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Abstract of the Dissertation
Structural Characterization of Gas Adsorption in Metal Organic Frameworks
by
Anna Monika Plonka
Doctor of Philosophy
in
Geosciences
Stony Brook University

2015

Selective adsorption and sequestration of carbon dioxide from sources of anthropogenic
emissions is important to mitigate the growing level of the atmospheric CO,. Solid state
adsorbents, such as metal organic frameworks (MOFs), are proposed as an alternative to the
currently used toxic and corrosive alkanolamine solutions. The aim of this work was to
understand the interactions between adsorbed gases and a pore surface of crystalline MOFs at a
molecular level, and identify the connection between geometry and gas selectivity.

In contrast to current trends in the design of MOFs, we described the unique mechanism
responsible for a high CO,/N, adsorption selectivity in a Ca-based MOF: Ca(sdb), (sdb: 4,4’-
sulfonyldibenzoate), even in the presence of water in the gas stream. Single crystal XRD
experiments of gas-loaded samples revealed that the v-shaped linker provides a “m-pocket”
formed by two phenyl rings, and that CO, locate between the rings, resulting in a high heat of
adsorption. To determine the gas adsorption performance in situ in the presence of water, we
used X-ray Diffraction (XRD) simultaneously with differential scanning calorimetry (XRD-

DSC). The XRD-DSC technique allows measurements of heat flow that provide enthalpy of



adsorption, while at the same time XRD allows evaluation of structural responses during MOF
activation and gas adsorption. We also used XRD-DSC to determine the performance of
Cd(sdb), the Cd-based analogue of Ca(sdb): Cd(sdb) shows a high selectivity for CO, over Na.
In situ vacuum-swing XRD-DSC allowed us to determine the heat of adsorption values of the
adsorbate; results of these studies were consistent with the n—CQO; interaction as the origin of the
selectivity.

The newly described “m-pocket” is a potential site for a selective adsorption of gases
other than CO,. Hydrocarbon gases (C,H,), such as ethane, ethylene and acetylene, were
adsorbed on Ca(sdb) and on another Ca-based MOF: Ca(tcpb) [tcpb: 1,2,4,5-tetrakis(4-
carboxyphenyl)benzene] with a high measured energy of interaction. Structural data suggest that
C,H, interact with the organic linkers within the MOF frameworks through C-H ' and C-H O
interactions. The knowledge acquired here can promote systematic synthetic searches for novel
materials that can serve as selective solid-state adsorbents.

Finally, the formation of Ca-based Metal Organic Frameworks was studied using
different structural isomers of pyridinedicarboxylic acid. Nine MOF materials were synthesized
and structurally analyzed. The atomic arrangements in the crystal structure of resultant MOFs are
based on a variety of the inorganic structural motifs, ranging from isolated polyhedra to infinite
chains, a layer or a 3-D connectivity, depending on the linker geometry and the synthetic

condition.
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Chapter 1

Introduction

1.1 Carbon sequestration

The development of an efficient, inexpensive and easy to implement adsorber systems for
the removal of carbon dioxide from sources of anthropogenic emission is one of the grand
challenges faced by modern science and engineering. The level of CO, is constantly monitored
due to its implication in global warming and increasing concerns of continuous use of fossil fuel
combustion as a main energy source. The level of atmospheric CO, continues to grow and in
March 2015 it reached a concentration of 403.1 ppm, which is the highest value recorded in
recent history (Fig. 1.1).} In the last 800 thousand years, the bounds generally do not exceed 300
from the oscillatory mean (Fig. 1.2) supporting the argument that the recently observed increase
of CO;, indeed is of anthropogenic origin.?

Global emission of greenhouse gases is increasing at the fastest rate ever, despite
development and implementation of mitigation technologies. In the decade 2000 — 2010 annual
emission was increasing by 10 Gt carbon dioxide equivalents (COeq) per year.? Among other
processes leading to greenhouse gases production, the burning of fossil fuels contributes to over
60% of the total global emission (Fig. 1.3).? The majority of emitted CO, comes from energy
generation — in USA almost 70% of electricity in 2014 was obtained from plants burning coal
and natural gas (Fig. 1.4).® Globally the burning of fossil fuels provides over 86% of energy, and
this amount is projected to increase due to economic growth particularly in developing nations.?

The Intergovernmental Panel on Climate Change (IPCC) reported in 2013 that based on the



concentration growth rate of CO, the average global temperature will increase from 3.7 to 4.8 °C
by the year 2100.2

The central strategies developed for stabilizing the amount of atmospheric CO are based
on carbon capture and storage (CCS) of CO, emitted from fuel plants and natural gas wells.* The
majority of emitted CO, arises from coal and gas combustion, motivating the development of
new energy sources, and stimulating research into engineering solutions that would drastically
reduce the emission by capturing CO, from currently operating plants.> The estimation shows
that fuel plant equipped with CCS technology will reduce the CO, emission by 80-90%.% CCS is
a three-step process: 1) CO, capture and separation 2) transportation and 3) permanent storage.”
Of three basic options for CO, capture — post-combustion, pre-combustion or oxy-fuel
combustion, an efficient and selective post-combustion capture is of particular interest because it
could be readily implemented, whereas pre-combustion and oxy-fuel combustion require
development and installation of new technologies, and replacement of currently operating power
plants.* After successful CO, capture large amounts of gas need to be stored permanently as the
quantity will most likely exceed possible demands of chemical industry, where CO, may be used
as a feedstock.* The basic strategies for CO, storage include injecting compressed gas into
depleted gas and oil reservoirs, saline or brine aquifers or into ocean water below 1000 m.®

The technology of CO; capture and separation is facing many challenges. Typical flue
gas stream contains N2:H,0:CO; ratios of 6.2:1:1 (by weight) and up to 15% of CO, by volume
at pressures of ~1bar.” Selective capture of CO, at such a low concentration, from gas flow
containing other components that may compete with CO, during sorption processes, requires
development of new materials. The retrieval of CO, from flue gas mainly requires N,/CO,

separation as N is the predominant component in the gas stream (Fig.1.5). Such separation is



especially difficult in the presence of water, because water can strongly compete with CO,
during sorption processes. Similarly, “sour” natural gas sources typically contain over 40% of
COg; unlike separations from flue streams, which are typically at about 1 atm pressure,
separation technologies of selective removal of CO, from natural gas streams must operate at
high pressures.®

Current post-combustion capture and gas purification technologies utilize chemisorption
in aqueous alkanolamine solutions, which are highly efficient in CO, removal but require
significant energy for regeneration. The COz-amine bond formed during absorption needs to be
cleaved for the regeneraiton of the sorbent.” The energy cost is elevated even more due to high
heat capacity of water, which comprises approximatelly 70% of the solution and needs to be
heated for the sorbent regeneration.® Furthermore, alkanolamine solutions are toxic and corrosive
what limits their apllications on the larger scale.” Hence the use of dry solid state sorbents such
as zeolites, activated carbon and more recently Metal Organic Frameworks (MOFs) are proposed
as alternatives especially in combination with pressure swing processes.” & Zeolites or moleular
sieves are porous aluminosilicate materials wich are highly efficient for CO,/N, separation in dry
conditions, but they become saturated with water, what over time leads to significant reduction
of CO, sorption capacitity.” Activated carbon, which is an amorphous porous solid prepared by
pyrolysis of reisins containing carbon, has a much lower CO, affinity when compared to zeolites
or MOFs, due to uniformly distributed electric potential without strong adsorption sites, leading
further to low CO./N, selectivity.®

Rather than relying solely on tuning the pore diameters of microporous materials to select
between gases based in size (the kinetic diameters of CO,, CH4 H,O and N, are 3.30, 3.76, 2.65,

3.64 A, respectively) selective separation must rely on differences in electronic properties such



as quadrupole moment and polarizability.> The affinity towards CO, is one of the major
parameters requiring optimization with the major trade-offs being between the high sorbent-CO,
interaction energy, which favors selectivity but comes with the high energy cost required for
material regeneration.” On the other hand low CO,-affinity diminishes sorption efficiency despite
cost-effective regeneration.” Also, the optimal CO, sorbent must be stable over many adsorption-
desorption cycles to be to utilized during the whole lifetime of the plant.> Finally, the adsorbent
must have sufficiently high surface area, leading to high CO, gravimetric uptake to lower the
volume of the sorbent bed.’

For natural gas purification CO; and light hydrocarbons are removed from methane in
order to reduce CO,-induced pipeline corrosion and produce high-purity gases for energy and
other industrial applications.® The purified methane obtained from natural gas is the cleaner
alternative to gasoline or diesel automobile fuels, producing less CO, during burning.'
Furthermore natural gas is the main source of ethane, after methane it is the second largest
component with the volume percent ranging from 0.7 to 6.8.'? Ethane is the main feedstock for
ethylene production, which in turn serves as the primary building block of polyethylene-based
materials.*® Currently CO, and light hydrocarbon fractions of natural gas are separated through
the cryogenic distillation, which is energy intensive; separation using solid state adsorbents
capable of operating in higher temperatures is proposed as a more economical alternative.'
Indeed several classes of porous solid state materials have been tested for industrially important
gaseous hydrocarbon separation (e.g. C,, Cs, C4) with encouraging results. Zeolites 5A and 13X
can be used for the propylene/propane separation as reported by Jarvelin and Fair.™ Linear and
branched hydrocarbon mixtures such as n-butane/i-butane or xylene isomers can be separated

with MFI-type zeolites, with the reported selectivity between 20-60 for n-butane and over 600



for xylene.'® Silver exchanged porous aromatic framework PAF-1-SO3zH effectively separates C,

hydrocarbons as reported by Ma and coworkers.*’
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Figure 1.1 Carbon dioxide concentration measured at Mauna Loa Observatory, latest CO,
reading as of March 15 2015 is 403.10 ppm.*
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Figure 1.2 Atmospheric CO, concentration in last 800 thousand years, the levels before 1958
acquired form ice core data, after 1958 from Mauna Loa Observatory. Green line indicates 400
ppm level, which was reached in early 2015.
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Figure 1.3 Sources of global anthropogenic greenhouse gases emission in 2010. Approximately
76% of the total emission comes from CO, gas.?
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1.2 Metal Organic Frameworks for Gas Adsorption and Separation

Metal Organic Frameworks (MOFs) are a new class of porous materials that exhibit
adsorption properties comparable or superior to commercially important materials such as
aluminosilicate zeolites. There are reports of MOFs having higher surface areas per gram than

any other porous material.'®

At a high pressure, a container filled with certain MOFs of ultra-
high surface area is able to store nearly ten times more CO, than an empty container alone.*®

The generic structure of a MOF is derived from metal nodes formed by single ions or
metal clusters which are connected by organic ligands to form infinite networks (Fig. 1.6).'®
MOFs possess great structural and chemical diversity and are easily modified to allow for tuning
of material properties for a specific function. Their diversity, utility and ease of synthesis lead to
the tremendous explosion in the number of MOF structures reported to date.’® MOFs are
proposed as an alternative in various gas adsorption and separation processes including CO,
removal from flue gas or from natural gas for its purification.”® Their great chemical diversity
and high surface areas also suggest other industrial applications including gas storage, drug
delivery, catalysis, sensing, proton conduction and artificial photosynthesis.?

Due to their hybrid organic-inorganic nature, and the possibility of functionalizing metal
centers and ligands (Fig.1.6), MOFs can be more easily modified and optimized to suit specific
applications to higher extent than other porous materials such as aluminosilicate zeolites. Most
MOFs are synthesized under mild conditions allowing for better control over the synthesis and
retrieval of metastable phases.”? Even though the resultant structure mainly depends on the metal

and linker used, the reaction temperature, solvent and rate of the crystal growth can also

influence the structure type produced.?® The type of solvent used for synthesis can completely



change the resulting network topology and this is rationalized by hypothesizing that solvent
molecules may act as templates to form porous networks of the specific pore sizes and
dimensions.”*? Furthermore, organic ligands can be easily synthesized or modified for the MOF
of desired topology and functional groups within pore space (Fig. 1.7).% Finally, the structure of
MOF can be modified post-synthesis, via the addition or exchange of functional groups, linkers
or metal nodes exchange, and encapsulation of metal nanoparticles within the pores.?* Among
the diverse range of porous MOFs reported so far, those containing biocompatible metals like
calcium and magnesium are of special interest. The low toxicity and Earth abundance of Ca- and
Mg-based MOFs, relative to first-row transitional metals or lanthanide metals based MOF
analogues may be especially beneficial in potential industrial applications.*

Strategies used to produce MOFs with CO, separation properties competitive with those
of commercially established aluminosilicate zeolites, include pore surface modification with
strongly polarizing functional groups such as amines, and desolvating metal centers to produce
under coordinated sites suitable for the CO, sorption.> ® The strong adsorption sites such as
amine groups or open metals, offer higher enthalpy of CO, adsorption and increased CO,/N,
selectivity. In the amine-functionalized materials the selectivity toward CO, adsorption is
especially high, but the additional functional groups lower the effective pore surface area and so
the total uptake capacity.?® Strong interaction with polarizing functional groups as well as with
open metal sites presents other drawbacks, including an increase in material regeneration cost.’
Furthermore, small amounts of water in the gas stream can significantly affect the CO,
adsorption properties in zeolites and MOFs with open metal sites, since the exposed cation will
be immediately coordinated by water molecules, preventing CO, from interacting with the

adsorption sites.”” The lack of CO, adsorption in the presence of humidity severely limits the



utility of materials functionalized with under-coordinated metal centers for the CO, removal
from flue gas, Strategies complimentary to relying on under-coordinated metal centers for
producing gas-selective MOFs are therefore sought. One such strategy might be to design
frameworks that contain adsorption sites within the organic linker that selectively bind gases
rather than water, with moderate binding energy so as to facilitate easy regeneration.?®

Experimental gas sorption studies of MOFs usually focus on gas isotherms measurments
that, while providing the necessary information on the overall gas uptake and framework
behavior upon gas loading, yield limited information on the mechanism of gas adsorption.
Understanding the key atom-atom interactions responsible for a high gas selectivity provides a
means to discriminate between possible materials for industrial applications, like CO;
sequestration or natural gas purification. Determining the key guest-host interactions is also vital
to the development of reliable inter-atomic potentials necessary for simulating adsorption
behavior. For zeolite molecular sieves this approach allows routine prediction of adsorption
behavior.® Repeating this success for crystalline MOFs requires high quality X-ray diffraction
data to facilitate precise characterization of sorption sites, and to augment the still limited
number of the structural reports of CO, adsorbed on porous hybrid materials. % *°

One of the earliest crystallographic studies on CO,-loaded MOF was performed on the
flexible MIL-53-Cr [MIL: Materials Institute of Lavoisier; Cr(OH)(bdc); bdc: 1,4-
benzenedicarboxylate]. The synchrotron in situ powder X-ray diffraction experiment allowed the
description of the breathing behavior of MIL-53-Cr upon the gas loading and identified strong
adsorption sites responsible for the high CO,-network affinity.** Further, Vaidhyanathan et al.
performed an in situ single crystal X-ray diffraction study of amine functionalized zinc-based

MOF [Zn,(atz),(ox); atz: 3-amino-1,2,4-triazole, ox: oxalate]. The study provided direct
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experimental proof that CO, interacts with amine functional groups within MOF framework,
through a weak interaction in a physisorptive manner. In the gas-loaded Zn,(atz),(ox), CO,
molecules are located in two distinct crystallographic sites; one interacting with the amine, while
the other is placed within two oxalate ligands.*® CO; interacting with open metal sites was
observed in Ni-MOF-74 [Niy(dobdc); dobdc = 2,5-dihydroxyterephtalate] by Blom and
coworkers. They performed high resolution powder X-ray diffraction experiment and observed
short Ni“CO, distances (2.29 A), supporting the claim that the polarizing nature of Ni is
responsible for the high CO, heat of adsorption (Fig. 1.8). More recently, Johnson et al. reported
a direct observation of CO, molecules trapped in a pre-designed porphyrinic UNLPF-2 [UNLPF:
University of Nebraska- Lincoln Porous Framework; Co,(CO,)(CoL)(H,0); L: tetrakis-3,5-
bis[(4carboxy)phenyl]phenyl porphine] from single crystal X-ray diffraction. UNLPF-2 was
synthesized using the octatopic porphyrin linker providing optimal distance between open metal
sites and forming CO,-specific molecular traps.?

Apart from CO; capture, MOF-based solid state adsorbents can be utilized for various
types of hydrocarbon separation.*® For example, ZIF-7 and RPM-3-Zn [ZIF: Zeolitic Imidazole
Framework, Zn(phim),; phim: benzimidazole, RPM: Rutgers Porous Material; Zn,(bpdc).(bpee);
bpdc: 4,4’-biphenyldicarboxylate, bpee: 1,2-bipyriylethylene] can separate C,-C4 hydrocarbons,
due to the gate opening effect, appearing at different pressures for smaller and larger
molecules.®* MOF-5 [Zn,O(bdc)s] was reported to separate methane from n-butane, and linear
from branched alkanes.*® HKUST-1 [HKUST: Hong Kong University of Science and
Technology; Cus(btc),; btc: 1,3,5-benzenetricarboxylate] separates o-, m- and p-xylenes, as

reported from the study of gas chromatography in capillary columns.®*
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There are limited amount of reports describing structures of MOFs loaded with
hydrocarbon gases.** Long and coworkers recently reported the neutron diffraction study on C,-
Cs hydrocarbon adsorption on Fe-MOF-74, which selectively adsorbs olefins over paraffins. The
selectivity originates in the stronger interaction between unsaturated than saturated hydrocarbons
with bare Fe(ll) sites, as determined from the distances between adsorbate and the open metal
site.®*® Kitagawa and coworkers used the in-situ synchrotron X-ray diffraction technique to
discover the structural reasons for a high uptake of acetylene, and they located sorption sites for
acetylene in a small pore MOF — Cu,(pzdc).(pyz) [pzdc = pyrazine 2,3-dicarboxylate, pyz =
pyrazine] (Fig. 1.8).%° Further, MIL-47 [V(O)(bdc)] and MIL-53-Cr can separate xylene isomers,
with MIL-47 displaying higher values of selectivity due to the entropic effect.®” The structure of
xylene-loaded MIL-47 was determined with the Rietveld refinement using the synchrotron X-ray
powder diffraction data.’’

Single crystal X-ray diffraction was used to characterize adsorption mechanisms of C;-C;
hydrocarbons in several MOFs, but only a very limited number of those studies are reported to
date*® Kim and coworkers characterized the methane adsorption mechanism in
Zn,(bdc),(dabco) [bdc = 1,4-benzenedicarboxylate, dabco = 1,4-diazabicyclo(2.2.2)octane], as
well as the acetylene adsorption on Mg and Mn formates.*® The adsorption sites of various gases,
including methane and acetylene in a Sc,(bdc); framework were reported by Miller et al.*
Finally, Zhang and Chen reported acetylene and carbon dioxide adsorption mechanism in MAF-
2 (MAF: metal azolate framework; Cu(etz); Hetz: 3,5-diethyl-1,2,4-triazole), with a maximum
acetylene uptake some 40 times higher than for acetylene in a gas cylinder at 1.0 — 1.5 bar, due to

the optimal geometry of the framework pores.*®
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In conclusion, application of porous MOFs presents opportunities for CO, sequestration
or hydrocarbon separation as currently used alakolamine solutions and zeolites suffer from high
toxicity and water sensitivity, respectively. MOFs, especially those based on Earth abundant
metals, offer many advantages, including low toxicity, extremely high surface areas and ease of
modifications and tailoring for specific uses. In order to ascertain their utility, further research is
needed to produce tailor-made, inexpensive, industrially applicable MOFs. Structural studies of
the gas binding sites within MOF pore space contribute to our understanding of the specific
interactions responsible for enhanced adsorption and selectivity, and can assist with new

synthetic targets for various gas separation processes.
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METAL IONS

ORGANIC LIGANDS

Figure 1.6 Formation of MOFs; metal ions and linkers are binding in the solution forming
infinite structures

Figure 1.7 Example of how resultant MOF topology depends on the linker. (a) [Zn4O] cluster
appearing in both structures (b) ligand used in synthesis of MOF-5 and (c) MOF-177. (d)
Structure of MOF-5, (e) structure of MOF-177. Purple spheres and polyhedra represent Zn, black
— carbon and red — oxygen. Hydrogen atoms omitted for clarity.
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Figure 1.8 Structure of Ni-MOF-74 after loading with CO,. Green spheres represent Ni,
black — carbon and red — oxygen. Hydrogen atoms omitted for clarity.*%
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Figure 1.9 Crystallographic structure of Cu,(pzdc),(pyz) after loading with C,H,. Navy blue
wire represent Cu, light blue — N, black — carbon and red — oxygen, yellow sphere — hydrogen.
Hydrogen atoms from the framework omitted for clarity.*
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Chapter 2

Experimental Methods

2.1 Synthesis of Metal Organic Frameworks

All MOF materials described herein were synthesized with solvothermal methods.
Usually, solvothermal synthesis of MOFs is conducted with water or organic solvents at the
temperatures above 100°C. Such temperatures exceed boiling points of the majority of solvents,
so the synthesis is conducted using autoclaves as ‘pressure-vessels’. Teflon-lined stainless steel
Parr® Autoclaves, used herein, can be utilized for the synthesis up to 250°C and approximately
150 bar. Examples of solvents used for the MOF synthesis include ethanol, water, methanol,
dimethylformamide (DMF), diethylformamide (DEF), benzene, cyclohexane etc. or mixtures of
them. The use of organic solvent/water mixture for the synthesis can improve the solubility of
the reactants, as often the metal salt is soluble in water, and the organic ligand is soluble in
organic solvent.”’ It is also postulated that the mixture of solvents is advantageous for the growth
of the large crystals necessary for the crystal structure determination.*

A typical synthesis for MOFs in this thesis involves mixing of appropriate metal salts and
organic linkers with either pure or mixture of solvents, followed by mixing the resultant slurry
for 1-4 hours to achieve a homogenous solution. The solution was then heated in Teflon-lined
stainless steel Parr® Autoclaves for 2-5 days. The solvents used for this work include ethanol,
methanol, DMF, water and their mixtures. The as synthesized materials were filtered, washed

with ethanol or DMF, while still on the filter paper, and then air dried.
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2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique where the sample is placed in a
controlled atmosphere and heated with the constant rate, to measure the change of mass as a
function of the temperature or time.*" A shape of the TGA curve reveals various information
about the material, including but not limited to the materials’ thermal stability, essential for
industrial applications, or the purity of the sample. In the case of MOFs containing solvent
molecules within the pores, the TGA curve shows several weight loss steps, where first steps
correspond to the removal of the solvent (activation) and the final step indicates decomposition
of the material. TGA experiments are crucial for the gas adsorption studies in porous MOFs, as
they provide information on the temperature necessary for the activation of the material. The
activation temperature depends on the topology of the framework, nature of the solvent and the
strength of the guest-network interaction. Dense MOFs with no guest molecules display only
final weight-loss step, where the framework decomposes due to the removal of organic linkers.

TGA traces for materials described below were collected using a Netzsch 449C Jupiter
instrument. The instrument operates in the temperature range from room temperature (RT) to
1500 °C and is equipped with a microbalance of + 0.01 mg accuracy. Before data collection a
background curve is measured with an empty alumina crucible. Next, approximately 10 mg of
the sample is placed into the alumina crucible, which is then heated to 750 °C at a rate of 10 °C

/min in a N, atmosphere. The weight of the sample is monitored throughout the experiment.
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2.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is an analytical technique that measures the
difference of heat required for the increase of the sample temperature, with respect to a known
standard, as a function of temperature. The sample and the reference are kept at the same
temperature which is increased with the constant rate. The technique allows for the detection of
exothermic or endothermic phase transitions such as melting, crystallization or glass
transitions.*’ Measuring the difference of a heat flow between the sample and the reference
provides an estimate of the amount of heat adsorbed or released during such transitions. DSC can
also be used as a method to measure the enthalpy of gas adsorption on porous MOFs (see 2.6).

The result of the DSC experiment is a curve of the heat flow versus temperature and time.
Positive or negative peaks correspond to exothermic or endothermic reactions, respectively, and
the integration of the peak provides the enthalpy of such reactions. The enthalpy of the reaction
(-4H) can be expressed as:

-AH = CxA (2.1)
where A is the area under the peak and C is the calorimetric constant. The constant varies with
different instruments and needs to be measured with a standard material possessing a well-
known enthalpy of transition.*

DSC data of materials described herein were collected using a Netzsch 449C Jupiter
instrument as accompanying datasets to the TGA analysis. The DSC method was also used in
conjunction with simultaneous observation of the XRD pattern in order to estimate heats of
adsorption of CO,, N, and hydrocarbon gases, along with structural changes occurring during

that adsorption, using a Rigaku® Ultima IV diffractometer equipped with a DSC stage (see 2.6).
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2.4 Gas Adsorption Measurments

2.4.1 Gas Isotherms

Gas adsorption isotherms were collected at Rutgers University in the laboratory of Prof. Jing Li.

Gas adsorption is defined as the addition of atoms, ions or molecules from a gas medium
onto a surface of solid or fluid.** In contrast to absorption, where adducts enter the bulk phase,
adsorption appears in an interfacial layer. Adsorption can be further divided into two categories
depending on the nature of the adsorbate-adsorbent interaction: chemisorption and
physisorption.”** Chemisorption occurs when the atoms on the surface form chemical bonding
with a sorbent. Physisorption, on the other hand, is characterized by weak van der Waals
adsorbate-adsorbent interactions; physisorption does not involve a major change in the electronic
structure of interacting species. Chemisorption is limited to a single layer on the surface, while
physisoprtion can be accompanied with the multilayer adsorption, which may change with
temperature.

The gas adsorption studies of the materials described herein were performed with a
volumetric gas sorption analyzer (Autosorb-1-MP, Quantachrome Instruments) with the ultra-
high purity gases (99.999%). Initially, approximately 100 mg of the sample was activated at an
elevated temperature, under vacuum, for 12 hours, and the weight was measured before and after
activation to ensure the full solvent removal. After cooling, isotherms were collected at three
different temperatures in the pressures up to 1 bar. The activation step was repeated for the same

sample between each run.
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2.4.2 Surface Area

Porous materials are classified based on their pore sizes dimensions, including the size of
the window leading to the pore, into three categories: 1) macroporous (pore window dimaterer >
500 A), 2) mesoporous (pore window diameter 20 -500 A) and 3) microporous (pore window
diameter < 20 A).*** Of the MOFs reported as showing reversible gas uptake, the majority are
microporous. Further, microporous materials can be divided into supermicroporous and
ultramicroporous, with pore window sizes 7-20 A and < 7 A, respectively.?*?

The adsorption mechanisms in MOFs cannot be represented by a Langmuir theory, as it
applies to homogenous surfaces with monolayer adsorption.?** The pores surface in MOFs is
heterogeneous with specific adsorption sites within metal nodes or organic linkers.”** At low
pressures the strongest adsorption sites are occupied first, and the weaker sites occupied later at
higher pressure.?* In the case of materials with pores of different sizes, smaller pores are
occupied preferentially at lower pressure and larger pores are filled later.?* For the estimation of
a MOF surface area Langmuir theory may not provide accurate results, due to localized
adsorption on ultramicroporous MOFs and multilayer adsorption on supermicroporous MOFs.?*

The surface area of MOFs is usually measured with a N adsorption, applying the
Brunauer-Emmett-Teller (BET) theory.*® The theory allows determining the surface area of the
material, based on the amount of gas adsorbed at a given pressure.”* The concept of the BET
theory expands the Langmuir theory from single layer molecular adsorption, to molecular
adsorption on multiple layers, where adsorption on each layer follows the Langmuir theory. The

BET theory assumes that 1) the adsorption involves only specific strong sites, 2) the outer

molecule layer is in equilibrium with the gas, 3) there are no lateral interactions within the
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adsorbed layers, 4) at a saturation pressure a number of adsorbed layers is infinite, 5) the
desorption is controlled kinetically.** BET is widely used for the surface area measurments, due
to its simplicity and ease of implementation.

In this work, the surface area of the materials was characterized using a Quantochrome
Nova 2200e Surface Area Analyzer instrument. Before the analysis, samples were activated
under vacuum by heating overnight, which removes water or other solvent molecules present in
the pores of a native, as-synthesized materials. The desolvation temperature was determined
from TGA of the respective compounds. After the solvent removal, materials were weighted to
confirm full evacuation of the pores. For the analysis, samples were cooled to -196 °C in liquid
nitrogen, and a sample tube was filled with N, gas with a known reference pressure. The surface
area and the pore volume were calculated from the decrease in pressure, arising from the N,

diffusion within the pore space.

2.4.3 Heat of Adsorption

Isosteric heat of adsorption (Qs) is the interaction energy between a gas molecule and a
MOF framework. Qg can be calculated from the gas adsorption isotherms, collected at two
different temperatures, by fitting the isotherms to the Langmuir-Freundlich equation, or virial
equation.?*® Those calculations deliver the heat of adsorption as a function of adsorbed amount of
gas, even though they do not provide information on the localization and the number of gas
adsorption sites. The zero-coverage isosteric heat corresponds to the interaction energy between

the gas molecule and the strongest adsorption site within the MOF framework.*
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Other method for estimating Qs of the adsorbed gas is a direct measurement with

differential scanning calorimetry (see 2.6).

2.4.4 ldeal Adsorbed Solution Theory

IAST calculations were performed by Zhijuan Zhang and Hao Wang at Rutgers University.

An ideal adsorbed solution theory (IAST), developed by Myers and Prausnitz,* is used to
simulate the competitive loading of a gas mixture on a material, based on adsorption isotherms of
individual components.*® IAST is widely used to calculate a gas adsorption selectivity in porous
materials such as MOFs.*® The IAST model assumes that 1) all adsorbates have the same surface
area available; 2) the multi-component mixture is an ideal solution, meaning that the strength of
interaction between molecules of each component is equal at constant temperature and pressure;
3) the adsorbent is inert.

The relation between mole fraction of the adsorbed phase (x;) and the mole fraction of the
bulk gaseous phase (y;) of the component i at a given pressure (p) is:

p X yi = pi(7 )i (2.2)
where p is the pressure of component i and 7 is the spreading pressure of the gas mixture. 7 is

described by:
w= [ Lap (23)

where qi is the adsorbed amount of component i under pressure p obtained via single component
isotherm.

At equilibrium the spreading pressure of each component is the same:
m=1 (i) (2.4)
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The adsorption selectivity (Sij;) of component i over j is defined as:

RS
yily,

(2.5)

To perform the IAST calculations, an adsorption model is needed in order to fit a discrete
set of adsorption data from single-component isotherms with a continuous function.*® In this
work we used a Dual-site Langmuir-Freundlich (DSLF) model for the fitting of the adsorption
isotherms. There is no limitation on the adsorption model used, but DSLF is found to fit the
isotherms in the most precise manner.*’

The DSLF model can be expressed as follows:

bl pl/nl
1+ b1 pl/nl

bzpl/nz

N — Nmax X ] A
1 1+b2p1/n2

+ NInax (2.6)

Here, p is the pressure of the bulk gas at equilibrium with the adsorbed phase, N is the adsorbed
amount per mass of the adsorbent, N,"® and N, are the saturation capacities of sites 1 and 2,
respectively; by and b, are the affinity coefficients of sites 1 and 2, and n, and n; represent the

deviations from an ideal homogeneous surface.

2.5 Powder Diffraction

The diffraction data of gas-loaded MOFs can be collected from single crystal or
powdered samples; the two techniques are complementary. However, single crystal X-ray
diffraction method requires high quality single crystals, which for some materials cannot be

obtained. Also, long data collection times, some 8 or more hours per sample per temperature on a
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laboratory instrument, require that the gas loaded sample is in the equilibrium conditions.
Powder diffraction data provide less information, but the data collection time is also much
shorter (approximately 30 min on the laboratory instrument), which allows for determination of
structural changes that the flexible framework may undergo upon gas adsorption/desorption.

The diffraction maxima appear when a subset of crystallites is in an orientation that
satisfies Bragg’s law:

A =20h SING,; (2.7)

where, 4 is a wavelength of the incident wave, 6, is a scattering angle, and dnq is an
interplanar distance for the planes with Miller index hkl in the crystal structure of the material.
On the diffraction pattern the intensity of scattered X-ray is plotted versus 26.

In this work PXRD data were collected in order to determine the structural changes of
MOFs upon the gas adsorption and desorption. PXRD was also used to determine the purity of
the as-synthesized samples and for the phase analysis after solvent-exchange reactions. Data
were collected using a Rigaku® Ultima-TV diffractometer equipped with Cu Ka (A = 1.5405 A)
radiation. The diffractometer is configured in Bragg-Brentano parfocusing geometry where the
incident beam and take-off geometry are fixed at the 6/0 configuration. X-rays were generated at

40KV and 44mA.
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2.6 XRD-DSC

Simultaneous measurement of powder XRD and differential scanning calorimetry (DSC)
under either static or dynamically varied relative humidity (RH), temperature, and gas, is a
particularly powerful technique for gas adsorption studies in MOFs. In one loading of the
sample, we follow structural changes upon activation, and effects of gas, gas-mixtures,
temperature, RH — varied serially or in combination — on the structure and thermal response.*®

The in situ XRD-DSC experiments were performed with the laboratory instrument
Rigaku® Ultima-1V equipped with XRD-DSC stage (Fig. 2.1). The XRD-DSC stage allows for
simultaneous collection of XRD and DSC data under a controlled atmosphere. A humidity
generator (Rigaku® HUM-1) was used to control the humidity of the atmosphere during data
collection. The DSC measurements were performed using 10-30 mg of sample in an aluminum
crucible, with the equal amount of Al,O3 in the reference crucible.

In this work, two types of XRD-DSD experiments were performed — vacuum-swing and
gas-swing experiments — using a custom made gas adsorption system (Fig. 1.2). During vacuum-
swing experiments the atmosphere over the sample is cycled between gas and vacuum. When the
atmosphere is changed from vacuum to gas, an exothermic effect is observed on the DSC curve.
The area of the peak corresponds to the heat released from gas adsorption, and it allows for direct
measurments of the enthalpy (-4H; kd/molwvor), which in turn can be used to calculate isosteric
heat of adsorption (Qg; kJ/molgas) through the relation:

-AH = Qg X (2.8)
where n; corresponds to the moles of the adsorbed gas and is determined with gas isotherms

measurments.
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Vacuum-swing experiments can be performed with different pressure steps. In a typical
experiment 1 atm of gas is introduced in one step, which allows determination of the differential
enthalpy between the empty pore and the gas-loaded MOF at ambient conditions (1 atm gas,
RT). In the case of flexible compounds it is beneficial to increase the gas pressure in multiple
steps, allowing reconstruction of the enthalpy of the gas adsorption before and after a phase
transition. The interpretation of the PXRD data collected at different pressure steps also shows
the structural changes accompanying the phase transition.

In a second type of XRD-DSC experiments, the atmosphere of the sample is changed
between different gases. Here, we cycled CO,/N; gases to qualitatively characterize the CO,/N,
selectivity of MOFs in dry and humid conditions. Gas-displacements that are exothermic indicate
a preference for the displacing gas, and those that are endothermic indicate a preference of the
framework for the gas being displaced. The area under the exothermic peak corresponds to a
difference between CO, adsorption and N, adsorption enthalpy. Through the introduction of
humidity in the gas flow we can also determine how effectively CO, competes with water at the
strong adsorption sites.

Before vacuum and gas-swing experiments the sample was activated in situ on the XRD-
DSC, and held at elevated temperature for 5-12 hours, to ensure a full evacuation of the pores.
After the activation the sample was cooled to the room temperature. For the 1-step vacuum-
swing experiment the chamber was pressurized to 1 atm of gas over the course of 10 seconds.
After 2-30 minutes, when the DSC signal returned to the baseline, the chamber was evacuated to
vacuum again over the course of 10 seconds. A total of 3-10 cycles were completed. In the case
of the multiple-step vacuum-swing, gas pressure was increased in ~0.1 bar steps up to 1 bar, and

then decreased to 0 bar (vacuum) also in ~0.1 steps.
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In the gas-swing experiment the activated sample was exposed to the N, atmosphere at a
constant flow rate of 50 ml/min, until the DSC signal returned to the baseline, and then the
atmosphere was switched to CO; and held in CO, for an hour. Changes were made every hour

for 12 hours. CO,/N, gas-swing experiments were performed in 3%, 30% and 75-80% RH.
2.7 Single Crystal X-ray Diffraction

The most informative technique for directly obtaining structural information regarding
CO; or other gases bound to the pore surfaces of MOFs is via single crystal diffraction studies
(SCXRD).* Here, the activated crystal is loaded with gas, diffraction data are collected and
structural refinements are subsequently performed in order to reveal the location of the adsorbed
gas molecules. SCXRD allows for direct structure solution and very accurate refinements,
including gas molecules occupancy and positional disorder. Single crystal diffraction is also a
necessary tool for the structure determination of most new, as-synthesized MOFs. Powder XRD
usually does not provide sufficiently high data-to-parameter ratio for the structure solution of
materials with complex topologies such as MOFs.**

Single crystal diffraction method relies on the measurments of position and intensity of
thousands reflections from one representative crystal. The crystal chosen for SCXRD experiment

is preferably single, although modern methods of data analysis allow for modeling of twinning to

some extent. Structure factor for each hkl reflection can be assigned using the equation:
Frp = Zfi exp[2n(hx; + ky; + 12)]
i

(2.9)
where f; corresponds to a scattering factor of the atom i and x; y;i and z; are the fractional

coordinates of the atom i.
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Further, the electron distribution in the crystal can be represented as a three dimensional Fourier

series:

1
p(x,y,z) = 7 Z z Fpriexp [—2mi(hy, + ky +1,)]
h k 1

(2.10)
where p(x,y,z)corresponds to the electron density at fractional coordinates x y z and V is a unit
cell volume. After determining the Fpy structure factors, the positions of the atoms within the
unit cell can be deduced by calculating the electron density distribution.

The measured intensity of the reflection ln corresponds to the structure factor Fy
through the following:

Inki & Fpi® (2.11)
Because the structure factors are proportional to square root of measured intensity, the phase
information is lost. There are several methods of structure solution designed to overcome this
phase problem. In this work a direct method was used for all the structure solutions using the
SHELXS software.*® In the direct method all phases are derived ab initio from the measured
intensities. The phase calculation is performed statistically by using a random set of starting
phase values.

After initial solution of the crystal structure positions of the atoms and their displacement
is optimized with a least-square refinement. The displacement of the atom around their
equilibrium positions is preferably refined anisotropically, as an ellipsoid described by six
parameters.

The quality of the structure refinement can be judged with the R, factor defined by:

Z |Fobs_Fcalc|
R, = =—/——F——— 2.12
1 X |Fobs! (2.12)
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where Fqps correspond to experimentally measured structure factors and Fgqc are structure factors
calculated from the current model. Ideally R; approaches zero, once no more differences exist.

In this work, crystal structures of the as-synthesized, activated and gas-loaded
compounds were refined using the SHELXTL software.*>*® All of the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were added to the structure model using geometrical
constraints. The position for the adsorbed gas molecules were located in the Fourier difference
maps, calculated with the WingX suite.® The occupancy of the atoms in gas molecules was
refined. Finally, most of the bond lengths within adsorbed gas molecules were restrained to
standard values.™

Materials used for the single crystal diffraction studies of gas adsorption herein do not
contain open metal sites within pore space. Further, the pores remain empty after activation, even
in the presence of air and humidity, as analysis of single crystal diffraction data did not reveal
any significant residual electron density remaining inside the channels of activated samples after
exposure to air. The lack of open metal sites and water adsorption from the air allowed for
loading the crystal with gases ex situ. After activation under vacuum, crystals were briefly
exposed to air (<1min) before placing them in the gas atmosphere for gas loading.

For the CO, loading the activated sample was placed together with pieces of solid CO,
into a 37ml Teflon bottle sealed with Parafilm®. Because the bottle was sealed with sublimating
dry ice inside, the pressure of CO; reached level above 1 atm. The Parafilm® seal was thick
enough to contain the pressure but some expansion of the film was observed. After an hour the
bottle was open with the dry ice still present inside, and Paratone® oil was poured to coat CO,-
loaded crystals (Fig. 2.3). Then the crystals were analyzed under an optical microscope, fitted

with polarizing optics. Those crystals showing sharp extinction when rotated under crossed
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polars were judged to be of good quality; subsequent structure analysis was carried out on a
subset of these crystals.

For hydrocarbon loading activated single crystals were placed in a three-neck flask with
hydrocarbon gas flowing over sample to maintain the pressure of 1 atm of the gas (Fig 2.4). The
sample was kept under the flowing gas for 2-5 hours to ensure a full loading. Further, crystals
were coated with Paratone® oil to retain the adsorbed gases within the pores, while keeping the
gas flow to maintain 1 atm conditions.

Laboratory single crystal data for freshly synthesized, activated and gas-loaded crystals
were collected using a four-circle kappa Oxford Gemini diffractometer, equipped with an Atlas
detector and Mo Ka. and Cu Ko, X-ray sources (A = 0.71073 A and 1.54184 A, respectively),
with 1° o scans, at approximately 100 K. The raw intensity data were collected, integrated and
corrected for absorption effects using CrysAlis PRO software.

In the case of compounds that do not form large crystals (<100um), laboratory single
diffractometers do not provide sufficiently high X-ray intensity for structure characterization. We
used the X-ray diffraction setup at Advance Photon Source (APS) for studies of microcrystalline
compounds. Synchrotron sources offer exceptionally high brightness, tunability and low
divergence of X-ray beam, presenting the opportunity to study crystals as small as ~ 5um. In
comparison to laboratory diffractometers, synchrotron radiation is ten orders of magnitude
brighter. Reflections for compounds were collected at 100 K using a three-circle Bruker D8
diffractometer, equipped with an APEX Il detector, with the X-ray wavelength L = 0.41328 A,
using 0.5° ¢ scans at APS ChemMatCars (sector 15) beamline. The raw intensity data were

collected, integrated and corrected for absorption effects with the Apex 11 software suite.>*
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Figure 2.1 (top) Schematic diagram of the sample chamber in the XRD-DSC unit shown
(bottom) mounted on a Rigaku® diffractometer. The temperature on a reference sample and a
measured sample is monitored with thermocouples. The X-ray beam is focused on the measured
sample. The heat flow difference between the reference and the measured sample is followed,
and diffraction data from the measured sample are collected throughout the experiment. The
XRD-DSC unit is connected to gas and vacuum lines, allowing for changes in the gas
atmosphere and pressure. The humidifier is used to control the humidity of the chamber (3%-

80% RH).
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Figure 2.2 Schematic diagram of the vacuum-/gas-swing apparatus connected to the XRD-DSC unit
(courtesy of W.R. Woerner, modified). DSC chamber contains a base (DSC on the figure) and a DSC cap.
The cap can be removed in order to place a sample inside the DSC chamber. After placing the sample and
a reference inside, the cap is placed back on the unit. In and out gas lines are connected to the cap. A gas
selection manifold allows change between gases during the gas-swing experiment. Main valve (1) is used
to close the gas flow before gas enters lines directly connected to the DSC unit (safety valve). A humidity
generator controls the humidity in the DSC chamber (0%-80% RH). A buffer chamber is used to stabilize
the RH of the flowing gas. When gas is changed, a three-way valve (2) is open towards a flow exhaust (7)
until the RH of the flowing gas stabilizes on a desired level. During the vacuum-swing experiment a
needle valve (3) is used to precisely control the pressure in the DSC chamber, when changing from a
vacuum to a gas atmosphere. Pressure is measured with a digital vacuum strain gauge. A vacuum
manifold contains the strain gauge, a three-way valve (4) and a vacuum valve (5). The three way valve
allows change from a vacuum line used in vacuum-swing experiments to a flow exhaust line (6) used in

gas-swing experiments. The vacuum valve (5) opens the line to vacuum pump.
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Figure 2.3 Schematic diagram of the CO, loading procedure prior to performing the single

crystal XRD experiment.

activated sample
Paratone oil gas line

needle
—
seal
1 atm of gas

X e

Figure 2.4 Schematic diagram of the hydrocarbon gases loading procedure prior to performing

the single crystal XRD experiment.
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Chapter 3

Mechanism of Carbon Dioxide Adsorption on a Highly Selective Ca-based

Metal Organic Framework from Direct Structural Evidence

The content of this chapter is published in
Plonka, A. M.; Banerjee, D.; Woerner, W. R.; Zhang, Z.; Nijem, N.; Chabal, Y. J.; Li, J.; Parise, J. B.

Angew. Chem. Int. Ed. 2013, 52 (6), 1692-1695.

3.1 Abstract

Much current work focuses on the design of functionalized metal organic frameworks
(MOFs) that selectively adsorb CO,.> While interactions between CO, molecules and the =
clouds of aromatic linkers in MOFs under ambient conditions have been explored theoretically,
to date only a few structural reports provide evidences of such interactions.® Here we provide
direct structural insight into CO,-nt interactions in a porous calcium-based MOF. The direct
evidence is based on results from single crystal X-ray diffraction methods, and is supported by
powder diffraction coupled with differential scanning calorimetry (XRD-DSC), in-situ IR/Raman
and molecular simulation data. We postulate that such interactions are responsible for the high
CO./N; sorption selectivity (45-85), even in the presence of high relative humidity (RH). Our
data suggest that the key interaction responsible for such selectivity, the room temperature
stability and the relative insensitivity to RH of the CO,-MOF adduct, is between two phenyl
rings of the linker in the MOF and the molecular quadrupole of CO,. The specific geometry of
the linker molecule results in a ‘pocket” where carbon from the CO, molecule is placed between

two centroids of the aromatic ring leading to high heat of adsorption (Qs = 31 kJ/mol). Our
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experimental confirmation of this variation on theoretically postulated interactions between CO,

and phenyl will promote the search for other MOFs containing phenyl-ring pockets.

3.2 Introduction

Ca(sdb) (sdb: sulfonyldibenzoate) is a recently reported porous MOF with high CO2/N,
selectivity.”® At 0.15 bar of CO, and 0.85 bar of N,, a typical composition of flue gas mixture
from power plants, the selectivity is in the range of 48 — 85 at 298 K. Ca(sdb) shows a reversible
uptake of CO, of 5.75 wt% at 273K and 1 bar pressure and 4.37 wt% at room temperature, with
heats of adsorption for CO, and N, of 31 kJ/molgas and 19 kJ/molgas, respectively. The as-
synthesized compound contains uncoordinated water molecules and is easily activated for gas
sorption by heating to 290 °C in vacuum; remarkably the activated framework does not reabsorb
water, even if exposed to RH > 85%. The structure of the compound is based on CaOg octahedral
chains, interconnected by organic linkers, resulting in infinite, diamond-shaped channels with ca.
59 A x 5.8 A in free diameter, built by double layer of phenyl rings, running in the [010]
crystallographic direction (Fig. 3.1). The structure contains neither open metal sites, nor
additional functionalities generally associated with sites for selective CO, sorption in the current
literature,” raising questions of the structural origin for Ca(sdb)'s selectivity.

In this work we employ the single crystal X-ray diffraction technique to solve the crystal
structure of a Ca(sdb):CO, adduct at 110K and room temperature. In combination with powder
X-ray diffraction (PXRD), Raman and IR spectroscopy, theoretical calculations and real time
XRD-DSC, the CO, gas adosorption mechanism in Ca(sdb) is accurately described. We find that

the unique architecture of the sdb linkers is responsible for the strong affinity for CO..
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3.3 Experimental Section

3.3.1 Synthesis and Activation of Ca(sdb)nH,O

Compound Ca(sdb)nH,O was synthesized via solvothermal method. Starting materials
include 4,4’-sulfonyldibenzoic acid (H,sdb, C14SOgH19, 98%, Sigma-Aldrich), calcium chloride
(CaCl,, 96% Acros-Organics) and ethanol (95%, Fisher-Scientific) and were used without
further purification. A mixture of 0.0006 moles of Ca salt (CaCl,, 0.074 g) and 0.0006 moles of
H,sdb acid (0.198 g) was dissolved in 10 g of ethanol (molar ration of metal salt/linker/solvent
1:1:380) and stirred for 3 hours to achieve homogeneity. The solution was placed in an oven in
180°C and held at 180°C for 4 days. Products of the reaction were the colorless, prism-shaped
crystals, which after recovering from the reaction were filtered and washed with ethanol (yield:
50% based on Ca, ~0.100 g). The water in the pores of as-synthesized Ca(sdb)nH,O was
delivered from 95% ethanol or from CaCl, reactant contained as adsorbed moisture. For the
removal of water Ca(sdb)H,O was activated in vacuum at 290 °C overnight.> The resulting
material was crystalline and free of impurities, as determined from powder XRD. During

vacuum heating the compound transformed to the activated phase.*
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3.3.2 Single Crystal XRD with Adsorbed CO,

For the CO, loading procedure and single crystal diffraction details see the chapter 2.7,
SCXRD was performed with Oxford Gemini diffractometer, A = 0.71073 A at 110K and RT.

The crystal structure of Ca(sdb)(CO,)o.3, Was solved using direct methods (SHELXS).*°
Calcium and oxygen atoms were located first followed by determination of carbon atom
positions from Fourier difference maps. All of the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added to the structure model using geometrical constraints
(HFIX command for hydrogen atoms on aromatic C rings). The position for the CO, molecule
was located in Fourier difference maps.>* The occupancy of the atoms in CO, was refined to
32%. The C-O bond length was restrained to 1.16(1) A A summary of some important

crystallographic details can be found in Table 3.1.

3.3.3 XRD-DSC

For the details of gas-swing and vacuum-swing procedure see the chapter 2.6.

Two different stages were used during data collection, an XRD-DSC stage and a
low/medium temperature stage. The XRD-DSC stage allows for simultaneous collection of XRD
and DSC data under a controlled atmosphere. The DSC measurements were performed using 9.6
mg of sample in an aluminum crucible with an equal amount of Al,Os in the reference crucible.
The XRD patterns (Fig. 3.6) were collected using the low/medium temperature Rigaku® stage.

The low/medium temperature stage allows for a controlled atmosphere in the same manner as the
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XRD-DSC stage but the use of a gram of sample as opposed to ~10 mg in the XRD-DSC stage
provides higher quality XRD patterns.

Sample was first activated in situ at 290 °C under vacuum for 8 hours. For the vacuum-
swing experiment a total of 10 cycles were completed. The gas-swing experiments were
performed in 3% and 75% RH at room temperature (RT). The changes were made every hour for

12 hours.

3.3.4 Raman/IR Spectroscopy

Raman/IR experiments were performed by Nour Nijem at University of Texas-Dallas.

Raman spectroscopy measurements were performed using a solid state 532 nm laser. The
sample was loaded into a Linkam FTIR600 cooling/heating stage, and the sample was heated to
290°C in N, purge for activation. A laser power of 10% (0.113-1.23 mW) was used to avoid
sample degradation under the laser beam during the Raman measurements.

Infra-red (IR) absorption spectroscopy measurements were performed in transmission
mode at room temperature using a liquid N, cooled Mercury Cadmium Telluride (MCT-A)
detector. A small amount of Ca(sdb) ~5 mg was pressed onto a KBr support and mounted into a
high temperature, high pressure cell (Specac product P/N 5850c) and heated overnight at 290°C

in dynamic vacuum for activation.

38



3.4 Theoretical Calculations

Theoretical calculations were performed by Zhijuan Zhang at Rutgers University.

3.4.1 Force Fields

Force fields play an important role in molecular simulations, and the adsorption behavior
of CO; is extremely sensitive to the gradient of the electrostatic field inside the pores of a MOF
structure. In this work, van der Waals (VDW) interactions between the framework and
adsorbates were treated with a 12-6 Lennard-Jones (LJ) potential (see Eq. 3.1).° The cross-
interaction parameters between different atoms were calculated using the Lorentz-Berthelot

mixing rules (see Eqgs 3.2 and 3.3).”"

12 6
u . =4¢. ﬁ — ﬁ (3 1)
LJ ij r. r_j .
ij i

0y =501 +0)) (3.2)

& =.J&€; (3.3)

where g; is the depth of the potential well between atom i and j. oj; is the finite distance between

atom i and j at which the inter-atom potential is zero. rjj is the distance between the atoms.
Lennard-Jones (LJ) parameters for Ca(sdb) atoms were taken from the all-atom universal

force field (UFF) and are presented in Table 3.5. The cutoff radii for Ca(sdb) were set to be 5.6

A. CO, was modeled as a three-site rigid molecule, and its intrinsic quadrupole moment as

described by a partial charge model. The partial charges on C and O atoms were qc = 0.576e and

Jo = -0.288e, respectively. The C-O bond length was 1.16 A, and bond angle ~OCO was 180°.
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3.4.2 Density Functional Theory (DFT) Calculations

Many studies have demonstrated that it is very important to take the CO,-MOF
electrostatic interactions into account because of the large quadruple moment of the CO,
molecule. In this work, the atomic charges of framework atoms were calculated from density
functional theory (DFT) on the basis of the fragmental clusters cleaved from the unit cell of
Ca(sdb) structure as illustrated in Figure 3.10. To maintain a correct hybridization, all the
dangling bonds on the fragmented clusters were terminated by —CHs. The electrostatic potential
(ESP) charges were used as the atomic partial charges, and the ChelpG method was adopted.™®
To that purpose, the density functional theory computations used the Lee-Yang-Parr correlation
functional (B3LYP) were carried out with the Gaussian 03 electronic structure package.”® And
the basis set LANL2DZ was used for atom Ca, while 6-31+G* was used for the rest of the
atoms.®® For heavy atoms, effective core potential (ECP) is often chosen in ab inito calculations
to reduce the amount of necessary computation, and LANL2DZ is a collection of double- basis

sets. The calculated results of atomic partial charges are listed in Table 3.6.

3.4.3 Grand Canonical Monte Carlo Methodology

Grand Canonical Monte Carlo (GCMC) simulations at a fixed adsorbate chemical
potential «, volume V, and temperature T were carried out for the adsorption of CO, at 100 K and
298 K. Because the chemical potentials of adsorbates in the adsorbed and bulk phase are
identical at thermodynamic equilibrium, GCMC simulation allows one to directly relate the
chemical potentials of the adsorbates in both phases and has been widely used for the simulation
of adsorption. In this work, the simulations box represents 2x2x2 unit cells was adopted for
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Ca(sdb). At least 20 million trials were used in the single-component and mixture simulations.
Among these trials, the first half was used for equilibration, and the last half was used to
calculate the ensemble averages. The Ca(sdb) framework was assumed to be rigid, and the

potential energy between adsorbate atoms and frameworks was pre-tabulated.

3.5 Results and Discussion

3.5.1 Structural Description of Ca(sdb) (CO5)o32

Prior to collection of single crystal XRD data, activated crystals of Ca(sdb) were exposed
to CO; in a closed container, followed by retrieval after coating in Paratone® oil (see Fig. 2.3).
The CO; is retained within the channels for at least a week as judged from separate experiments.
Room temperature data were collected just after the retrieval of one crystal, while low T data
were collected from a different crystal after a week of storing it in oil. The location of CO;
molecules is in agreement in both cases, suggestive of a strong interaction between sorption sites
and the framework, and that the gas adduct is stable over time. This long-term retention allowed
the location of gas adsorption sites within the framework from calculations of Fourier difference
maps (Fig. 3.2). The structure model derived from the dataset collected at 110 K will be used for
discussions of the structural features responsible for CO, selectivity (Fig. 3.3, Tables 3.2-3.4).

The main observed interaction between the CO, molecule and the pore surface of
Ca(sdb) appears to be between the delocalized n-aromatic system of both phenyl rings of the
linker and the molecular quadrupole of CO, (Fig. 3.4). The specific geometry of the

sulfonyldibenzoate results in a ‘pocket” where carbon from the CO, molecule is placed between
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two centroids of the aromatic ring, with the average distance of 3.81 A (Fig. 3.4). The molecule
is oriented approximately parallel to both phenyl rings, keeping oxygen atoms as far as possible
from their centroids, at averaged distances of 3.66 A (O1C) and 4.26 A (02C) (Fig. 3.3). This
configuration keeps both oxygen atoms relatively close to two hydrogen atoms, with the average
distances of 3.89 A and 3.85 A for O1C and O2C, respectively. The CO, molecule adopts two
possible positions approximately in the middle of the channel, binding to one of the linkers,
which are averaged in diffraction data, thus maintaining the P2:/n space group of the structure
(Fig. 3.5). The occupancy of the CO, molecule was refined to be 32% and it shows no spatial
disorder.

The distance and parallel configuration of the aromatic ring and CO, molecule observed
in Ca(sdb) is in good agreement with theoretical studies reported on single phenyl rings.*
However, the calculated heat of adsorption for CO, in Ca(sdb) (>30 kJ/mole)> is significantly
higher than the predicted 5.6 kJ/mol for benzene  CO, molecular complex. This higher
interaction energy is most probably the result of simultaneous interactions with two rings,
coupled with the influence of additional hydrogen atoms and possibly an overall effect of the
small pores, which allows for weak interaction with the other linker. Structural data show that
the selective adsorption of CO, over N is displayed by the Ca(sdb) due to the large quadrupole

moment of CO, (43.0 x 10" esu™ cm™) compared to that of N (15.2 x 10% esu™ cm™).

3.5.2 XRD-DSC

Our observation that the activated form of Ca(sdb) does not readsorb water from the

atmosphere, and adsorbs CO, strongly enough to allow for structure determination, suggested
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that it may retain selectivity to high RH. XRD-DSC is a very effective means of correlating
thermal signatures and a structural response of sorption. We observed the XRD-DSC signatures
for CO; adsorption at 2% and 75% RH during a gas-swing adsorption experiment. During the
experiment the atmosphere was alternated between flowing N, and CO, in several cycles
allowing the system to equilibrate after each change. The DSC signal was recorded
simultaneously with powder XRD scans (Fig.3.6), and the results show that the crystallinity and
the performance of CO; adsorption is not diminished over at least five cycles in either dry (2%
RH) or humid (75% RH) conditions (Fig. 3.6). Measurements in both dry and humid conditions
show very strong exothermic effects after changing the atmosphere from N, to CO, proving that
CO, competes very effectively with water for sorption at the phenyl pockets (Fig. 3.8). Powder

diffraction patterns recorded after equilibration in the CO, atmosphere reveal that there is no

major structural change in Ca(sdb) when CO is introduced, but that the low angle peaks 101,

002 and 101 reproducibly decrease in comparison to the rest of the pattern suggesting that CO,
occupies space within the pore, consistent with the proposed CO, adsorption mechanism (Fig.
3.7).

For the exact calorimetric measurements we additionally performed a vacuum-swing
process for both CO, and N, gases. The measured enthalpy of adsorption was 10.22(8)
kJ/molyor and 0.78(3) kJ/molyor for CO, and Ny, respectively (Fig. 3.9). At 1 atm pressure and
room temperature, the wt% of CO, and N, absorbed is 4.5 and 0.3, with Qg values of 30
kJ/molgas and 22 ki/molgas, respectively.® This yields a calculated enthalpy of adsorption of
0.811 kJ/molpor for N> and 10.56 kJ/molyor for CO,. The measured and calculated values are in

very good agreement, which confirms the vacuum-swing DSC measurements provide valid

43



results useful for judging activity of the compound for gas adsorption, and can be applied as a

screening technique to other compounds and gases as well.

3.5.3 Grand Canonical Monte Carlo (GCMC) Simulations

For the GCMC simulations, carried out by Zhijuan Zhang at Rutgers University,
snapshots of the structure of Ca(sdb) with adsorbed CO, were collected and analyzed. Four
snapshots for the adsorption of CO; in Ca(sdb) at 1 atm and 298 K are given as an example in
Figure 3.11. The final calculated results confirm that CO, preferentially locates next to the
phenyl rings and utilize the ‘pocket’ of the linker, with an average shorter C-centroid distance of
3.03 A and longer one of 3.80 A. Interestingly, calculations for adsorption at loadings of one
molecule per mole (initial conditions: 1 atm pressure of CO, in room temperature), rather than
the 0.32 molecules per mole for the refined experimental model, show that CO, molecules
influence each other’s position through quadrupolar interaction, and equilibrate to orientations

approximately perpendicular to one another.

3.5.4 IR and Raman Spectroscopy

The results from Infra-red (IR) and Raman spectroscopy experiments, carried out by
Nour Nijem at University of Texas-Dallas, further confirm that the main CO; sorption site is
within the organic linker. In situ Raman spectroscopy measurements performed at 1 atm pressure
of CO,, show only one additional Raman mode, as compared to the absorption modes of the

Ca(sdb) itself, observed at 1378 cm™ (approximately -11 cm™ red shifted from the symmetric
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stretch mode of CO, at 1388 cm™) (Fig. 3.12). This mode is consistent with CO, adsorbed on the
organic linkers.®

IR absorption spectroscopy measurements of CO, adsorption as a function of pressure
(100 mTorr-6 Torr) at low loadings reveal several IR absorption modes corresponding to the
asymmetric stretch mode of CO,, with different intensity, indicating the presence of several
adsorption sites (Fig. 3.13). The red shifted IR absorption modes at 2334 and 2344 cm™ can be
assigned to CO, interacting through its carbon with the organic linkers.”” The IR absorption
mode at 2350 cm™ (~1 cm™ blue shifted from the unperturbed CO, stretch mode at 2349 cm™)
can be assigned to adsorbed CO, interacting with the Ca®* ion consistent with an interaction of
CO, through one of its oxygen atoms.®® The difference in IR intensity of these modes reflects the
much smaller number of the molecules interacting with Ca** ions as compared to the organic

linkers.

3.6 Conclusions

In conclusion, a molecular-level understanding of the nature of interactions between
adsorbed gas and pore surface is vital to an exploration and attempts at rational development of
gas-selective nanoporous solids. It requires the high quality XRD data to precisely identify
sorption sites, and to augment the still limited number of the structural reports of CO, adsorbed
on porous MOFs. Most reports focus on the interaction between CO, and under-coordinated
cations or additional functionalities inside the framework.> @ In this context our study
describing CO»-phenyl ring interactaion in an alkaline-metal containing MOF is unique and can

fill the gap in our understanding of CO; sorption in porous materials.
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Figure 3.1 Polyhedral representation of the structure of Ca(sdb). Blue octahedra represent
calcium, black wire — carbon, red spheres - oxygen, yellow — sulfur, pink — hydrogen.
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Figure 3.2 The difference electron density map (¢/A%) from data collected at 110K calculated
before assigning CO,, showing the carbon dioxide inside the channel (oxygen atoms are above
and below the plane), white wire represents the superimposed structure of the Ca(sdb)
framework.

Figure 3.3 Thermal ellipsoid plot of the refined model Ca(sdb) (CO2)o.3, from data collected at
110K, the ellipsoids are drawn at the 50% probability level.
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Figure 3.4 Local environment of the adsorbed CO, molecule at 110 K. Dashed lines represent
phenyl -~ CO; n-quadrupole interactions. The CO, molecule occupies two equivalent positions,
with 32% occupancy on each.

Figure 3.5 Packing along [010] showing the location of CO;at 110 K; blue spheres represent
calcium, red: oxygen, black: carbon and yellow: sulfur. Hydrogen atoms are omitted for
clarity.
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Figure 3.6 Gas-swing experiment for CO; loading on Ca(sdb) at 298 K. Background
subtracted XRD patterns at 2% relative humidity showing the change in relative intensities
under the different conditions, confirming that CO; is adsorbing inside the channels.
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Figure 3.7 Overlaid XRD patterns (background subtracted) at 2% relative humidity showing
the change in relative intensities under the different conditions at 298 K. The most sensitive

low angle peaks 101, 002, and 101 are shown in insert.

49



1.7 A

HeatFlow / mW —>

N2|COZ| N2|COZ|N2|C02| N2|C02| N2|C02|N2|
T T T T L L L T T 1 T T

o 1 2 3 4 5 6 7 8 9 10 11 12

t/h —>

Figure 3.8 Gas-swing experiment for CO, loading on Ca(sdb). Strong exothermic and
endothermic effects for experiment performed in 2% relative humidity (red) and 75% relative
humidity (blue) at 298 K.
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Figure 3.9 Vacuum-swing adsorption DSC data for 1 cycle of CO, and N, loading/unloading on
Ca(sdb) at 298 K.
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Figure 3.10 Fragmented clusters used in the B3LYP/6-31+G* calculations for Ca(sdb).
To maintain the correct hybridization, the dangling bonds on the fragmented clusters
were terminated by —CHs.

Figure 3.11 Snapshots of the calculated structure of Ca(sdb) with adsorbed carbon dioxide
(yellow) along the [010] at 1 atm and 298 K. (a) with 10000 equilibration steps; (b) with 200000
equilibration steps; (c) with 20000000 equilibration steps; (d) final equilibration status.
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Figure 3.12 Raman spectra of Ca(sdb) in 1 atm of N, (black spectrum) and under 1 atm of CO,
(blue spectrum).
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Figure 3.13 IR absorption spectra of CO, adsorbed on Ca(sdb) as a function of pressure
at room temperature, show IR absorption bands corresponding to the asymmetric stretch
mode of CO, and the combination bands of the two non-degenerate bending modes and the
asymmetric stretch mode.
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Table 3.1: Crystallographic data and structural refinement details of Ca(sdb)(CO3)o.32

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Fo, I>20(1))

WR; (on Fo?, all data)

CaC14.32Hs06.64S
358.57

110

0.71073

P 21/n
11.8831(8)
5.5418(3)

22 6515(15)
101.607(7)
1461.18(16)
4

1.630

0.604

732.6

0.15x 0.10 x 0.05
3.79 - 26.37
-14< h<14,
-6< k<6
28 <1<28
14836

2970

0.0352

99.7 %

1.084

2970/ 3/ 228
0.0396
0.1061
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Table 3.2: Atomic coordinates (x10%) and equivalent isotropic displacement
parameters (Ueq; A% x 10%) for Ca(sdb)(CO2)o.22

X y z Uegq
Ca(1) 13977(1) 2347(1) 9579(1) 11(1)
S(1) 11071(1) 242(1) 8953(1) 13(1)
0(2) 6316(1) 4834(3) 9703(1) 17(1)
0(5) 11206(1) -2326(3) 9018(1) 17(1)
0(6) 11899(1) 1828(3) 9321(1) 16(1)
0(3) 11179(2) 4614(3) 6199(1) 18(1)
0(1) 5927(1) 918(3) 9730(1) 16(1)
0(4) 11065(2) 663(3) 6009(1) 20(1)
C(9) 11081(2) 2457(4) 6343(1) 13(1)
Cc(1) 6559(2) 2671(4) 9642(1) 13(1)
C(4) 8828(2) -661(4) 8995(1) 17(1)
C(10) 10543(2) -689(4) 7753(1) 16(1)
C(14) 11459(2) 3159(4) 8042(1) 16(1)
C(8) 11014(2) 974(4) 8189(1) 14(1)
C(3) 7798(2) -119(4) 9164(1) 17(1)
C(13) 11443(2) 3646(4) 7436(1) 15(1)
C(12) 11007(2) 1967(4) 6994(1) 14(1)
C(2) 7653(2) 2084(4) 9431(1) 14(1)
C(11) 10554(2) -192(4) 7152(1) 17(1)
C(5) 9713(2) 1018(4) 9107(1) 14(1)
C(6) 9575(2) 3255(4) 9354(1) 17(1)
C(7) 8533(2) 3778(4) 9516(1) 17(1)
0(1C) 6595(12) 9550(20) 7213(7) 111(7)
c(10) 7135(17) 7900(30) 7415(8) 86(6)
0(2C) 7647(14) 6220(20) 7619(7) 142(10)

54



Table 3.3: Anisotropic displacement parameters (A% x 10%) for Ca(sdb)(CO2)o.32

Ull U22 U33 U23 U13 U12
Ca(l) 11(1) 12(1) 12(1) 0(1) 5(1) 2(1)
S(1) 12(1) 16(1) 14(1) 1(1) 7(1) 1(1)
0(2) 19(1) 17(1) 17(1) -1(1) 8(1) 6(1)
0(5) 17(1) 18(1) 18(1) 2(1) 9(1) 2(1)
0(6) 12(1) 23(1) 15(1) -1(1) 6(1) 0(1)
0(3) 21(1) 17(1) 17(1) 5(1) 6(1) 0(1)
o(1) 13(1) 20(1) 16(1) 1(1) 6(1) -3(1)
0(4) 23(1) 19(1) 18(1) -4(1) 8(1) -2(1)
C(9) 9(1) 16(1) 15(1) 1(1) 4(1) 0(1)
c(1) 12(1) 17(1) 10(1) 1(1) 3(1) 1(1)
C(4) 17(1) 14(1) 22(1) -2(1) 9(1) 0(1)
C(10) 18(1) 13(1) 20(1) 2(1) 9(1) -1(1)
C(14) 14(1) 17(1) 17(1) -1(1) 4(1) -1(1)
Cc(8) 12(1) 17(1) 15(1) 2(1) 7(1) 4(1)
c(@3) 17(1) 16(1) 21(1) -2(1) 8(1) -3(1)
C(13) 14(1) 14(1) 19(1) 1(1) 6(1) 1(1)
C(12) 11(1) 19(1) 14(1) 0(1) 5(1) 2(1)
c(2) 11(1) 20(1) 12(1) 2(1) 5(1) 1(1)
C(11) 17(1) 16(1) 18(1) -3(1) 5(1) -2(1)
C(5) 12(1) 17(1) 14(1) 2(1) 6(1) 1(1)
C(6) 13(1) 17(1) 22(1) -1(1) 5(1) -1(1)
c(7) 17(1) 16(1) 20(1) -2(1) 9(1) 1(1)
O(1C)  84(11) 81(10) 151(15) -7(9) -18(9) -2(8)
C(1IC)  85(13) 80(12) 76(12) -19(9) -22(10) 10(10)
0(2C)  136(15) 120(15) 137(15) -24(10) -50(10) 16(11)
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Table 3.4: Selected bond lengths for Ca(sdb)(CO2)o.3.

Bond Bond length (&)
Ca(1)-O(4)#1 2.2645(16)
Ca(1)-O(3)#2 2.3027(16)
Ca(1)-0(2)#3 2.3312(16)
Ca(1)-O(L)#4 2.3806(16)
Ca(1)-O(1)#5 2.4071(16)
Ca(1)-0(6) 2.4384(16)
O(1C)-C(1C) 1.157(11)
O(1C)-O(2C)#9 1.294(17)
C(1C)-0(2C) 1.157(12)

Symmetry transformations used to generate equivalent atoms:

#1 -x+5/2,y+1/2,-z+3/2
#2 -x+5/2,y-1/2,-z+3/2
#3 -xX+2,-y+1,-z+2

#4 -xX+2,-y,-2+2

#5 x+1)y,z

#6 -x+3/2,y+1/2,-2+3/2
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Table 3.5: LJ potential parameters for the atoms of Ca(sdb).

Elements c (A) e/kg (K)
Ca 2.98 78.5

S 3.595 137.890
C 3.431 52.841
O 3.118 30.195
H 2.571 22.143

Table 3.6: Atomic partial charges in the fragmented cluster of Ca(sdb) in Figure 3.9
(unit of electron volt, ev).

Atoms Charges (ev)
C(@) +0.712
C(2) -0.249
C@3) -0.184
0O(1) -0.557
0(2) -0.305
0(@3) -0.668
O(4) +0.708
H +0.140
S +0.525
Ca +0.917
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Chapter 4

Effect of Ligand Geometry on Selective Gas Adsorption: the Case of

Microporous Cadmium Metal Organic Framework with a V-shaped Linker

The content of this chapter is published in
Plonka, A. M.; Banerjee, D.; Woerner, W. R.; Zhang, Z.; Li, J.; Parise, J. B. Chem. Commun 2013, 49

(63), 7055-7057.

4.1 Abstract

Herein we report synthesis and structural characterization of a novel microporous
cadmium metal organic framework, Cd(sdb), based on Cd metal centers and v-shaped
sulfonyldibenzoate ligands. Cd(sdb) was synthesized with a solvothermal method and
characterized with a single crystal X-ray diffraction method. The material crystallizes in a Cc
space group with the unit cell parameters of: a = 13.3382(4), b = 21.4986(7), ¢ = 10.1527(6) and
B = 95.000(1). Structurally, Cd(sdb) forms a three dimensional framework with 1-D sinusoidal
channels. Cd(sdb) selectively adsorbs CO, over N, with the CO,/N, selectivity of approximately
25 in ideal flue gas conditions, as determined with gas adsorption measurments and IAST
calculations. The selectivity is attributed to CO, molecules interacting with phenyl rings of a v-
shaped linker as estimated by the in-situ XRD-DSC study. The Cd(sdb) CO,/N, selectivity is

considerably lower than for Ca(sdb) in the same conditions (45).
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4.2 Introduction

Current trends in the design of MOFs for selective CO, adsorption emphasize under-
coordinated metal centers, which provide high energy of CO, adsorption but also are sensitive to
water present in a gas stream. In contrast, we have recently discovered a unique mechanism
responsible for the high CO,/N, adsorption selectivity in a porous calcium based metal organic
framework Ca(sdb), even in the presence of a high relative humidity (RH).*® The V-shaped sdb
linker provides a “m-pocket” formed by two phenyl rings and CO, is positioned at an equal
distance to both rings, resulting in a high heat of adsorption: Qs = 31 kJ/molyor. This unique
result — that the linker geometry is responsible for the CO, adsorption at high RH — spurred our
search for other sdb-based frameworks that might also possess this property. We were
particularly interested in obtaining a cadmium analog of Ca(sdb) to investigate how changing
the metal node influences the CO, affinity of the framework, as the Ca** and Cd** ions are
known for an easy substitution for one another in the crystal lattice, due to their almost identical
size and identical charge. We were able to synthesize a novel, sdb-based MOF with unusual
topology, based on the sdb linker and Cd metal center [Cd(sdb)-nH,O], which has similar gas
adsorption properties to the previously reported Ca(sdb), but with a different Cd-sdb

connectivity.
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4.3 Experimental Section

4.3.1 Synthesis of Cd(sdb)nH,0

Cadmium sulfonyldibenzoate [Cd(sdb)nH,O] was synthesized under solvothermal
conditions. Starting materials include cadmium nitrate tetrahydrate [Cd(NOg3);-4H,0, 98%,
Aldrich], 4,4'-sulfonyldibenzoic acid [Hz(sdb), 98%,Sigma-Aldrich] and ethanol (95%, Fisher-
Scientific) and were used without purification.

A mixture of 0.001 moles of Cd(NO3),4H,0 (0.310 g) and 0.001 moles of Hj(sdb)
(0.296 g) were dissolved in 12 grams of ethanol and stirred for 2 hours to achieve homogeneity.
The resultant solution was heated at 180°C for 4 days. Colorless needle shaped crystals were
recovered as products and washed with ethanol (yield ~60%, 0.320g). Water molecules

occupying the pores come from the 95% ethanol solvent and from the Cd(NOs3), reactant.

4.3.2 Single Crystal X-ray Diffraction

Reflections for Cd(sdb) nH,O were collected at APS ChemMatCars (sector 15) beamline
at 100 K (see the chapter 2.7).
The structure of Cd(sdb)nH,O was solved using direct methods (SHELXS) and a

structural model was refined with SHELXTL (Tables 4.3-4.4).***° Cadmium and sulfur atoms
were located first, followed by the determination of other atom (O, C) positions from the Fourier
difference map, with all the non-hydrogen atoms belonging to the framework refined
anisotropically (Fig. 4.3). Hydrogen atoms were added in the structure using geometrical

constraints (HFIX command). Oxygen atoms from water molecules were refined isotropically
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and their occupancy was also refined. Hydrogen atoms from the water molecules were not
localized. The summary of crystallographic data and structural refinement details can be found in
Tables 4.1-4.4.

Bulk sample identification and a phase purity determination were performed using
powder X-ray diffraction. Data were collected using a Scintag Pad-X diffractometer equipped

with Cu Ka radiation (A = 1.5405 A) within a range of 5° < 20 < 40° (step size: 0.02°,

counting time: 1s/step). A comparison of observed and calculated powder X-ray diffraction

patterns for Cd(sdb)nH,O confirmed phase purity (Fig. 4.4).

4.3.3. Dual Site Langmuir-Freundlich Model for CO2 and N2 Adsorption Isotherms

Gas isotherms, DSLF model and IAST calculations were performed by Zhijuan Zhang at Rutgers

University.

For the details on gas adsorption procedures see the chapter 2.4.

Single-component CO, and N, adsorption isotherms were fitted with a DSLF model to
enable the application of IAST in simulating the performance of Cd(sdb) under a mixed
component gas. Fitting parameters of DSLF equation as well as the correlation coefficients (R2)
are listed in Table 4.5. Experimental and fitted isotherms for CO, and N at 298 K are depicted in

Figures 4.10-4.13.

4.3.4 XRD-DSC

For the details of gas-swing and vacuum-swing procedures see the chapter 2.6.
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DSC measurements were performed using 10.5 mg of Cd(sdb) in an aluminum crucible
with an equal amount of Al,Oj3 in the reference crucible.

Sample was first activated in situ at 210°C under vacuum for 2 hours. For the vacuum-
swing experiment a total of 10 cycles were completed. Gas-swing experiments were performed
at 30% and 80% RH. The 30% RH atmosphere was changed between CO, and N, over the
course of 48 hours. The first exothermic peak shows that Cd(sdb) is still operating at its full
capacity (dry enthalpy of CO, — Nz = 9.086 kJ/molyior - 0.770 kJ/molmor = 8.316 kd/molyor) but
after 24 hours drops to 5.7(5) kd/molyor, which is 69% of its initial enthalpy. Under the 30% RH
conditions, Cd(sdb) is active for the gas adsorption but at a reduced capacity of 69% (Fig. 4.15).

Similar experiment was performed at 80% RH and DSC data show that Cd(sdb) can no

longer perform an atmosphere swing (Fig. 4.16).

4.4 Results and Discussion

4.4.1 Structural Description of Cd(sdb)-nH,O

Cd(sdb)-nH0 is a three dimensional framework with channels similar to Ca(sdb). The
sdb V-shaped linker builds walls of the channels, providing the accessible sorption sides of “z-
pockets”. However, in spite of the similar ionic radii of Ca?* and Cd*', the two frameworks are
not isostructural. While the structures are related, that of Cd(sdb)-nH,O contains sinusoidal
channels rather than straight ones (Fig. 4.1). The crystallographically unique cadmium metal
center adopts distorted trigonal prism coordination, with five carboxyl and one sulfonyl oxygen

atoms, forming edge-sharing dimers. Those dimers are connected by carboxyl and sulfonyl
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groups to form chains in the [001] direction (Fig. 4.2). There are two unique sulfur atoms, both
located on a two-fold axis, so that the halves of sdb linkers are generated by a symmetry
operation (Fig. 4.3). The sdb linker adopts two different coordination modes, each coordinates to
six cadmium atoms but only a S1 sulfonyl group coordinates to the metal, while the S2 sulfonyl

is uncoordinated.

4.4.2 Gas Adsorption Studies

Channels in the structure of Cd(sdb)-nH,O contain disordered water molecules, which
can be easily removed by heating at 200°C in vacuum [Cd(sdb)] as determined from the TGA
(Fig. 4.5). A permanent porosity of Cd(sdb) was confirmed by pore characterization and gas-
adsorption studies. Cd(sdb) exhibits a BET surface area of approximately 100 m?/g, which is
slightly lower than the calcium analogue.

Cd(sdb) was tested for gas adsorption by Zhijuan Zhang at Rutgers University. N,
adsorption isotherms at 77 K and RT display a type-l sorption behavior, typical for a
microporous material (Fig. 4.6). Cd(sdb) exhibits a moderate H, uptake of 0.3 wt% at 77 K and
1 atm (Fig. 4.7). Further, the activated material was tested for the CO, adsorption at different
temperatures. Cd(sdb) shows reversible uptake of 4.25 wt% and 3.5 wt% at 273K and 298K
under 1 atm, respectively (Fig. 4.8). Isosteric heats of the CO, adsorption at low loadings (0-0.5
wt%) are about 26-28 kJ/molgas (Fig. 4.9). The values of Qs (CO,) are comparable to our
previously reported Ca(sdb) framework, but lower than those of the members of the M-MOF-74
series (M = Co, Ni, Mg), because of the presence of open metal sites in the activated framework

in the latter case, while Cd(sdb) posses no open metal sites.®* An Ideal Adsorbed Solution
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Theory (IAST) was employed by Zhijuan Zhang to estimate the CO, adsorption selectivity of
Cd(sdb), and the results are shown in Figures 4.10-4.12. At 0.15 bar of CO, and 0.85 bar of N,
a typical composition of flue gas mixture from power plants, the selectivity is around 25 (Fig.

4.13), lower than that of the Ca(sdb) material which has value of 45.

443 XRD-DSC

The XRD-DSC method allows for experimental measurement of gas sorption enthalpy
and qualitative determination of gas selectivity, while simultaneously giving information about
ongoing structural changes.* First, the sample was thermally activated in situ and then the
atmosphere was cycled between vacuum and CO; or N, to measure a differential enthalpy
between empty and gas occupied pores. The measured enthalpy of adsorption was 9.1(1)
kJ/molmor for CO, and 0.77(4) kJ/molwor for N; (Fig. 4.14). The CO; enthalpy of adsorption
calculated from the isotherm values at RT and 1 atm (Qs = 26.69 kd/molgas; CO, wt% = 3.58) is
9.171 kJ/molmor, which is in excellent agreement with the measured value. We were not able to
calculate Qs of N using the Virial method because data had a low signal to noise discrimination,
due to the small amount of the gas adsorbed. However, we were able to estimate the Qg value
based on the DSC method, proving that this new protocol is highly valuable in gas sorption
studies. The enthalpy of N, was measured at 0.77(4) kJ/moluor using DSC, while the isotherm
studies determined the N, uptake to be 0.28 wt% at 1 atm. We calculated the Qs of nitrogen
adsorption to be 17.9(9) kJ/molgas, which is significantly lower in comparison to the CO,

adsorption.
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Furthermore, we tested the adsorption enthalpies of the activated material as a function of
exposure to gases with 30% and 80% RH. It was determined from gas-swings under 30% RH
conditions that Cd(sdb) remains active for the CO, adsorption but at a reduced capacity of
approximately 69% (Fig. 4.15). DSC data show the enthalpy of the gas-swing decreases to
steady state of 5.7(5) kd/moluor after 24 hours of exposure to the 30% RH atmosphere. Further,
results of 80% RH experiment indicate that Cd(sdb) can no longer perform the gas-swing as no
exothermic effect was observed during N»/CO; swing (Fig. 4.16).

Powder diffraction patterns recorded after equilibration in a dry CO, atmosphere reveal
that there is no major structural change in Cd(sdb) when CO; is introduced, but that the low
angle (110) reflection intensity decreases with respect to higher angle peaks, suggesting that CO,
occupies the channels (Figs. 4.17-4.18). The low angle (high d-spacing) peaks provide sensitivity
to chemical heterogeneities within the structure; in porous materials the scattering contrast is
easily seen when the pores are alternatively filled and emptied. In this case, occupancy by CO,
gives subtle — and clearly reproducible — changes in the low angle peaks.

The results of XRD-DSC support the hypothesis that sorption on the ‘m-pocket’ is

responsible for the CO,/N; selectivity as seen in the case of Ca(sdb).

4.5 Conclusions

In summary, a new microporous cadmium based metal organic framework has been
synthesized and structurally characterized. The material exhibits selective CO, adsorption over
N, of approximately 25 under post-combustion flue gas conditions as calculated with the IAST

theory. The CO,/N; selectivity of Cd(sdb) is lower for Ca analogue in the same conditions (45).
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The complementary in-situ vacuum-swing XRD-DSC study confirms the heat of adsorption

values for the adsorbate, with a validation of -CO, interaction for the origin of selectivity.
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Figure 4.1 Comparison of the straight and sinusoidal channels in Ca- (top) and Cd(sdb)
(bottom), respectively. The large spheres are guides to the eye to emphasize the shapes of the
1-D channels running approximately away from the viewer. Purple polyhedra represent Cd, blue
— Ca. Yellow spheres represent sulfonyl moieties and the black spheres represent carboxyl
groups.
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Figure 4.2 Coordination of sulfonyl moieties and the inorganic connectivity in Cd(sdb)-nH-O.
Purple polyhedra represent Cd, black wire — C, yellow spheres — S and red spheres — O.

Figure 4.3 Thermal ellipsoid view of Cd(sdb)-nH,0O at 100K, illustrating the numbering
scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms and solvent water
atoms are omitted for clarity. Symmetry related atoms are shown to complete the coordination

sphere of the metal centers and linkers.
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Figure 4.4 Simulated (red) and experimental (black) powder XRD patterns of
Cd(sdb)-nH,0.

100

90

80

70

Mass (%)
DSC (mW / mg)

60

50

40

I 5 I y I ' I : I :
100 200 300 400 500 600
Temperature (°C)

Figure 4.5 TGA-DSC data collected during the heating of Cd(sdb)-nH,O. The first weight loss
event amounts to a ~5% weight loss and is finished by 200°C.
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Figure 4.6 N, adsorption-desorption isotherm on Cd(sdb) at room temperature.
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Figure 4.7 H, adsorption-desorption isotherm on Cd(sdb) at 77 K.
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Figure 4.8 CO, and N, adsorption-desorption isotherms on Cd(sdb) at 3 different temperatures
for CO; and RT for No.
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Figure 4.9 Qg of CO, adsorption on Cd(sdb) calculated by Virial and QC method.®
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Figure 4.10 Experimental and fitted isotherms for CO, and N, at 298 K for Cd(sdb).
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Figure 4.11 IAST predicted isotherms of a binary mixture of CO2and N2 (CO2:N2= 15:85) at
298 K as a function of the total pressure for Cd(sdb).
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Figure 4.12 IAST predicted isotherms of a binary mixture of CO, and N, (CO,:N; = 10:90) at
298 K as a function of the total pressure for Cd(sdb).
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Figure 4.13 A room temperature CO,/N, selectivity calculated with the IAST method for three
CO; concentrations (CO2/N,: 10:90, 15:85 and 20:80) in the CO,-N, binary mixtures for
Cd(sdb).
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Figure 4.14 DSC signals of Cd(sdb) during vacuum-swing events to nitrogen and carbon
dioxide atmospheres at 2% RH.
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Figure 4.15 DSC data of Cd(sdb) during atmosphere swings between CO, and N, at 30% RH,
the 8.294 kJ/mol value correspond to differential enthalpy between CO, and N, gas sorption.
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Figure 4.16 DSC data of Cd(sdb) during an atmosphere swing cycle from CO, to N, back to
CO; at 30% RH (red) and 80% RH (black).

Intensity (a.u.)

Intensity (a.u.)

al T
7.0 7.5 8.0 8.5

= =" ==l e [T =
6 8 10 12 14 16 18 20 22 24 26 28 30
2 Theta (Degrees)

Figure 4.17 XRD patterns of Cd(sdb) in vacuum (black), nitrogen (blue), and carbon dioxide
(red) atmospheres. The XRD patterns show the relative intensities of some reflections change
while the most notable change is the intensity of the low angle (110) reflection at ~7.85° 2 theta.
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Figure 4.18 Gas-swing experiments for the CO, loading on the activated Cd(sdb) at 2% RH,
298 K showing change in relative intensities of low angle peaks.



Table 4.1: Crystallographic data and structural refinement details of Cd(sdb)-nH,O.

Empirical formula CdC14HgSO7 44

Formula weight 439.66

Space Group C2/c

a(A) 13.3382(4)

b (A) 21.4986(7)

c(A) 10.1527(6)

B (°) 95.000(1)

Volume (A% 2900.2(2)

z 8

Collection Temperature (K) 100

Wavelength (A) 0.41328

Absorption coefficient (mm™) 2.011

Crystal size (mm) 0.08 x 0.02 x 0.02

Index range -18<h<19
0<k<30
-10<1<14

Measured reflection 6850

Independent reflection 4342

Reflections with | > 2s(1) 3853

Rint 0.031

Data /Restraints /parameter 4342/0/230

R (F*> 26(F?) 0.055

WR (F?) 0.162

S 1.22
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Table 4.2: Atomic coordinates (x10%) and equivalent isotropic
displacement parameters (Ueq, A% x 10%) for Cd(sdb)-nH,O.

X y z Ueq
C(1) 1033(4) 7198(3) 7546(6) 14(1)
C(4) 2599(5) 8031(3) 7541(7) 17(1)
C(2) 1367(9) 7365(5) 6357(11) 22(2)
C(3) 2156(9) 7798(5) 6382(12) 26(3)
C(5) 2215(10) 7859(7) 8749(13) 29(3)
C(6) 1424(10) 7436(6) 8752(12) 29(3)
c(2) 1713(17) 7145(11) 6600(20) 11(4)
C(3) 2514(16) 7563(10) 6620(20) 10(4)
C(5) 1950(20) 8092(16) 8460(30) 27(6)
C(6") 1130(20) 7691(15) 8480(30) 24(6)
C(7) 3466(4) 8475(3) 7522(7) 17(1)
C(8) 3628(4) 10173(3) 8044(6) 13(1)
C(9) 2726(4) 10593(3) 7927(6) 14(1)
C(10) 2384(5) 10820(3) 6681(7) 18(1)
C(11) 1540(5) 11201(3) 6559(7) 19(1)
C(12) 1051(4) 11346(3) 7678(7) 16(1)
C(13) 1382(5) 11117(3) 8916(7) 19(1)
C(14) 2227(5) 10737(3) 9033(7) 18(1)
Cd(1) 5155(1) 9270(1) 9195(1) 9(1)
0(1) 3851(3) 9906(2) 7035(5) 16(1)
0(2) 4100(3) 10095(2) 9191(4) 13(1)
o(w) -240(50) 9630(30) 8060(60) 290(50)
0o@3) 3789(3) 8710(2) 8607(5) 18(1)
O(2w) 0 8980(50) 7500 320(70)
o] 3802(4) 8568(2) 6406(5) 20(1)
O(5) 46(3) 6338(2) 8725(5) 14(1)
0(6) 45(4) 12183(2) 6280(6) 23(1)
S(1) 0 6685(1) 7500 11(1)
S(2) 0 11850(1) 7500 17(1)
oBwW) 360(40) 9450(20) 9150(50) 100(20)
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Table 4.3: Anisotropic displacement parameters (A% x 10°) for Cd(sdb)-nH,0.

Ull U22 U33 U23 U13 U12
c(1) 11(2) 11(2) 19(3) 1(2) 4(2) -2(2)
C(4) 11(2) 10(2) 29(3) 0(2) 2(2) -3(2)
c(2) 21(5) 21(5) 25(5) 0(4) 1(4) -9(4)
c@) 22(5) 22(5) 35(6) 9(4) 5(4) -8(4)
C(5) 26(6) 30(7) 32(6) -14(5) 10(5) -19(5)
C(6) 33(6) 34(7) 22(5) -16(5) 17(5) -20(6)
() 10(2) 9(2) 31(4) 1(2) 1(2) -4(2)
Cc(8) 10(2) 12(2) 17(3) 3(2) 2(2) 1(2)
C(9) 102) 13(3) 19(3) 1(2) 2(2) 1(2)
C(10) 16(3) 21(3) 17(3) 6(2) 5(2) 3(2)
C(11) 17(3) 20(3) 20(3) 8(2) 4(2) 2(2)
C(12) 10(2) 12(3) 24(3) 4(2) 0(2) 1(2)
C(13) 16(3) 18(3) 23(3) -3(2) 6(2) 1(2)
C(14) 15(3) 18(3) 20(3) 0(2) 2(2) 1(2)
Cd(1) 9(1) 8(1) 11(1) -1(1) 1(1) 1(1)
o(1) 17(2) 14(2) 18(2) 1(2) 4(2) 4(2)
0(2) 13(2) 12(2) 14(2) 0(2) 1(2) 1(2)
0(3) 16(2) 12(2) 26(2) 5(2) 2(2) -4(2)
0(4) 15(2) 13(2) 32(3) -2(2) 7(2) -3(2)
0(5) 17(2) 10(2) 16(2) 4(2) 2(2) 1(2)
0(6) 19(2) 16(2) 34(3) 9(2) 2(2) 1(2)
S(1) 12(1) 8(1) 13(1) 0 3(1) 0
5(2) 12(1) 11(1) 28(1) 0 2(1) 0
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Table 4.4: Selected bond lengths and angles for Cd(sdb)-nH-0O.

Bond (A)

Cd(1)-O(4)#1 2.175(5)
Cd(1)-0(3) 2.220(5)
Cd(1)-0(2) 2.264(4)
Cd(1)-0(2)#2 2.293(4)
Cd(1)-0(1)#1 2.341(5)
Cd(1)-0(5)#3 2.518(4)
Angle ®)

O(4)#1-Cd(1)-0(3) 94.54(19)
O(4)#1-Cd(1)-0(2) 162.85(18)
0(3)-Cd(1)-0(2) 85.92(16)
O(4)#1-Cd(1)-0(2)#2 111.43(18)
0(3)-Cd(1)-0(2)#2 144.01(18)
0(2)-Cd(1)-0(2)#2 76.41(17)
O(4)#1-Cd(1)-O(1)#1 81.37(17)
0(3)-Cd(1)-O(1)#1 131.53(17)
0(2)-Cd(1)-O(1)#1 85.51(16)
0(2)#2-Cd(1)-O(1)#1 78.60(16)
O(4)#1-Cd(1)-O(5)#3 89.60(17)
0(3)-Cd(1)-O(5)#3 78.42(16)
0(2)-Cd(1)-0(5)#3 107.24(15)
0(2)#2-Cd(1)-O(5)#3 77.34(15)
O(1)#1-Cd(1)-O(5)#3 149.06(16)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1y,-z+3/2

#2 -X+1,-y+2,-z+2

#3 -x+1/2,-y+3/2,-2+2
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Table 4.5: Equation parameters for the DSLF isotherm model for CO, and N, adsorption on

Cd(sdb)
N, b, N, M2 b,
Adsorbates n, n, R?
(mmol/g) (kPa™®) (mmol/g) (kPa’l)
CO, 0.92 0.025 0.92 17.18 0.00034 1.67 0.9999
N, 0 0.00016 3.93 0.20 0.00099 0.68 0.9991
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Chapter 5

Molecular Traps for Light Hydrocarbons — Understanding the Sorption of

Ethane, Ethylene and Acetylene in two novel Ca-based MOFs

5.1 Abstract

Herein, we report the mechanism of ethane, ethylene and acetylene adsorption on two
microporous metal organic frameworks. The proposed adsorption mechanism is consistent with
observations from a number of techniques including single crystal X-ray diffraction (XRD), in
situ XRD-DSC and gas isotherm measurments. The two calcium-based materials, Ca(sdb) and
Ca(tcpb), form microporous three-dimensional frameworks surrounding one-dimensional
channels. After removal of the solvent water both Ca(sdb) and Ca(tcpb) remain porous, and do
not saturate with water vapor from the air. Pore geometries of both Ca(sdb) and Ca(tcpb)
provide multiple adsorption sites for hydrocarbon molecules trough C-Hzn and C-H O
interactions, similarly to interactions in the molecular and protein crystals. Both materials show
selective adsorption of C, hydrocarbon gases — ethane, ethylene and actylene (C,H,) over
methane as determined from IAST calculations, with C,Hg/CH, selectivity as high as 74 in

Ca(sdb).
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5.2 Introduction

The separation of hydrocarbon gases using solid state adsorbents is proposed as an
alternative to the expensive and energy intensive process of cryogenic distillation."* A critical
component for the rational designing of efficient adsorbents, requires a detailed molecular level
understanding of the mechanism responsible for the gas adsorption, and any associated
selectivity towards particular gases, in existing materials.®**® The effective separation of light
hydrocarbon gases (C;-C,) is important for the petroleum industry and influences the price and
availability of plastics, used routinely in our daily lives."®

We have recently described permanently porous sdb-based MOF with interesting gas-
uptake properties. Herein, we report the hydrocarbon adsorption mechanism of Ca(sdb) and of a
novel material - Ca(tcpb) [tcpb: 1,2,4,5-tetrakis(4-carboxyphenyl)benzene] and their associated
C,/C; selectivity determined from the ideal adsorbed solution theory (IAST) calculations. Since
the examples related to the C,H,-framework interaction determined by single crystal diffraction
method are scarce, the detailed structural insights gained here will help design further gas-
selective solids of this type.

For the detailed description of Ca(sdb) structure see the chapter 3.

Ca(tcpb) is a novel material that we recently reported, which has a surface area of 195
m?/g and exhibits a high Xe/Kr selectivity of about 10 at 298 K.% Structurally, Ca(tcpb) is based
on isolated CaOg octahedra, connected by half-deprotonated tcpb linkers into a three-dimensional
framework, with diamond-shaped one-dimensional channels, running in a [001] direction (Fig.
5.1). Ca(tcpb) has a permanent porosity of 25.6% (PLATON®") and it contains two types of

crystallographically different channels (type I and 11). The channels have walls built with phenyl
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rings, and additionally the channels of the type Il contain polar -OH groups. Both the phenyl
rings and oxygen atoms serve as strong adsorption sites for C,H, molecules. Similarly to
Ca(sdb), after removal of the native solvent water, Ca(tcpb) does not saturate with the water

vapor from the atmosphere as evident from TGA and SCXRD experiments.®

5.3 Experimental Section

5.3.1 Synthesis and Activation

For the synthesis and activation procedures for Ca(sdb) nH,O see the chapter 3.3.1.

Ca(tcpb)nH,O was synthesized by Xianyin Chen under solvothermal conditions.
Starting materials include calcium chloride (CaCl,, 96%, Acros-Organics), 1,2,4,5-Tetrakis(4-
carboxyphenyl)benzene acid [H(tcpb), Sigma Aldrich, 98%] and ethanol (95%, Fisher
Scientific) and were used without further purification. A mixture of 0.027g (0.25 mmoles) of
CaCl;, and 0.03g (0.05 mmoles) of Hy(tcpb) was dissolved in 12 grams of ethanol and stirred for
2 hours to achieve homogeneity. The resultant solution was heated at 373 K for 3 days in the
oven. Colorless prism-shaped crystals were recovered as a product and washed with ethanol. The
yield was ~50%, 0.02g. The as-synthesized Ca(tcpb)nH,O contains uncoordinated, disordered
water molecules inside the channels. The water molecules come from the 95% ethanol solvent
and the adsorbed moisture on the CacCl; reactant.

For the activation (see the chapter 2.2) Ca(tcpb)nH,O was heated to 513 K and held in

vacuum for 5 hours.®®
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5.3.2 Single Crystal XRD with Adsorbed Hydrocarbon Gases

For details on hydrocarbon gas loading and single crystal diffraction see the chapter 2.7

For the gas loading, activated crystals of Ca(sdb) and Ca(tcpb) were placed in a three-
neck flask with ethane, ethylene or acetylene flowing into the flask, and kept for 2 hours. Further
the crystals were coated with the Paratone® oil, while keeping the gas flowing to maintain 1 bar
conditions (see the chapter 2.7).

The crystals of the C,Hy-loaded Ca(sdb) and Ca(tcpb) suitable for the single crystal X-
ray diffraction were selected from the bulk using polarizing microscope to determine crystal
quality. Reflections for the compounds Ca(sdb):C,H,, Ca(sdb):C,H,, Ca(tcpb):C;H, and
Ca(tcpb):C,H,4 were collected with 1°w®-scans at 100 K using a four-circle kappa Oxford Gemini
diffractometer (A= 0.71073/1.54184A). Reflections for Ca(sdb):C,Hs and Ca(tcpb):C,Hg were
collected at 100 K at APS ChemMatCars (sector 15) beamline (see the chapter 2.7).

The structures of gas-loaded Ca(sdb) and Ca(tcpb) were solved with direct methods
using SHELXS-97 and refined with full-matrix least squares on F> with SHELXL-97 (Tables
5.1-5.14). ***° During the structure solution atoms from the MOF framework were located first
and refined with anisotropic displacement parameters. Hydrogen atoms were added to aromatic
rings using geometrical constrains (HFIX command). After obtaining a satisfactory model of the
framework, Fourier difference maps were calculated to locate the adsorbed gas molecules. All
gas molecules were located from the strong electron density peaks and refined with anisotropic
displacement parameters. The occupancy of the C atoms from the adsorbed gases was also
refined. The C-C distances in the hydrocarbon molecules were restrained to 1.20(1) A, 1.30(1) A

and 1.47(1) A for acetylene, ethylene and ethane, respectively. Hydrogen atoms on the
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hydrocarbon molecules were added with geometrical constrains, in most cases the H atoms were

visible on the electron density maps.

5.3.3 Gas Adsorption

Gas isotherm measurments, DSLF model and IAST calculations were performed by Hao Wang at

Rutgers University.

For the details on gas adsorption procedures see the chapter 1.4.

Ca(sdb) and Ca(tcpb) were tested by Hao Wang for the C;-C, hydrocarbon gases
adsorption at 273/278 K, 288 K, 298 K and pressures up to 1 bar (Figs. 5.2-5.3). Additionally,
the adsorption of propane, propylene and n-butane was measured by Hao Wang for Ca(tcpb)
and results are shown in Figure 5.5. The differential enthalpy of adsorption (-4H, kJ/molyor)
was measured with XRD-DSC method, via vacuum-swing experimental procedure (Figs. 5.2-
5.3, 5.5) for C;-C; in Ca(sdb) and C;-nC4 in Ca(tcpb). Isosteric heat of adsorption values (Qs,
kJ/molgas) were obtained through the relation Qs = H/n; , where n; corresponds to the adsorbed
moles of the gas (Table 5.15). Furthermore, Qs for C;-nC,4 was calculated for Ca(tcpb) with the
Virial method, and the values of Qs obtained with DSC and Virial methods are in a good
agreement (Table 5.16).

The single-component hydrocarbon gases adsorption isotherms were fitted with the
DSLF model to enable the application of IAST in simulating the performance of Ca(sdb) and

Ca(tcpb) under a mixed component gas.
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5.34 XRD-DSC

For the details of vacuum-swing procedure see the chapter 2.6.
Powder X-ray diffraction (PXRD) patterns were collected within a range 5° < 26 < 37°

(step size: 0.02°, counting time: 2s/step). The DSC measurements were performed using 9 — 10.5
mg of the sample in an aluminum crucible with an equal amount of Al,O3 in the reference
crucible. Vacuum-swing measurments on Ca(sdb) and Ca(tcpb) were conducted to determine
the differential enthalpy between empty and gas-loaded materials at 298 K and 1 atm. Ca(sdb)
was tested for the adsorption of C;-C, hydrocarbons and Ca(tcpb) for the adsorption of C;-nCy
hydrocarbons.

Samples were activated first at 563 K [Ca(sdb)] or 523 K [Ca(tcpb)] under vacuum on
the XRD-DSC stage and held at the activation temperature for 5 to 10 h, then cooled to RT.
Further, the chamber was pressurized to 1 bar of hydrocarbon gas over the course of 15 seconds.
After 120 minutes for Ca(sdb) or 10 minutes for Ca(tcpb), when the DSC signal returned to the
baseline, the chamber was evacuated to vacuum over the course of 15 seconds. In the case of
Ca(sdb) the strong interaction between the adsorbate and the framework leads to an incomplete
removal under experimental vacuum conditions, during the second swing the exotherm was only
reaching to the values ~85% of the first exotherm. As a result the reported enthalpies were
calculated based on the averages of the first exotherms of three different samples. In the case of
Ca(tcpb) gas can be removed fully with vacuum, and a total of 6 to 8 cycles of vacuum-swing

was completed.

87



5.4 Results and Discussion

5.4.1 Gas Adsorption Isotherms, Enthalpy of Adsorption and Selectivity.

Ca(sdb) shows a moderate adsorption of C,H, at 298 K; uptakes of 29.5, 30.0 and 25.6
cm®/g were measured for ethane, ethylene and acetylene, respectively. Methane is adsorbed at a
lower amount than C,H, with the uptake of 18.85 cm®/g at 1 bar, 298 K (Fig. 5.2). The main
difference between the adsorption of methane and C,H, is apparent when looking at the low
pressure region of the isotherm. Ca(sdb) is saturated with C,H, at a very low pressure; for
example, the ethane uptake of 27.3 cm®/g at 0.1 bar is equal to over 90% of the total uptake at 1
bar. For comparison, methane adsorption at 0.1 bar (0.91 cm®/g) is equivalent to less than 5% of
the total uptake at 1 bar, and is more than 30 times lower than the ethane uptake at this pressure.

h,}* % with the moderate differences

Qs of C;-C, hydrocarbons in Ca(sdb) is relatively hig
between methane and C,H, (Table 5.15). The difference in adsorption behavior and heats of
adsorption between methane and C,H, could be explained by the higher electrostatic and
dispersion interactions with the pore surface, and thus higher affinity of Ca(sdb) towards C,
gases compared to small methane.’* The gas adsorption selectivity calculated with the IAST
method shows the C,H¢/CHy selectivity of 74, C,H4/CH,4 of 73 and C,H,/CH,4 of 33 (Fig. 5.4).
The C,H4/CH,4 and C,H,/CHj, selectivity for Ca(sdb) are lower than those of the Fe-MOF-74
(700 and 200, respectively), because of the presence of open metal sites in the activated

framework in the latter case, while Ca(sdb) posses no open metal sites.® However, the 74

C,Hs/CHj selectivity is more than 3 times higher than for Fe-MOF-74 (20).%°
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Ca(tcpb) uptake of C,H, is more than 2 times higher than in the case of Ca(sdb) at 298
K and 1 bar, and the difference in maximum uptake between methane and C,H, is more
prominent than for Ca(sdb). Ca(tcpb) adsorbs 17.3 cm®/g of methane at 298 K and 64.7, 59.8
and 62.2 cm®/g of acetylene, ethylene and ethane, respectively. The maximum uptake of C,Hj in
Ca(tcpb) at 1 bar, 298K is lower than for prototypical MOFs such as Fe-MOF-74, or MOF-5 but
considerably higher than those of other porous materials extensively studied for hydrocarbon
adsorption like ZIF-7 or RPM-3-Zn.** 32 % The Qq; values for C;-C, hydrocarbons adsorbed on
Ca(tcpb) are lower than in the case of the Ca(sdb) material (Table 5.15). The calculated C,/C;
selectivity in Ca(tcpb) are 26, for C,Hg/CHy4, 16 for C,H4/CH,4 and 18 for C,H,/CH,4 (Fig. 5.4),
also lower than those calculated for Ca(sdb) and Fe-MOF-74.%

As in Ca(sdb) the only presumed interaction between gas molecules and the pore space is
C-Hm, it is expected that the Qs values will decrease with the C-C bond saturation.®® Indeed
acetylene displays the highest energy of interaction of the three gases with the Qs of 41.5(4)
kJ/molgas. However, the Qs values of ethylene and ethane are quite similar to each other
(36.3(7) vs. 35.0(5) kJ/molcas), suggesting that there is no significant influence of the C-C
double bond on the adsorbent-adsorbate interaction. In Ca(tcpb) all C,H, display even more
similar values of Qg, with 30.3(2) kd/molgas, 29.2(1) kJ/molgas and 32.3(1) kJ/molgas for
ethane, ethylene and acetylene, respectively. However, we can see that ethane interacts with the
pore surface with the highest energy of the three, in spite of the full saturation of the C-C bond,
normally leading to the lower adsorbent-adsorbate energy.®® The C,H, Qg values for adsorption
both in Ca(sdb) and Ca(tcpb) suggest that the size of the molecule and the number of the H-
pore surface interactions play a more important role on the resultant energy of adsorption than

the saturation of the C-C bond.
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Ca(tcpb) was further tested for the adsorption of heavier C3-nC4 hydrocarbon gases (Fig.
5.5). When looking on the gas adsorption of C;-C4 alkanes in Ca(tcpb) we can see that the
adsorption follows the general trends observed for porous MOFs such as MOF-5.%3* " Ca(tcpb)
saturates with longer alkanes at lower pressures, and the heavier gas generally displays a lower
capacity than the lighter counterpart (Fig. 5.5). The measured -4H is dependant both on the Q
and the gas uptake, and we can see that the -AH measured during butane adsorption is smaller
than for propane, due to the smaller butane uptake (Fig. 5.5). Qs becomes higher with an
increase in the chain length due to the enhanced electrostatic and dispersion interactions between
the adsorbed gases and the pore surfaces (Figs. 5.6-5.7).”" In mixtures the longer chains are
preferred over the smaller ones until the point of the maximum selectivity, when the entropic

cost of the long chain ordering affects the energy gained from the adsorption.™

5.4.2 Structural Description of Ca(sdb):C,H,and Ca(tcpb):C,H,

We solved the crystal structures of the C,H-loaded Ca(sdb) and Ca(tcpb) from single
crystal diffraction data. Representative examples of the electron density map obtained from the
diffraction data showing the adsorbed gas molecule, and the displacement ellipsoid plot of
Ca(tcpb) are shown in the Figure 5.9. The refined occupancies of the gases are in average within
less than 10% from the values obtained with gas-adsorption experiments, confirming the validity
of the gas-loading technique (Table 5.17). The main presumed adsorbate-host interactions in
Ca(sdb) and Ca(tcpb) are the C-H----m and C-H O, with the latter appearing only in the
channels of the type Il in Ca(tcpb). Such interactions play a significant role in the molecular

crystals packing, protein folding and molecular recognition.®® ™
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Analysis of the structural data of Ca(sdb):C,H, collected at 100 K revealed that upon the
loading with C,H,, the sdb linkers rotated back to a parallel configuration observed in the as-
synthesized material. Adsorbates locate on the inversion center at the center of the pore. In the
each structure half of the C,H, molecule is within the asymmetric unit and the second half is
generated by the symmetry operation. Distances between the hydrogen atoms of the C,H,
molecules and neighboring phenyl ring centroids are within 3.07(4) — 3.36(4) A. The distance
between adsorbate molecules along the channel is equivalent to lattice parameter b: 5.556(1) A
(Fig. 5.10). The parallel orientation of the linkers provides the optimal geometry for the
hydrocarbon molecules, forming cages of four phenyl rings (Figs. 5.12 - 5.14). Ethylene
molecule is oriented so that each of the H atoms is pointing towards the closest phenyl ring with
the average distance of 3.15(9) A. Ethane and acetylene gases locate in similar way, with the
average C-Hm distances of 3.4(1) and 3.23(8) A, respectively. Acetylene and ethylene
molecules display a two-fold disorder; ethane shows no spatial disorder (Figs. 5.12 - 5.14).

In Ca(tcpb), gas adsorption sites differ between channels of the type I and Il. In the type
| channels, the only presumed interaction is between the hydrogen atoms of the adsorbates and
the = clouds of the organic linkers. The adsorbates locate within less than 4 A distance to two or
four phenyl rings at a time. The shortest C-H* = lengths, measured as distances between the H
atom and the phenyl centroid, are 3.11(2), 3.09(2) and 3.10(2) A for acetylene, ethylene and
ethane, respectively (Figs. 5.14 - 5.16). All three adsorbates can be located unambiguously from
the electron density maps and all three, except acetylene in the channels of type Il, show no
spatial disorder. Gases were especially well ordered in the type Il channels, where hydrogen
atoms could be located directly from electron density maps. As the pore surface is decorated with

multiple oxygen atoms including the -OH groups within 4 A from the center of the pore, it
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provides strong adsorption sites for the adsorbates through the presumed C-H O interaction
(Figs. 5.14 - 5.16). The shortest C-H O distances are: 3.10(2), 2.44(2) and 2.79(2) A for

acetylene, ethylene and ethane, respectively.

5.4.3 XRD-DSC

DSC experiments were used to measure -AH and further calculate Q: of the hydrocarbon
gases in Ca(sdb) and Ca(tcpb) with the gas-swing procedure, and the results are shown in the
Table 5.15.

In situ PXRD diffraction patterns of Ca(sdb) and Ca(tcpb) confirm the adsorption
mechanisms determined with the single crystal diffraction. Upon gas loading, low angle peaks
decrease with respect to higher angle reflections, consistent with the gas molecules occupying
the pore space (Fig. 5.18). Further, Ca(tcpb) shows an increasing lattice change with the size of
adsorbates as evident from the shifting of peaks’ positions in the PXRD patterns. A lattice
dimension a increases and an o angle decreases from 5.1011(3) A and 83.132(5)° in the activated
sample to 5.2195(2) A and 82.533(1)° in the Ca(tcpb):C,Hs, as determined from single crystal
data and consistent with PXRD observations (Figs. 5.18 — 5.20). The a parameter is equivalent to
the distance between adsorbed gas molecules along the pore. In situ PXRD data collected at 298
K from C3-nC,4 gas-loaded Ca(tcpb) show further increasing change between activated and gas-
loaded material with increasing length of hydrocarbon chain, suggesting that Ca(tcpb)

framework is flexible and can accommodate larger molecules (Figs. 5.21-5.24).
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5.5 Conclusions

We characterized adsorption mechanisms of ethane, ethylene and acetylene in two
microporous Ca-based metal organic frameworks, Ca(sdb) and Ca(tcpb). Both materials are
selective towards C,H, hydrocarbons over methane with the maximum C,/C; selectivity of 74
for CoHg/CH,4 in Ca(sdb). Crystal structure of the gas-loaded Ca(sdb) shows that the framework
behaves like a trap towards the C, hydrocarbons. The pore geometry in Ca(sdb) is optimal for
the small C,H,, molecules, as each of the pore segments is built with four phenyl rings, providing
strong adsorption sites through C-H= interactions. Ca(tcpb) contains two types of channels, in
the first type only phenyl rings are accessible as adsorption sites for hydrocarbon molecules,
while the second type contains multiple O atoms in the close proximity to the center of the pore.
The adsorbate-adsorbent interaction in Ca(tcpb) appears to be similar to the Ca(sdb) case,
except in the channels where additional polarizing -OH groups and oxygen atoms serve as strong
adsorption sites for C,H,, through the C-HO interaction. Those single crystal data are
confirmed by the experimental gas adsorption and the XRD-DSC studies. In situ XRD-DSC
results further suggest that Ca(tcpb) displays some network flexibility, which allows

accommodating all the C;-nC,4 hydrocarbon gases inside the pore space.
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Figure 5.1 Polyhedral representation of (top) Ca(sdb) and (bottom) Ca(tcpb) structures, as seen
in [010] and [100], respectively. Ca(tcpb) displays two crystallographically different types of
channels, designated on the figure as I and Il. Blue polyhedra represent Ca, red spheres — O,
black wire — C, yellow wire — S and pink spheres — H.
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Figure 5.2 Top: C;-C, hydrocarbon isotherms at 298 K for Ca(sdb); bottom: DSC signals
measured upon loading activated Ca(sdb) with C;-C; gases.
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Figure 5.8 Differential Fourier electron density map of Ca(tcpb):C,H, before assigning
ethylene atoms, localized electron density on the left side indicate ethylene molecules in the
channel of the type I, on the right side — the channel of the type II.

Figure 5.9 Refined Ca(tcpb):C,H, structure, atoms drawn at a 50% probability level.
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Figure 5.11 Packing of the C,H, gases along the channels of Ca(tcpb).
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Figure 5.12 Ethane adsorption site in Ca(sdb), the shortest gas-sorption site distances are
shown, the gas molecule shows no spatial disorder.

Figure 5.13 Ethylene adsorption sites in Ca(sdb), the shortest gas-sorption site distances are
shown, gas displays two-fold disorder, second orientation shown in a consecutive pore.
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Figure 5.14 Acetylene adsorption sites in Ca(sdb), the shortest gas-sorption site distances are
shown, gas displays two-fold disorder, second orientation shown in a consecutive pore.

Figure 5.15 Ethane adsorption sites in Ca(tcpb), the shortest gas-sorption site distances are
shown, gas molecules show no spatial disorder, channels type I and Il are marked red.
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Figure 5.16 Ethylene adsorption sites in Ca(tcpb), the shortest gas-sorption site distances are
shown, gas molecules show no spatial disorder, channels type | and Il are marked red.

Figure 5.17 Acetylene adsorption sites in Ca(tcpb), the shortest gas-sorption site distances are
shown, in the pore of the type I gas molecules show no spatial disorder, in the pore of the type Il
gas is disordered over two positions, channels type | and Il are marked red.
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Figure 5.18 In situ PXRD patterns of (top) Ca(sdb):C,H, and (bottom) Ca(tcpb):C,H,
collected at 1 atm pressure of C, hydrocarbons. Black patterns represent activated samples.
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Figure 5.22 In situ PXRD patterns of activated and propylene-loaded Ca(tcpb).
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Figure 5.23 In situ PXRD patterns of activated and propane-loaded Ca(tcpb).
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Figure 5.24 In situ PXRD patterns of activated and butane-loaded Ca(tcpb).
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Table 5.1: Crystal data and structure refinement parameters for Ca(sdb):C,H,

Sample Ca(sdb):C;H; Ca(sdb):C,H, Ca(sdb):C,Hg

Empirical formula Ca(Cy4HgS06) (CoH)o3s  Ca(CiaHsSO6) (CoHa)ozsa  Ca(CraHsSOg) (CoHe)o4s

Formula weight 353.33 353.88 357.27

T (K) 100(2) 100(2) 100(2)
Wavelength (A) 1.54184 0.71073 0.41328
Space Group P2./n P2./n P2./n
a(A) 11.6583(3) 11.5955(3) 11.6667(11)
b (A) 5.5671(1) 5.5581(1) 5.5586(5)
c(A) 22.9110(6) 22.9548(5) 22.935(2)
a (°) 90 90 90

B (°) 100.901(2) 101.062(3) 101.011(3)
v () 90 90 90
Volume (A% 1460.16(6) 1451.93(6) 1460.0(2)
Densityca (g/cm®) 1.607 1.619 1.625

Mu (mm™) 5.320 0.604 0.144
Reflections, unique 9878 23013 9452
Reflections [I>20(1)] 3081 4416 2212

Rint 0.0341 0.0374 0.0639
Completeness to O max 0.992 0.998 0.888
F(000) 7233 7258 735.0
Goodness of fit 1.106 1.053 1.082
Data/restraints/parameter  3081/20/219 4416/18/213 2212/31/210
Ri[ I>20(1)] 0.0446 0.0346 0.0998
WR; [all data] 0.1221 0.0905 0.2532




Table 5.2: Crystal data and structure refinement parameters for Ca(tcpb):C,Hn

Sample Ca(tcpb):C,H, Ca(tcpb):C,H, Ca(tcpb):C,Hq
Empirical formula Ca(Cs4H205) (C2H2)1 76 Ca(Ca4H208) (CaHa)1.47 Ca(Ca4H208) (C2He)1 58
Formula weight 642.17 637.68 644.08

T (K) 100(2) 100(2) 100(2)
Wavelength (A) 0.71073 1.54184 0.41328
Space Group P-1 P-1 P-1

a(A) 5.1634(2) 5.1803(3) 5.2195(2)

b (A) 10.5518(5) 10.6508(5) 10.5691(5)
c(A) 15.4849(7) 15.2914(6) 15.3604(7)

a (%) 82.725(4) 82.591(4) 82.533(1)

B (°) 87.233(4) 85.945(4) 86.657(1)

v (%) 83.782(4) 82.739(4) 83.000(1)
Volume (A% 831.44(6) 828.67(7) 833.14(6)
Densityca (g/cm®) 1.283 1.278 1.284

Mu (mm™) 0.240 2.060 0.067
Reflections, unique 24429 10168 4214
Reflections [I>20(1)] 4128 2888 2019

Rint 0.0643 0.0560 0.0213
Completeness to O max 0.993 0.953 0.710

F(000) 3325 331.4 336.4
Goodness of fit 1.037 1.070 1.208
Data/restraints/parameter  4128/1/235 2888/ 11/ 221 2019/ 2/ 218
Ri[ I>20(1)] 0.0464 0.0530 0.0384

WR; [all data] 0.1244 0.1260 0.1298
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Table 5.3: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(sdb):C,H,.

X y z Ueq
O(6) 4942(2) 1920(4) 1291(1) 16(1)
O(5) 4136(2) -2220(4) 1097(1) 17(1)
C(8) 3514(3) 1087(6) 299(1) 14(1)
C(5) 2789(3) 1082(6) 1414(1) 14(1)
C(1A) -30(140) 4600(300) 240(30) 210(20)
C(2A) 290(80) 4200(130) 130(50) 190(20)
Ca(1) 6370(1) 2432(1) 2214(1) 12(1)
S(1) 3969(1) 342(1) 1060(1) 13(1)
0(2) 2597(2) 857(4) -1911(1) 15(1)
o(1) 2635(2) 4770(4) -1723(1) 16(1)
o) -123(2) 4760(4) 2470(1) 17(1)
o)) -413(2) 808(4) 2560(1) 19(1)
C(7) 1879(3) 3764(5) 2001(1) 14(1)
C(4) 1898(3) -587(6) 1397(1) 17(1)
C(13) 3806(3) 3322(6) 100(1) 16(1)
C(2) 997(3) 2082(6) 2007(1) 14(1)
C(11) 2967(3) 2087(6) -900(1) 13(1)
C(10) 2648(3) -115(6) -692(1) 18(1)
C(6) 2799(3) 3266(6) 1706(1) 15(1)
C(12) 3524(3) 3808(6) -506(1) 17(1)
C©9) 2913(3) -611(6) -82(1) 17(1)
C(14) 2734(2) 2621(5) -1555(1) 13(1)
C(3) 1007(3) -95(6) 1706(1) 17(1)
C(1) 70(3) 2589(5) 2377(1) 14(1)
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Table 5.4: Anisotropic displacement parameters (A% x 10°) for Ca(sdb):C,H,

Ull U22 U33 U23 U13 U12
0(6) 18(1) 15(1) 14(1) -1(1) 4(1) -1(1)
0(5) 24(1) 16(1) 12(1) 1(1) 5(1) 1(1)
C(8) 19(1) 16(2) 7(1) -1(1) 5(1) 1(1)
C(5) 19(1) 15(1) 9(1) 3(1) 3(1) 2(1)
C(1A)  150(50) 140(40) 310(50) 60(30) -50(40) -20(30)
C(2A)  120(40) 130(30) 300(50) 60(30) -30(30) 20(20)
ca(l) 16(1) 10(1) 10(1) 0(1) 4(1) -1(1)
S(1) 17(1) 12(1) 10(1) 0(1) 4(1) 1(1)
0(2) 19(1) 16(1) 10(1) -2(1) 3(1) 0(1)
o(1) 20(1) 14(1) 14(1) 3(1) 5(1) 1(1)
0(4) 19(1) 15(1) 18(1) -2(1) 6(1) 2(1)
0(3) 22(1) 15(1) 21(1) -1(1) 9(1) -3(1)
c(7) 22(2) 12(1) 7(1) 1(1) 2(1) 1(1)
C(4) 23(2) 12(1) 16(2) -2(1) 5(1) 1(1)
C(13) 22(1) 13(1) 14(2) -3(1) 3(1) -2(1)
c(2) 17(1) 14(2) 10(1) 1(1) 3(1) 2(1)
C(11) 16(1) 13(1) 11(1) -1(1) 4(1) 1(1)
C(10) 25(2) 14(2) 14(2) -2(1) 3(1) -3(1)
C(6) 19(1) 13(1) 12(1) -1(1) 2(1) -2(1)
C(12) 23(2) 14(2) 15(2) 1(1) 5(1) -1(1)
C(9) 26(2) 13(1) 13(2) 2(1) 4(1) -3(1)
C(14) 14(1) 13(1) 12(2) 1(1) 5(1) 0(1)
C(3) 19(1) 15(2) 16(2) -1(1) 3(1) -3(1)
c(1) 17(1) 14(1) 10(1) -1(1) 2(1) 0(1)
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Table 5.5: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(sdb):C,H,.

X y z Ueq
0(2) 7373(1) 4786(2) 6723(1) 14(1)
C(14) 7278(1) 2633(3) 6556(1) 11(1)
Ca(1) 3632(1) 2422(1) 2792(1) 9(1)
S(1) 6043(1) 334(1) 3947(1) 10(1)
0@3) 10116(1) 4744(2) 2521(1) 15(1)
0(1) 7410(1) 866(2) 6911(1) 13(1)
O(6) 5060(1) 1911(2) 3716(1) 13(1)
o) 10405(1) 793(2) 2432(1) 16(1)
O(5) 5875(1) -2233(2) 3911(1) 13(1)
c(11) 7047(1) 2102(3) 5902(1) 11(1)
c(12) 7374(1) -105(3) 5694(1) 14(1)
C(5) 7216(1) 1073(3) 3595(1) 11(1)
C(8) 6503(1) 1088(3) 4704(1) 11(1)
C(2) 9007(1) 2069(3) 2990(1) 11(1)
C(3) 9006(1) -104(3) 3295(1) 14(1)
C(4) 8117(1) -599(3) 3606(1) 14(1)
C(9) 6203(1) 3323(3) 4903(1) 14(1)
C(7) 8122(1) 3750(3) 3004(1) 12(1)
C(13) 7109(1) -612(3) 5090(1) 14(1)
C(1) 9929(1) 2577(3) 2620(1) 11(1)
C(6) 7210(1) 3264(3) 3299(1) 13(1)
C(10) 6485(1) 3821(3) 5506(1) 14(1)
C(1E) 9702(1) 4053(3) 4911(1) 90(9)
C(2E) 9903(1) 5082(3) 5264(1) 113(11)
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Table 5.6: Anisotropic displacement parameters (A% x 10%) for Ca(sdb):C,H,

Ull U22 U33 U23 U13 U12
0(2) 17(1) 12(1) 13(1) -5(1) 5(1) -2(1)
C(14) 11(1) 13(1) 9(1) 0(1) 2(1) 0(1)
Ca(1) 13(1) 8(1) 8(1) 0(1) 2(1) 1(1)
S(1) 14(1) 10(1) 7(1) 0(1) 3(1) -1(1)
0(3) 18(1) 11(1) 17(1) 2(1) 6(1) -2(1)
o(1) 16(1) 14(1) 9(1) 2(1) 2(1) 0(1)
0(6) 13(1) 16(1) 9(1) 1(1) 2(1) 2(1)
0(4) 19(1) 13(1) 17(1) 0(1) 6(1) 3(1)
0(5) 20(1) 11(1) 10(1) 0(1) 4(1) -2(1)
C(11) 14(1) 12(1) 8(1) 0(1) 2(1) -1(1)
C(12) 20(1) 12(1) 10(1) 1(1) 2(1) 4(1)
C(5) 14(1) 11(1) 8(1) -1(1) 3(1) 0(1)
Cc(8) 14(1) 12(1) 8(1) 1(1) 2(1) 0(1)
c(2) 13(1) 11(1) 10(1) -1(1) 2(1) -1(1)
c@) 15(1) 12(1) 14(1) 1(1) 4(1) 2(1)
C(4) 18(1) 10(1) 13(1) 2(1) 4(1) 2(1)
C(9) 19(1) 11(1) 11(1) 1(1) 2(1) 2(1)
c(7) 16(1) 9(1) 12(1) 1(1) 3(1) 0(1)
C(13) 21(1) 11(1) 11(1) -1(1) 3(1) 3(1)
c(1) 12(1) 12(1) 10(1) 1(1) 2(1) 0(1)
C(6) 15(1) 11(1) 13(1) 0(1) 3(1) 1(1)
C(10) 19(1) 10(1) 12(1) -1(1) 4(1) 1(1)
C(1E)  90(11) 74(9) 110(20) -6(8) 30(9) -30(8)
C(2E)  98(13) 130(20) 111(13) 22(14) 22(12) 35(15)
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Table 5.7: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(sdb):C,Hs.

X y z Ueq
S(1) 3961(1) 346(3) 1060(1) 10(1)
0@3) -131(4) 4756(8) 2471(2) 14(1)
0(1) 2595(4) 834(8) -1903(2) 12(1)
0®4) -412(4) 802(9) 2556(2) 16(1)
0(2) 2641(4) 4768(8) -1727(2) 11(1)
O(5) 4127(4) -2245(8) 1100(2) 11(1)
0O(6) 4936(4) 1964(8) 1291(2) 12(1)
C(4) 1886(6) -578(12) 1392(3) 11(1)
C(5) 2792(6) 1094(11) 1409(3) 11(2)
C(13) 2906(6) -594(12) -87(3) 12(1)
C(8) 3520(6) 1097(11) 290(3) 11(1)
C(6) 2781(6) 3294(12) 1705(3) 12(1)
C(9) 3806(6) 3352(12) 106(3) 14(2)
C(12) 2635(6) -102(12) -685(3) 12(1)
C(3) 1003(6) -71(12) 1701(3) 12(2)
C(7) 1882(6) 3771(11) 1998(3) 11(2)
C(10) 3521(6) 3827(11) -504(3) 11(1)
C(1E) 272(5) 3920(20) 153(10) 129(13)
C(14) 2738(5) 2606(9) -1550(3) 3(1)
C(1) 61(5) 2562(9) 2372(3) 4(1)
C(2) 987(5) 2128(11) 2008(3) 7(1)
C(11) 2966(6) 2131(11) -900(3) 7(1)
Ca(1) 6366(1) 2437(2) 2213(1) 3(1)
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Table 5.8: Anisotropic displacement parameters (A% x 10°) for Ca(sdb):C,Hs

Ull U22 U33 U23 U13 U12
S(1) 10(1) 13(1) 6(1) 0(1) 1(1) 0(1)
0(3) 16(2) 14(2) 13(2) 5(2) 2(2) 7(2)
o(1) 8(2) 17(2) 12(2) 7(2) 2(2) 1(2)
0(4) 14(2) 20(2) 12(2) 2(2) 2(2) 7(2)
0(2) 9(2) 13(2) 12(2) 7(2) 6(2) 3(2)
0(5) 10(2) 17(2) 7(2) -2(2) 2(2) 2(2)
0(6) 11(1) 14(1) 10(1) 0(1) 2(1) -1(1)
c() 10(3) 15(3) 9(3) -1(2) 2(3) -4(3)
C(5) 9(3) 13(3) 12(3) 3(2) 1(3) 4(2)
C(13) 9(3) 16(3) 14(3) 5(3) 5(3) -2(3)
Cc(8) 9(3) 11(3) 12(3) 1(2) -2(3) 6(2)
C(6) 7(3) 16(3) 14(3) 1(3) 5(3) -2(3)
C(9) 12(3) 14(3) 12(3) 0(3) -2(3) -3(3)
C(12) 10(3) 15(3) 11(3) -2(2) 3(3) 2(3)
c@) 8(3) 12(3) 16(3) 1(2) 1(3) -2(2)
c(7) 12(3) 13(3) 703) -2(2) -3(3) -2(3)
C(10) 11(3) 13(3) 9(3) 12) 4(3) 1(3)
C(1E)  82(15) 76(14) 200(30) 30(15) -60(16) 4(10)
C(14) 2(2) 3(2) 3(2) 0(1) 1(1) 0(1)
c(1) 4(2) 4(2) 3(2) 0(1) 0(1) 0(1)
c(2) 4(3) 12(3) 4(3) 3(2) 1(3) 3(2)
C(11) 6(2) 7(2) 6(2) 0(1) 1(1) 1(1)
Ca(l) 4(1) 3(1) 1(1) -1(1) 1(1) -1(1)
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Table 5.9: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(tcpb):CoHs.

X y z Ueq
C(1A) 4415(14) 9802(6) 5303(5) 69(2)
C(1) -184(3) 6320(2) 4896(1) 18(1)
C(2) 790(3) 5655(2) 5671(1) 17(1)
C(3) 964(3) 4299(2) 5776(1) 17(1)
C(11) 1632(3) 6386(2) 6356(1) 16(1)
C(12) 3936(4) 5991(2) 6791(1) 19(1)
C(13) 4577(4) 6600(2) 7481(1) 21(1)
C(14) 2931(4) 7627(2) 7744(1) 18(1)
C(16) 57(4) 7462(2) 6592(1) 20(1)
C(17) 3462(4) 8216(2) 8536(1) 19(1)
C(4) 1829(3) 3517(2) 6602(1) 17(1)
C(9) 4074(4) 2641(2) 6611(1) 21(1)
C(8) 4970(4) 1995(2) 7397(1) 21(1)
C(7) 3602(3) 2170(2) 8175(1) 16(1)
C(6) 1293(3) 2985(2) 8160(1) 19(1)
C(5) 442(3) 3662(2) 7382(1) 19(1)
C(10) 4648(3) 1545(2) 9030(1) 16(1)
0(2) 6989(2) 1128(1) 9057(1) 23(1)
0(1) 3052(2) 1502(1) 9694(1) 18(1)
o)) 1872(3) 9006(1) 8837(1) 24(1)
o) 5719(3) 7805(1) 8868(1) 26(1)
Ca(1) 0 0 10000 15(1)
C(15) 691(4) 8075(2) 7285(1) 21(1)
C(2A) 6179(16) 4744(6) 9789(4) 49(2)
C(3A) 5987(15) 4312(8) 9118(5) 55(2)
C(4A) 8820(30) 4805(18) 10180(11) 162(9)
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Table 5.10: Anisotropic displacement parameters (A% x 10%) for Ca(tcpb):C,H-

Ull U22 U33 U23 U13 U12
C(1A)  80(5) 52(4) 74(5) -7(3) 10(4) -5(3)
c(1) 19(1) 19(1) 15(1) -3(1) -4(1) 1(1)
c(2) 16(1) 21(1) 14(1) -4(1) -4(1) 0(1)
c(@3) 17(1) 22(1) 13(1) -3(1) -4(1) 3(1)
C(11) 20(1) 20(1) 10(1) -2(1) -2(1) -1(1)
C(12) 19(1) 23(1) 16(1) 7(2) -3(1) 1(1)
C(13) 19(1) 28(1) 17(1) -6(1) -6(1) -1(1)
C(14) 19(1) 23(1) 13(1) -5(1) -3(1) -2(1)
C(16) 20(1) 23(1) 16(1) -3(1) 7(2) 2(1)
Cc(17) 21(1) 23(1) 14(1) -5(1) -2(1) -5(1)
C(4) 20(1) 19(1) 13(1) -2(1) 7(2) -1(1)
C(9) 24(1) 25(1) 13(1) -4(1) -2(1) 3(1)
C(8) 20(1) 23(1) 18(1) -2(1) -3(1) 6(1)
c(7) 17(1) 18(1) 14(1) -1(1) 7(2) -3(1)
C(6) 19(1) 23(1) 14(1) -2(1) -2(1) 0(1)
C(5) 16(1) 23(1) 17(1) -1(1) -5(1) 3(1)
C(10) 19(1) 16(1) 14(1) -1(1) -6(1) -4(1)
0(2) 19(1) 29(1) 19(1) 6(1) -6(1) -1(1)
o(1) 20(1) 20(1) 13(1) -2(1) -5(1) -3(1)
0(3) 26(1) 28(1) 18(1) -11(1) -3(1) 1(1)
0(4) 24(1) 37(1) 21(1) -16(1) -9(1) 1(1)
Ca(l) 15(1) 17(1) 12(1) -2(1) -4(1) 0(1)
C(15) 22(1) 23(1) 18(1) -6(1) -3(1) 4(1)
C(2A)  83(6) 29(3) 35(4) -6(3) 21(4) -11(3)
C(3A)  51(5) 58(5) 60(5) -30(4) -3(4) -1(3)
C(4A)  190(20) 186(17) 132(15) -93(13) 25(12) -61(14)
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Table 5.11: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(tcpb):CoHa.

X y z Ueq
C(1) -182(5) 6306(3) 4876(2) 22(1)
C(2) 804(5) 5666(3) 5656(2) 22(1)
C(3) 973(6) 4323(3) 5788(2) 23(1)
C(4) 1855(6) 3558(3) 6626(2) 22(1)
C(5) 4111(6) 2694(3) 6631(2) 26(1)
C(6) 5001(6) 2054(3) 7419(2) 26(1)
C(7) 3600(6) 2232(3) 8214(2) 22(1)
C(8) 1280(6) 3052(3) 8207(2) 24(1)
C(9) 451(6) 3719(3) 7424(2) 23(1)
C(10) 4623(6) 1593(3) 9070(2) 24(1)
C(11) 1654(6) 6409(3) 6332(2) 21(1)
C(12) 3950(6) 6015(3) 6756(2) 26(1)
C(13) 4602(6) 6636(3) 7433(2) 26(1)
C(14) 2974(6) 7690(3) 7691(2) 24(1)
C(15) 745(6) 8131(3) 7236(2) 27(1)
C(16) 98(6) 7501(3) 6561(2) 25(1)
C(17) 3529(6) 8298(3) 8469(2) 26(1)
0(1) 2998(4) 1499(2) 9746(1) 24(1)
0(2) 6990(4) 1205(2) 9097(1) 30(1)
o)) 1938(4) 9101(2) 8780(1) 29(1)
o) 5793(4) 7888(2) 8785(1) 32(1)
Ca(1) 0 0 10000 21(1)
C(1E) 4280(11) 9745(5) 5311(4) 84(3)
C(2E) 6249(10) 5000(8) 10065(6) 110(5)
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Table 5.12: Anisotropic displacement parameters (A% x 10%) for Ca(tcpb):C,H4

Ull U22 U33 U23 U13 U12
c(1) 21(2) 23(1) 23(2) -4(1) -3(1) 1(1)
c(2) 18(2) 27(1) 21(1) -5(1) -3(1) 0(1)
c(@3) 21(2) 27(1) 20(1) -4(1) -1(1) -1(1)
C(4) 24(2) 24(1) 21(1) -5(1) 7(2) -4(1)
C(5) 29(2) 29(2) 22(2) 7(2) -2(1) 0(1)
C(6) 24(2) 24(1) 29(2) -4(1) -3(1) 2(1)
c(7) 26(2) 23(1) 20(1) -2(1) -4(1) -5(1)
Cc(8) 24(2) 28(2) 21(1) -4(1) -1(1) -4(1)
C(9) 21(2) 25(1) 23(2) -4(1) 7(2) 3(1)
C(10) 24(2) 22(1) 27(2) -4(1) -5(1) -4(1)
C(11) 23(2) 25(1) 15(1) -1(1) -3(1) -2(1)
C(12) 29(2) 25(1) 24(2) 7(2) 0(1) -2(1)
C(13) 23(2) 30(2) 24(2) -6(1) -4(1) 0(1)
C(14) 24(2) 29(2) 21(2) 7(2) -1(1) -3(1)
C(15) 31(2) 27(2) 22(2) -8(1) 0(1) -1(1)
C(16) 24(2) 29(2) 22(2) -2(1) -6(1) 0(1)
c(17) 27(2) 30(2) 22(2) -4(1) -1(1) -4(1)
o(1) 26(1) 27(1) 20(1) -3(1) -3(1) -4(1)
0(2) 28(1) 36(1) 25(1) 4(1) -4(1) -3(1)
0(3) 32(1) 34(1) 23(1) -13(1) -2(1) 1(1)
0(4) 27(1) 44(1) 29(1) -19(1) -8(1) 0(1)
Ca(l) 22(1) 24(1) 18(1) -4(1) -3(1) -1(1)
C(1E)  101(6) 56(4) 92(5) -10(3) 24(4) -12(3)
C(2E)  170(13) 69(6) 90(7) 26(5) -22(8) -33(8)
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Table 5.13: Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (Ueq; A% x 10%) for Ca(tcpb):CoHe.

X y z Ueq
C(1) -188(4) 6320(2) 4879(1) 13(1)
C(2) 784(4) 5660(2) 5665(1) 12(1)
C(3) 960(4) 4316(2) 5784(1) 13(1)
C(4) 1833(4) 3541(2) 6623(1) 12(1)
C(5) 4071(4) 2670(2) 6634(1) 15(1)
C(6) 4975(4) 2031(2) 7425(1) 15(1)
C(7) 3601(4) 2220(2) 8211(1) 12(1)
C(8) 1294(4) 3034(2) 8199(1) 13(1)
C(9) 442(4) 3704(2) 7413(1) 13(1)
C(10) 4633(4) 1579(2) 9073(1) 12(1)
c(11) 1617(4) 6409(2) 6340(1) 12(1)
C(12) 3923(4) 6015(2) 6767(1) 14(1)
C(13) 4564(4) 6642(2) 7444(1) 15(1)
C(14) 2927(4) 7679(2) 7704(1) 14(1)
C(15) 675(4) 8118(2) 7254(1) 15(1)
C(16) 44(4) 7489(2) 6575(1) 14(1)
C(17) 3478(4) 8298(2) 8480(1) 14(1)
0(1) 3032(3) 1492(2) 9734(1) 12(1)
0(2) 6985(3) 1201(2) 9101(1) 17(1)
0])) 1879(3) 9074(2) 8798(1) 18(1)
o)) 5764(3) 7917(2) 8788(1) 20(1)
Ca(1) 0 0 10000 10(1)
C(1E) 3847(6) 9684(4) 5221(3) 47(2)
C(2E) 6363(5) 4733(5) 9855(4) 70(2)
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Table 5.14: Anisotropic displacement parameters (A% x 10%) for Ca(tcpb):CzHs

Ull U22 U33 U23 U13 U12
c(1) 14(1) 13(1) 11(1) -1(1) -3(1) -1(1)
c(2) 12(1) 16(1) 9(1) -2(1) -1(1) -2(1)
c(3) 11(1) 18(1) 9(1) -1(1) -2(1) -1(1)
C(4) 15(1) 12(1) 9(1) 0(1) -6(1) -5(1)
C(5) 18(1) 18(1) 10(1) -3(1) -2(1) -1(1)
C(6) 13(1) 16(1) 15(1) -1(1) -4(1) 0(1)
c(7) 14(1) 12(1) 11(1) 0(1) -5(1) -4(1)
C(8) 14(1) 18(1) 9(1) -1(1) -2(1) -4(1)
C(9) 12(1) 15(1) 13(1) -1(1) -5(1) 0(1)
C(10) 15(1) 12(1) 11(1) -1(1) -5(1) -4(1)
C(11) 15(1) 15(1) 6(1) 2(1) -1(1) -4(1)
C(12) 15(1) 16(1) 11(1) -2(1) -1(1) -1(1)
C(13) 13(1) 20(1) 12(1) -1(1) -4(1) -4(1)
C(14) 14(1) 18(1) 9(1) -2(1) 0(1) -6(1)
C(15) 16(1) 16(1) 12(1) -2(1) -1(1) -1(1)
C(16) 14(1) 18(1) 11(1) 0(1) -4(1) -3(1)
c(17) 16(1) 16(1) 10(1) 0(1) -1(1) -6(1)
o(1) 15(1) 14(1) 8(1) 0(1) -4(1) -5(1)
0(2) 13(1) 22(1) 15(1) 5(1) -5(1) -1(1)
0(3) 20(1) 22(1) 13(1) 7(2) -2(1) -2(1)
0(4) 18(1) 32(1) 14(1) -12(1) -6(1) -1(1)
ca(l) 10(1) 13(1) 7(1) -1(1) -4(1) -2(1)
C(1E)  41(3) 38(3) 60(3) 4(2) 11(2) -11(2)
C(2E)  55(3) 41(3) 104(4) 9(3) 27(2) -2(2)
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Table 5.15: Hydrocarbon adsorption on Ca(sdb) and Ca(tcpb), gas uptake measured with the
gas isotherms, -AH and Q; obtained through DSC vacuum-swing experiments.

Ca(sdb) Ca(tcpb)
Uptake -AH Qst Uptake -AH Qst
Wt%)  (kdJ/molyor) (kJ/molgas) |  (Wt%)  (kJ/molmor) (kJI/molgas)
CH. 1.66 10(1) 28(3) 1.99 8.3(1) 18.0(2)
C.H; 2.96 16.2(1) 41.5(4) 7.51 55.4(4) 30.3(2)
CoHa 3.75 16.5(3) 35.0(5) 7.47 46.5(1) 29.2(1)
CoHg 3.96 15.6(3) 36.3(7) 8.33 53.5(1) 32.3(1)

Table 5.16: Comparison of calculated and experimental enthalpies and the heat of adsorption of
C,H, in Ca(tcpb)

HC Gas

CH,
CoH:
CoH,
CaHe
CsHe
CsHs

CsH1o

-AH (kJ/I’ﬂO'MOF)

Calculated Experimental
10.61 8.3(1)
53.15 55.4(4)
42.95 46.5(1)
52.88 53.5(1)
68.16 62.6(5)
69.11 62.8(3)

67.9 59.9(3)

Qst (kd/molgas)
Calculated Experimental
23 18.0(2)

29 30.3(2)
27 29.2(1)
32 32.3(1)
43 39.5(3)
44 40.02)
50 44.1(2)
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Table 5.17: Comparison of C,H, uptake values in Ca(sdb) and Ca(tcpb) obtained trough
isotherms measurments vs. crystal structure refinement results.

Ca(sdb)

Gas occupancy (mol/mol)

isotherms refinement
C:H> 0.39 0.3(2)
CoHa 0.46 0.32(3)
CoHe 0.45 0.43(5)

Ca(tcpb)

Gas occupancy (mol/mol)

isotherms refinement
1.72 1.76(1)
1.59 1.47(1)
1.65 1.58(1)
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Chapter 6

Effect of the Ligand Structural Isomerism in a Formation of Calcium

Metal Organic Frameworks

The content of this chapter is published in

Plonka, A. M.; Banerjee, D.; Parise, J. B. Cryst. Growth Des. 2012, 12 (5), 2460-2467.

6.1 Abstract

Using different structural isomers (2,5-; 2,4-; 2;6-; 3,4-; 3,5-) of pyridinedicarboxylic
acid, nine calcium-based MOFs were synthesized under solvothermal conditions and/or were
produced via a solvent-driven recrystallization of the previously synthesized compounds. The
MOFs reported here were characterized using single crystal X-ray diffraction and thermal
methods. They show diverse structural topologies, depending on the ligand geometry and
coordinated solvent molecules, with inorganic connectivity motifs ranging from isolated
octahedra to infinite chains, a layer and a three dimensional dense framework. The as-
synthesized and desolvated networks further show structural transformation to hydrated phases
through dissolution/reformation pathways. The process is likely driven by the high hydration

energy of the calcium metal center.
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6.2 Introduction

Research had been recently centered on attempts to rationally design MOFs with specific
structures, by using a wide range of metal centers and organic linkers.’® "® Recognizable
secondary-building units (SBUs) form between first row transition metals and polytypic
carboxylate ligands.” The presence of these SBUs raises hopes of the assembly of MOFs by
design.” Another group of functional hybrid materials, MOFs formed from s-block metals,
contain members that are lightweight (Li, Mg), non-toxic and readily available in nature (Mg,
Ca), offering advantages in fields ranging from gas adsorption to biomedical applications.”* Due
to the predominantly non-directional ionic metal-ligand interactions, SBUs are not as easily
recognized in MOFs formed from the s-block metals, and structural topology is governed by
ligand geometries and functionalities. Thus, systematic studies of the ligand geometry, as the
important determinant of the network architecture, are necessary for developing successful
strategies for producing novel functional s-block MOFs.

In this work, a range of structural isomers of pyridinedicarboxylic acid (H,pdc) was used
to investigate the effect of bi-functional polydentate ligand architecture on the structure and
stability of calcium-based MOFs (Fig. 6.1). Various isomers of pdc were used previously to
synthesize a series of MOFs with lanthanides, first row transition and s-block metals, where
diverse coordination abilities were observed.” The pdc ligand provides variable bridging and
chelating coordination modes, due to the presence of both nitrogen and oxygen-based functional
groups alongside a rigid aromatic backbone. Furhter, pdc forms six different structural isomers,

where a mutual orientation between the functional groups varies between the isomers, thereby
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facilitating systematic studies of the relationships between the ligand geometries and the
resultant MOFs’ structural topologies in a relatively simple system.

Apart from the metal centers and organic linkers, external parameters such as temperature
and synthesis solvents can also influence the topologies and properties of the materials produced.
Solvent often influences the coordination behavior of the metal centers, which determine the
connectivity and dimensionality of the network.”® The extent of deprotonation of organic
carboxylate linkers that largely decide its coordination mode can be controlled by adjusting the
basicity of the solvent medium.”” Along with the influence of synthesis solvent on the network
topology, several examples of the post-synthesis solvent induced structural transformation are
reported in literature.”® The desolvation-resolvation behavior is accompanied by changes in metal
coordination geometry or network topology.”

Here we report nine calcium based MOFs formed from different structural isomers of pdc
linkers, and by varying the nature of the solvent used in solvothermal syntheses method. One of
the networks was obtained by recrystallization of anhydrous solvothermally-synthesized MOF in

the solvent containing water.

6.3 Experimental Section

6.3.1 Synthesis

Eight coordination networks were synthesized under solvothermal conditions. Starting

materials include calcium nitrate tetrahydrate (Ca(NO3).-4H,0, Acros-Organics, 99+% purity),

normally anhydrous calcium chloride (CaCl,, Acros-Organics, 96% purity), 2,5- (Sigma-Aldrich
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98% purity), 2,4- (Sigma-Aldrich 98% purity), 2,6- (Acros-Organics 99% purity), 3,4- (Acros-
Organics 99% purity), 3,5- (Acros-Organics 98% purity) pyridinedicarboxylic acid (C;HgNOy),
N,N-dimethylformamide (C3H;NO, DMF, Sigma-Aldrich 99% purity,) and ethanol (EtOH,

Fisher-Scientific, 95% purity). These reactants were used without further purification.

Synthesis of Cay(2,5-pdc)4(DMF), compound 6.1. Ina typical synthesis of 6.1, one mmol each
of 2,5-pdc (0.167 g) and Ca(NOs3),-4H,0 (0.236 g) were dissolved in a DMF/EtOH mixture
(5.48 g/1.15 g; molar ratio 1:1:75:25). The resultant mixture was stirred for 2 hours to achieve
homogeneity and heated for 5 days at 180°C in the oven. The product was obtained as needle-
shaped crystals and washed with ethanol (yield 72%; 0.161 g).

Synthesis of Ca(2,5-pdc)(H,0), compound 6.2. Synthesis involves one mmol of 2,5-pdc (0.167
g) and one mmol of CaCl, (0.111 g) dissolved in DMF/H,0 solution (3,65 g/1.9 g; molar ratio
1:1:50:50). The resultant mixture was stirred for 2 hours to achieve homogeneity and was heated
for 5 days at 180°C inside the oven. The product was obtained as needle-shaped crystals and
washed with ethanol (yield 68%; 0.152 g).

Synthesis of Ca(2,5-pdc)(DMF), compound 6.3. Synthesis involves one mmol of 2,5-pdc
(0.167 g) and one mmol of CaCl, (0.111 g) dissolved in 7.3 g of DMF (molar ratio 1:1:100). The
resultant mixture was stirred for 2 hours to achieve homogeneity and heated for 5 days at 180°C
in an oven. The product was obtained as block-shaped crystals and washed with ethanol (yield
64%; 0.178g).

Synthesis of Ca(2,4-pdc)(H,0) compound 6.4. A typical synthesis involves one mmol of 2,4-
pdcH,O (0.185 g) and one mmol of CaCl, (0.111 g) dissolved in DMF/H,O solution

(3.65g/1.9g; molar ratio 1:1:50:50). The resultant mixture was stirred for 2 hours to achieve
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homogeneity and heated for 5 days at 180°C inside the oven. The product was obtained as
needle-shaped crystals and washed with ethanol (yield 73%; 0.163 g).

Synthesis of Ca(2,4-pdc)(DMF), compound 6.5. A typical synthesis involves one mmol of 2,4-
pdcH,O (0.185 g) and one mmol of CaCl, (0.111 g) dissolved in 7.3 g DMF [molar ratio
1:1:100]. The resultant mixture was stirred for 2 hours to achieve homogeneity and heated for 5
days at 180°C in an oven. The product was obtained as block-shaped crystals and washed with
ethanol (yield 69%; 0.1929).

Synthesis of Ca (2,6-pdc) compound 6.6. Synthesis involves one mmol of 2,6-pdc (0.167 g)
and one mmol of CaCl, (0.111 g) dissolved in DMF/H,0O solution (3.65g/1.9g; molar ratio
1:1:50:50). The resultant mixture was stirred for 2 hours to achieve homogeneity and heated for
5 days at 180°C inside the oven. The product was obtained as block-shaped crystals and washed
with ethanol (yield 84%; 0.172 g).

Synthesis of Cay(3,4-pdc)4(H,0O) compound 6.7. A typical synthesis involves one mmol of 3,4-
pdc (0.167 g) and one mmol of CaCl, (0.111 g) dissolved in a DMF/H,0 solution (3,65¢/1.9¢;
molar ratio 1:1:50:50). The resultant mixture was stirred for 2 hours to achieve homogeneity and
heated for 5 days at 180°C inside the oven. The product was obtained as plate-shaped crystals
and washed with ethanol (yield 58%; 0.129 g).

Synthesis of Ca(3,5-pdc)(DMF), compound 6.8. A typical synthesis involves one mmol of
3,5-pdc (0.167 g) and one mmol of CaCl, (0.111 g) dissolved in 7.3 g DMF (molar ratio
1:1:100). The resultant mixture was stirred for 2 hours to achieve homogeneity and heated for 5
days at 100°C in an oven. The product was obtained as block-shaped crystal and washed with

ethanol (yield 76%; 0.231 g).
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Synthesis of Ca(3,5-pdc)(H,0),, compound 6.9. Compound 6.9 was made in impure form
using one mmol of 3,5-pdc (0.167 g) and one mmol of CaCl, (0.111 g) dissolved in a DMF/H,0
solution (3,65¢/1.9g; molar ratio: 1:1:50:50). The resultant mixture was stirred for 2 hours to
achieve homogeneity and heated for 5 days at 100°C. The product was obtained as a mixture of
block-shaped crystals and unidentified powder. The single-crystal data were collected from
crystals of this batch. Attempts to directly synthesize pure 6.9 from solvothermal routes were not
successful. For example using a variety of synthesis solvents, namely DMF/water, pure water,
water/ethanol, pure ethanol, in combination with different synthesis temperatures of 22, 60, 100
and 180°C, and with or without NH4F as a mineralizer, failed to yield compound 6.9. However, a
pure compound 6.9 was obtained from a compound 6.8 through a solvent driven structural

transformation, which is discussed in details below.

6.3.2 X-ray Crystallography

Suitable crystals of each compound were selected from the bulk residue of filtration and
were then mounted on glass fibers using epoxy. Reflections for compounds 6.1 and 6.3 - 6.9
were collected using a four-circle kappa Oxford Gemini diffractometer at room temperature.
Reflections for compound 6.2 were collected using a Bruker four circle P4-single crystal
diffractometer equipped with a SMART 1K CCD detector at room temperature (298 K) using
Mo Ko radiation (A= 0.71073 A) with ¢ and © scans.

The crystal structures of 6.1 - 6.9 were solved using direct methods (SHELXS).**
Calcium and oxygen atoms were located first followed by determination of other atom positions

(C, N) from Fourier difference maps. Most of the non-hydrogen atoms were refined
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anisotropically (Figs. 6.2 — 6.10). Hydrogen atoms were added to the structure model using
geometrical constraints. A summary of important crystallographic details and atomic coordinates
for the compounds 6.1 — 6.9 can be found in Tables 6.1 — 6.27.

Bulk sample identification and determination of phase purity were done using powder X-
ray diffraction. Data were collected using a Rigaku® Ultima-1V diffractometer equipped with a
Cu Ko radiation within a range of 5° < 20 < 40° (scanning rate: 1°/min). The powder patterns so
collected were consistent with the powder patterns simulated based on the single crystal data

(Figs. 6.11 — 6.19).

6.3.3 Thermal Analysis

TGA data for compounds 6.1 — 6.8 were collected using a Netzsch 449C Jupiter
instrument (see the chapter 2.2). Samples were heated from room temperature to 750°C under a

N, atmosphere with a heating rate of 10°C/minute (Figs. 6.22 — 6.28)

6.3.4 Solubility and Solvent-Driven Transformation

Approximately 0.05 g of each compound was placed in a glass vial with 10 ml of
solvents: H,0O, EtOH, MeOH, for the solubility studies. Solvents were refreshed every day for 7
days, or until the total dissolution. In the transformation study approximately 0.05 g of
desolvated compounds 6.1 — 6.5 and 6.8 was placed in 10 ml of solvents: H,O, EtOH, MeOH

and DMF for 2 days without decanting. Samples were recovered by solvent evaporation.
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6.4 Results and Discussions

6.4.1 Structural Description

Calcium can adopt different coordination numbers with oxygen and/or nitrogen. In
compounds 6.1 - 6.9 calcium metal centers are present in combinations of 6-, 7- or 8-coordinated
environments with the functional groups of the pdc linker or solvent molecules. The average
metal-oxygen bond is 2.40 (+ 0.09) A, with the range of distances from 2.263(2) A to 2.692(1) A
(Table 6.28). The metal-oxygen bond length increases with the calcium coordination number
from 6 to 8, with an average of 2.32 (+ 0.04) A for 6-coordinated, 2.40 (+ 0.04) A for 7-
coordinated and 2.46 (+ 0.08) A for 8-coordinated environment. Pyridyl nitrogen atoms display
two different coordination behaviors — chelating calcium together with one or two carboxylate
oxygen atoms from the same linker in compounds 6.1 — 6.6 — or bridging different metal centers
in compounds 6.8 — 6.9. The average Ca-N bond length is 2.56 (+ 0.04) A.

The structural motifs found in compounds 6.1 — 6.9 are illustrated in Figure 6.30.
Calcium metal centers are bridged by the carboxylate groups and/or pyridyl nitrogen atoms,
forming different cationic building blocks ranging from monomers (6.8, 6.9), dimers (6.8),
tetramers (6.1), chains (6.2 — 6.5), layer (6.7) and a 3-D-network (6.6). Organic linkers show
variable coordination, involving either a chelating or bridging mode, or a combination of both
(Fig. 6.31).

The geometry of the pdc linker dictates the topology of the Ca-pdc networks formed.
Organic linkers 2,5- and 2,4-pdc display a very similar connectivity to metal centers, where

pyridyl nitrogen and one carboxylate oxygen atom are present in chelating positions with
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calcium. Such connectivity leads to the formation of four networks with similar structural
topologies. Except 6.1, compounds based on 2,4- and 2,5-pdc (6.2 — 6.5) are constructed of
infinite chains of corner- (6.2) or edge- (6.3 — 6.5) connected CaO,N, polyhedra, parallel to one
of the unit cell axes (b for 6.2 and 6.4, a for 6.3 and 6.5). Those chains are further linked together
by organic ligands, results in three-dimensional structures (Fig. 6.33). The asymmetric units of
the resultant structures comprise one unique metal center, and one complete organic ligand plus
one solvent molecule. In each material the pdc linker connects to five calcium metal centers (Fig.
6.31). The metal coordination sphere is quite similar in the compounds 6.3 — 6.5, where calcium
is coordinating to five organic linkers and one solvent molecule, with a coordination number of 7
(6.2) or 8 (6.3 — 6.5). Carboxylate groups from pdc linkers do not chelate to the metal center in
the compound 6.2, but rather bridge the adjacent metals, what results in a lower coordination
number. The calculated theoretical porosity is 4%, 42%, 0% and 35% for 6.2 — 6.5, respectively,
showing that networks incorporating DMF molecules are much more open and potentially
porous than the ones containing water.®’

Compound 6.1 shows different inorganic connectivity compared to other networks of the
same metal-linker system (6.2, 6.3). It is composed of edge sharing tetrameric calcium polyhedra
(Fig. 6.30e), connected by organic linkers, which results in a 3-D network. The asymmetric unit
of 6.1 comprises four crystallographically different calcium atoms, four organic ligands and one
DMF molecule coordinated to Ca3. In this compound, calcium is either 7- (Cal, Ca2, Ca3) or 6-
(Cad) coordinated, and pdc is connecting to 5 or 6 different metal centers (Fig 6.31a-b).

In 6.6 there is only one unique 7-coordinated metal center with distorted pentagonal
bipyramidal geometry, one unique 2,6-pdc ligand and no solvent molecules. The specific

geometry of 2,6-pdc allows tridentate chelating mode, where the metal is surrounded by one
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nitrogen and two oxygen atoms. The carboxylate groups are further turned from the aromatic
plane by 31.19° and 18.49° bridging to an adjacent metal center that leads to formation of a
hexagonal dense framework of inorganic connectivity. Each CaOgN; polyhedron is connected to
three others, sharing one edge and two corners. The pdc carboxylate groups are coordinated in a
monodentate or monodentate bridging fashion, and every organic linker is connecting to five
calcium ions (Fig. 6.33e).

The asymmetric unit of compound 6.7 consists of one crystallographically unique
calcium metal center, one linker and a coordinated water molecule. Calcium polyhedra are joined
in edge or corner sharing fashion, forming a layered inorganic connectivity. The inorganic layer
is stacked between organic layers, formed by linkers. The geometry of 3,4-pdc governs the
topology of the compound 6.7 as seen in the previously described compounds. The distance
between the pyridyl nitrogen and the carboxylate groups is crucial, as in the compound 6.7 only
the carboxylate oxygen atoms coordinate with the metal centers, forming a layered network. The
linker shows diverse coordination modes, ranging from monodentate, monodentate bridging and
bidendate chelating (Fig. 6.31g). In the crystal structure, extensive O-H N hydrogen-bonding
interaction between hydrogen from water and pyridyl nitrogen, lead to formation of a three-
dimensional supramolecular network (Fig. 6.32).

Both the compounds 6.8 and 6.9 are formed by a combination of calcium metal centers,
connected by the 3,5-pdc linker, although their structural topologies are quite different. The co-
planar arrangement of carboxylate groups with the pyridine ring facilitates the formation of
planar metal-ligand connectivity, as previously reported in the case of Mg-3,5-pdc (Fig. 6.34).""
The asymmetric unit of the compound 6.8 consists of four unique calcium metal centers, three

organic linkers and four coordinated DMF molecules. One of the pdc linkers connects the planes
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together to form a 3-D network. Three of the unique calcium metal centers (Cal, Ca3, Ca4) are
present in distorted octahedral coordinations, with DMF molecules either at the vertices of the
octahedra (Cal, Ca3) or occupying one of the coordination sites (Ca4). The fourth calcium center
(Ca2) is present in a seven-coordinated environment, with six carboxylate oxygen atoms and one
DMF molecule. One of the carboxylate groups is present in a chelating mode, while others are
bridging the adjacent Ca atoms. The asymmetric unit of compound 6.9 is composed of one
unique calcium center, an organic linker and two solvent water molecules. The calcium metal
center is present in a pentagonal bipyramidal geometry, where apices are occupied by water
molecules and four planar corners belong to two chelating carboxylate groups. The fifth planar
coordination site is occupied by a pyridyl nitrogen atom. Each organic linker is connected with
three calcium centers to form the layered network; terminal water molecules occupy calcium

coordination sites, which might otherwise lead to the connectivity in the third dimension.

6.4.2 Variation of Synthetic Parameters

Attempts to obtain novel multidimensional MOFs require optimization of a number of
parameters in the synthesis, including the nature of the metal salt, solvent type and
temperature.”*™ " Both solvothermal and hydrothermal reaction conditions were employed in
the present case, to study the formation of the Ca(pdc) networks. A preliminary study was
performed on the Ca-2,5-pdc system, in order to rationalize the choice of a limited sub-set of
solvents (Table 6.29). As a result, it was found that water, when used in a combination with other
solvents (DMF, methanol, and ethanol), always favors the formation of hydrated compound 6.2.

Similar results were previously observed in a Mg-3,5-pdc system, showing the overwhelming
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preference to form hydrated phases.”"" Based on these preliminary results DMF, water, ethanol,
and their 1:1 molar combinations were chosen as the preferred synthesis solvents. In retrospect
the choice is intuitive, as the polar synthesis solvents are expected to favor the formation of ionic
calcium coordination networks. Following the preliminary study to narrow the choice of the
solvents (Table 6.29), in total nine MOFs were synthesized based on five structural isomers of
the pdc linker. However, after repeated synthesis attempts using (a) higher solvent ratios (b)
addition of mineralizer NH4F, we were unable to synthesize any Ca(2,3-pdc) networks. Instead,
phase pure a-calcium formate is formed, when DMF is used in pure or mixture forms, as a result

of thermal decomposition of DMF molecules.®

6.4.3 Activation and Solvent Dependent Structural Transformations

The thermal stability of the compounds 6.1-6.8 under N, atmosphere depends on their
structural topologies and the nature of the coordinated solvents. Compound 6.6 exhibits the
highest stability, up to 580°C, due to the absence of any coordinated or free solvent molecules.
Compound 6.1 shows a similar one-step decomposition pathway and is stable up to 480°C. The
presence of a coordinated DMF within the isolated voids rather than open channels might be the
reason for the higher thermal stability of compound 6.1, with respect to other networks
possessing coordinated solvents. All other compounds show the expected two-step
decomposition pathways of solvent removal, followed by decomposition. Compounds with
coordinated water molecules show higher thermal stability over the ones with coordinated DMF

molecules, and this is attributed to stronger Ca-water bonding.
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Compounds with the theoretical porosity in their desolvated form were tested for gas-
adsorption properties after activation. They were all found non-porous based on the N;
adsorption experiments and poorly crystalline after desolvation, based on the lack of the sharp
Bragg peaks in their XRD powder diffraction patterns. Further, the water solubility of as-
synthesized and activated networks 6.1 — 6.8 was tested and all of the as-synthesized compounds
were found to be soluble in water except for 6.3 and 6.4.

Freshly made and activated samples of compounds 6.1 — 6.3 (Ca-2,5-pdc system) were
immersed in water, methanol and ethanol to study the solvent-driver transformation (Fig. 6.35).
With the exception of compound 6.1 immersed in ethanol, where the powder XRD of the
recovered material shows that it transformed to unknown microcrystalline material, sample 6.2
was formed after the evaporation of the solvent. Further, exposing activated samples 6.2 and 6.3
to DMF leads to the formation of the compound 6.3. The activated compound 6.1 reverts to its
original crystalline form upon exposure to solvent DMF. Compounds 6.5 and 6.8 transform to
the hydrated phases 6.4 and 6.9, respectively, after immersing both the activated and freshly
made samples in water, ethanol and methanol (Fig 6.29). The exposure of 6.4, 6.5 and 6.8 to
DMF did not lead to the formation or recovering of crystallinity of DMF-containing phases. The
transformation to the hydrated phases was previously reported by Liang et al. in other calcium
based MOFs.” The formation of the hydrated phases from either as-synthesized or activated
compounds might follow a dissolution-reformation pathway, which is driven by the high

hydration energy of the calcium metal center (Hnyg= -1577 kd/mol).®!
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6.5 Conclusions

Atomic arrangements in nine calcium- and pyridinedicarboxylate-based metal organic
frameworks, synthesized under solvothermal conditions or by the solvent-driven transformation,
are based on a variety of the inorganic structural motifs, ranging from isolated polyhedra to
infinite chains, a layer or a 3-D connectivity, depending on the linker geometry and synthetic
conditions. The motif formed depends on the orientation of carboxylates with respect to the
pyridyl nitrogen group and the nature of the coordinated solvent. For example, Ca-3,5-pdc
frameworks (6.8 — 6.9) consist of monomers and dimers of calcium polyhedra, while Ca-2,6-pdc
(6.6) forms a three dimensional inorganic connectivity. In both cases, the mutual angles between
the carboxylate groups are the same (120°), though the close proximity of a pyridyl nitrogen
atom to the carboxylate groups in 2,6-pdc favors the 3-D connectivity. As-synthesized and
desolvated networks show structural transformations to hydrated phases in the presence of water

through dissolution/reformation pathways involving calcium coordination spheres.
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Figure 6.1 Pyridinedicarboxylate isomers investigated in this study.

Figure 6.2 View of the local environment of calcium in 6.1, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.
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Figure 6.3 View of the local environment of calcium in 6.2, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.

Figure 6.4 View of the local environment of calcium in 6.3, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.
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Figure 6.5 View of the local environment of calcium in 6.4, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.

Figure 6.6 View of the local environment of calcium in 6.5, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.
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Figure 6.7 View of the local environment of calcium in 6.6, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.

Figure 6.8 View of the local environment of calcium in 6.7, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.
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Figure 6.9 View of the local environment of calcium in 6.8, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.

Figure 6.10 View of the local environment of calcium in 6.9, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level. H atoms omitted for
clarity.
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Figure 6.11 Calculated (blue) and observed (brown) powder diffraction patterns of 6.1.
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Figure 6.12 Calculated (blue) and observed (brown) powder diffraction patterns of 6.2.
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Figure 6.13 Calculated (blue) and observed (brown) powder diffraction patterns of 6.3.
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Figure 6.14 Calculated (blue) and observed (brown) powder diffraction patterns of 6.4.

Figure 6.15 Calculated (blue) and observed (brown) powder diffraction patterns of 6.5.
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Figure 6.16 Calculated (blue) and observed (brown) powder diffraction patterns of 6.6.

145



L1

6 9 12 15 18 21 24 27 30
2007

Figure 6.17 Calculated (blue) and observed (brown) powder diffraction patterns of 6.7.
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Figure 6.18 Calculated (blue) and observed (brown) powder diffraction patterns of 6.8.

Figure 6.19 Calculated (blue) and observed (brown) powder diffraction patterns of 6.9.
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Figure 6.20 The TGA plot of the compound 6.1.
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Figure 6.21 The TGA plot of the compound 6.2.
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Figure 6.22 The TGA plot of the compound 6.3.
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Figure 6.23 The TGA plot of the compound 6.4.
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Figure 6.24 The TGA plot of the compound 6.5.
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Figure 6.25 The TGA plot of the compound 6.6.
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Figure 6.26 The TGA plot of the compound 6.7.
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Figure 6.27 The TGA plot of the compound 6.8.
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Figure 6.28 The TGA plot of the compound 6.9.
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Figure 6.29 Powder diffraction patterns: bottom — compound 6.8 (black — calculated from single
crystal data, green — recorded), middle (purple) — activated compound 6.8, top — compound 6.9
(blue — calculated from single crystal data, red — recorded for the material made by
transformation of compound 6.8 in ethanol)
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Figure 6.30 Building blocks consisting of Ca-centered polyhedra (blue) and pdc (the blue circle
designates the pyridyl nitrogen position) in compounds 6.1-6.9: (a) monomer found in compound
6.8 and 6.9, (b) dimer in 6.8, (c) tetramer in 6.1, (d) chain in 6.4, (e) layer in 6.7 and (f)
secondary building block of the framework of 6.6. Hydrogen atoms were omitted for clarity.
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Figure 6.31 Coordination behavior of pdc linkers in 6.1 (a and b); 6.2 (a); 6.3 (c); 6.4 (d); 6.5
(e); 6.6 (F); 6.7 (g); 6.8 (h and 1); 6.9 (j). Large blue spheres represent calcium, small blue spheres
— nitrogen, black — carbon, red — oxygen and pink — hydrogen.
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Figure 6.32 O-H N hydrogen bonded (purple dotted line) layers in compound 6.7, viewed along
the [001] direction; carbon-carbon linkages are shown as black wireframe, calcium — centered
blue polyhedra, oxygen from water molecule — red spheres, nitrogen — blue spheres, hydrogen —
purple spheres. All hydrogen atoms not involved in hydrogen bonding are omitted for clarity.
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Figure 6.33 Polyhedral representation of structures in 6.6 (top) and 6.3 (bottom) in [100] and
[001] direction, respectively. Hydrogen atoms are omitted for clarity.
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Figure 6.34 View of the single metal-linker layer in compound 6.8 (top) and 6.9 (bottom).
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Figure 6.35 General scheme for observed transformation paths; (a) 2,5-pdc system, (b) 2,4-pdc
system, (c) 3,5-pdc system
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Table 6.1: Crystallographic data and structural refinement details of Cay(2,5-pdc)4(DMF),
compound 6.1.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Fo, I>26(1))

WR; (on Fo?, all data)

Cz1H19CasNs017
893.83
203(2)
0.71073

Cc
17.7443(10)
9.0940(5)
22.8204(16)
110.655(7)
3445.7(4)

4

1.723

0.604

1872

0.1 x0.03 x 0.01
3.74 10 25.03
-21< h<19,
-10< k<10
27<1<27
14066

5794

0.0770

99.6 %

0.821

5794 /2514
0.0429
0.0821
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Table 6.2: Crystallographic data and structural refinement details of Ca(2,5-pdc)(H.0),

compound 6.2.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c(A)

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness t0 Oyax
Goodness of fit

Data/ Restraints/parameter
R1(on Fo, 1 > 26(1))

WR; (on F,’, all data)

C;HsCaNOs
223.2

293(2)
0.71073
Pbca
11.355(5)
7.443(3)
18.452(9)
1559.4(13)

8

1.901

0.798

656
02x0.1x0.1
2.211027.10
-14< h<14,
-9< k<9
-23<1<22
9724

1702

0.0321

99.7 %

1.066
1702/0/131
0.0303
0.0908
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Table 6.3: Crystallographic data and structural refinement details of Ca(2,5-pdc)(DMF),

compound 6.3.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

6 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness t0 Oyax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(I))

WR; (on F,’, all data)

C10H10CaN,0s
278.28
293(2)
0.71073

P 2:/n
6.4463(3)
10.9728(5)
16.0996(8)
99.775(5)
1122.26(9)

4

1.647

0.575

575

0.25x 0.2 x0.15
3.7110 25.35
-7< h<7,
-13< k<13
-19<I1<19
10504

2055

0.0706

99.4 %

1.111
2055/0/ 163
0.0546
0.1607
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Table 6.4: Crystallographic data and structural refinement details of Ca(2,4-pdc)(H.0),

compound 6.4.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c(A)

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness t0 Oyax
Goodness of fit

Data/ Restraints/parameter
Ri(on Fo, | >20(1))

WR; (on F,’, all data)

C;HsCaNOs
223.2

293(2)
0.71073
P22, 2
6.2110(10)
6.9005(9)
18.285(3)
783.7(2)

4

1.881

0.794

451

0.24 x 0.1 x 0.02
3.97 to 25.67
“7< h<7,
-8< k<8
21<1<22
6572

1487

0.0718

99.4 %
0.810

1487/ 0/ 133
0.0303
0.0556
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Table 6.5: Crystallographic data and structural refinement details of Ca(2,4-pdc)(DMF),

compound 6.5.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

6 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(I))

WR; (on F,’, all data)

C10H10CaN,0s
278.28
293(2)
0.71073

P 2:/n
6.4275(4)
16.3870(12)
10.9764(9)
99.182(6)
1141.30(14)
4

1.620

0.565

362

0.4 x0.03 x 0.03
3.76 10 25.35
-7< h<7,
-19< k<19
-13<1<13
7941

2068

0.0729

98.8 %

1.077

2068 /0/ 163
0.0436
0.1220
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Table 6.6: Crystallographic data and structural refinement details of Ca(2,6-pdc), compound

6.6.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

c(A)

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(1))

WR; (on Fo?, all data)

C7HsCaNO,4
205.18
293(2)
0.71073

R-3
18.5021(5)
11.9010(4)
3528.22(18)
18

1.738

0.776

362
0.4x0.2%0.2
3.65 t0 26.34
23 < h<23,
23 < k<23
-14<1<14
14627

1603

0.0488

99.8 %

1.038
1603/0/ 118
0.0239
0.0659
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Table 6.7: Crystallographic data and structural refinement details of Ca(3,4-pdc)(H.0),

compound 6.7.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

6 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(I))

WR; (on F,’, all data)

C;HsCaNOs
223.2

293(2)
0.71073

P 2:/n
11.347(7)
9.914(4)
7.907(4)
104.489(6)
861.2(8)

4

1.722

0.723

432
0.2x0.2x0.15
3.71 10 26.37
-14< h<14,
-12< k<12
-9<1<9
10865

1746

0.0807

99.5 %

1.084
1746/0/ 128
0.0375
0.1013
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Table 6.8: Crystallographic data and structural refinement details of Ca(3,5-pdc)(DMF); 6.8.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

o (°)

P

v (%)

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(I))

WR; (on F¢?, all data)

Ca3H37Ca3N7016
907.94
203(2)
0.71073

P-1
12.0501(3)
13.9638(3)
14.7073(3)
98.257(2)
111.863
107.785(2)
2092.18(10)
4

1.441

0.471

1008
0.8x05x0.3
3.77 to 26.37
-15< h<15,
-17< k<17
-18<1<18
54549

8526

0.0291

99.7 %

1.048

8526 /0/530
0.0437
0.1357
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Table 6.9: Crystallographic data and structural refinement details of Ca(3,5-pdc)(H.0),

compound 6.9.

Empirical formula

Formula weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c (A)

P

Volume (A%

Z

Calculated Density (g/cm®)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

6 range of data collection (°)
Index range

Total reflection
Independent reflection

Rint

Completeness to Omax
Goodness of fit

Data/ Restraints/parameter
Ri(on Ry, 1 >26(I))

WR; (on F,’, all data)

C;H;CaNOg
241.22
293(2)
0.71073

Cc
10.2526(3)
12.6758(3)
7.5294(3)
106.324(4)
939.07(5)

4

1.692

0.677

488

0.15 x 0.05 % 0.05
3.2110 26.72
-12< h <12,
-16< k<16
-9<I<9
5591

1944

0.0738

99.8 %

1.081

1944 /21121
0.0451
0.1228
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Table 6.10: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Cau(2,5-pdc)s(DMF), compound 6.1.

X y z Ueq
C(1) 6855(3) 5790(7) 13393(3) 23(1)
C(2) 6424(3) 5401(7) 12726(3) 21(1)
c(@3) 5816(4) 4370(7) 12536(3) 34(2)
C(4) 5506(4) 3924(7) 11922(3) 38(2)
C(5) 5802(4) 4584(7) 11497(3) 26(2)
C(6) 5550(4) 4032(6) 10839(3) 26(2)
c(7) 6646(4) 6038(6) 12260(3) 29(2)
Cc(8) 6311(3) 684(6) 10122(3) 18(1)
C(9) 7142(3) 1234(7) 10182(3) 20(1)
C(10) 7817(3) 369(7) 10448(3) 28(2)
C(11) 8560(4) 935(7) 10483(3) 30(2)
C(12) 9367(4) 2916(6) 10199(3) 22(1)
C(13) 7876(3) 3071(7) 9949(3) 20(1)
C(14) 3834(3) 4688(7) 9043(3) 25(2)
C(15) 3022(3) 4109(7) 9021(3) 24(2)
C(16) 2326(4) 4865(7) 8719(3) 34(2)
C(17) 1604(4) 4329(7) 8734(4) 40(2)
C(18) 1614(3) 3058(6) 9074(3) 17(1)
C(19) 855(3) 2463(6) 9126(3) 19(1)
C(20) 2346(4) 2368(7) 9353(3) 25(2)
C(22) 4624(4) 1337(6) 8433(3) 24(2)
C(23) 4384(3) 619(6) 7784(3) 24(1)
C(24) 4672(4) 1158(7) 7339(3) 30(2)
C(25) 4372(4) 601(7) 6735(3) 35(2)
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C(26) 3778(3) -471(6) 6590(3) 25(2)

c27) 3380(4) -1037(6) 5935(3) 22(1)
C(027) 8575(3) 2288(6) 10211(3) 24(2)
C(28) 3551(3) -993(6) 7071(3) 24(1)
C(29D) 7030(5) 9929(10) 11720(4) 66(2)
C(30D) 8451(5) 10206(9) 12182(5) 89(3)
C(31D) 7558(8) 12310(9) 12154(8) 143(5)
N(1) 6349(3) 5674(5) 11658(2) 25(1)
N(2) 3042(3) 2848(5) 9331(3) 25(1)
N(3) 7162(3) 2565(5) 9941(2) 21(1)
N(4) 3845(3) -487(5) 7663(2) 24(1)
N(5D) 7634(5) 10780(7) 12013(4) 76(2)
0(1) 7554(2) 6344(5) 13531(2) 30(1)
0(2) 6503(2) 5526(4) 13771(2) 29(1)
0(3) 5905(2) 4575(4) 10490(2) 24(1)
0(4) 5020(3) 3082(5) 10684(2) 36(1)
0(5) 4430(2) 3921(4) 9327(2) 29(1)
0(6) 3834(2) 5864(5) 8762(2) 37(1)
o(7) 928(2) 1520(4) 9556(2) 23(1)
0(8) 208(2) 2936(5) 8753(2) 29(1)
0(9) 5734(2) 1547(4) 9904(2) 23(1)
0(10) 6266(2) -602(5) 10295(2) 36(1)
0(11) 9301(2) 3875(4) 9774(2) 21(1)
0(12) 10000(2) 2455(4) 10590(2) 28(1)
0(13) 5135(3) 2318(5) 8551(2) 35(1)
0(14) 4263(2) 847(4) 8784(2) 24(1)
0(15) 3758(2) -910(4) 5565(2) 26(1)
0(16) 2693(3) -1563(5) 5804(2) 36(1)
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0(17D)
Ca(1)
Ca(2)
Ca(3)

Ca(4)

7042(3)
6362(1)
5808(1)
4380(1)

3896(1)

8642(6)
7080(1)
3890(1)

1536(1)

-1651(1)

11596(2)
10679(1)
9432(1)
9844(1)

8701(1)

57(1)
20(1)
18(1)
18(1)

20(1)
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Table 6.11 Anisotropic displacement parameters (A% x 10°) for Cau(2,5-pdc)s(DMF); 6.1.

Ull U22 U33 U23 U13 U12
c(1) 20(3) 25(4) 23(4) -1(3) 8(3) 5(3)
c(2) 17(3) 30(4) 19(4) 3(3) 10(3) -2(3)
c(3) 39(4) 44(4) 22(5) 3(3) 14(3) -13(3)
C() 38(4) 45(4) 30(5) -10(3) 11(3) -23(3)
C(5) 29(4) 30(4) 21(4) -1(3) 12(3) -5(3)
C(6) 31(4) 24(4) 22(4) -6(3) 10(3) -1(3)
c(7) 29(4) 29(4) 25(4) -5(3) 5(3) -11(3)
Cc(8) 21(3) 20(4) 14(3) -3(3) 8(3) -7(3)
C(9) 11(3) 27(4) 22(4) 3(3) 5(2) 1(2)
C(10) 19(3) 22(4) 42(4) 11(3) 10(3) -3(3)
C(11) 22(3) 34(4) 33(4) 16(3) 10(3) 10(3)
C(12) 27(4) 20(4) 24(4) -4(3) 14(3) -1(3)
C(13) 12(3) 25(4) 24(4) 1(3) 6(2) -6(2)
C(14) 19(3) 26(4) 30(4) -4(3) 9(3) -5(3)
C(15) 25(4) 23(4) 25(4) 6(3) 11(3) -5(3)
C(16) 28(4) 22(4) 56(5) 22(3) 19(3) 2(3)
c(17) 29(4) 40(4) 54(5) 15(4) 19(3) 2(3)
C(18) 16(3) 20(3) 15(3) 4(3) 5(2) 3(3)
C(19) 16(3) 19(4) 27(4) -2(3) 13(3) 0(3)
C(20) 30(4) 25(4) 20(4) 10(3) 8(3) -2(3)
C(22) 20(3) 31(4) 23(4) 1(3) 9(3) -1(3)
C(23) 21(3) 29(4) 18(4) -3(3) 4(3) -3(3)
C(24) 33(4) 36(4) 24(4) -11(3) 14(3) -21(3)
C(25) 32(4) 50(4) 26(5) -2(3) 15(3) -8(3)
C(26) 27(3) 28(3) 24(4) -1(3) 11(3) -3(3)
c(27) 24(4) 24(3) 18(4) -1(3) 703) 3(3)
C(027)  14(3) 25(4) 32(4) 4(3) 7(3) 1(3)
C(28) 23(3) 26(3) 22(4) -2(3) 8(3) -2(3)
C(29D)  70(5) 57(6) 63(6) 9(5) 16(4) -7(5)
C(30D)  80(6) 56(6) 115(9) -5(6) 13(6) 5(5)
C(31D)  84(6) 51(6) 273(15) -66(9) 36(7) -3(6)
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N(1)
N(2)
N(@3)
N(4)
N(5D)
o(1)
0(2)
0(3)
0(4)
0(5)
O(6)
o(7)
0(8)
0(9)
0(10)
0(11)
0(12)
0(13)
0(14)
0(15)
0(16)
O(17D)
Ca(1)
Ca(2)
Ca(3)
Ca(4)

27(3)
19(3)
15(2)
25(3)
69(4)
18(3)
32(2)
33(2)
43(3)
16(2)
30(2)
25(2)
10(2)
14(2)
24(2)
20(2)
18(2)
49(3)
36(2)
31(2)
20(3)
88(3)
19(1)
18(1)
17(1)
18(1)

31(3)
30(3)
14(3)
31(3)
50(5)
47(3)
35(3)
22(2)
45(3)
29(3)
23(2)
25(2)
45(3)
23(3)
20(2)
20(2)
32(3)
32(3)
22(2)
32(2)
58(3)
31(3)
20(1)
20(1)
20(1)
22(1)

15(3)
30(3)
30(3)
18(3)
101(7)
25(3)
27(3)
18(2)
24(3)
41(3)
60(3)
20(3)
30(3)
32(3)
63(4)
24(3)
31(3)
26(3)
17(3)
22(3)
27(3)
47(3)
23(1)
18(1)
18(1)
21(1)

1(2)
4(3)
4(2)
-2(2)
-16(4)
-9(2)
-2(2)
1(2)
-15(2)
4(2)
16(2)
2(2)
16(2)
(2)
15(2)
1(2)
11(2)
-8(2)
0(2)
-3(2)
-14(2)
-10(3)
2(1)
1(1)
-1(1)
3(1)

4(2)
15(2)
5(2)
%)
21(4)
6(2)
18(2)
%)
16(2)
10(2)
19(2)
11(2)
6(2)
9(2)
16(2)
9(2)
5(2)
18(2)
13(2)
17(2)
8(2)
20(3)
(1)
8(1)
8(1)
(1)

-9(2)

1(2)

-3(2)
-2(2)
-6(4)
-10(2)
-1(2)
-9(2)
-28(2)

3(2)
1(2)

-2(2)

5(2)
3(2)

-1(2)
-2(2)

0(2)

-25(2)
-8(2)
-2(2)

-12(2)

-20(3)
-2(1)
-1(1)
-3(1)

0(1)
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Table 6.12: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Ca(2,5-pdc)(H,0), compound 6.2.

X y z Ueq
Ca 5295(1) 1121(1) 7079(1) 19(1)
o(1) 6090(1) 4188(2) 7247(1) 22(1)
C(6) 5362(2) 2509(2) 5205(1) 21(1)
0(@3) 5029(2) 1163(2) 3772(1) 34(1)
c(2) 6535(2) 4134(2) 5983(1) 20(1)
N(L) 5636(1) 2968(2) 5889(1) 20(1)
0(2) 7681(1) 5674(2) 6866(1) 27(1)
c(7) 5592(2) 2601(2) 3836(1) 21(1)
c() 6798(2) 4708(2) 6760(1) 19(1)
C(5) 5955(2) 3161(2) 4594(1) 21(1)
c@3) 7189(2) 4808(3) 5411(1) 29(1)
o(1W) 3542(1) 2811(2) 6969(1) 46(1)
C(4) 6892(2) 4326(3) 4705(1) 28(1)
0(4) 5888(1) 3631(2) 3324(1) 29(1)
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Table 6.13: Anisotropic displacement parameters (A2 x 10%) for Ca(2,5-pdc)(H,0); 6.2

Ull U22 U33 U23 U13 U12
Ca 22(1) 19(1) 15(1) -2(1) 1(1) -3(1)
0(1) 26(1) 22(1) 19(1) -2(1) 4(1) -3(1)
C(6) 24(1) 18(1) 22(1) -2(1) -3(1) -2(1)
0(3) 48(1) 31(1) 23(1) 7(1) 3(1) -15(1)
C(2) 23(1) 18(1) 19(1) -1(1) -1(1) -1(1)
N(L) 21(1) 20(1) 19(1) -1(1) 0(1) 0(1)
0(2) 25(1) 33(1) 23(1) -4(1) 0(1) -9(1)
c(7) 25(1) 21(1) 17(1) -1(1) -1(1) 3(1)
c(1) 21(1) 17(1) 18(1) 0(1) 0(1) 1(1)
C(5) 26(1) 18(1) 18(1) 0(1) -2(1) 2(1)
c(@3) 32(1) 32(1) 21(1) -2(1) 0(1) -14(1)
oaw)  32(1) 37(1) 70(1) 21(1) 18(1) 6(1)
c() 35(1) 32(1) 18(1) 2(1) 2(1) -11(1)
0(4) 46(1) 25(1) 16(1) 2(1) -2(1) -2(1)
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Table 6.14: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Ca(2,5-pdc) (DMF), compound 6.3.

X y z Ueq
Ca 7570(1) 715(1) 478(1) 19(1)
0(1) 11460(4) 690(2) 574(2) 23(1)
0(2) 14614(4) 1480(3) 1120(2) 33(1)
0(@3) 6918(4) 4053(3) 3392(2) 38(1)
N(1) 9663(5) 1809(3) 1759(2) 25(1)
C(5) 9881(6) 3103(4) 2974(2) 24(1)
c(2) 11714(6) 1970(4) 1770(2) 21(1)
c@3) 12908(6) 2708(4) 2361(3) 32(1)
c(7) 8783(6) 2376(4) 2350(2) 26(1)
C4) 11999(6) 3270(4) 2971(3) 29(1)
O(5D) 8251(6) 2715(3) -30(2) 59(1)
C(6) 8786(6) 3754(4) 3607(2) 23(1)
c(1) 12693(6) 1327(4) 1097(2) 23(1)
N(2D) 9418(9) 4128(4) -886(3) 68(2)
C(8D) 9662(10) 3119(5) -417(4) 58(2)
C(10D) 7356(13) 4755(7) -1015(5) 94(3)
C(9D) 11069(15) 4576(7) -1297(5) 105(3)
O(4) 9840(4) 3995(3) 4314(2) 28(1)
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Table 6.15: Anisotropic displacement parameters (A% x 10°) for Ca(2,5-pdc) (DMF); 6.3

ull U22 U33 U23 ul3 Ul2
Ca 16(1) 20(1) 20(1) -2(1) 4(1) -1(1)
o(1) 19(1) 28(2) 23(1) -8(1) 3(1) -1(1)
0(2) 19(1) 44(2) 37(2) -18(1) 9(1) -4(1)
0(3) 21(2) 51(2) 41(2) -21(2) 1(1) 5(1)
N(L) 19(2) 28(2) 28(2) -8(2) 4(1) -3(1)
C(5) 25(2) 24(2) 23(2) 5(2) 5(2) 1(2)
c(2) 20(2) 25(2) 19(2) -4(2) 2(2) 0(2)
c(@3) 18(2) 43(3) 35(2) -13(2) 6(2) 0(2)
c(7) 17(2) 31(2) 29(2) -10(2) 4(2) 0(2)
C(4) 24(2) 34(2) 29(2) -12(2) 5(2) -2(2)
O(D)  66(2) 40(2) 65(3) 22(2) -6(2) -22(2)
C(6) 22(2) 23(2) 23(2) 5(2) 4(2) 5(2)
c(1) 22(2) 21(2) 26(2) -3(2) 5(2) 2(2)
N@D)  97(4) 47(3) 59(3) 8(2) 14(3) -12(3)
C(8D)  84(4) 33(3) 53(3) 0(3) -3(3) -6(3)
C(10D)  119(6) 57(4) 94(6) 24(4) -19(5) 0(4)
C(9D)  163(9) 81(5) 85(5) 1(4) 63(6) -38(5)
0(4) 25(2) 33(2) 25(2) -9(1) 0(1) 2(1)
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Table 6.16: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Ca(2,4-pdc)(H,0), compound 6.4.

X y z Ueq
C(2) 8016(5) 313(5) 10480(2) 21(1)
C@3) 8946(6) 409(4) 9789(2) 23(1)
C(6) 5630(7) -709(4) 9294(2) 27(1)
o)) 4765(6) -669(4) 10001(2) 26(1)
N(1) 5929(4) -156(4) 10583(2) 26(1)
o) 8220(4) 796(3) 11754(1) 32(1)
0(2) 11303(4) 627(4) 11118(1) 29(1)
0®3) 9167(5) 1348(3) 8109(2) 27(1)
o) 9105(5) -1825(3) 8161(1) 28(1)
Oo(5M) 1383(5) -225(5) 12708(2) 38(1)
Ca(1) 4405(1) 245(1) 11915(1) 21(1)
C(1) 9304(7) 627(5) 11169(2) 23(1)
C@4) 7746(6) -146(5) 9186(2) 21(1)
C(5) 8750(5) -193(5) 8434(2) 22(1)
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Table 6.17: Anisotropic displacement parameters (A% x 10°) for Ca(2,4-pdc)(H,0); 6.4

ull U22 U33 U23 ul3 Ul2
c(2) 19(2) 21(2) 24(2) 2(2) 0(2) 3(2)
c(@) 22(3) 24(2) 22(2) 7(2) 4(2) -4(2)
C(6) 31(3) 32(2) 19(2) 1(2) 5(2) -2(2)
c(7) 23(3) 30(2) 26(2) 1(2) 1(2) 1(2)
N(L) 22(2) 32(2) 24(2) 3(2) -3(1) 0(2)
0(1) 24(2) 52(2) 20(2) -6(1) 3(1) 4(1)
0(2) 19(2) 46(2) 22(2) 1(1) -1(1) -2(1)
0(3) 38(2) 17(1) 25(2) 5(1) 102) 0(1)
0(4) 45(2) 20(1) 20(2) -1(1) 6(2) 2(1)
oGM)  31(2) 65(2) 19(2) 102) 1(1) 4(2)
Ca(l) 22(1) 21(1) 20(1) 0(1) -1(1) -1(1)
c(1) 29(3) 23(2) 18(2) 4(2) 0(2) 1(2)
C(4) 28(2) 16(2) 18(2) 0(2) 5(2) 1(2)
C(5) 21(2) 27(2) 18(2) 0(2) -3(2) 1(2)
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Table 6.18: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Ca(2,4-pdc) (DMF), compound 6.5.

X y z U(eq)
Ca 2178(1) 421(1) 4194(1) 17(1)
0(1) 6053(3) 537(1) 4283(2) 23(1)
O(4) 5095(3) 4294(1) 1007(2) 29(1)
0(@3) 7692(3) 3468(1) 759(2) 36(1)
C(2) 5485(3) 1710(2) 3000(2) 20(1)
0(2) 8761(2) 1050(1) 3460(2) 29(1)
N 3404(3) 1629(1) 2987(2) 26(1)
C(5) 6020(4) 3619(2) 1152(2) 22(1)
O(4D) 2628(4) -163(2) 2217(2) 49(1)
C(3) 6326(3) 2348(2) 2421(2) 23(1)
C(6) 2892(4) 2864(2) 1773(3) 32(1)
C4) 5040(4) 2943(2) 1807(2) 21(1)
C(8D) 4156(6) -472(2) 1843(3) 42(1)
N(2D) 4051(5) -893(2) 812(2) 50(1)
C@) 6899(3) 1043(2) 3644(2) 21(1)
C(7) 2174(4) 2202(2) 2360(3) 37(1)
C(10D) 5936(7) -1238(3) 436(4) 73(1)
C(9D) 2046(7) -1075(3) 46(4) 90(2)
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Table 6.19: Anisotropic displacement parameters (A2 x 10%) for Ca(2,4-pdc)(DMF); 6.5

ull U22 U33 U23 ul3 Ul2
Ca 15(1) 15(1) 20(1) 1(1) 5(1) 0(1)
o(1) 19(1) 23(1) 27(1) 11(1) 5(1) 1(1)
0(4) 31(1) 20(1) 35(1) 7(1) 8(1) 6(1)
0(3) 28(1) 31(1) 52(1) 16(1) 21(1) 8(1)
c(2) 17(1) 21(1) 23(1) 1(1) 5(1) 1(1)
0(2) 18(1) 33(1) 40(1) 16(1) 9(1) 5(1)
N 18(1) 25(1) 37(1) 9(1) 9(1) 2(1)
C(5) 20(1) 23(1) 23(1) 5(1) 1(1) 1(1)
O@4D)  60(1) 51(2) 39(1) -12(1) 22(1) -4(1)
c(@3) 13(1) 25(1) 31(2) 7(1) 4(1) 1(1)
C(6) 21(1) 29(2) 45(2) 12(1) 6(1) 7(1)
C(4) 22(1) 18(1) 24(1) 3(1) 6(1) 2(1)
C(8D)  58(2) 37(2) 32(2) -1(1) 15(2) 0(2)
N@D)  64(2) 55(2) 33(2) -10(1) 15(1) 7(1)
c(1) 17(1) 23(1) 23(1) 2(1) 3(1) 0(1)
c(7) 15(1) 33(2) 64(2) 19(2) 10(1) 4(1)
C(10D)  86(3) 83(3) 52(2) -11(2) 21(2) 39(2)
C(9D)  76(3) 129(5) 65(3) -48(3) 8(2) -6(3)
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Table 6.20: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10%) for Ca(2,6-pdc), compound 6.6.

X y z Ueq
C(1) 9396(1) 6676(1) 3121(1) 19(1)
C(2) 10100(1) 7547(1) 3371(1) 21(1)
c(@3) 10575(1) 7743(1) 4336(1) 32(1)
C(4) 11170(1) 8569(1) 4523(2) 44(1)
C(5) 11308(1) 9155(1) 3708(2) 38(1)
C(6) 10836(1) 8895(1) 2734(1) 23(1)
c(7) 11020(1) 9465(1) 1734(1) 22(1)
N 10225(1) 8110(1) 2585(1) 19(1)
0(1) 9459(1) 6084(1) 3498(1) 32(1)
0(2) 8809(1) 6633(1) 2545(1) 28(1)
0(3) 11459(1) 10225(1) 1904(1) 36(1)
0(4) 10727(2) 9109(1) 804(1) 24(1)
Ca 9269(1) 7819(1) 956(1) 16(1)
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Table 6.21: Anisotropic displacement parameters (A% x 10°) for Ca(2,6-pdc); 6.6

ull U22 U33 U23 ul3 Ul2
c(1) 19(1) 17(1) 20(1) 5(1) 5(1) 7(1)
c(2) 19(1) 20(1) 22(1) 4(1) 1(1) 8(1)
c@) 32(1) 30(1) 27(1) 10(1) -4(1) 10(1)
C(4) 46(1) 38(1) 28(1) 3(1) -16(1) 6(1)
C(5) 39(1) 25(1) 31(1) -1(1) -10(1) 1(1)
C(6) 25(1) 18(1) 22(1) 1(1) -1(1) 7(1)
c(7) 21(1) 18(1) 24(1) 2(1) 2(1) 7(1)
N 19(1) 16(1) 21(1) 3(1) 0(1) 8(1)
o(1) 32(1) 19(1) 42(1) 12(1) 4(1) 11(1)
0(2) 19(1) 21(1) 36(1) 3(1) -4(1) 6(1)
0(3) 44(1) 14(1) 32(1) 5(1) 0(1) 2(1)
0(4) 27(1) 22(1) 19(1) 2(1) 2(1) 8(1)
Ca 15(1) 17(1) 19(1) -1(1) 0(1) 9(1)
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Table 6.22: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10%) for Ca(3,4-pdc)(H,0), compound 6.7.

X y z Ueq
Ca 967(1) 1592(1) 4831(1) 19(1)
0(3) 1400(2) 1549(1) 2039(2) 26(1)
O4) 2497(2) 1549(2) 101(2) 34(1)
0(2) 544(1) -697(1) 3857(2) 26(1)
C(1) 1075(2) -1295(2) 2855(3) 23(1)
o) 591(2) -2068(2) 1666(2) 45(1)
C(6) 2949(2) -102(2) 2345(2) 22(1)
C(2) 2432(2) -1132(2) 3121(2) 22(1)
Oo(5M) 2640(2) 604(2) 6872(2) 42(1)
N 4930(2) -1090(2) 3368(3) 41(1)
C( 2228(2) 1065(2) 1421(3) 23(1)
C(5) 4190(2) -151(2) 2485(3) 31(1)
C@4) 4429(2) -2046(3) 4159(3) 39(1)
C(3) 3204(2) -2108(2) 4042(3) 34(1)
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Table 6.23: Anisotropic displacement parameters (A2 x 10%) for Ca(3,4-pdc)(H,0); 6.7

ull U22 U33 U23 ul3 Ul2
Ca 20(1) 19(1) 19(1) 0(1) 7(1) 0(1)
0(3) 31(1) 25(1) 25(1) 4(1) 14(1) 6(1)
0(4) 44(1) 39(1) 28(1) 9(1) 21(1) 9(1)
0(2) 27(1) 23(1) 30(1) -3(1) 14(1) -2(1)
c(1) 24(1) 22(1) 25(1) 0(1) 10(1) -3(1)
0(1) 37(1) 55(1) 48(1) -30(1) 18(1) -22(1)
C(6) 23(1) 24(1) 18(1) -3(1) 6(1) 0(1)
c(2) 25(1) 22(1) 20(1) -4(1) 8(1) 0(1)
oGM)  37(1) 57(1) 30(1) -5(1) 2(1) 16(1)
N 26(1) 56(1) 39(1) -2(1) 6(1) 9(1)
c(7) 26(1) 23(1) 19(1) -1(1) 7(1) -2(1)
C(5) 25(1) 35(1) 33(1) -1(1) 11(1) -2(1)
c() 36(1) 45(1) 34(1) 6(1) 6(1) 20(1)
c@) 39(1) 28(1) 37(1) 7(1) 14(1) 7(1)
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Table 6.24: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10°) for Ca(3,5-pdc) (DMF), compound 6.8.

X y z Ueq
Ca(1) 0 0 5000 22(1)
Ca(2) 2992(1) 4196(1) 4228(1) 19(1)
Ca(3) 0 5000 0 30(1)
Ca(4) -4618(1) 617(1) -1377(1) 19(1)
0(8) -2418(2) 1619(1) -591(1) 29(1)
0(2) 2524(2) 3116(1) 5183(1) 31(1)
0(9) 5239(2) 4461(1) 4304(1) 32(1)
0(6) -3164(2) 132(2) 2264(1) 38(1)
0(5) -1358(2) 439(1) 3638(1) 36(1)
0(4) 8402(2) 4606(2) 8369(2) 46(1)
0(3) 7269(2) 5031(2) 7046(2) 49(1)
0(1) 1600(2) 1650(1) 5492(1) 38(1)
C(9) -1222(2) 1384(2) 2440(2) 21(1)
N(2) 717(2) 2899(2) 2897(1) 27(1)
C(11) -1015(2) 2252(2) 1184(2) 23(1)
C(14) 13(2) 2119(2) 3133(2) 23(1)
0(7) -938(2) 3251(1) 23(1) 41(1)
C(4) 6147(2) 3592(2) 7439(2) 25(1)
c(@3) 4959(2) 3475(2) 6696(2) 24(1)
C(2) 3852(2) 2624(2) 6492(2) 21(1)
C(13) 193(2) 2958(2) 1938(2) 27(1)
C(10) -1729(2) 1447(2) 1444(2) 24(1)
c(1) 2554(2) 2443(2) 5658(2) 22(1)
N(1) 5129(2) 2012(2) TT74(2) 32(1)
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0(12)
0(10)
C(15)
0(11)
C(18)
C(16)
C(7)
C(6)
C(®)
0(16D)
C(19)
CE)
C(12)
c(7)
0(13D)
0(14D)
N(3)
C(20)
C(21)
O(15D)
N(7D)
C(24D)
N(5D)
C(33D)
N(4D)
C(27D)
N(6D)

C(26D)

4417(2)
3596(2)
4687(2)
5403(2)
5518(2)
5342(2)
3985(2)

6189(2)

-1968(2)

-4599(3)

5077(2)

7373(2)

-1500(2)

4933(2)
-755(2)
1824(2)
6914(3)
6495(3)
6336(3)

1313(3)

-5604(3)

1062(4)

774(3)

-1017(4)

-1031(4)

1983(4)
2673(5)

-179(5)

741(1)
2986(2)
3666(2)
1680(2)
2577(2)
3565(2)
1908(2)
2849(2)

584(2)
-186(2)
1580(2)
4482(2)
2387(2)
2620(2)

541(2)
5122(2)
4403(2)
3483(2)
4429(2)

4489(2)

-1158(2)

5487(3)
6211(2)
21(3)
403(3)
4180(4)
3690(5)

6586(4)

185

741(1)
3291(2)
3533(2)

-36(2)
1487(2)
2857(2)
7050(2)
7968(2)

2809(2)

-2908(2)

667(2)
7642(2)

119(2)
2137(2)
6180(2)
4654(2)
2287(2)
1596(2)
2903(2)

-613(2)

-4561(2)

4155(4)
4512(3)
6744(3)
7603(2)
-895(3)
-471(4)

3993(6)

38(1)
46(1)
28(1)
47(1)
30(1)
28(1)
28(1)
30(1)
24(1)
61(1)
29(1)
30(1)
25(1)
28(1)
59(1)
61(1)
54(1)
45(1)
40(1)
73(1)
58(1)
71(1)
67(1)
61(1)
75(1)
72(1)
117(2)

123(2)



C(22D)
C(23D)
C(25D)
C(28D)
C(29D)
C(31D)
C(30D)
C(32D)
C(32)

C(30)

C(31)

-1323(6)

-748(9)
1430(7)
2562(6)

3429(6)

-4497(10)
-5596(5)
-6744(7)
-5810(17)
-4637(17)

-6583

-259(5)
1524(5)
6712(5)
3386(5)

3315(5)

-1360(8)

-590(4)

-1542(6)

-2011(13)

-836(13)

-676

8231(4)
7963(5)
5641(5)

457(5)

-870(5)

-4523(5)
-3790(3)
-5612(4)
-5249(13)
-3572(13)

-4673

107(2)
168(4)
113(2)
113
113
113(3)
50(1)
93(3)
93
93

93
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Table 6.25: Anisotropic displacement parameters (A% x 10°) for Ca(3,5-pdc)(DMF); 6.8

ull U22 U33 U23 ul3 Ul2
Ca(l) 16(1) 21(1) 21(1) 10(1) 5(1) 1(1)
ca(2) 17(1) 18(1) 18(1) 8(1) 5(1) 4(1)
Ca(3) 18(1) 29(1) 28(1) 18(1) 0(1) -1(1)
Ca(4) 18(1) 17(1) 16(1) 6(1) 5(1) 3(1)
0(8) 21(1) 31(1) 22(1) 10(1) 2(1) 1(1)
0(2) 23(1) 31(1) 30(1) 20(1) 3(1) 3(1)
0(9) 29(1) 31(1) 26(1) -2(1) 11(1) 6(1)
0(6) 18(1) 44(1) 35(1) 22(1) 3(1) -3(1)
0(5) 25(1) 39(1) 30(1) 24(1) 3(1) 2(1)
0(4) 22(1) 45(1) 40(1) 27(1) -8(1) 7(2)
0(3) 26(1) 49(1) 44(1) 36(1) -3(1) -8(1)
o(1) 20(1) 29(1) 44(1) 21(1) 1(1) -4(1)
C(9) 16(1) 22(1) 23(1) 10(1) 6(1) 3(1)
N(2) 20(1) 26(1) 22(1) 10(1) 3(1) -2(1)
C(11) 19(1) 23(1) 21(1) 10(1) 5(1) 3(1)
C(14) 17(1) 25(1) 21(1) 10(1) 4(1) 2(1)
o(7) 37(1) 32(1) 30(1) 19(1) 2(1) -6(1)
c(4) 20(1) 22(1) 22(1) 10(1) 3(1) 1(1)
c(@3) 21(1) 21(1) 23(1) 12(1) 5(1) 4(1)
c(2) 18(1) 20(1) 21(1) 8(1) 5(1) 4(1)
C(13) 20(1) 26(1) 25(1) 14(1) 5(1) -1(1)
C(10) 16(1) 23(1) 22(1) 9(1) 3(1) 2(1)
c(1) 19(1) 20(1) 22(1) 8(1) 6(1) 2(1)
N(1) 22(1) 28(1) 34(1) 20(1) 4(1) 2(1)
0O(12)  54(1) 22(1) 37(1) 11(1) 16(1) 16(1)
0(10)  37(1) 34(1) 56(1) 7(2) 29(1) -2(1)
C(15) 28(1) 24(1) 28(1) 3(1) 13(1) 8(1)
o(11)  67(1) 39(1) 38(1) 4(1) 34(1) 17(1)
C(18) 36(1) 26(1) 28(1) 7(1) 16(1) 12(1)
C(16) 29(1) 26(1) 27(1) 3(1) 13(1) 8(1)
c(7) 20(1) 23(1) 31(1) 15(1) 6(1) 1(1)
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C(6)
Cc(8)
0(16D)
C(19)
C(5)
C(12)
Cc(17)
0(13D)
0(14D)
N(3)
C(20)
c(21)
0(15D)
N(7D)
C(24D)
N(5D)
C(33D)
N(4D)
C(27D)
N(6D)
C(26D)
C(22D)
C(23D)
C(25D)
C(31D)
C(30D)
C(32D)

20(1)
20(1)
83(2)
37(1)
20(1)
18(1)
30(1)
69(2)
59(1)
63(2)
56(2)
45(2)
66(2)
71(2)
50(2)
48(2)
70(2)
77(2)
67(2)
124(4)
64(3)
114(4)
253(10)
153(6)
156(8)
51(3)
87(5)

29(1)
23(1)
67(2)
27(1)
29(1)
27(1)
24(1)
79(2)
64(2)
35(1)
35(1)
26(1)
90(2)
54(2)
59(2)
57(2)
85(3)
98(3)
90(3)
188(5)
75(3)
159(5)
87(4)
108(4)
174(9)
61(3)
99(5)

30(1)
23(1)
37(1)
27(1)
25(1)
24(1)
28(1)
54(1)
70(2)
56(2)
47(2)
40(1)
91(2)
43(2)
98(3)
115(3)
59(2)
51(2)
72(3)
93(3)
219(7)
84(3)
119(5)
114(5)
59(4)
34(2)
43(3)

17(1)
11(1)
5(1)
8(1)
15(1)
13(1)
6(1)
28(1)
14(1)
-3(1)
5(1)
-2(1)
42(2)
1(1)
13(2)
33(2)
31(2)
21(2)
42(2)
54(3)
43(4)
67(4)
-24(4)
23(3)
29(5)
3(2)
-10(3)

1(1)
6(1)
34(1)
13(1)
1(1)
5(1)
14(1)
42(1)
25(1)
43(1)
38(2)
25(1)
47(2)
28(1)
25(2)
42(2)
41(2)
39(2)
37(2)
50(3)
35(4)
68(3)
132(6)
75(4)
48(5)
24(2)
23(3)

2(1)
2(1)
29(1)
18(1)
-1(2)
4(1)
8(1)
39(1)
46(1)
-4(1)
7(2)
0(1)
43(2)
17(1)
27(2)
34(1)
50(2)
24(2)
32(2)
123(4)
48(3)
56(4)
-30(5)
80(4)
129(8)
15(2)
-5(4)
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Table 6.26: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Ueg;
A? x 10%) for Ca(3,5-pdc)(H,0), compound 6.9.

X y z U(eq)
c) -502(6) 4095(6) 6024(9) 20(1)
c@) -578(6) 5199(5) 5956(10) 22(1)
c@) -1878(6) 5720(4) 6007(9) 23(2)
C4) 577(8) 5760(2) 5832(12) 21(1)
) 1714(7) 5203(5) 5791(9) 20(1)
c(6) 3031(6) 5757(5) 5772(9) 22(2)
c() 1662(5) 4121(5) 5773(9) 22(1)
N 555(7) 3556(2) 5907(13) 25(1)
o) -2898(3) 5173(4) 5902(8) 33(1)
0(2) -1926(5) 6719(4) 6124(7) 31(1)
0@3) 3063(5) 6717(5) 5658(7) 30(1)
0(4) 4038(4) 5151(4) 5857(8) 33(1)
0M) -20(5) 1734(4) 2670(8) 31(1)
o(6M) 1193(6) 1743(4) 9100(9) 34(1)
Ca 572(2) 1581(1) 5888(4) 21(1)
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Table 6.27: Anisotropic displacement parameters (A2 x 10%) for Ca(3,5-pdc)(H,0); 6.9

ull U22 U33 U23 ul3 Ul2
c(2) 11(2) 18(2) 37(2) -2(1) 8(1) 3(1)
c(@) 22(3) 17(4) 32(3) -5(3) 10(2) 3(3)
C(6) 13(2) 22(4) 33(3) -1(3) 8(2) -3(3)
c(7) 6(1) 10(2) 51(2) 3(1) 10(1) 4(1)
N 15(1) 17(1) 45(1) -11(3) 11(1) -13(2)
0(1) 10(2) 23(2) 69(4) 1(2) 15(2) 8(2)
0(2) 24(3) 11(2) 60(4) 0(3) 15(3) 1(2)
0(3) 15(3) 23(2) 54(3) 6(3) 12(3) 0(2)
0(4) 25(3) 16(2) 62(4) 11(2) 21(3) 11(2)
OGM)  36(2) 26(2) 32(3) -1(3) 12(2) 0(2)
o6BM)  33(2) 26(2) 38(3) 1(3) 4(2) -4(2)
Ca 15(1) 14(1) 34(1) 2(1) 9(1) 0(1)
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Table 6.28: Selected inter-atomic distances (A) for compounds 6.1-6.9

Calcium Ca— 0O bond length

Ca—-N
Compound Coordination

bond length Shortest Longest Average

Number

6.1 (Cal) 7 2.581(5) 2.266(4) 2.464(5) 2.38 (8)
6.1 (Ca2) 7 2.569(4) 2.322(4) 2.440(4) 2.40(4)
6.1 (Ca3) 7 2.543(5) 2.325(4) 2.486(4) 2.40(6)
6.1 (Ca4) 6 2.566(5) 2.269(4) 2.352(4) 2.32(3)
6.2 7 2.620(2) 2.343(1) 2.474(1) 2.40 (6)
6.3 8 2.563(3) 2.364(3) 2.557(3) 2.462(6)
6.4 8 2.628(3) 2.356(2) 2.689(3) 2.46(13)
6.5 8 2.574(2) 2.344(2) 2.612(2) 2.46 (8)
6.6 7 2.493(1) 2.273(1) 2.691(1) 2.44(16)
6.7 7 - 2.290(2) 2.503(2) 2.41(8)
6.8 (Cal) 6 - 2.305(2) 2.373(2) 2.35(4)
6.8 (Ca2) 7 2.564(2) 2.263(2) 2.574(2) 2.39(12)
6.8 (Ca3) 6 - 2.302(2) 2.368(2) 2.33(3)
6.8 (Cad) 6 2.494(2) 2.270(2) 2.378(2) 2.30(4)
6.9 7 2.503(2) 2.331(6) 2.535(5) 2.41(9)

191



Table 6.29: Solvent dependent formation of calcium MOFs (Ca-2,5-pdc system)

Ca-salt used in synthesis
Composition
Solvent System CaCl, Ca(NO3),4H,0
of the solvent

Resulting compound

DMF Pure 6.3 6.3
Ethanol Pure 6.2 6.2
Water Pure 6.2 -

Methanol Pure - -

DMF/water 1:1 6.2 6.2
DMF/Ethanol 1:1 6.3 6.1
DMF/Methanol 1:1 6.2 6.2
Methanol/Ethanol 1:1 6.2 6.2
DMPF/ethanol/water 2:1:1 6.2 6.2
DMF/methanol/water 2:1:1 6.2 6.2
DMF/methanol/ethanol  1:1:1 6.2 6.2
Methanol/Ethanol/Water 1:1:1 6.2 6.2
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Chapter 7

Conclusions

In conclusion, we used multiple analytical tools to understand, at the molecular level, the
mechanism of gas adsorption on three metal organic frameworks. For the study we focused on
MOFs with no open metal sites, and found that organic linkers provide strong adsorption sites for
gases such as CO, or small hydrocarbons. Further, we discovered that MOFs with no open metal
sites are active for the CO,/N, separation in the presence of water. Finally, we observed that
small pores and multiple adsorption sites lead to selective adsorption of C, hydrocarbons over
methane. These results will guide further efforts in a design of gas-selective porous solids.

The purpose of this project was to gain a deeper understanding of the mechanism of gas
adsorption in metal organic frameworks (MOFs). MOFs, a new class of porous materials, are
advantageous over currently used alakolamine solutions or zeolites for CO, sequestration or
hydrocarbon separation. Ca-based MOFs, which were a primary target of this research, present
advantages such as Earth abundance of Ca metal, leading to low cost of MOFs production, low
toxicity and ease of synthesis.

Herein we focused on structural studies of gas binding sites within a MOF pore space.
Crystallographic determination of mechanisms of gas adsorption in crystalline MOFs contribute
to our understanding of specific interactions responsible for the enhanced adsorption and
selectivity, and can assist with identifying new synthetic targets for various gas separation
processes. It requires high quality XRD data to precisely identify sorption sites, and to augment a
still limited number of structural reports of gases adsorbed on porous MOFs. Identifying the

connection between the geometry and selectivity will also open up new streams of research.
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Our observations suggest that a new structural feature - a “n-pocket” - formed by specific
geometrical organization of the organic linker, provides structural advantages for improving the
efficiency of the gas separation. CO; adsorption on the “m-pocket” was discovered in a Ca-based
MOF — Ca(sdb). Ca(sdb) is a novel, porous MOF, which does not contain open metal sites or
additional functionalities. Ca(sdb) adsorbs CO, with high binding energy and is selective for
CO; over N3 (45). We postulate that CO,-n interactions are responsible for the high CO2/N,
sorption selectivity, even in the presence of water in the gas stream. A better understanding of
interactions between adsorbed gases and the “zm-pockets” will be applicable to a wide range of
materials proposed for carbon capture.

To confirm the discovered mechanism of the gas adsorption on the “m-pocket”, as well as
to characterize how metal node influences CO, affinity, CO,/N, selectivity and adsorption
mechanism, we synthesized the Cd-based analogue and studied its” CO, adsorption performance.
We found that different topology of the network of Cd(sdb) leads to lower surface area, CO,
uptake and CO,/N, selectivity than in the case of Ca(sdb). However, as Cd(sdb), similarly to
Ca(sdb), do not contain open metal sites, it is active for the CO, adsorption in the presence of
water. We postulate that CO, adsorbs on the “m-pockets” inside the channels of Cd(sdb) as
suggested by in situ XRD results. Further, the energy of CO, adsorption on both Ca(sdb) and
Cd(sdb) has similar values (31 vs. 27 kJ/mol), which supports the hypothesis of adsorption on
the “m-pockets”.

We further characterized adsorption mechanisms of ethane, ethylene and acetylene
(C2Hp) on Ca(sdb) and a new, porous Ca-based MOF: Ca(tcpb). We found that both materials
are selective towards C,H, hydrocarbons over methane with the maximum C,/C; selectivity of

74 for C,Hg/CH4 in Ca(sdb). We used single crystal X-ray diffraction to study crystal structures
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of C,H,-loaded Ca(sdb) and Ca(tcpb) and found that small pore sizes (~5-6 A) lead to a strong
ordering of gas molecules. The Ca(sdb) framework behaves like a trap towards the C,
hydrocarbons providing strong adsorption sites, through C-Hr interactions with four phenyl
rings. Adsorbate-adsorbent interactions in Ca(tcpb) appear to be similar to the Ca(sdb) case,
except in channels where additional polarizing -OH groups and oxygen atoms serve as strong
adsorption sites for C,H,, through a C-H O interaction. Those single crystal data are confirmed
by the experimental gas adsorption and XRD-DSC studies.

Additionally to structural gas adsorption studies we performed an exploratory
solvothermal synthesis of new Ca-based MOFs based on 5 different pyridinediacrboxylate
isomers. Pyridinediacrboxylic acid forms six different structural isomers, where a mutual
orientation between functional groups varies between the isomers, thereby facilitating systematic
studies of the relationships between ligand geometries and resultant MOFs’ structural topologies
in a relatively simple system. Synthesized MOFs show diverse structural topologies, depending
on the ligand geometry and coordinated solvent molecules, with inorganic connectivity motifs
ranging from isolated octahedra to infinite chains, a layer and a three dimensional dense
framework. We found out that the motif formed depends on the orientation of the carboxylates
with respect to the pyridyl nitrogen group and the nature of the coordinated solvent. Finally, as-
synthesized and desolvated networks show structural transformations to hydrated phases in the
presence of water through dissolution/reformation pathways involving calcium coordination

spheres.
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