to a coupled rotation and phonon in Cuz(BTC),,
which is likely also the case here. The intensities of these peaks increase following subsequent
loadings to 2.0 and 3.0 H, per Cr** site, which is consistent with the eventual full occupation of
molecules at this binding site.

Infrared Spectra. The adsorption of H, within Cr3(BTC), was further probed through
the collection of variable-temperature infrared spectra. An activated sample of Cr3(BTC), was
exposed to a total dosing of 4 H, per Cr** center. As the sample temperature was decreased, the
H, pressure dropped to a base value of 0.01 bar at 30 K, indicating that virtually all of the dosed
gas had adsorbed onto the framework. The spectra collected at different temperatures during this
procedure are presented in Figure 5.7. As the temperature is lowered from 88 K, the emergence
of a single ortho-para pair corresponding to the H-H stretch for H, molecules bound to the
framework surface is observed at 4110 and 4116 cm™', respectively. Here, the presence of only a
single band at 88 K suggests the occupancy of a single crystallographic site within the unit cell,
which, based on the neutron powder diffraction and INS experiments, is presumably the site
located at the aperture of the octahedral cages (site I).%
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Figure 5.7. Selected variable-temperature infrared spectra (Q-region) for
Cr3(BTC), following dosing with H, collected at temperatures between 31
K and 88 K at a resolution of 1 cm™'. Spectra are offset for clarity.

Upon cooling of the sample below 58 K, a second ortho-para pair is observed at 4132
and 4141 cm', respectively. These bands are consistent with the occupation of a secondary
binding site that is less-polarizing towards H,, and based upon the neutron diffraction data, is
ascribed to adsorption of H, at the open Cr*" site (site II). Note that the reorganization of the
neutron density following elongation of the Cr-Cr bond as observed in the neutron powder
diffraction experiments suggests that the interaction between H, and Cr*" is not necessarily
weaker than the adsorption enthalpy for H; at site I. The change in interaction energy is expected
to induce a shift in the position of the absorption band attributable to site 1, owing to the change
in the degree of activation of the H, molecules located at this site. However, the relatively
constant position of the adsorption bands for H; at the Cr*" site reveals that under the conditions
of the infrared experiments, such a structural change does not occur, possibly due to the
significantly higher temperatures (and consequently small quantity of adsorbed H,) under which
the data were collected.

The evolution of a single peak at 4146 cm ' is observed upon further cooling of the
sample below 38 K. This new signal is attributed to adsorption of H, at the center of the
octahedral cages (site III), which was observed at high loadings in the powder neutron diffraction
experiments. Notably, the occupation of this site induces a shift in the infrared absorption band
for H; located in the apertures of these cages (site I). This is presumably due to a change in the
chemical environment for the H, molecules at site I, owing to the relatively short proximity (ca.
3.4 A) of site III from this site.

The lowest-temperature infrared data obtained for an H, dosing of 1.1 H, per Cr*" center
are shown in Figure 5.8. The standard enthalpy of adsorption (AH") for the primary binding site
was extracted by generating an Arrhenius-type plot from the integrated infrared absorbance as a
function of temperature (see Figure 5.8, inset). The value of —6.7(5) kJ/mol is consistent with the
relatively weak binding of H, at the primary binding site, and is significantly lower than the
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Figure 5.8. Selected variable-temperature infrared spectra of the ortho-
para pair for H, adsorbed at the primary binding site within Cr3(BTC),
collected between 48 K and 84 K at a resolution of 1 cm™'. Spectra are
offset for clarity. Inset: An Arrhenius law plot derived from the integrated
absorbance from the spectral data.

corresponding value obtained from a similar analysis for Cus(BTC), (~10.1 kJ/mol).'* However,
we note that the primary binding site in Cus(BTC); is at the open Cu”" cation sites, which leads
to a higher site-specific adsorption enthalpy. In addition, the standard enthalpy change AS® of —78
J/mol-K is consistent with the close approach and efficient packing of the H, molecules on the
framework surface. Note that the enthalpy-entropy correlation for H, adsorption was recently
demonstrated to be a significant factor in assessing the optimal value of AH" for metal-organic
frameworks. The often-quoted optimal AH’ of ca. —15 kJ/mol, is based on a constant AS’= 8R =
—66.5 J/mol-K, which is smaller in magnitude than the value obtained through variable-
temperature infrared spectra for Cr3(BTC),, and other porous media. The consideration of this
effect leads to the optimal value for AH’ being in the range of —20 to —25 kJ/mol.> Note that the
value for AS’ is binding site-dependent, which suggests that the more a binding site imposes
spatial ordering on the adsorbed H, molecule, a larger magnitude of AH" is required to overcome
the entropy contribution. Thus, the preparation of a metal-organic framework for ambient H,
storage applications requires careful consideration and fine-tuning of the thermodynamics of
each binding site within the material.

5.4 Outlook

The foregoing results demonstrate the hydrogen storage properties of Cr3(BTC),, a metal-
organic framework possessing open Cr*" sites, as probed through a combination of low-pressure
adsorption, powder neutron diffraction, inelastic neutron scattering, and variable-temperature
infrared experiments. Surprisingly, the loading characteristics differ significantly from those of
the isostructural compound Cus(BTC),, with full occupancy at the unsaturated Cr*" center not
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being observed until a lengthening of the Cr-Cr distance also occurs at a loading of 1.5 D, per
Cr*" site. Although the low isosteric heat of adsorption in Cry(BTC), precludes its application as
a room temperature hydrogen storage material, such a detailed understanding of the hydrogen
sorption properties as probed through several complementary experimental techniques is
expected to afford greater insight into the chemical and physical properties that will yield next-
generation hydrogen storage materials.
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Note that the correlation between the neutron scattering data and infrared data is not
definitive owing to the difference in the conditions (temperature and loading level)
employed for the two types of experiments. While the analysis presented here allows the
greatest degree of consistency and agreement between the two types of data, we envisage a
number of alternative scenarios for peak assignment (particularly for site I and II), if the
infrared data alone is considered.
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Chapter 6: Development of a High-Throughput Methodology for the
Discovery of Robust Metal-Organic Frameworks
for Carbon Dioxide Capture

6.1 Introduction

As mentioned in Chapter 1.3, one of the most important challenges that must be
addressed if metal-organic frameworks are to be deployed within real-world post-combustion
CO; capture systems is the discovery of materials exhibiting enhanced stability toward H,O and
other minor components of the flue gas, such as (O,, CO, NO, and SO,). Many materials based
upon divalent transition metal ions, such as Cu®" and Zn*", feature relatively weak coordination
bonding between the metal nodes and the organic ligands (typically carboxylates), and are
unstable towards air and moisture following activated. Indeed, air exposure of such a material
often leads to a loss of crystallinity, indicating a loss in the integrity of the period structure, and a
degradation of the gas adsorption capacity. As a result, the performance of the CO, capture
system would be rapidly diminished, leading to the need to frequently replace the material within
the adsorbent bed, which has significant implications on the cost of the system.

One possible strategy through which more robust materials may be generated is through
the use of high-valent metal cations (e.g. AI'", Ti*", and Zr*")' or more strongly binding organic
ligands (e.g. pyrazolates and triazolates).” Indeed, a number of materials exhibiting impressive
chemical and thermal stability profiles based on these components have appeared recently. For
example, the compound Ni3(BTP), (BTP* = 1,4-benzenedipyrazolate) is stable to heating in air
up to 450 °C, and can also be treated with H,O and refluxed in a variety of aqueous solutions of
acids and bases (in a pH range of 2-14) for 14 days without loss of porosity.” Meanwhile, the
Zrs04(OH)4(BDC)s (UiO-66; BDC* = 1,4-benzenedicarboxylate) material and its isoreticular
analogs feature a high thermal robustness and an impressive stability toward relatively high
concentrations of aqueous HCI (pH = 1) and NaOH (pH = 14).* Thus, the construction of new
materials derived from these types of components featuring a high selectivity for CO, over Ny is
expected to facilitate a high long-term capture performance.

As demonstrated in Chapter 3, a high-throughput methodology is a suitable strategy for
the accelerated discovery of robust materials for CO, capture. However, the adsorption screening
of the new compounds utilizing a conventional adsorption instrument is currently a rate-limiting
step in the workflow. As such, a parallel adsorption instrument that facilitates the collection of
the CO, adsorption data for multiple samples in a single experiment would allow the most
promising materials for post-combustion CO, capture to be rapidly identified. Herein, the
development of a custom-built adsorption apparatus constructed in collaboration with Wildcat
Discovery Technologies (San Diego, CA) designed to simultaneously collect single-component
gas adsorption isotherms for 28 different samples. In addition, a complete methodology has also
been developed to allow the seamless integration of all of the high-throughput elements of the
workflow (synthesis, powder X-ray diffraction, and adsorption). We describe the new
methodology in the context of metal-insertion reactions within the robust framework
Al(OH)(bpydc),” which features one-dimensional pores lined with chelating 2,2’-bipyridine sites
open for metal coordination (Figure 6.1). In addition to the high thermal and chemical stability of
the parent material, high-throughput adsorption screening has allowed the identification of a
number of metal salts affording enhanced CO, adsorption properties. In all, the adsorption
isotherms for metal-loaded samples of over 100 different compositions were obtained in less
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Figure 6.1 A portion of the periodic structure of evacuated
Al(OH)(bpydc) (MOF-253; bpyde> = 2,2’-bipyridine-5,5’-
dicarboxylate). Yellow octahedra represent AlOg units, while gray,
blue and red spheres represent C, N, and O atoms, respectively. H
atoms omitted for clarity.

than 5 days of instrument time, which represents a tremendous increase in throughput compared
to conventional adsorption experiments.

6.2 Experimental Section

All reagents were purchased from commercial vendors and used without further
purification. 2,2’-bipyridine-5,5’-dicarboxylic acid (H,bpydc),® Zn(MeIM), (ZIF-8; MeIM™ = 2-
methylimidazolate)” and Mgy(dobdc) (MOF-74(Mg), CPO-27-Mg; dobdc* = 2,5-dioxido-1,4-
benzenedicarboxylate)® were synthesized according to the literature procedures.

Al(OH)(bpydc) (MOF-253). The literature procedure was adapted. The H,bpydc (5.63
g, 23.1 mmol) ligand was added to a solution of AICI;-6H,0 (5.63 g, 23.3 mmol) dissolved in
DMF (750 mL) charged to a 1 L reaction flask. The vessel was sealed and heated under static
conditions at 120 °C for 3 days, after which a white solid was obtained. This solid was filtered
off and washed with DMF (3 x 50 mL), and dried overnight in the air. The dried solid was then
transferred to a 1 L bottle, to which anhydrous DMF (500 mL was added). The vessel was tightly
capped with a Teflon-lined lid and placed in an oven set to 120 °C for 24 h. The DMF was then
decanted, and the washing procedure was repeated a further three times. The analogous
procedure was then performed using anhydrous MeOH, and following the final washing step, the
resulting white solid was evacuated overnight on a Schlenk line. Final activation was performed
by heating the material to 250 °C in vacuo until the outgas rate was less than 2 mTorr/min. The
phase purity of the material was confirmed using a combination of powder X-ray diffraction,
thermogravimetric analysis, and comparison of the Langmuir surface area to the literature data.’
Yield: 5.72 g (86%).
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High-Throughput Synthesis of Metal-Loaded Variants of AI(OH)(bpydc). In a
typical experiment, a 6 x 4 array of 4 mL glass vials was placed on the robot deck, the deck
elements of which were described in Chapter 3, and the mass of the empty vials was obtained
using an automated routine that transfers each vial to the built-in balance for weighing. During
the procedure, each vial was weighed 5 times to obtain an accurate mass, though in all
experiments, the standard deviation of the vial mass was below 0.2 mg. The metal salts and the
activated form of the bare Al(OH)(bpydc) framework were then loaded into individual powder
hoppers used for automated solid dispensing, and placed on the robot deck. The activated
framework (50 mg, 17.3 umol) was firstly dispensed into each of the vials, then the vials were
re-weighed using the same routine as for the empty vials in order to obtain a precise mass of the
parent framework. Six different metal salts were then dispensed in four different stoichiometries
(0.25, 0.50, 0.75, 1.0 equivalents) according to a predetermined composition library, and each
vial was then charged with 3 mL of MeCN. The vials were manually capped with Teflon-lined
caps, and the reaction mixtures were heated at 90 °C for 5 days, replacing the MeCN with fresh
solvent every 12 h.

Sample Activation. The excess solvent from the metal loading reactions was manually
decanted, and the 24 samples were transferred to two custom-built assemblies allowing the
parallel evacuation of up to 14 samples per assembly. The assemblies were sealed in the glove
box, and connected to a Schlenk line equipped with a rotary vacuum pump, and heated in vacuo
at 80 °C for 24 h. After this time, the valve opened to the vacuum line was closed off, and the
assemblies were transferred to a solvent-free glove box for loading of the samples into the
Wildcat assemblies used for parallel gas adsorption measurements.

High-Throughput Gas Adsorption Measurements. In a solvent-free glove box, the
vials containing the activated samples were weighed to obtain a final sample mass, and these
were then transferred into the wells of four 7-well assemblies of the type used for gas adsorption
experiments on the first-generation Wildcat adsorption apparatus. The assemblies were attached
to the instrument, and the headspace of each manifold was evacuated for at least 5 h prior to
opening of the Schrader valves sealing each of the sample wells. These valves were then opened,
and the samples evacuated for a further 1 h. The sample wells were then dosed with known
amounts of high-purity He gas to obtain a free space volume, which was used in the calculation
of the quantity of gas adsorbed in the subsequent adsorption experiments.

6.3 Results and Discussion

In this section, the configuration of the high-throughput adsorption instrument is
described, followed by a discussion regarding its integration into a high-throughput workflow for
the adsorption screening of metal-loaded variants of Al(OH)(bpydc), which serves as an
exemplary case for demonstrating the successful implementation of the methodology.
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Figure 6.2. A schematic showing a single channel in the high-
throughput adsorption instrument. The gases are firstly dosed into
the secondary volume (Vgsy), which is a known volume, and
expanded into the primary volume (Vsy) that houses the sample.

Configuration of the High-Throughput Instrument. The custom-built high-throughput
adsorption instrument designed by Wildcat Discovery Technologies (San Diego, CA) is
equipped with 28 separate manifolds that can independently analyze the adsorption of pure gases
at ambient temperatures and above. A schematic of a single manifold is displayed in Figure 6.2.
Here, the secondary volume (Vsy) is a known volume determined during the installation of the
instrument, allowing the total quantity of gas dosed into the manifold at any time to be precisely
known. The primary volume (Vpy), which contains the adsorbing material, is determined prior to
the adsorption experiment by the expansion of a known quantity of a non-adsorbing gas (e.g. He)
from the secondary volume into the primary volume, and is computed as follows:

Py
Voy = Vv (1) (6.1)

where P; and Pyrepresent the initial and final pressures within the manifold, respectively.

Following determination of the quantity Vpy, the adsorption experiment of the gas of
interest can be performed. In the case of the adsorbing gas, a certain fraction of the dosed gas is
accommodated within the framework, which leads to the observed pressure becoming lower than
that calculated for the simple expansion of the gas into the primary volume. The quantity
adsorbed can hence be computed based on the difference between the pressure expected based on
the expected pressure for a given quantity of dosed gas, and the actual observed pressure via the
following expression:

Peq(Vpy+Vsy)

Ngas = Ngose — —  rT (6.2)

where 7,44, and ng,5 represent the quantity of gas adsorbed within the framework, and the total
quantity of gas dosed into the manifold, respectively, and P, is the final pressure following
equilibriation of the system.
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Figure 6.3. CO; and N, adsorption isotherms recorded at 298 K for
samples from a single batch of ZIF-8 as measured in 7 different
channels the high-throughput adsorption instrument. Although just 7
sets of isotherm data are shown here for clarity, the agreement
between the adsorption quantities was similar across all 28 channels.
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Figure 6.4. CO; adsorption isotherms recorded at 298 K for
Mg, (dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate) as
measured in a conventional adsorption device (green) and the high-
throughput adsorption device (blue). Only a single channel of
adsorption data is shown for clarity.
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Figure 6.5. (a) A schematic showing the composition of a sample high-throughput library, in
which 6 different metal salts and 4 different loading levels can be readily screened in a single
batch; and (b) a view of the robot deck, in which samples for three libraries are being
simultaneously heated.

Validation of First-Generation Wildcat Adsorption Instrument. Following the
installation of the instrument, validation of the operation of each of the 28 channels was
performed by placing a known quantity of a microporous framework into each of the wells,
followed by the collection of a full CO, and N, adsorption isotherm at 298 K. As demonstrated
by the isotherms collected for ZIF-8 displayed in Figure 6.3, the quantity of CO; or N, adsorbed
is consistent between the channels, and the magnitude of the uptake is also comparable to those
reported previously in the literature. The high agreement between the uptakes of the individual
channels also demonstrates the successful calculation of the secondary volumes of each of the
channels.

In addition, the accuracy of the magnitude of the quantity adsorbed was further confirmed
by collecting the CO; adsorption isotherms for a variety of materials exhibiting high uptakes,
including Mg,(dobdc). Furthermore, owing to the high density of exposed Mg”" sites decorating
the pore surface of this material and their sensitivity to exposure to air and moisture, this
compound serves as an ideal test case to verify the integrity of the sample assemblies and the
elimination of all leaks from the system. In this experiment, the data collected on the high-
throughput adsorption device was compared to the corresponding adsorption isotherms obtained
on a conventional adsorption instrument. As shown in Figure 6.4, the excellent agreement
between the two types of data provides confirmation that the instrument has been correctly
calibrated and is able to be used as a reliable method for screening unknown samples stemming
from the high-throughput synthesis instrument.

Preparation and Adsorption Screening of Metal-Loaded Variants of
Al(OH)(bpydc). The activated form of AI(OH)(bpydc) was loaded with a variety of main group
and first-row transition metal salts at loading levels of 0.25, 0.50, 0.75, and 1.0 metal ions per
bipyridine binding site. In each high-throughput experiment, a total of 6 metal salts and 4 loading
levels were utilized to give a total of 24 samples (see Figure 6.5) per library. The salts tested
included fluoride, chloride, bromide, nitrate, tetrafluoroborate, and trifluorosulfonate salts of Mg,
Ca, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn, though not all salts could be fully incorporated into the
pores of the framework due to the insolubility of the salt in MeCN (which was previously shown
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Figure 6.6. A histogram showing the CO, uptake at 313 K and 1.0 bar for the samples
surveyed in the high-throughput adsorption screening experiments. The highest adsorption
values were recorded for NiCl, and Co(BF4):-loaded samples, which feature a gravimetric
adsorption capacity that is enhanced by over 60% compared to bare AI(OH)(bpydc) (bpydc® =
2,2’-bipyridine-5,5’-dicarboxylate).

to be an ideal medium for metal insertion reactions involving the AI(OH)(bpydc) framework®),
or the low affinity of the metal salt toward the bipyridine binding site.

Following the metal insertion reaction, the excess MeCN solvent was decanted from the
samples, and the samples were transferred into a degas assembly and activated in vacuo. Once
removal of the solvent within the pores was achieved (confirmed by the pressure of the vacuum
line returning to the baseline level), the solids were transferred to the high-throughput adsorption
instrument. For all samples, a full CO, adsorption isotherm was collected up to 1.2 bar at 313 K,
and the uptakes of the fully-loaded samples (1.0 metal ions per bipyridine site) at 1.0 bar are
depicted in a histogram form in Figure 6.6. Remarkably, depending on the identity of the salt, the
adsorption capacity is considerably affected. Indeed, while some of the materials exhibited
diminished adsorption capacities compared to the bare form of the framework, approximately
half of the samples demonstrated a higher CO, adsorption at 1.0 bar. Closer inspection of the
identity of the materials exhibiting the highest CO, adsorption capacities showed a strong trend
towards the later transition metals, especially Co®", Ni**, and Cu®*". Although the nature of the
interaction between the adsorbed CO; and the metal ions has yet to be established, a likely origin
is the smaller ionic radius of these metals compared to the earlier first-row transition metals
resulting in a greater induced dipole, and a greater affinity, toward the CO,. Note that the
counteranion was also considerably influenced the uptake, wherein lighter anions, such as CI',
BF,, NOs facilitated higher uptakes than their heavier counterparts. This is presumably due to
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Figure 6.7. CO, adsorption isotherms for selected metal-loaded
samples of AI(OH)(bpydc) (MOF-253; bpydc® = 2,2’-bipyridine-5,5’-
dicarboxylate) collected at 313 K.

the fact that lighter anions contribute less mass to the overall system, resulting in a higher CO,
uptake on a gravimetric basis.

Moreover, in addition to the Cu(BF,),-loaded material, which was previously shown to
have a dramatically higher uptake compared to the parent material,” the CoCly-, Co(NO3),-,
NiCl,-, Ni(NOs),-, and CuCl,-loaded materials also exhibited enhanced adsorption capacities
compared to the bare framework, as shown in Figure 6.7. Indeed, in the case of a sample loaded
with a full equivalent of NiCl,, the CO, adsorption capacity is enhanced by approximately 65%
at 1.0 bar. Note that, for all of the samples displayed here, the maximum adsorption capacity was
always obtained at a loading level of 1.0 M>" per bipyridine. Excess loadings were also tested for
these metal salts, but the uptakes were largely unaffected due to the excess metal being removed
during the washing procedure.

6.4 Outlook

The foregoing results have described the development of a new high-throughput
methodology that can be used for the adsorption screening of new materials for CO, capture. The
new methodology has been employed in the context of rapidly screening the products stemming
from metal-loading reactions within the robust framework AI(OH)(bpydc), showing that an
enhanced uptake can be observed for a variety of metal salts. The same methodology is now
being deployed in the screening of new products stemming from the high-throughput synthesis
reactions employing high-valent metal ions and strongly binding ligands. Future work will also
focus on long-term cycling of the most promising materials, as well as full elucidation of the
stability profile under humidified conditions.
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Chapter 7: Opposing Surface Area Distribution (OSAD) as a
Characterization Tool for Metal-Organic Frameworks

7.1 Introduction

The preparation and characterization of microporous metal-organic frameworks for use in
applications such as gas storage, molecular separations, and catalysis, is an area that has
experienced rapid progress in recent years.'” The ability to create new materials with physical
and chemical properties that are well-matched to an intended application is in part a result of the
modular synthetic approach, in which the geometry and functionalities of the building blocks are
preserved when assembled into the extended coordination network. This strategy allows the
structural features of the framework, including the pore size, shape, and surface
functionalization, to be tuned in a rational fashion. Significant advances have also been made in
expanding the scope of the pore surface chemistry via a rapidly growing number of post-
synthetic modification reactions that are available, for example, as a means of further optimizing
the adsorption properties of the materials.® As such, metal-organic frameworks present a
tremendously versatile platform for developing next generation materials for a given application,
provided researchers are able to elucidate the structural and chemical features that would afford
this enhanced performance.

One of the most crucial structural parameters dictating the adsorptive properties of a
microporous material is the separation distance of the opposing surfaces within the structure. For
storage applications, this separation must be large enough to facilitate the diffusion of the
adsorbing molecules into the solid, but should also be a distance that limits the creation of large
voids in which the guest molecules are not influenced by the pore walls. Indeed, while a very
large wall separation (and large pore diameter) is of benefit for raising the gravimetric storage
density, it is generally not advantageous in boosting the volumetric storage density owing to the
larger quantities of gas that would be compressed in a bulk-like fashion. Note that the optimal
wall separation is strongly dependent on the specific gas to be stored, and the operation
temperature and pressure of the material, due to the fact that pore walls exert less of an influence
on the adsorbed molecules at higher temperatures and lower pressures. For example, in the area
of physisorptive H, storage, a pore wall separation of ca. 10 A, which represents a monolayer of
H, molecules on each of the opposing surfaces and an additional monolayer adsorbed in between
these layers, is desired for a sorbent operating at 77 K.* However, a significantly smaller
separation of ca. 7 A, which represents just a single monolayer on each wall is required for
maximizing the storage density at 298 K.

The fine-tuning of the wall separation distance within metal-organic frameworks can also
play an important role in enhancing the selectivity of a material towards certain molecules in
separation applications. Here, we distinguish between adsorption-based selectivity, which is a
thermodynamic phenomenon that arises as a result of one of the components of the gas mixture
having a higher affinity towards the surface of the material over the other, and kinetic-based
selectivity, where the separation is achieved based on size exclusion or the more rapid diffusion
of one of the gas molecules through the pores of the framework. Although kinetics-based
separations are employed in membrane technologies and represent an important means for
separating gas mixtures, here, we consider the opposing wall distance as a means of tuning the
thermodynamics of adsorption to induce adsorption-based selectivity. For example, in the area of
Xe/Kr separations, a recent computational study suggests that materials featuring pore
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dimensions that are a good match with the diameter of a Xe atom facilitate the highest adsorptive
selectivity over Kr. This is due to the stronger overall interactions of Xe with the pore walls
compared to Kr, which has a significantly smaller atomic radius (Kr: 1.03 A; Xe: 1.24 A).” Thus
the identification of the optimal opposing wall distance for a given separation, and the
subsequent preparation of new materials with a maximized density of surfaces that have an
opposing wall at this distance, is expected to lead to greatly enhanced performance compared to
existing adsorbents.

The crystalline nature of metal-organic frameworks presents an opportunity for rationally
selecting microporous adsorbents for further testing in certain applications based on the pore
structures. Although structural parameters like pore size can be estimated using methods such as
Ar porosimetry, they require the material to be synthesized, fully activated, and adsorption data
to be collected prior to their determination. Note that, since the pore size distribution is generated
from a fitting to the adsorption data, it is also not a direct geometric measurement of the
distribution of the opposing wall distances within the material. Furthermore, the structural
complexity of most metal-organic frameworks precludes the determination of the distribution of
opposing wall separation distances by visual inspection (see Figure 7.1). Herein, we report a
geometric method that is able to directly survey the distribution of opposing wall distances
within a porous metal-organic framework structure given the unit cell and the coordinates of the
framework atoms. We first introduce the basic concept of the calculation and demonstrate its
utility by analyzing the data stemming from its application to a number of important metal-
organic frameworks. Then, the algorithm is deployed in screening a variety of known materials
in the context of high-density methane storage, where, based on recent computational work,’
structures featuring a high density of opposing wall distances at 4 or 8 A would be of interest for
experimental screening. Although the application of the methodology is applied to the study of
methane storage materials in this case, it is expected that data of a similar type would be of
utility in the preliminary screening stages for identifying candidate materials for experimental
study in a wide range of gas storage and molecular separation applications where the desired
wall separation is known.

7.2 Experimental Section

All reagents were obtained from commercial vendors and used without further
purification. All manipulations, unless otherwise noted, were performed in air. The compound
Z1s04(OH)4(BDC)s (BDC* = 1,4-benzenedicarboxylate; UiO-66) was synthesized and activated
according to the previously reported procedure.’

Opposing Surface Area Distribution (OSAD) Calculations. The opposing surface area
distribution program® was developed using the C++ programming language using the Microsoft
Visual C++ 2010 Express platform, which was obtained free of charge from the Internet.” The
structural data for the metal-organic frameworks used in the opposing surface area calculations
were obtained from the Cambridge Structural Database (CSD),' and in some cases, atoms
corresponding to solvent molecules or other disordered fragments within the structures were
removed to most closely represent the pristine, fully-activated form of the material. The list of
atomic coordinates was generated by converting the crystallographic information file (CIF) for
the single-crystal X-ray structure into the XYZ file format. The atomic radii for the framework
atoms were calculated using the universal force field (UFF),'' and each of the OSAD
calculations were run using a dinitrogen-sized probe molecule (diameter = 3.68 A).
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High-Pressure Methane Adsorption Experiments. Approximately 200 mg of sample
was loaded into a sample holder in a glove box under a dinitrogen atmosphere. Methane excess
adsorption measurements were performed on an automated Sieverts’ apparatus (PCTPro-2000
from Hy-Energy Scientific Instruments, LLC) over a pressure range of 0-100 bar. UHP-grade
methane and helium (99.999% purity) were used for all measurements. Volumetric
measurements were carried out at a constant temperature of 298 K by submerging the sample
holder in a water bath equipped with a temperature controller. The total gravimetric and
volumetric adsorption capacities were calculated as described previously.'

7.3 Results and Discussion

The internal structures of most metal-organic frameworks feature pore apertures and void
spaces with widely varying distances to the opposing surface, as shown schematically in Figure
7.1. The algorithm described in this work exhaustively surveys all of the surfaces of the
framework by inserting (usually N,-sized) probe molecules along the surface of the material, and
measuring the distance to the opposing wall by moving the probe in steps in a direction that is
normal to the pore surface. This results in a distribution (histogram) of opposing wall distances
that can be readily associated with a surface area by using the Monte Carlo integration process
described in detail below, thereby allowing the amount of surface area for an opposing surface
disposed at a given distance to be calculated.

Calculation of the Opposing Surface Area Distribution (OSAD). The algorithm for
calculating the opposing surface area distribution is related to a method recently reported for
calculating the accessible surface area within crystalline networks,"> which has been utilized for
the estimation of the maximum BET surface area'* within microporous metal-organic
frameworks. Here, in addition to the insertion of probe spheres at random positions along the
surface, the method samples the surface normal vectors of the surface and measures the distance

pore wall

L

Figure 7.1. A schematic drawing showing the main concept of the opposing
surface area calculation. Probe molecules (yellow spheres) are inserted at
various points along the surface of the structure, and is moved in the direction
of the surface normal until a collision is detected with the opposing wall (at
the position of the dotted yellow spheres).
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to the nearest surface along the trajectory of the surface normal. along the surface of the
structure. The sampling algorithm firstly generates » unit vectors (n > 5000) by generating x, y,
and z values between -1 and +1 using a random number generator, followed by normalization of
the vector length to 1 to generate a spherical distribution. A set of these unit n vectors is then
associated for each atom g, in the crystal structure, assigning the atom center as the origin of the
vector, and setting the length to the value of (¥aom + 7probe), Where 7aom and rprobe TEpresent the
radii of the atom (as determined by the UFF force field)'' and the probe sphere, respectively. The
end points of these vectors serve as insertion points for the set of probe molecules {P;, Px,...,
P.}.

Upon insertion of the probe P;, it is first checked whether it is in collision with another
atom in the atom list. If a collision is detected, the probe is immediately discarded, and the same
procedure is performed for the next probe in the set P;1. If the probe does not intersect with any
other atoms, the probe is then moved a small fixed distance (dyep, typically 0.1 A) in the
direction of the normal vector. Following each increment, a check for collisions with every other
atom in the structure is performed, and the probe is stepped in this manner until a collision is
eventually detected at an opposing surface within the framework. The distance d; to the opposing
surface is thus readily computed by the expression:

d; =2 Tprobe T nstepdstep (7.1)

where ngep1s the number of displacements required to induce a collision of the probe sphere with
the opposing surface. Note that the range of d; takes discrete values ranging from 2rympe to
(2Fprobe T Mmaxdsiep) 1N Increments of diep, Where nmax 1s the maximum number of steps allowed.
The value of 7.y is usually made arbitrarily large (ca. 500, which represents 50 A for a 0.1 A
step size), and for nearly all structures studied, no probes actually were displaced 7. times
before encountering a collision. Nevertheless such a parameter was found to be necessary in
order to ensure the prevention of infinite looping of the program in the unlikely scenario where a
surface normal would lead to a probe with a path that would never lead to a collision with the
atoms of the structure.

Next, the surface area associated with the probe, 4;, is calculated by the following
equation.

Ai — 4 7"v'(ratom"'rprobe)z (72)
3 n

This value represents the accessible surface area that is available to the probe on the original
atom. Note that the sum of all 4; over the entire set of atoms a; corresponds exactly to the total
accessible surface area for the framework. Here, since we generate data of the type (d;, 4;) for
each probe (i.e., an opposing wall distance and an associated accessible surface area), a
histogram containing the accessible surface area as a function of the distance d can be generated.
This data essentially represents the density of the various wall separations within the framework,
and can hence be utilized in assessing the suitability of certain structures towards various
applications for which a target wall separation has been established.
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Analysis of Representative Metal-Organic Frameworks. The opposing surface area
calculations described above are now discussed in the context of four well-known metal-organic
frameworks (see Figures 7.2-7.5): Mg,(dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate;
Mg-MOE-74, CPO-27-Mg),"> Cus(BTC), (BTC> = 1,3,5-benzenetricarboxylate; HKUST-1),'
Zn,0(BDC); (BDC* = 1,4-benzenedicarboxylate; MOF-5),'” and ZnsO(BTB), (BTB* = 1,3,5-
benzenetribenzoate; MOF-177)."® These particular structures have been selected based on the
diversity of their pore volumes, surface areas, and pore system dimensionality. The compound
Mg,(dobdc) (Figure 7.2; SAger = 1675 m?/g) possesses a honeycomb-type structure consisting
of a hexagonal arrangement of one-dimensional channels, with exposed Mg”" cations at each of
the vertices. The structure of Cus(BTC), (Figure 7.3; SAger = 1200 m?/g) consists of a cubic
twisted boracite network topology based on dinuclear Cu®" paddlewheel units connected by
triangular BTC®™ linkers. Here, octahedral cages share corners to generate a three-dimensional
structure possessing two types of pores: the voids within the octahedra, and the three-
dimensional channels on the exterior of the cages. The compound MOF-5 (Figure 7.4; SAggr =
3800 m?%/g) is one of the most well-studied metal-organic frameworks, and comprises a cubic
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Figure 7.2. (upper) A portion of the crystal structure of Mg,(dobdc)
(dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate; Mg-MOF-74, CPO-
27-Mg). Green, gray and red spheres represent Mg, C and O atoms,
respectively. H atoms have been omitted for clarity. (lower) Opposing
surface area distribution (OSAD) for Mg,(dobdc) as calculated with a
3.68-A probe molecule diameter and a 0.1-A step size.
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network of [ZnsO]°" clusters coordinated in an octahedral fashion by the linear BDC? linkers to
generate a high-surface area structure with voids extending in three dimensions. Finally, MOF-
177 (Figure 7.5; SAger = 5400 m?/g) is one of the highest-surface area materials reported to date,
consisting of significantly larger pores than the other structures considered here, and possessing
numerous pore windows that provide access between the large pores.

Mgz(dobdc). The opposing surface area distribution generated from the crystal structure
of Mgy(dobdc), as obtained with a step size of 0.1 A, is displayed in Figure 7.2. Interestingly,
most of the surface area within the material has an opposing surface disposed between 6 to 9 A,
which is significantly smaller than the distance of ca. 13.8 A between the surfaces of two Mg*"
cations on opposing vertices of the hexagonal pores of the channels, or the separation of ca. 11.7
A between the surfaces of two benzene rings on opposing edges. This serves to highlight the
considerable effect of surface corrugations on the opposing surface area calculations, in which
the spherical distribution of surface normals on each atom lead to the probe molecules being
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Figure 7.3 (upper) A portion of the crystal structure of Cus3(BTC),
(BTC® = 1,3,5-benzenetricarboxylate; HKUST-1). Green, gray and red
spheres represent Cu, C and O atoms, respectively. H atoms have been
omitted for clarity. (lower) Opposing surface area distribution (OSAD)
for Cuz(BTC), as calculated with a 3.68-A probe molecule diameter and
a 0.1-A step size.
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projected toward a variety of opposing surfaces within the channels. For rigid framework
structures, as is the case here, such a result is of particular significance, because it reflects the
likely trajectories taken subsequent to collision of an adsorbate molecule with the surface.
Regardless, the relatively narrow distribution of opposing surface distances is consistent with the
one-dimensional nature of the pores, in which the dense walls of the framework prevent the
probe spheres from being admitted into adjacent channels.

Cu3(BTC),. In the case of Cu3(BTC),, the opposing surface area distribution exhibits
three main maxima at 6.7, 11.1, and 13.3 A, respectively, as shown in Figure 7.3. Upon close
examination of the crystal structure, the 7 A distances predominantly arise due to probes that are
inserted and moved within the octahedral cages. Meanwhile, the surfaces disposed at distances of
12 and 14 A represent opposing surfaces within the larger three-dimensional channels that
extend throughout the structure. Notably, there is also a small amount of opposing surface area
below a separation of 5 A. This portion of the distribution corresponds to probes that are inserted
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Figure 7.4 (upper) A portion of the crystal structure of ZnsO(BDC);
(BDC* = 1,4-benzenedicarboxylate; MOE-5). Yellow, gray and red
spheres represent Zn, C and O atoms, respectively, while yellow
tetrahedra represent ZnO, units. H atoms have been omitted for clarity.
(lower) Opposing surface area distribution (OSAD) for ZnsO(BDC); as
calculated with a 3.68-A probe molecule diameter and a 0.1-A step size.
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within relatively small pockets, such as the windows of the octahedral cages.

MOF-5. For MOF-5, which features three-dimensional pores, three narrow peaks are
observed in the opposing surface area distribution at approximately 7.8, 15.0, 23.8 A, as shown
in Figure 7.4. Since most of the surfaces facilitating adsorption in MOF-5 originate from the
organic BDC”" linkers, these distances correlate with the mutual separation between the linkers
within the structure. Indeed, the 8-A peak represents the separation between nearest parallel
linkers in a single square pore, while the feature at 15 A is attributable to diagonally opposing
linkers within the pores. The broader feature at 24 A corresponds to the separation between the
organic surfaces of two adjacent square pores, and the distribution exhibits no opposing surfaces
that are separated by greater than 26 A. This indicates that the path of the surface normals are
such that the probe molecules collide with the framework atoms within the same unit cell or one
that is immediately adjacent to the unit cell in which it is generated. It should be noted that,
unlike for the previous two examples, the results here could be significantly impacted by taking
into account the dynamics of the benzene rings, which are able to rotate with a low activation
barrier."” The relative importance of such framework dynamics, which are not accounted for here,
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Figure 7.5 (upper) A portion of the crystal structure of ZnsO(BTB),
(BTB37 = 1,3,5-benzenetribenzoate; MOF-177). Yellow, gray and red
spheres represent Zn, C and O atoms, respectively. H atoms have been
omitted for clarity. (lower) Opposing surface area distribution (OSAD)
for ZnyO(BTB), as calculated with a 3.68-A probe molecule diameter
and a 0.1-A step size.
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will depend on the specifics of the connectivity of the framework structure, as well as the
temperature probed.

MOF-177. The opposing surface area distribution for MOF-177 is displayed in Figure
7.5. Owing to the relatively anisotropic shape of the pores—where each ellipsoid-shaped cage
within the structure is terminated by [ZnsO1]°" clusters approximately 45 A apart while reaching a
width of just over 21 A—and the high density of small rings and narrow voids within the cages,
the distribution is much broader than the other examples presented here. As a consequence of the
surface area of the material stemming predominantly from the organic surfaces on the BTB*"
ligands, and the fact that the edges of these linkers form a large number of small apertures within
the structure, the maximum opposing surface area is observed at wall separations between 6 and
11 A. However, the surfaces that constitute the walls within the large cavities also contribute a
significant proportion of the surface area, resulting in a broad profile at wall separations above
10 A. Despite the high surface area, with such a broad distribution of opposing surfaces,
frameworks of this type would not expected to be optimal for applications in which a specific
interwall separation is sought.

Screening of Metal-Organic Frameworks for High-Density Methane Storage. The
dense storage of methane within metal-organic frameworks is an area that is being actively
investigated owing to its possible implementation in mobile applications. Indeed, a number of
materials have been demonstrated to exhibit volumetric storage capacities approaching (and in
some cases, exceeding) the U.S. Department of Energy volumetric storage target of 180 v/v at
298 K and 35 bar.”® The discovery of new metal-organic frameworks with enhanced methane
storage capacities requires a detailed knowledge of the structural and chemical features that
would afford the increase in performance. A recent computational study has demonstrated the
significance of the pore size in dictating the adsorption capacity, in which a screening of a large
database consisting of isotherms generated by the grand canonical Monte Carlo method for over
130,000 hypothetical structures has revealed that pore sizes around 4 and 8 A (which roughly
correspond to the separation necessary to accommodate one or two methane molecules,
respectively) exhibited the highest storage densities.®

Currently, the metal-organic framework Cuy(adip) (adip” = 5,5'-(9,10-
anthracenediyl)diisophthalate; PCN-14), which features pore surfaces that are decorated with
exposed Cu’" cation sites on the axial positions of dinuclear paddlewheel units, arguably exhibits
the best performance in terms of the absolute volumetric methane uptake, reaching 230 v/v(STP)
at 298 K and 35 bar.”’*? Here, the high uptake is ascribed to the close approach (and dense
packing) of the methane molecules adsorbed on the Cu®" centers, as well as to the presence of
small cages that also act as preferable binding sites. Note that the contribution of the adsorption
within the cages constitutes a significant fraction of the total adsorption under these conditions,
since the full occupancy of the Cu®" adsorption sites would afford a maximum volumetric
adsorption capacity of just 160 v/v(STP). Thus, the organic surfaces within Cuy(adip) also act as
suitable binding sites for methane, and a recent study” has suggested the potential role of the
relatively close match between the size of methane and the void spaces within the cages in
affording the high methane uptake.
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The opposing surface area distribution for Cu,(adip) is displayed in Figure 7.6. Indeed, as
a result of the small cages that constitute the three-dimensional network, the bulk of the
distribution is concentrated towards wall separations of 8 A and below, with virtually no
opposing surfaces separated by more than 12 A. As such, the high volumetric storage capacity of
Cuy(adip) is likely to be primarily due to the high density of opposing surface area at
approximately 4 A, and also the low fraction of larger voids (> 8 A). Note that the minimization
of wall separations exceeding 8 A would also be important for boosting the volumetric storage
capacity, because it maximizes the van der Waals interactions between methane molecules and
the surface of the material. Although the opposing surface area distribution of Cuy(adip) is ideal
in this regard, a significant portion of the surfaces are separated by intermediate distances (i.e.,
greater than 4 A and less than 8 A), suggesting that materials featuring narrower distributions
centered at either 4 or 8 A would be worthy of further study by high-pressure methane adsorption
experiments.

Owing to the availability of high-pressure methane adsorption data at conditions relevant
to mobile methane storage, similar opposing surface area analyses were performed for a
collection of representative materials exhibiting a broad range of volumetric adsorption
capacities, and the resulting data are tabulated together with the experimental methane
adsorption capacities in Table 7.1. In addition to the reported BET and Langmuir surface areas,
the calculated accessible surface area is presented here, since a good match between the
experimental and calculated surface area is an important aspect in ensuring that the material has
been synthesized in pure form and fully activated. The volumetric surface area, which is
computed from the accessible surface area and the theoretical crystallographic density obtained
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Figure 7.6. The opposing surface area distribution for Cuy(adip) (PCN-14),
as calculated with a 3.68-A probe molecule diameter and a probe step size of
0.1 A. The small cages that constitute the structure lead to virtually no
opposing surfaces that are separated by more than 10 A, with the bulk of the
surfaces less than 6 A apart.
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from the desolvated crystal structure, is also of interest when considering the volumetric storage
performance, and is also tabulated to aid the following discussion.

An examination of the compounds with the highest volumetric adsorption capacities
reveals that most of the materials possess pore surfaces decorated with exposed metal cations,
which act as highly polarizing binding sites. Indeed, the isosteric heat of adsorption (Qy) of
methane within these materials is as high as —30 kJ/mol in Cus(adip),”' and is considerably
higher than the corresponding values for materials that facilitate adsorption only on organic
surfaces. In these cases, the Qg is generally in the range —13 to —17 kJ/mol, which is similar to
the heat of adsorption observed for the dispersion-type interactions that predominate within
carbon-based adsorbents.”*

With regard to materials that do not possess exposed metal cation sites, the highest
adsorption capacity to date has been observed in Cr(OH)(BDC) (MIL-53(Cr)), which exhibits a
volumetric uptake of 165 v/v(STP) at 35 bar and 304 K.** Surprisingly, this is substantially
higher than the value observed in MOF-5 (135 v/v(STP) at 36 bar and 298 K),'* which exhibits a
much higher calculated volumetric surface area of 2155 m*/g, compared to just 1475 m?/g for
Cr(OH)(BDC). The higher capacity in Cr(OH)(BDC) is presumably due to the predominant
opposing surfaces being disposed at a much closer distance of 6.7 A, and the narrow nature of
the opposing surface area distribution about this separation. Note that, although this separation
lies between the 4 and 8 A—distances that are considered optimal for high-density methane
storage—it is preferable to the structure of MOF-5, which features several sets of opposing wall
distances at ca. 7.8, 11.9, 15.0, and 23.8 A. Here, the greater separation of the walls is expected
to lead to a significant volume of methane that does not experience any influence from the pore
walls, and the volumetric capacity is lowered as a result of bulk-like compression of methane.

A screening of almost 100 common metal-organic frameworks using the opposing
surface area analysis revealed a distribution for ZrsO4(OH)4(BDC)s (UiO-66), as displayed in
Figure 7.7a, indicating that this material may be suited for high-density methane storage. As
shown, the profile is centered about a single sharp peak at 7.1 A, while a broader feature is also
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Figure 7.7 (a) The opposing surface area distribution for ZrsO4(OH)4(BDC)s (UiO-66) as
calculated with a 3.68-A probe molecule diameter and a probe step size of 0.1 A, and (b) the total
(circles) and excess (triangles) methane uptake recorded at 298 K. The solid line represents the
density of pure methane gas at 298 K as a function of pressure.
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observed at smaller separations of ca. 4.1 A. Although the Langmuir surface area of 1500 m?/g is
modest compared to the highest surface area materials considered in Table 7.1, the narrow
distribution of opposing surface distances around the separation distances of interest are expected
to be of benefit in the context of the volumetric storage capacity. Indeed, as shown in the high-
pressure methane adsorption data recorded at 298 K (see Figure 7.7b), the methane storage
capacity reaches 139 v/v(STP) at 35 bar, and 179 v/v(STP) at 90 bar. Although this value lies
below those recorded for most of the materials featuring exposed metal cation sites, it ranks
among the highest for compounds without such strong adsorption sites. Remarkably, this storage
capacity is achieved despite a calculated volumetric surface area of just 1270 m*/cm?’, which is
considerably lower than all of the other compounds listed here. This suggests that although
strong adsorption sites are of paramount importance for facilitating the close approach of
methane to the framework, optimization of the opposing surface area distribution also plays a
vital role in boosting the methane storage capacity.

7.4 Outlook

The foregoing results demonstrate a convenient and comprehensive method for
evaluating the distribution of opposing surface distances within a porous metal-organic
framework. The method can be extended to other types of crystalline materials, such as covalent-
organic frameworks or zeolites, provided that the unit cell and the coordinates of the framework
atoms are available. A screening of common structure types has shown that a wide variety of
opposing surface area distributions are already available, and we envisage that this method will
assist researchers by allowing new candidate materials for certain applications to be initially
identified based on the analysis of their three-dimensional structures, rather than by experimental
screening involving time-consuming measurements of the adsorption isotherms. Perhaps more
importantly, however, the opposing surface area distribution (OSAD) represents a fundamental
characteristic of a porous structure that indicates how well suited it may be for a storage or
separation application requiring a specific interwall dimension. Although the method was
employed here in the context of studying metal-organic frameworks for high-pressure methane
storage, the procedure is expected to be of utility in identifying crystalline materials suitable for
other applications, including hydrogen storage, acetylene storage, Xe/Kr separation, and
numerous other applications yet to be disclosed. Relatedly, we believe that seeking new
framework structures that feature a single intense spike in the OSAD could provide a means of
obtaining particularly valuable new adsorbents.
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Table 7.1. A comparison of experimental, calculated and predominant opposing surface area distances, and volumetric adsorption capacities of selected metal-
organic frameworks.

Surface Area

Experimental Calculated Main maxima in Methane Conditions -Qst
. a  Common . . . . OSAD Uptake ————— Exposed
Chemical formula name BET Langmuir  Gravimetric ~ Volumetric P T cations Ref.
(m%/g) (m%/g) (m%/g) (m¥/cm’) A (V/V(STP))  (bar) (K)  (kJ/mol)’
Cuy(adip) PCN-14 1750 2180 2080 1725 39,53 220 35 298 30.0 Yes 21
Niy(dobdc) Ni-MOF-74, 1218 1485 1775 75 195 35 298 213 Yes 26
CPO-27-Ni
1027 1485 1775 190 35 298 20.2 27
Co,(dobdc) Co-MOF-74, 1056 1510 1820 7.0,8.0 174 35 298 19.6 Yes 27
CPO-27-Co
Zny(dobdc) Zn-MOF-74, 885 1500 1830 7.0,7.9 171 35 298 18.3 Yes 27
CPO-27-Zn
Cuy(sbtc) PCN-11 1930 2440 3620 2385 4.0,5.9 170 35 298 14.6 Yes 28
Mg,(dobdc) Me-MOF-74, 1542 2020 1825 6.9, 8.0 169 35 298 20.5 Yes 26
CPO-27-Mg
1332 2020 1825 149 35 298 18.5 27
Cr(OH)(BDC) MIL-53(Cr) 1500 1415 1475 6.7 165 35 304 17.0 No 25
Cu3(BTC), HKUST-1 1502 2216 2105 1865 6.7,11.1,13.3 160 35 298 Yes 29
Mn;,(dobdc) Mxn-MOF-74, 1102 1545¢ 1815°¢ 7.0, 8.0 158 35 298 19.1 Yes 27
CPO-27-Mn ’
Al(OH)(BDC) MIL-53(Al) 1500 1455 1425 6.7 155 35 304 17.0 No 25
Zn,0(dbdc); IRMOF-6 2804 3305 3090 2020 15.0 155 36 298 No la
Cuy(BDC),(dabco) 1819 22034 18307 4.1,6.6,9.6 153 35 298 16.3 No 30
Cus(btei) PCN-61 3000 3500 3540 2115 7.4,13.2,20.1 145 35 298 13.8 Yes 31
Co,(BDC),(dabco) 1600 2300 22414 18307 4.1,6.6,9.6 140 35 303 No 32
Zrs04(OH)4(BDC); Ui0-66 1080 1270 4.1,7.1 139 35 298 No This work
Zny(BDC),(dabco) 1450 2190 1830 4.1,6.6,9.6 137 35 296 13.6° No 33
Zn,O(BDC); MOF-5 2296 3840 3630 2155 7.8,11.9,15.0,23.8 135 36 298 No la
Zn,O(abdc); IRMOF-3 2446 3062 3418 2130 15.0 120 36 298 No la
Zn,0O(btb), MOF-177 4500 5340 5140 2195 4.0-13.0 (broad) 115 35 298 No 34
Al(OH)(BPDC) DUT-5 1613 2335 2450 1600 11.6,13.1 105 35 303 No 35
“abdc® = 2-amino-1,4-benzenedicarboxylate;adip®” = 5,5’-(9,10-anthracenediyl)diisophthalate; BDC> = 1,4-benzenedicarboxylate; BPDC> = 4,4’-biphenyldicarboxylate; btb> = 1,3,5-
benzenetribenzoate; BTC* = 1,3,5-benzenetricarboxylate; btei® = 5,5°,5"-benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate); dabco = 1,4-diazabicyclo[2.2.2]octane; dbdc> = 1,2-

dihydrocyclobutabenzene-3,6-dicarboxylate; dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate; sbtet = trans-stilbene-3,3”,5,5’-tetracarboxylate. *Unless otherwise stated, calculated using the Clausius-
Clapeyron equation. “Calculated using the atomic coordinates and unit cell of Coy(dobdc) due to the lack of a suitable crystal structure. “Calculated using the atomic coordinates and unit cell of
Zny(bdc),(dabco) due to the lack of a suitable crystal structure. “Isosteric heat calculated from a virial-type expression.
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Appendix A: Evaluation of the Heat Capacity of Metal-Organic Frameworks
— Implications on Temperature-Swing Adsorption-Based CO2 Capture
Processes

A.1 Introduction

The regeneration step of a temperature-swing adsorption (TSA) process requires heating
of the sorbent up to the desorption temperature, which, depending on the specific configuration
of the power plant, may be as high as 200 °C. One parameter that is expected to impact
considerably the efficiency of this process is the heat capacity (C,) of the sorbent. The use of a
low-heat capacity sorbent would be expected to afford a lower energy penalty for the
regeneration step, which would be of significant benefit for reducing the total energy cost of
post-combustion CO, capture. Herein, we examine the heat capacities of two representative
metal-organic frameworks that have been examined for a variety of gas storage and molecular
separation applications. ZnsO(BTB), (BTB* = 1,3,5-benzenetribenzoate; MOF-177) features a
high BET surface area of 4690 m’/g and a large pore volume, but does not possess strong
binding sites for guest molecules owing to its predominantly organic surfaces. Meanwhile,
Mg,(dobdc) (MOF-74(Mg); dobdc™™ = 2,5-dioxido-1,4-benzenedicarboxylate) possesses a lower
BET surface area of 1800 m*/g, but contains one-dimensional pores that are decorated with a
high density of exposed Mg”" adsorption sites that facilitate strong interactions with gas
molecules. The selection of these two frameworks for study is expected to afford vital
information regarding the effect of the chemical composition and network structure on the heat
capacity of the bulk materials.

A.2 Experimental Section

All reagents were obtained from commercial vendors and used without further
purification. MOF-177 and Mg,(dobdc) were synthesized and activated according to the
literature procedures.

Heat Capacity Measurements. All thermal analyses were performed on a TA
Instruments Q200 differential scanning calorimeter (DSC) equipped with a refrigerated cooling
system RSC90 under a nitrogen or helium flow. Baseline data for the empty heating chamber
was collected between temperatures of —90 °C and 400 °C, followed by a temperature
calibration using the melting point of an indium sample (m.p. 156.60 °C). The energy axis was
calibrated by collecting heat flow data on a sapphire sample (21.8 mg) and fitting this data to the
literature values.'

A sample of activated MOF-177 (6.5 mg) or Mg,(dobdc) (9.4 mg) was hermetically
sealed within an aluminum pan in a glovebox under a nitrogen atmosphere, and the sample was
quickly transferred to the calorimeter. The heat flow data were collected using a temperature
ramp rate of 3 °C/min in the temperature range of —50 to 250 °C, using a temperature modulation
of £1 °C every 60 s. The sample was then cooled back to —50 °C, the heating cycle was repeated
a further two times, and the data for the three runs were averaged. The heat capacity was
obtained using the following expression:
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Hsam le mre
C,(sample) = H—p -—=—.C (ref) (A.1)

ref m, sample

where C(sample) and Cy(ref) represent the heat capacities of the sample and reference material
(sapphire), Hgmple and Hpr represent the heat flows for the sample and reference material
detected by the calorimeter with respect to an empty aluminum pan, and Mmgmple and s
represent the experimental masses of the sample and reference material, respectively.

A.3 Results and Discussion

The heat capacities for evacuated samples of MOF-177 and Mg,(dobdc) recorded under a
flow of N, are presented in Figure A.l. Interestingly, Mg,(dobdc) initially exhibits a slight
decrease in its heat capacity curve at temperatures up to 60 °C, presumably due to the desorption
of bulk N, from the pores of the framework. Such an effect is not observed when the heat
capacity measurement is conducted under a continuous He flow, since the adsorption of He is
negligible across this temperature range. In contrast, MOF-177, which adsorbs only a small
quantity of N, at these temperatures, exhibits a nearly linear increase in the heat capacity with
temperature. At temperatures above 60 °C, the heat capacities of the two materials are similar,
reaching ca. 1.6 J g ' K" at 200 °C. Nevertheless, consideration of the effect of adsorbed species
on the heat capacity will be important in evaluating the regeneration energy requirements of any
metal-organic framework in a TSA process since the material will contain significant amounts of
adsorbed gas molecules (primarily CO,) during the initial heating. The heat capacity values
reported here are comparable to the corresponding values for non-porous metal-organic
frameworks and zeolites.” Importantly, the heat capacities are considerably lower than those of
aqueous alkanolamine solutions, which carry a significant disadvantage in that the water in
which the amine molecules are dissolved must also be heated to the desorption temperature of
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Figure A.1l. Heat capacity of MOF-177 (green triangles) and Mg,(dobdc)
(blue squares) as a function of temperature as measured under N,.
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CO; (typically > 100 °C). For example, for a 30 wt % monoethanolamine (MEA) solution, the
heat capacity at 25 °C is 3.73 J ¢! K', which is close to the corresponding value for pure water
(4.18 T g ' K" at 25 °C), and is more than four times larger than the heat capacities of the metal—
organic frameworks studied here.” Although the heat capacities of the metal—organic frameworks
increase with temperature, the values at 200 °C are still less than half of the heat capacity of the
MEA solution.

A.4 Outlook

The foregoing results highlight one of the key advantages of adopting a temperature
swing adsorption process employing a metal-organic framework, wherein the contribution to the
energy penalty arising from heating the adsorbent would be greatly reduced compared to the
conventionally employed aqueous amine solutions.
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Appendix B: Synthesis and Structural Flexibility of a Series of Copper(ll)
Azolate-Based Metal-Organic Frameworks

B.1 Introduction

Metal-organic frameworks have attracted much recent investigation owing to their high
permanent porosity, convenient modular synthesis, and chemical tunability.' The ability to
judiciously select the metal ion and organic linker suggests that if the appropriate components
are combined, frameworks that are tailor-made for specific applications, such as gas storage® and
separation,®> may be prepared. However, significant improvements in the understanding of
structure-property relationships within this class of material are still needed in order to fulfill
their great potential. Indeed, despite the large number of frameworks studied for their gas
sorption behavior, flexibility, and chemical stability, it still remains difficult to predict how
changes to the framework constituents or network structure might affect the observed properties.
Thus, improvements in this regard would greatly aid in materials design, and from a practical
point of view, dramatically reduce the number of compounds that need to be studied for the
discovery of high-performance materials.

The systematic investigation of the adsorptive and dynamic properties of materials
exhibiting a common network topology may allow the effect of subtle changes to the framework,
such as the metal node or the functionality or length of the organic bridging unit, to be elucidated.
For example, the IRMOF series of frameworks, which feature a cubic network of tetrahedral
[Zn40]%" clusters bridged by dicarboxylate linkers demonstrates that a common network type can
be adopted despite the use of a diverse range of ligands.'** Meanwhile, in the M(DOBDC) (M =

Mg, Mn, Co, Ni, Zn; DOBDCY = 2,5-dioxo-1,4-benzenedicarboxylate) and the
N—NH
N// \N
N—NH 7
N// \N
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7
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Figure B.l. Organic bridging units employed in the present
work; 2-methyl-1,4-benzeneditetrazolate (H,MeBDT), 4,4’-
biphenylditetrazolate (H,BPDT), and 2,3,5,6-tetrafluoro-1,4-
benzeneditriazolate (H, TFBDTri).
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M;[(M4CD3(BTT)s], (M = Mn, Fe, Cu; BTT® = 1,3,5-benzenetristetrazolate) frameworks, the
same network connectivity is facilitated by a variety of metals.’® These materials are of
significant interest due to the presence of unsaturated coordination sites on the pore surface, and
depending on the metal employed the frameworks can exhibit enhanced affinities or selectivities
for certain gas molecules, which is crucial for the development of high-performance materials for
hydrogen storage and carbon dioxide capture.

In addition to variations in the composition of the materials, metal-organic frameworks

exhibiting reversible structural flexibility have also received significant study due to their
structural dynamics and unusual response to the adsorption of guest molecules.” These materials
frequently exhibit stepwise adsorption phenomena owing to transitions in the framework
structure, which can be of benefit for gas separation applications. For the separation of gases of
very similar kinetic diameters, such as O, and N, a potentially viable approach might be to
modulate the gate-opening pressure by tuning the internal pore surface of the material. The two
strategies mentioned above, namely modification of the metal or ligand component of the
framework, are potential avenues for the preparation of optimized materials.
Recently, we have reported two copper-based frameworks; Cu(BDT)(DMF) (BDT* = 14-
benzeneditetrazolate), and Cu(BDTri)(L) (L = DMF, DEF; BDTri* = 1,4-benzeneditriazolate).®’
Despite the use of different azolate functional groups, the frameworks are isostructural to each
other, and in the case of the triazolate-based materials, the same network topology is adopted
despite a different bridging solvent molecule being present in the structure. Interestingly, these
materials exhibit reversible changes in the pore dimensions depending on the quantity of guest
solvent content of the pores. In the case of the evacuated frameworks, a state in which the pore
apertures are closed, a high selectivity of O, over N is observed due to a kinetic sieving effect
based on the slightly smaller kinetic diameter of O, (3.46 A) compared to N> (3.64 A).'" Here,
we extend this library of copper(Il) azolate-based metal-organic frameworks derived from three
new organic linkers depicted in Figure B.1; 2-methyl-1,4-benzeneditetrazolate (H,MeBDT),
4,4’-biphenylditetrazolate (H,BPDT), and 2,3,5,6-tetrafluoro-1,4-benzeneditriazolate
(H,TFBDTri). The ligands have been synthesized for their different functionalities and length,
which are anticipated to allow access to unique dynamic properties within the resulting
frameworks. Indeed, while the resulting frameworks exhibit the same network topology, they
possess significantly different flexibility and chemical stability profiles with respect to exchange
of the bridging ligand, demonstrating the exquisite dependence of the framework properties on
the organic linker.

B.2 Experimental Section

General: All ligand syntheses were performed under a nitrogen atmosphere using
standard  Schlenk techniques. Azidomethyl pivalate " and 1,4-diethynyl-2,3,5,6-
tetrafluorobenzene'” were prepared as previously reported. All glassware was dried in an oven
set to a temperature of 150 °C for 24 h prior to use. Toluene was dried over activated 4 A
molecular sieves, passed through a column of activated alumina, and degassed with nitrogen.
Methanol was dried over calcium hydride then distilled. All other syntheses and manipulations
were carried out in the air. All reagents were obtained from commercial vendors and used
without further purification.

1,4-ditetrazol-5-yl-2-methylbenzene (H,MeBDT): Toluene (20 mL) was added to a 100
mL round-bottom flask containing 2-methylterephthalonitrile (0.34 g, 2.4 mmol), sodium azide
(0.95 g, 15 mmol) and triethylamine hydrochloride (2.0 g, 15 mmol). The reaction mixture was
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heated at reflux for 3 days, after which time a pale-brown solid was observed on the walls of the
reaction vessel. The reaction mixture was dissolved in 1 M NaOH (30 mL) and vigorously
stirred for 30 min, and the aqueous phase was collected by phase separation. This fraction was
treated with 1 M HCI (30 mL) until the pH of the solution was ca. 1, and the resulting white solid
was collected by filtration and dried overnight at 120 °C. The dried product was finely ground to
yield a pale-yellow powder (0.43 g, 79%). IR (neat): 3137 (m), 3065 (m), 3007 (m br), 2927 (m
br), 2827 (m br), 2707 (s br), 2625 (s br), 2495 (s br), 1807 (m br), 1580 (s), 1496 (m), 1454 (m),
1435 (m), 1390 (s), 1350 (w), 1282 (w), 1238 (s), 1153 (m), 1109 (m), 1086 (m), 1030 (m), 986
(s), 920 (s), 887 (s), 835 (s), 741 (s), 705 (w br), cm™. 'H NMR (dmso-d®): 6 17.10 (br s, 2H, -
NH), 8.14 (s, 1H, Hpy), 8.07 (d, 1H, J = 8 Hz, Hpp), 7.96 (d, 1H, J = 8 Hz, Hpy), 2.61 (s, 3H, -
CH3) ppm.

4,4’ ditetrazol-5-yl-biphenyl (H,BPDT): Toluene (20 mL) was added to a 100 mL
round-bottom flask containing 4,4-biphenyldicarbonitrile (0.50 g, 2.4 mmol), sodium azide (0.95
g, 15 mmol) and triethylamine hydrochloride (2.0 g, 15 mmol). A workup procedure analogous
to HoMeBDT was followed, yielding the pure product as an off-white powder (0.61 g, 87%).
Anal. Calcd. for C4HoNsg (290.28): C, 57.93; H, 3.47; N, 38.60. Found: C, 57.75; H, 3.49; N,
38.30. IR (neat): 3130 (m br), 3064 (m br), 3005 (m br), 2853 (s br), 2731 (s br), 2645 (s br),
1612 (s), 1556 (m), 1486 (s), 1423 (s), 1158 (m), 1055 (m), 1034 (m), 987 (m), 847 (w), 823 (s),
741 (s), 698 (w), cm™. 'H NMR (dmso-d®): 5 17.01 (br s, 2H, -NH), 8.21 (d, 4H, J = 8 Hz, Hpy),
8.04 (d, 4H, J = 8 Hz, Hp,). MS(FAB"): m/z 289 ([M-H]": 37%).

4,4’-(Perfluoro-1,4-phenylene)bis(1H-1,2,3-triazole-4,1-diyl)bis(methyl-ene)bis(2,2-
dimethylpropanoate) (FBTriMP): Water (3 mL) and t-butanol (6 mL) were added to a 50-mL
round-bottom flask containing 4-diethynyl-2,3,5,6-tetrafluorobenzene (0.17 g, 0.83 mmol) and
azidomethyl pivalate (0.29 g, 1.8 mmol). Sodium L-ascorbate (17 mg, 0.042 mmol) and 1 M
CuSOy solution (42 pL, 0.083 mmol) were added under vigorous stirring. The reaction mixture
was heated to 60 °C for 16 h after which time an orange solid was observed. 10 mL of ice water
was added, followed by 10% NHj3 solution (3 mL). The resultant suspension was stirred for 2 h,
and the product isolated by filtration, washing with water and drying under vacuum to yield a
pale orange powder powder (0.35 g, 82%). Anal. Calcd. for C,oH24F4N¢O4(512.46): C, 51.56; H,
4.72; N, 16.40. Found: C, 51.29; H, 4.62; N, 16.10. IR (neat): 3093 (w), 2983 (w), 1743 (s), 1490
(s), 1435 (m), 1389 (m), 1355 (w), 1275 (m), 1232 (m), 1116 (vs), 1058 (m), 1035 (s), 999 (m),
972 (s), 915 (m), 873 (w), 826 (m), 790 (m), 763 (m), 725(w), 674 (w), 631(w), 584 (w), 532
(w) cm™."H NMR (dmso-d®): & 8.82 (s, 2 H, -CH), 6.46 (s, 4 H, -CH,), 1.15 (s, 18 H, -C(CHs);)
ppm. "’F NMR (dmso-d°): -140 ppm.

2,3,5,6-tetrafluoro-1,4-benzeneditriazolate (H,TFBDTri): Methanol (5 mL) and water
(5 mL) were added to FBTriMP (0.55 g, 1.1 mmol) in a 50 ml glass round-bottom flask and
vigorously stirred for 5 hours. 40 ml of water was added and the mixture extracted with 4 x 20
ml of ether. The aqueous layer was then acidified with an excess of 1 M HCI to obtain an off-
white precipitate. The product was filtered and copiously washed with water, ether and
dichloromethane and dried under vacuum to afford an off-white powder (0.21 g, 70% yield). The
product can be further purified if necessary from residual copper catalyst by dissolution in 15%
aqueous ethylene diamine, followed by precipitation with 1 M HCIl and washing with water,
ether and dichloromethane. IR (neat): 3098 (br w), 2883 (br m), 2784 (br m), 2661 (br m), 1474
(s), 1445 (m), 1404 (w), 1348 (w), 1245 (m), 1234 (m), 1203 (m), 1157 (m), 1147 (m), 1081 (m),
1018 (w), 976 (vs), 907 (m), 854 (m), 825 (m), 781 (m), 727 (w), 673 (w), 619 (w) cm™. 'H
NMR (dmso-d°®) & = 15.73 (br s, 2 H, -NH), 8.41 (br s, 2 H, -CH) ppm. *C NMR (dmso-d®) § =
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144 (d, 'Je.p= 254 Hz, -CF), 134 (s, -Ca,), 125 (br s, -CH), 110 (s, Cry) ppm. "°F NMR (dmso--
d%: -135 ppm. MS (HR-ESI): m/z= 284.0438 (100.00%; '*C1oH4NgF,), 285.0462 (12.16 %;
2CoPCH4NGFS).

Cu(MeBDT)(DMF) (B.1, Cu-MeBDT): H,MeBDT (9.0 mg, 0.04 mmol) and
CuCl2H,0 (6.8 mg, 0.04 mmol) were added to a 4 mL scintillation vial. A 1:1 (v/v) mixture of
DMF-ethanol (2 mL), and concentrated HCI (20 uL) were added to the solids, and the vial was
placed on a hotplate set to 120 °C following tight sealing with a Teflon-lined cap. A blue-purple
microcrystalline powder was collected after 2 days to afford 5.0 mg of product (37%). Crystals
appropriate for single-crystal X-ray diffraction analysis were prepared as follows. A solution of
H,MeBDT (9.0 mg, 0.042 mmol) in DMF (1 mL) was added to a solution of CuCl,-2H,0 (6.8
mg, 0.040 mmol) in methanol (1 mL) in a 4 mL scintillation vial. Concentrated HCI1 (20 uL, 12
M) was added to the reaction mixture to yield a green solution, which was allowed to stand at
room temperature for 5 days. The resulting pale blue rod-shaped crystals were stored in the
mother liquor.

Cu(BPDT)(DMF) (B.2, Cu-BPDT): H,BPDT (12 mg, 0.041 mmol) and CuCl,-2H,0
(6.8 mg, 0.040 mmol) were added to a 4 mL glass scintillation vial. A 1:1 (v/v) mixture of
DMF-methanol (2 mL), and concentrated HCI1 (20 puL) were added to the solids, and the vial was
placed on a hotplate set to 90 °C following tight sealing with a Teflon-lined cap. A blue-purple
microcrystalline powder was collected after 2 days to afford 6.0 mg (37 %) of product. IR
(neat): 3317 (m br), 3074 (w), 2915 (w), 2539 (m br), 1673 (s), 1590 (s), 1545 (s), 1424 (m),
1369 (m), 1246 (s), 1126 (m), 1024 (s).

Cu(TFBDTri)(DMF) (B.3, Cu-TFBDTri): H,TFBDTri (8.5 mg, 0.029 mmol) and
CuCl-2H,0 (51 mg, 0.30 mmol) was added to a 4 ml glass scintillation vial. 3 ml of DMF
acidified with 3 drops of 0.2 M HNO; was added to the solids and the vial placed on a hotplate
set to 80 °C following tight sealing with a Teflon-lined cap. A blue-purple microcrystalline
powder was collected after 4 days by filtration, washing with DMF and evacuation under
vacuum to afford 4 mg of product. This solid is isostructural to CuBDTri(DMF) C phase’ and its
unit cell can be indexed with the same space group, Imma with lattice parameters a = 24.53(2) b
=6.959(7) ¢ = 9.393(7) A. IR (neat): 1643 (s), 1488 (s), 1384 (m), 1370 (sh), 1337 (w), 1245 (w),
1223 (w), 1106 (m), 1060 (w), 1021 (w), 974 (vs), 849 (m), 789 (s), 696 (w), 665 (W), 637 (W),
482 (m).

Crystal Data for B.1-AS: C;3H4CuNgO, M = 351.79, orthorhombic, Imma, a = 22.709(5)
A, b=7.1180(14) A, ¢ = 12.828(3) A, ¥'=2073.6(8) A>, T=100(2) K, 1=0.71073 A, Z=4, p =
1.127 g/cm3, 2554 data measured, 470 unique data, R;,, = 0.0470, R/ = 0.0809, wR2 = 0.2241 for
470 contributing reflections [/ > 2a(/)], GOF = 0.902.

Other Physical Measurements: Powder X-ray diffraction data was collected using Cu
Ka radiation (A = 1.5406 A) on a Siemens D5000 diffractometer. Indexing of the diffraction
patterns for 1-3 was performed within the Bruker EVA software. Single-crystal X-ray diffraction
data were collected on a Siemens SMART 1000 diffractometer, and structures were subsequently
solved using the SHELXTL 5.0 software package following absorption corrections applied by
SADABS. 'H NMR spectra were recorded at ambient temperature on Bruker AV-300, AVQ-400,
AVB-400, and AV-600 spectrometers, and all chemical shifts are given in relation to residual
solvent peaks. Thermogravimetric analyses were carried out on a TA Instruments TGA 2950 at
a temperature ramping rate of 4 °C/min under a flow of nitrogen gas. Infrared spectra were
collected using a Nicolet Avatar 360 FTIR spectrometer equipped with an attenuated total
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reflectance accessory (ATR). Carbon, hydrogen, and nitrogen analyses were performed by the
Microanalytical Laboratory at the University of California, Berkeley.

B.3 Results and Discussion

The combination of CuCl,-2H,O and HoMeBDT in an acidified mixture of DMF and
methanol at room temperature yielded blue-green, block-shaped single crystals of the solvated
form of Cu(MeBDT)(DMF) (B.1-AS). X-ray analysis of the crystals revealed an orthorhombic
network which crystallizes in an orthorhombic space group Imma (Figure B.2), which is
isostructural to both Cu(BDT)(DMF)® and Cu(BDTri)(L) (L = DMF, DEF).” The network
consists of octahedral Cu® ions in which the four equatorial coordination sites are coordinated
by nitrogen atoms of four different tetrazolate groups, while the axial sites are occupied by
bridging DMF molecules resulting in one-dimensional chains in the [010] direction. The
individual chains are linked by the MeBDT? ligands, creating diamond-shaped one-dimensional
channels that run parallel to the Cu®" chains. Note that the methyl substituent on the bridging
ligand was crystallographically disordered over the four possible sites on the benzene ring.
Thermogravimetric analysis of a sample of B.1-AS following immersion in dichloromethane
revealed that following the initial evaporation of dichloromethane up to approximately 50 °C, the
material maintains its structure until approximately 200 °C, above which the bound DMF
molecules are lost, resulting in decomposition of the framework. The thermal stability is indeed
comparable to that of other tetrazolate-based frameworks reported recently.®*

Surprisingly, the single-crystallinity of the as-synthesized material was lost following
evacuation of the pores by immersing the crystals in dichloromethane and evaporating the
solvent within the pores under a slow flow of dinitrogen. This is presumably due to the

Figure B.2. A portion of the crystal structure of as-synthesized Cu(MeBDT)(DMF)
(B.1-AS) as viewed down the [010] direction. Turquoise, gray, and blue spheres
represent Cu, C, and N atoms, respectively. Hydrogen atoms and bridging DMF
molecules have been omitted for clarity.
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mechanical stress generated by the significant changes in the dimensions of the channels within
the framework. Indeed, comparison of the powder X-ray diffraction pattern of B.1-AS (Figure
B.3a) with that of the desolvated material (B.1-DMF, Figure B.3b) revealed a significant shift in
several of the predominant reflections, most notably the (101) reflection. Furthermore, full
indexing of the powder pattern was possible to a significantly smaller unit cell within the same
space group Imma, wherein the cell parameter ¢ was significantly contracted compared to the
solvated structure, indicating partial collapse of the one-dimensional channels upon removal of
the non-coordinated solvent molecules. Infrared spectroscopy confirmed that the bridging DMF
molecules, and hence the original network connectivity, had been retained in B.1-DMF.
Moreover solvation of the pores of B.1-DMF by soaking in neat DMF, a powder X-ray
diffraction pattern matching that of to B.1-AS was obtained, indicating opening of the pore
aperture.

The ability of the bridging solvent to be modified in the Cu(BDTri)(L) (L = DMF, DEF)
system prompted our efforts to probe the extent to which this is possible for B.1. In our hands,
while the framework could not be prepared from neat organic solvents other than DMF, we
found that the as-synthesized material B.1-AS could be immersed in DEF to generate
Cu(MeBDT)(DEF) (B.1-DEF), in which the bridging DMF solvent molecules were fully
displaced by DEF. Furthermore, indexing of the powder X-ray pattern of the dried form of B.1-
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Figure B.3. Powder X-ray diffraction patterns for (a) as-synthesized
Cu(MeBDT)(DMF) (B.1-AS), (b) evacuated Cu(MeBDT)(DMF) (B.1-DMF), (c)
Cu(MeBDT)(DEF) (B.1-DEF), (d) Cu(MeBDT)(MeOH) (B.1-MeOH), (e)
Cu(MeBDT)(EtOH) (B.1-EtOH), (f) Cu(MeBDT)(DMSO) (B.1-DMSO). The filled
square symbol indicates the (101) reflection, which readily evolves upon solvent
exchange.
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DEF (Figure B.3c) was possible within the space group /mma using a unit cell slightly larger
than that observed for B.1-DMF, consistent with the slightly greater steric bulk of DEF
compared to DMF.

The generality of the substitution of the bridging solvent was tested by submerging
samples of 1-AS within a range of common organic solvents. Indeed, DMF could be displaced
by a broad range of other coordinating solvents, such as methanol, ethanol, and DMSO,
generating Cu(MeBDT)(MeOH) (B.1-MeOH), Cu(MeBDT)(EtOH) (B.1-EtOH), and
Cu(MeBDT)(DMSO) (B.1-DMSO), respectively. Immersion of single-crystals of B.1-AS within
these coordinating solvents resulted in cracking of the crystals, consistent with the significant
mechanical stress imparted by the changes in the dimensions of the one-dimensional channels.
However, the powder X-ray diffraction patterns (Figure B.3d-f) could be fully indexed within the
space group Imma in all cases, affording the unit cell parameters tabulated in Table B.I.
Comparison of the unit cell volumes reveals that the pore dimensions follow that of the steric
bulk of the coordinated solvent, suggesting the possibility for tuning of the porosity and surface
chemistry by use of the appropriate solvent molecule. Notably, the use of solvent molecules
larger than the size of the pores, such as 1-butanol and benzyl alcohol resulted in no
displacement of the bridging solvent as evidenced by the unchanged powder X-ray pattern
following drying of the sample.

Table B.1. Unit cell parameters of as-synthesized and solvent exchanged forms of B.1-B.3 as
determined from indexing'® of the powder X-ray diffraction patterns.

B.1- B.1- B.1- B.1- B.1- B.1-
AS DMF DEF MeOH EtOH DMSO

B.3- B.3- B.3-

B.2 DMF DEF  DMSO

a(A) 22.72 24.66 24.39 25.10 24.88 25.01 31.23 24.54 24.55 24.64
b(A) 7.234 7.090 7.124 7.270 7.195 7.137 6.667 6.970 6.980 6.960
c(A) 14.95 9.290 10.21 7.561 8.338 8.480 12.98 9.390 9.948 8.618

V (A% 2349.0 1624.3 1773.0 1379.5 1494.0 1513.6 2702.6 1606.1 1705.0 1478.3

! Space group: Imma

The reaction of CuCl,-2H,0 and H,BPDT in an acidified DMF and EtOH mixture at
room temperature yielded blue, block-shaped crystals of the solvated form of Cu(BPDT)(DMF)
(B.2-AS). Indexing of the powder X-ray diffraction within the space group /mma revealed that
the framework is indeed an expanded version of B.1. The unit cell parameter a (31.559(4) A) is
significantly larger than the corresponding value observed in B.1-AS (22.709(5) A), which is
consistent with the use of a longer organic linker, and the formation of wider channels.
Interestingly, in contrast to B.1, samples of B.2 washed with methylene chloride and air-dried
retained the same powder X-ray diffraction pattern (Figure B.4), indicating structural rigidity
upon evacuation of the pores of the framework. The flexibility of B.2, and solvent exchange
properties thereof, were further assessed by submerging crystals of B.2 within the same organic
solvents as those successfully incorporated into B.l. Surprisingly, under all conditions, the
framework structure remained rigid, and no changes to the powder X-ray diffraction pattern were
detected.

The solvothermal reaction of CuCl,-2H,0 and the fluorinated ligand H,TFBDTri in DMF
at 80 °C in DMF over 4 days resulted in the precipitation of Cu(TFBDTri)(DMF) (B.3-AS) as a
blue-purple powder. Analysis of the powder X-ray diffraction pattern revealed that the material
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is indeed isostructural to B.1. Note that in the case of perfluorinated ligands bearing carboxylate
functionalities, materials that are isostructural to their non-fluorinated counterparts have not yet
been reported. * As expected from the higher coordination strength of the ligand,
thermogravimetric analysis revealed a modest improvement in the thermal stability of the
framework over B.1 and B.2, which may be attributed to the higher thermal stability of the
triazole functionality'* and/or aryl carbon-fluorine bonds."” A similar soaking of B.3-AS within
DEF and DMSO generated the corresponding frameworks Cu(TFBDTri)(DEF) (B.3-DEF) and
Cu(TFBDTri)(DMSO) (B.3-DMSO), respectively. As was observed for B.1, the powder X-ray
diffraction patterns (Figure B.5a-c) indicated flexibility of the framework, and the resulting unit
cell volumes are consistent with the steric bulk of the solvent employed. Surprisingly, when
samples of B.3-AS were submerged in water or methanol, significant broadening of the
reflections in the powder pattern was observed, indicating a decrease in the crystallinity of the
sample.

The significant difference in the framework flexibility between compounds B.1- B.3 is
quite unexpected due to the structural similarities and network connectivity of the materials.
While the exact mechanism giving rise to the solvent substitution is currently unknown, one
possibility may lie in the strength of the binding of the bridging solvent molecules as a result of
electronic effects and steric demands imposed by the various bridging ligands. Similar effects
have been reported recently by Férey and co-workers for derivatives of the MIL-53(Fe) structure
type,'® which exhibited linker-dependent flexibility upon immersion within a variety of organic
solvents. Ongoing studies will be directed towards gaining a more detailed understanding of the
mechanism of solvent substitution, and effects on the resulting gas sorption properties.

B.4 Outlook

The foregoing results demonstrate broad applicability of the Cu(BDT)(DMF) structure
type, allowing for the generation of three isostructural materials from a variety of organic linkers.
The flexibility within this series of framework is strongly influenced by the specific organic
bridging unit that is employed, wherein B.1 is readily flexible upon guest solvent molecules
being incorporated into the pores, while the B.2 remained rigid under all conditions attempted in
this study. Flexibility could also be demonstrated for B.3, in which DEF and DMSO could be
exchanged for DMF. Studies directed towards elucidating the reasons for such a significant
difference in the flexibility between these frameworks, are currently underway. Furthermore,
efforts to achieve a more detailed understanding of the chemical properties of the channels, such
as polarity-dependent guest solubility, and the adsorptive properties of the frameworks, are also
ongoing. We envisage that this structure type can be adopted by an even broader range of ligand
functionalities, which should lead to an increased understanding of the structure-property
relationships within this class of metal-organic framework.
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Figure B.4. Powder X-ray diffraction patterns of (a) as-synthesized Cu(BPDT)(DMF) (B.2-AS),
and (b) following immersion of B.2-AS in MeOH. Both diffraction patterns were collected
following washing of the solid with dichloromethane, and evacuation of the residual unbound

solvent molecules.
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Figure B.5. Powder X-ray diffraction patterns for (a) Cu(TFBDTri)(DMF) (B.3-DMF), (b)
Cu(TFBDTri)(DEF) (B.3-DEF), and (c¢) Cu(TFBDTri)(DMSO) (B.3-DMSO). The intense
reflection located at approximately 10° 26 represents the (101) reflection, which evolves upon

solvent exchange.
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Figure B.6. Powder X-ray diffraction patterns of (a) Cu(MeBDT)(DMF) (B.1-DMF), (b)
Cu(TFBDTri)(DMF) (B.2-DMF), and (¢) Cu(BPDT)(DMF) (B.3-DMF), following immersion

in DMF and evacuation.
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Table B.2. Experimental positions (°) of the predominant reflections (4kl) within the powder X-
ray diffraction patterns of B.1-AS used for indexing within the orthorhombic space group Imma
and fitting of the unit cell parameters.
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Table B.3. Experimental positions (°) of the predominant reflections (4k/) within the powder
X-ray diffraction patterns of B.1-DMF used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.4. Experimental positions (°) of the predominant reflections (4kl) within the powder X-
ray diffraction patterns of B.1-DEF used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.5. Experimental positions (°) of the predominant reflections (4k/) within the powder X-
ray diffraction patterns of B.1-MeOH used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.6. Experimental positions (°) of the predominant reflections (4kl) within the powder X-
ray diffraction patterns of B.1-EtOH used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.7. Experimental positions (°) of the predominant reflections (/4k/) within the powder X-
ray diffraction patterns of B.1-DMSO used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.8. Experimental positions (°) of the predominant reflections (4kl) within the powder X-
ray diffraction patterns of B.2 used for indexing within the orthorhombic space group /mma and
fitting of the unit cell parameters.
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Table B.9. Experimental positions (°) of the predominant reflections (%kl) within the powder X-
ray diffraction patterns of B.3-DMF used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.10. Experimental positions (°) of the predominant reflections (%kl) within the powder
X-ray diffraction patterns of B.3-DEF used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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Table B.11. Experimental positions (°) of the predominant reflections (4kl) within the powder
X-ray diffraction patterns of B.3-DMSO used for indexing within the orthorhombic space group
Imma and fitting of the unit cell parameters.
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