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ABSTRACT OF THE DISSERTATION

Pore-Space Optimization of Multi-Functional Crystalline Porous Materials

by

Anh Hong
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, June 2022
Dr. Pingyun Feng, Chairperson

The unique characteristics of metal-organic frameworks (MOFs) have sparked
interests from scientists and engineers of diverse backgrounds, ushering in rapid
development of MOF materials into a large multi-interdisciplinary field. Among different
families of materials, the highly robust and modular partitioned-acs (pacs) platform is
uniquely suited for the exploration of energy related applications.

In the first section, upper and lower limits of pore metrics were mathematically
derived and validated with new material synthesis. Many constructed structures also
exhibit shapes and sizes that were previously thought of, as impossible to attain. A new
strategy was then introduced to construct robust and versatile anionic MOFs. The effects
of pore geometry and counter anions were systematically investigated on cationic pacs

materials. Finally, sulfonation of pacs frameworks were carried out to harness the power
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associated with this interesting group. The enrichment of pacs platform with novel
framework design methodologies, result in the construction of optimized materials with
impressive properties in a range of gas storage and separation applications.

The vast synthetic space of MOFs encompasses huge numbers of synthetic
parameters and variations, giving us plenty of room to investigate new structural features
and their related applications. In the second section, we explored novel material design
and synthesis strategies to assemble molecular units into novel frameworks with desired
functionalities. In particular, we examined ways to build effective ion-transport and

magnetic coupling pathways in our new design strategies.
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Chapter 1. Introduction

1.1 Introduction to Metal-organic Frameworks

Over the past several decades, the field of crystalline porous materials (CPM) has
evolved from all-inorganic zeolites to include chalcogenides, covalent-organic frameworks
(COFs), and hydrogen-bonded organic frameworks (HOFs).1® Among these, MOFs, due
to its nature as inorganic-organic hybrids with practically infinite permutations of metal
nodes with organic linkers, have resulted in a diverse array of frameworks with intrinsically
unique pore characteristics. Depending upon the underlying topological net, the periodic
void space of MOFs has features ranging from 0D pore® to 1D channel” and higher
dimensional channels,® from regular geometrical shapes (e.g., rectangular,® spherical,*
tubulart!) to highly irregular conformations (e.g., gourd-like pockets,*? bottlenecked
pore,'® tri-oval microchannels'¥). MOFs have uniform pore windows ranging from
angstroms to nanometers (largest known at 9.8 nm)*® and internal surface area up to around
7800 m?/g.%® Certain structures undergo phase change in response to external stimuli such
as guest molecules incorporation, pressure, temperature, light, and electric field.!” The
inherent properties embedded in both inorganic and organic units also allow the assembled
MOFs to have rich pore functionalities suitable for different industrial applications such as
gas separation,'® proton conduction,*® catalysis,?® etc. MOFs have thus far brought forth
many exciting properties unparalleled by other types of porous solids, and fascinating

structural features are still expected to be uncovered in advent of new MOF construction.



1.2 Crystal Engineering of Metal-organic Framework

While the search for new MOF structure type continues unabated, the availability
of a large library of known MOF structure types presents an increasingly enticing
opportunity, not only for application scientists, but also for materials-design specialists
traditionally focused on new platform development. With each new MOF structure type
developed, the ability to systematically regulate compositional and structural features of a
given MOF prototype is gaining greater importance. The degree of tunability differs greatly
for different platforms, depending on metal-ligand coordination chemistry and geometry,
cluster types, and the number of replaceable components or modules. In-depth
understanding of metal chemistry and the synthetic conditions which establish a particular
metal cluster or secondary building unit (SBU) creates the possibility of targeting MOFs
with predetermined nets. For crosslinking units (e.g., organic ligands), it should be kept in
mind that in addition to scaling, functional groups (e.g., triazolates and carboxylates) that
appear quite different can be isoreticularly exchangeable for some coordination modes
(e.g., trigonalplanar M3sOH trimer). The predictability in crystal engineering allows for
more rational design and adjustments to MOFs, leading to incorporation and enhancement
of desired properties.

Strategic tailoring of MOFs could be performed at the pre-synthetic design as well as
post-synthetic modification (PSM) stage.?*?? In pre-synthesis design, judicious choices of
SBUEs, organic linkers, extra-framework guest ions when applicable, and solvents/additives
are made to embed the final framework with more desirable pore size and functionalities.

The practice of regulating and diversifying frameworks through heterogenizing one or



more framework modules further enables the harnessing of favorable synergistic effects.
It is noteworthy though, to mention that complexity of the multicomponent system leads
to high diversity in self-assembly stage, which could result in desired crystalline products,
unexpected materials, previously reported crystals, or amorphous phases. The built-in
component complementarity, e.g., the use of charge-complementary M?*/M3* metal ions
to regulate the framework charge and the host-guest charge matching, or the use of charge-
or geometry-complementary ligands, has been shown to be an effective strategy to drive
the multi-component assemblies. Framework regulation could also occur through post-
synthetic ion or ligand exchange, covalent or coordinative functionalization. Post-synthetic
methods utilizing covalent or coordinative functionalization generally rely on the stability
of the materials, with limitations placed upon organic reaction condition and accessible

coordination sites, respectively.

1.2.1 Pore Chemistry of Inorganic Unit

Unlike traditional porous materials such as zeolites and chalcogenides in which
only a small subset of metal ions and crosslinking anions (e.g., tetrahedrally coordinated
ions in zeolites or supertetrahedral metal chalcogenide clusters) can be used, MOFs can
accommodate metal ions from every part of the periodic table. The nuclearity, geometry,
and connectivity of inorganic units give rise to MOFs with exceptional architectural
diversity.

Additionally, for MOFs with predetermined topologies, the intrinsic properties

inherent to individual metal ions result in different coordination chemistry that could have
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in breathing MIL-53 isostructures. (b) Neutralization of framework through different
bridging units.

vastly different impact on the physical and chemical properties of the final framework. For
instance, infinite corner-sharing (V**)Os octahedra and terephthalate groups are combined
to form “non-breathing” MIL-47(V) sra-network.?® When V** is substituted with AI%*,
sc*, Cr¥*, Fe®*, Ga®*, In®" in the MIL-53 analogs,?*?° the corner-sharing octahedra have
two z2-OH groups (M3*04(OH),), which governs the large “breathing” of the framework
between large pore (Ip) and narrow pore (np) upon guest adsorption (Figure 1.1).30-3!
Special measures taken to prevent oxidation of V3* allows MIL-47 framework to exhibit
large Ip-np transformation.? Further substitution of MIL-53 with divalent metals requires
switching of u2-OH (or u2-F)® groups with neutral bridging linkers (e.g., amides,*" 3
pyridones,®®® pyridine-N-oxide and derivatives,* which in turns could help regulate pore

geometry of MOF materials.



Enhancing metal diversity through heterometal doping is another great strategy to
harness properties that could not be achieved with only one type of metal ions. Metals with
similar attributes such as coordination geometry, oxidation state, ionic radius, rate of
reaction tend to share symmetry equivalent sites more easily (e.g., mixing tetrahedrally
coordinated Zn?* and Co?" into the same sodalite structure®” or 12-connected Hf** and Zr**
in Ui0-66).% The rod-shaped SBUs of MOF-74 could accommodate as many as 10
different divalent metals in 1 phase.®® In the case of mixing of metal ions with identical
oxidation state (e.g., Zn>*/Co?*, or different Ln®* ions), the entropic factor is a key driving
force in crystallization. Sometimes, it is preferable to use metal ions with complementary
oxidation states whose ratio (e.g., M?*/M?3* ratio) can be responsive to the inclusion of
either neutral or charged guest species. Through control of solvent ratio,
dissociation/solvation of metal salts, amount of additives, mixing of highly dissimilar
metals could also be realized. In CPM-200, the cooperative heterometallic mixing between
highly dissimilar metals resulted in 8 combinations of M?*/M3* trimers (Mg/Sc, Mg/V,
Mg/Fe, Mg/Ga, Mg/In, Mn/In, Co/In, and Ni/In), four of which, prior to this work, are
unknown to crystalline porous materials.*® CPM-200 is a representative example that
demonstrates the charge complementarity resulting from the use of metal ions with
different oxidation states can be a driving force in the formation of MOFs with unusual
chemical compositions.

The introduction of more than one topologically distinct SBU into the design and
synthesis of MOFs also provides opportunities to explore unique structure types and

chemical functionalities that are not accessible in the simpler one-SBU system. The
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increase of structural complexity challenges us to better predict the chemistry that governs
different SBU formations, and precisely control reaction conditions to obtained desired
MOF structure. For instance, a novel double-walled cage of Znzs@Znios (HHU-8) is
created recently from five different Zn?* clusters (paddlewheel, O* connected bi-
paddlewheels, COO" connected bi-paddlewheels, trimer and tetramer), which yet again
pushes the upper limits of topologically distinct SBU components in a single framework.*

Some heterometallic compositions have unique ability to form multi-SBU MOFs
when heterometals are not randomized in the same SBU (e.g., M3O/OH). One prominent
system is based on In-MOFs. In addition to the octahedral geometry similar to 3d metal
ions, In® can also adopt 8-coordinated and 4-connected monomeric configuration. When
the latter configuration, which is impossible for 3d metal ions, occurs together with 3d ions,
very interesting multi-SBU MOFs have been obtained. One such example is CPM-16

where two metals with distinct coordination modes are employed to form zeolite-like



frameworks. Two carboxylate groups of 1,3,5-benzenetricaboxylic acid (Hsbtc) coordinate
with 4-connected In® monomer into a AIPO.-5 like framework while a third carboxylate
group immobilize V-shaped cobalt dimer (Co2OH) and Co paddlewheels (Coz) into the
cylindrical walls of the framework.*?

In addition to metal node regulation, inorganic bridging unit also plays important
roles in tuning final framework properties. Inorganic linkers are especially effective for
making small-pore MOFs. They can bond to a particular metal site using a single donor
site similar to pyridyl groups, and yet carries a charge similar top carboxylate group. The
pillared-layer coordination polymer presents an interesting platform with both tunable
primary building unit (PBU) and inorganic crosslinker.**44 Metal nodes are linked by
pyridyl-based ditopic and tetratopic linkers into 2D sql sheets that are further connected by
inorganic pillars into 3D pcu or fsc network, respectively (Figure 1.3). The octahedrally
coordinating PBUs are composed of late transition metals (i.e., Fe?*, Co?*, Ni%*, Cu?",
Zn?*),%-47 while the fluorinated inorganic pillars are constructed from metals and
metalloids with oxidation states between +3 to +5 (i.e., A", Fe3*, Si**, Ti**, Ge**, Sn**,
Nb%*).48-51 For the anionic pillars to have an overall -2 charge, M** metals must contain
one neutral coordinating H20 molecule (e.g., Al(H20)Fs?), tetravalent ions are charged
balanced by hexafluoro groups (e.g., SiFe>), and M°* metals have one oxo? group (e.g.,
NbOFs2). Compared to SiFe? pillar in SIFSIX-3-Ni, the bulkier NbOFs> pillar in
NbOFFIVE-1-Ni results in smaller channel distances. In comparison, the Al(H20)Fs?
pillar AIFFIVE-1-Ni has weakly coordinated water molecule distributed among the 4

equatorial positions. AIFFIVE-1-Ni has strong affinity towards water uptake, creating
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hydrogen bonding networks. Interestingly, desorption of water molecules is also facile,
requiring low regeneration temperature for dehydration of water in channel and
coordinating water, leading to trigonal bipyramidal AlFs> pillar. For materials with same
organic components, simply substituting different metal of the same oxidation state can
still lead to changes in pore metrics. For instance, in SIFSIX-1-Cu, substituting Si** with
Ti** and Sn** results in increase of M—pillar—M distance from 8.11 to 8.40, and 8.63 A,
respectively. In SIFSIX-3-M, the choice of divalent metal affect M—N distance, leading
to sql layers of slightly different sizes, and consequently, influenced the adjacent F---F
distances. Recent studies reveal the possibility of substituting fluorinated-based pillars with
the bent SO4%.5% Other inorganic ions such as PO4*, CrOs*, Mo04?, WO4? have also been

employed in constructing organic-inorganic hybrids.>3®



1.2.2 Pore Space and Function through Organic Linkers

Of no less importance to the design of inorganic unit(s) during MOF synthesis is
the strategic control over organic building unit. Such control is not limited to finding or
synthesizing ligands not previously used in MOFs, but also include well-established MOF
ligands such as bdc? (1,4-benzenedicarboxylate) and btc® (1,3,5-benzenetricarboxylate) in
new coordination modes or in combination with new inorganic nodes or other organic
ligands. Over the years, principles of organic synthesis have continuously aided the
construction of novel organic linkers that are highly diverse in geometric shape, size, and
functionalities. Inherent properties of these organic linkers directly translate into
outstanding pore features, allowing for advancements of MOF materials in various
applications.

In general, size of pore aperture and volume directly correspond to the length of
organic linkers. For instance, when IRMOF-74 series (Mg-MOF-74 isoreticular structures)
expanded the original phenylene unit of 2,5-dihydroxy-1,4-benzenedicarboxylic acid (Ha-
p-dobdc) linker to 2, 3, 4, 5, 6, 7, 9, and 11 phenylene units, leading to tunable pore
apertures from 14 to 98 A; with 98 A being the largest pore aperture reported on crystalline
materials.’® In materials with one linker degree of tunability has generally been restricted
by the physical length of the modified portion of organic linker, which are generally > 4
A for phenyl group addition, or 1-2 A addition for a 2-atom extension. Such limit could
be overcome through homogeneous incorporation of different linkers of varied ratios in
MOF.5-%8 |n 2020, Yuan et al. employed 7 dicarboxylate linkers of lengths between 4.9 A

(coded LA) and 15.7 A (LG) to construct 15 isostructural face-centered cubic Zr-MOFs, 8



of which are mixed linkers-based Zr- with lattice metrics in-between parent MOFs.>®

Pore-functionalization is another essential feature that enriches MOFs with
chemical properties, allowing for precise tailoring of functional MOFs in ways that has so
far, been unparalleled in other porous materials. Introductions of one or more functional
moieties ranges from simple to elaborate design of linker’s backbone. In the simplest case,
linkers with pre-attached functional moieties are employed in direct MOF synthesis. For
instance, Deng et al. have reported as many as 8 different substituents were homogenously
combined into one MOF-5 structure.?® lonic and covalent functionalization further
diversify the type of functional species that could incorporated into scaffold MOF
materials. For instance, highly acidic sulfo-based MOFs could form acid-base adduct with
alkylamine,®* amino-functionalized MOFs could form amide linkage with acetic
anhydride® or thiourea linkage with isocyanate/thiocyanate,®® aldehyde-containing MOFs
could undergo C—C and C—N coupling or C=0 reduction reaction® and azide containing
MOF could proceed through “click” chemistry with alkyne groups.®® More remarkably,
certain MOFs have the robustness to undergo tandem organic reactions. For instance, 7
tandem reactions were carried out upon MTV-IRMOF-74111 to achieve enzyme-like pore
complexity.%® Covalent cleavage is another method to control heterogeneity in MOFs.
After construction of ZIF-8, solvent-assisted ligand exchange (SALE) technique was
carried out to introduce new groups with labile functionalities, followed by bond cleavage
to expose functional group to pore surface.®” Coordination functionalization is another
attractive strategy to boost host-guest interaction. Polyalkylamines and alcohol amines are

post-synthetically grafted to OMS of MOFs while leaving the remaining flexible “arms”
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available to attract guest molecules.®®° Through different pore functionalization methods,
polarity, hydrophobicity, chirality, etc., characteristics of functionalized linkers could

effectively advance MOFs materials in different applications.

1.2.3 Modulating Framework Charge

lonic MOFs are of great interest owing to unique functionalities of the extra-
framework ions. In addition to maintaining overall charge neutrality, the intrinsic shape,
size, and functionalities of these ions could effectively enhance performances of materials
in an array of applications such as gas separation, ionic conduction, and ion-exchange.
Extra-framework ions could also introduce new characteristics that are unknown to parent
MOFs (e.g., introducing chiral ion into an achiral host).”® Over the years, strategic control
of synthetic environment, presence of mineralizing/structure-directing agents, ratios of
precursors have proven successful in constructing ionic frameworks. Post-synthetic
“anion-stripping” or “cation-grafting” techniques could be applied to chemically inert,
neutral frameworks, transforming them into respective cationic and anionic frameworks.”*-
2 However, deliberate construction of ionic MOFs is most often done through
mismatching charge ratio between metal cluster and organic unit. For instance, substitution
of the classic zinc tetramer, [Zn4(O)(COO)s], with a highly positive rare-earth (RE)
tetramer, [REs(ps-OH)4(COOH)6])?*, transforms the neutral MOF-5 framework into a
cationic isostructure.”® Similarly, substitution of dicarboxylate with a more negatively

charged tetracarboxylate linker modified the charge-neutral UiO-66 framework into a

anionic isostructure.”
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1.3 Metal-organic Frameworks in Energy-related Applications

1.3.1 Metal-organic Frameworks in Gas Capture and Storage

Carbon dioxide (CO,) capture is an important application of MOF research. With
CO2 being the most important contributor to global warming, effective carbon dioxide
capturing technologies are in high demand. Porous materials present a promising solution
for selective CO: capture as they require much less regeneration energy than the widely
adopted absorption through aqueous amine solutions.

SIFSIX-series presents a noteworthy example of tuning adsorption properties
through pore size approach. In 2013, Nugent et al. reported three pillared-layer structures
SIFSIX-2-Cu, interpenetrated SIFSIX-2-Cu-i and SIFSIX-3-Zn with pore size varying
from nanoporous to ultra-microporous.” The employment of long dpa linkers resulted in
[Cu(dpa)2(SiFe)] (dpa = 4,4’-dipyridylacetylene, SIFSIX-2-Cu) with pore diagonal of
13.05 A.  When synthetic conditions are tuned to obtain a doubly interpenetrated
polymorph, SIFSIX-2-Cu-i exhibits pore diagonal of 5.15 A. In substituting dpa with a
shorter pyz linker, an isostructure [Zn(pyz)2(SiFs)] (SIFSIX-3-Zn) with pore diagonal of
3.84 A is obtained. While interpenetrated SIFSIX-2-Cu-i exhibits the highest CO, uptake
at 5.41 mmol/g, SIFSIX-3-Zn provides much stronger host-guest interactions, as observed
with high CO> uptake at 0.1 bar and high Qs of 45 kJ/mol.

Uncoordinated metal site with partial positive charge attracts CO2 through strong
electrostatic interactions. MOF-74 series presents an excellent case study for CO;
adsorption and separation.’®”® Neutron diffractions upon different metal types revealed

efficient binding of CO2 to OMS through an end-on manner, among which Mg-MOF-74
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presents benchmark CO» capacity of 35.2 w.t.% (298 K, 1 bar) with high Qs of 47 kJ/mol.”’
The much stronger affinity of CO> towards Mg-MOF-74 compared to other transition
metals, originates from the stronger ionic character of Mg—O bond, resulting in increase
of charge-quadrupole interaction between Mg and CO». Subsequent breakthrough studies
reveal Mg-MOF-74 is excellent at capturing CO» from flue gas only under dry conditions.
After exposing M-MOF-74 (M = Mg, Zn, Ni, Co) to 70% relative humidity, the percent of
initial CO; capacity retained from CO2/N; separation follows Mg (16%) < Zn (22%) < Ni
(61%) < Co (85%).2" Thus Co-MOF-74 presents the most ideal material in this series for

flue gas separation.

MOFs bearing inorganic and organic Lewis basic sites have also shown to enhance
CO; uptake alkyl amines and alkyl alcohols have also been grafted onto OMS of MOFs.®®:
8182 Tn 2011, Mcdonald et al. implemented the first alkylamine grafting on a sodalite-type
triazolate-bridged framework CuBTTri (H:BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-

yl)benzene) for CO> sorption.®?

With ethylenediamine (en) grafted onto the exposed Cu
site, en@CuBTTri exhibits much stronger COz loading at low pressure region, resulting in
high Qs (-78 kJ/mol) but moderate regeneration temperature (60 °C). Subsequently,
variants of MOF-74-type structures such as Mgx(p-dobdc), Mg>(dondc), and Mg>(dobpdc)
were appended with di- and tetra- alkyl amines/alcohols at varied lengths, and
substituents.% 848 In these materials, CO; is inserted between Mg—N bond, forming

carbamate species that is charged-balanced by neighboring ammonium group. Branched

and linear alkylamine molecules have also been attached to framework through acid-base
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ion-pairing. In Cr-MIL-101-SO3H, the acidic sulfonyl group forms ionic interaction with
one basic amine group, leaving remaining group(s) available for CO, capture.®!

The safe handling and storage of different gas commodities (e.g., Hz, CHa4, C2Hy)
is of great importance. Our group is particularly interested in finding suitable adsorbent to
capture acetylene (C2H2). Acetylene is highly explosive in nature, which forces it to be
compressed below 0.2 MPa, or stored in presence of stabilizers. As a result, storage of
C2H> suffers from high cost and compromised purity. Owing to their large pore with
functional features, MOFs have shown great potential in gas storage.

MOFs present a great platform to search for ideal C,H, adsorbents (Table 1.1).
Several strategic designs have resulted in high C2H> storage adsorbents. The employment
of open-metal sites could boost acetylene storage through metal-n interactions. Among
different MOFs, MOF-74 has by far the highest OMS density, with 7.5 mmol M** per cm?.
In 2010, Chen et al. studied acetylene storage with M-MOF-74 (M = Mg**, Mn**, Co*",
Zn>").”% It was shown that Co-MOF-74, with highest polarizing ability, exhibits highest
volumetric uptake of 230 cm*/cm? (197 cm®g™!) at 1 bar, 298 K.

In addition to high-density OMS, the nanopore space/size also makes important
contribution towards deciding suitable adsorbents. Compared to Co-MOF-74, the copper
paddlewheel in HKUST-1 constitutes 4.4 mmol Cu?** per cm®. Thus, a more significant
contribution towards the volumetric uptake comes from the spatial arrangement of the tbo

net of HKUST-1.%!
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Table 1.1 Select examples of MOFs with high C,H> storage at 1 bar.

SA C:H: uptake at 298K C:H: uptake at 273K Qst
Adsorbents BET (kJ/mol) ~ gef
m?/g) cm’/g cm’/cm’ cm’/g em’/cm’
ZJU-12 2316 239 191 299 239 29 2
dps-VCo-BDC 1883 234 204 330 288 25.7 93
MFM-188 2568 232 193 297 247 32.5 %4
FJI-HS8 2025 224 196 277 242 32 %
NJU-BAI-17 2423 222 176 296 233 38 %
ZJNU-54 2134 211 161 259 197 354 7
HKUST-1 1502 201 177 249 219 30.4 ol
Co-MOF-74 1056 197 230 227 264 50.1 %
CPM-232 1089 195 178 273 249 24.2 %8
CPM-233 1320 194 165 267 227 23.2 %8
MgMOF-74 1495 184 167 209 190 34 %0
CPM-231 1140 178 163 255 233 24 %8
Cu-TDPAT 1938 178 139 248 194 42.5 %
CoV-bdt-tph 1945 184 -- 259 -- 23.1 100
CPM-733-tpt 1328 176 157 251 223 22.9 101
ZJU-5 2823 193 -- 290 -- 25.4 102
DUA0ZING-ggsg 216 - 286 - 275 10
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1.3.2 Metal-organic Frameworks in Separations

Many important chemical feedstocks such as acetylene (C2Hz), ethylene (CoHa4),
and propylene (C3Hs) are generally produced through cracking of larger hydrocarbons,
which result in mixtures of products. Some mixtures (e.g., C2H2/CO2, C2H4/CyHs,
C3He/C3Hg) have components with highly similar in physical properties, posing significant
purification challenges (Table 1.2). To this date, the most effective method for these
separations remains cryogenic distillation, which operates at low temperature and high
pressure. Hence it is highly desirable to develop a low-cost and energy-efficient separation
method. MOF adsorbents have shown promises in selectively removing unwanted

impurities from gas mixtures.

Table 1.2 Properties of select gases.

o s B K iy Qs Dok
(A% (K) A) (0% em 102 esucm?)  (esu cm)
CO, 3.18x333x536  194.7 3.3 29.11 4.30 0
CH, 332x334x570  189.3 3.3 33.3-39.3 3.0 0
CHs 328x4.18x4.84 1694 4.16 42.52 5.00 0
CHe 3.81x4.08x4.82  184.5 4.44 44.7 2.17 0
CHe 4.16x4.65x6.44 2254 4.68 62.6 0 1.22
CsHs  4.02x452x6.61  231.1 5.1 62.9 0 0.28
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Table 1.3 Selected examples of MOFs for hydrocarbon separation.

Separation MOF Adsoz‘ll:lelﬁ(ﬁllgn)ount* T(e;(r;p S el{e?t?ﬁtf Ref
Olefin-Paraffin Separation
Fe-MOF-74 6.24 5.19 318 13.6 104
Fex(m-dobdc) 6.9 5.9 298 25 105
Ag'@MIL-101(Cr)- 432 2.9 298 32 106
SOs

C,H4/CoHs NOTT-300 4.28 0.85 293 48.7 107
Co-gallate 3.37 0.3 298 52 108
UTSA-280 2.5 0.098 298 52 109
6%‘(1;:@0%%2 1.86 0.9 298 81 1o
Fe,(m-dobdc) 7.4 6.08 298 38 105
Co-MOF-74 7.29 5.24 298 46 11
HIAM-301 3.16 <3 298 >150 12

C3He/C3Hs
JNU-3a 2.6 2.1 298 513 12
KAUST-7 1.4 0.04 298 mol. sieve. 4
MAF-230x 1.3 0.9 298 15 13

Paraffin-Olefin Separation

CPM-733 7.13 6.38 298 1.75 101
PCN-250 5.21 4.22 298 1.9 14
Fe»(0»)(dobdc) 3.32 2.54 298 44 1s
C,He/C,H4 NIIC-20-Bu 2.5 1.4 298 15.4 116
Cu(Qc) 1.85 0.78 298 3.4 17
ZIF-7 1.83 1.80 298 1.5 18
MAF-49 1.7 1.6 316 2.7 19
CPM-734¢ 8.73 9.31 298 1.44 120
WOFOUR-1-Ni 0.71 0.88 298 1.6 36
ZIF-8 3.30 4.1 298 1.3 121

C;Hs/C3Hg
BUT-10 6.25 6.45 298 1.40 122
Num-7a 2.98 3.09 298 1.77 123
Ni(ADC)(TED)o.s 2.32 2.11 298 6.4 124

*values obtained at 1 bar
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Table 1.4 Select examples of MOFs with high C2H»/CO» separation performance at
298K.

C:H: CO: C:H2/CO2
SABET Uptake Uptake TIAST Breakthrough

MOFs (m?/g) mmol/g  mmol/g (1 bar) Time (min/g)* Ref
1 bar 1 bar
FJI-H8-Me 2044 10.2 4.73 53 87 125
MIL-160 1138 8.53 4.01 10 71 126
SIFSIX-Cu-TPA 1330 8.25 478 5.3 68 127
SNNU-27-Fe 1570 8.13 2.92 2.0 91 128
FJU-90 1572 8.04 4.60 43 22 129
SNNU-45 1007 6.0 435 8.5 79 130
ZJNU-13 1352 5.29 3.92 5.64 58 131
JXNU-12(F) 2154 5.16 1.50 4.1 70 132
Cu-ATC 600 5.01 4.02 53.6 127 133
UTSA-74a 830 4.78 3.17 20-9 20 134
NCU-100 358 4.57 ~0 1787 53 135
FeNiM’MOF 383 4.29 2.72 24 16 136
CAU-10-H 627 4.00 2.68 4.0 45 137
ZJU-196a N/A 3.73 0.38 - 1.5 138
ZJUT-2a 350 3.39 2.24 8 15 139
UTSA-300a 311 3.08 0.15 743 12 140
MOF-OH 120 3.04 1.20 25 28 141
INU-1 818 2.81 2.28 6.6 26 142
JXNU-5 406 2.50 1.55 4.9 56 143
Cu(l)@Ui0-66 302 2.30 0.7 185 46 144
NTU-66-Cu 1700 4.98 2.0 33 28 145

*breakthrough experiment at 2 mL/min flow rate.

The employment of OMS to coordinate with n-electron cloud of C2H: presents a
promising C2H2/COz separation mechanism. In 2016, the 3D framework of UTSA-74 with
1D hexagonal channels containing unsaturated Zn**dimers adsorbs 4.8 mmol/g CoH> and
3.1 mmol/g at 298 K, 1 bar.!** Density functional theory (DFT) calculation reveals each

Zn>" OMS directly binds to C=C of C>H,. In comparison, two Zn*" sites are needed to
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interact with CO», thus leading to lower CO; uptake and high C>H>/CO> 50/50 Ideal
Adsorbed Solution Theory (IAST) selectivity of 9.

Additional metal binding sites could also be introduced to framework in the form
of counter-balancing ion. Immobilized Ag(I) in sulfonated (Cr)-MIL-101 resulted in
additional m-complexation sites to enhance ethylene interactions, as evidenced in dramatic
boost of Qg’ from 35 kJ/mmol to 120 kJ/mol and much improved C,H4/C,Hs IAST
selectivity from 1.15 to 16.1% Recently Zhang et al. reported Cu(I)@UiO-66-(COOH)>
with optimal pore window and abundant m-complexation sites for effective C:Hs
separation.'!'® Compared to parent UiO-66-(COOH), with pore aperture of 4.8 A, chelation
of Cu(I) onto Ui0-66-(COOH);, effectively reduced pore size to 4.1 A, which falls in the
range of kinetic diameters of C2Hs (4.1 A) and C,Hs (4.6 A). This effectively reduced
C2Hg uptake by 50% at ambient condition. The simultaneously enhanced C>Hs uptake
through strong m-complexation and reduced C:Hs uptake through pore-contraction
effectively resulted in exceptionally high CoH4/C2He IAST selectivity of 80 at 1 bar.

The introduction of Lewis basic sites such as N, O, and F into MOFs is another
direction to enhance C>H2/CO; selectivity. UTSA-300 ([Zn(dps)2(SiFs)]) presents an
excellent example of utilizing functional groups to selectively bind C>Hz (H-bonding
interaction) over COz (electrostatic repulsion).'*® The microporous material belongs to the
SIFSIX-MOF family, where the sql layers of Zn-dps are pillared by SiFe> group to form
3D framework channels of 3.3 A. UTSA-300a adsorbs 3.41 mmol/g C2H at 298 K, 1 bar,
but negligible CO,. High-resolution neutron powder diffraction studies and molecular

modeling reveals that fluoride atom exhibits F---H interaction with C;Hz, allowing these
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molecules to enter framework through “head-on” orientation. In comparison, F---C
electrostatic interaction and F---O repulsion forces CO> to orient “side-on” which
prevented their entrance.

Kinetic separation presents a promising mechanism that separates C3 molecules
according to their rate of diffusion. '#6-1*® The first reported kinetic studies on C3He/C3Hs
separation two were performed with sodalite structures Zn(2-mim), (ZIF-8) and Zn(2-
cim),, (2-mim = 2-methylimdazole, 2-cim = 2-chloroimidazole).'* In substituting the
chloro- group with methyl- group, the critical pore-opening aperture is effectively reduced
from 3.37 A to 3.26 A, and kinetic selectivity is enhanced by a factor of two. Recently,
Wang et al. reported a post-synthetic modification of MAF-23 to enhance kinetic
separation of C3 olefin-paraffin pair.''* The original MAF-23, constructed from Zn*" and
btm> (Hzbtm = bis (5-methyl-1H-1,2,4-triazol-3-yl)methane)) shows no noticeable
discrimination towards propylene and propane. The oxidation of 50% btm?* in framework
to btk> (Hobtk = bis(5-methyl-1,2,4-triazol-3-yl)methanone) resulted in 100-fold
C3He/C3Hs selectivity enhancement.

Molecular sieving is often viewed as the extreme case of kinetic separation, and
several notable works have been reported. In 2016, Cadiau et al. reported a fluorinated
pillared-layer KAUST-7 (NbOFFIVE-Ni) as the first adsorbent to separate C3Hg from the
slightly larger C3Hs with the molecular sieving mechanism.*®* Compared to traditional
SiF¢* pillar, employment of NbOFs?" pillar resulted in tilting of pyrazine molecules through
F---H interaction (2.483 A) and contracting pore aperture to 3.0471 A (4.965 A in SIFSIX-

3-Ni). KAUST-7 adsorbs 1.4 mmol/g C3Hg at 298 K, 1 bar while completely excluding
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CsHgmolecules. Compared to adsorbents with molecular sieving window laid in tandem
along the channel, adsorbents with orthogonally aligned sieving window would allow for
faster diffusion of gas molecules, and thus higher energy efficiency. JNU-3a is 3D
framework with gourd-shaped pockets (3.7 A) embedded orthogonally within the 1D
channel.'> Compared to KAUST-7 with tandem pore aperture, C3He rate constant in JNU-
3a is four times greater. Furthermore, clean desorption of C3Hg and C3He during
breakthrough experiment allows for collection of 33.2 L/kg C3He¢ during a single
adsorption-desorption cycle.

In olefin-paraffin separation, olefin-selective adsorbents generally require
additional adsorption/desorption cycles to attain polymer grade ethylene. In comparison,
selective adsorption of the unwanted ethane byproduct would allow for direct purification
of C2Hy in the separation cycle, allowing for further reduction of energy consumption. An
early study of ethane-selective adsorbent was ZIF-7, a zinc imidazolate framework of sod
topology.'!'® The benzene ring of the benzimidazole ligand acts as window guard and
allows the symmetry matching ethane molecule to preferentially enter at a lower pressure
region than ethylene molecule.

In 2018, Li et al. reported the introduction of peroxo sites into MOFs as new
strategy to achieve effective paraffin/olefin separation.!'> By oxidizing Fe-MOF-74
developed by same group in 2012, the resulting Fe>(O2)dobdc shows preferential CoHg
uptake at 3.3 mmol/g over CoHy4 uptake at 2.6 mmol/g and reversed CoHe/CoHy selectivity
of 4.4 at 298 K, 1 bar. Neutron powder diffraction experiments of C2Dg-loaded and C2Da4-

loaded Fex(Oz)dobdc, reveal much shorter C—D---O interactions between C2Ds and Fe-
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peroxo sites than C2D4 counterpart, likely to better matching between nonplanar ethane

molecule uneven pore surface of framework.

1.3.3 Metal-organic Frameworks in lonic Conduction

Effectiveness of solid-state ionic conductors is critical to the advancement of
electrochemical devices.'® Requisites for a good electrolyte include high conductivity,
high thermal and chemical stability during cell operating conditions. The MOF platform
has several advantages to aid the synthesis and optimization of new ion-conducting
materials. It has well-defined channels that are highly tunable, allowing us to better
understand ion-transport pathway and mechanism, facilitating better material optimization
designs. Various ions (e.g., H*, OH", Li*, Na*, Mg?*) have been transported in the MOF
platform. Different conductivity environments, ranging from anhydrous to 100% relative
humidity, ambient to 250 °C, have been mimicked in investigating conductive MOFs.

A number of strategies have been proposed to achieve excellent conductivity
values. For instance, the introduction of -COOH, -SOzH, -POsH; acidic group could
facilitate faster dissociation of certain ions. For instance, the substitution of the aromatic -
H with -NH>, -OH, -(COOH) to MIL-53(Al) resulted in a conductivity trend following
acidity of substituents -NH, (2.3 E-9Scm’) <-H (23 E-8Scm’) <-OH (4.2 E-7Scm’) <
COOH (2.0 E-6 S cm’) at 298 K, 95 % relative humidity (RH).**® Enhancement of
conductivity could be facilitated through tuning of counter ions of ionic MOF materials.
For a 2D honeycomb-type [FeCr(ox)s]” framework, substitution of different quaternary

ammonium cations with different hydrophilicity resulted in a wide range of conductivity
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values.’® A direct comparison between sample with inorganic counterion and organic
ammonium ion showed the importance of ammonium in generating hydrogen bonding
network to facilitate faster ion-transport. Bulkiness of ammonium group also affect water
sorption capacity, which in turns changes conductivity of the framework. Introduction of
proton carriers (e.g., H2SO4, imidazole, carboxylic acids) into MOFs is an effective way to
shorten ion-hopping distance and subsequently, boost conductivity of selected material.
For instance, in B-PCMOF2 (a MOF with 1D channel lined with sulfonate group),
conductivity dropped from 5.0 E-6 S cm™ at room temp, to <1 E-8 Scm™at 70 °C, due to
dehydration.’™>? By reintroducing a new proton carrier, 1H-1,2,4-triazole, into the pores of

B-PCMOF-2, conductivity could reach up to 5 E-4 S cm™ at 150 °C, anhydrous Ho.

1.3.4 Metal-organic Frameworks in Magnetic Studies

Permanent magnets have been integrated to many modern technologies such as
power generators, spintronics in magnetic random access memory, magnet induced
separations.'®® The highly tunable inorganic and organic components of MOF allows for
rational design of new materials with unique magnetic behaviors. Coupling of functional
properties such as long-range magnetic ordering and electrical conductivity, or magnetic
coupling and porosity.

Several strategic designs have resulted in MOFs with fascinating magnetic
properties. One method to construction of magnetic MOFs is through the employment of
rod-shaped secondary building units for strong magnetic coupling. For instance, MIL-

47(as) with hydroxo-bridged VOe octahedra exhibits antiferromagnetic ordering with Tn =
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95 K (highest reported to-date from MOFs with diamagnetic linkers).?®> Employing short
organic linkers such as oxalic acid could promote both - and n-electronic pathways for
magnetic superexchange through two connected O—C—O bridge. To this end, the 2D 6-
connected metal-oxalate honeycomb family has been extensively investigated. It was
found that different metal/heterometal choices, templating agent, counter ions all
contribute to different degrees of magnetic enhancement. For instance, the anionic
[(Mn*")(Cr*")oxs] structures show ferromagnetic order with T at 5.6-5.9 K.'** More
interestingly, these frameworks also exhibit high proton conduction when counter cation
exhibits carboxylic acid group (e.g., Et3(CH.COOH)N™), which provides rare examples of
compounds that exhibit both ferromagnetism and proton conduction. Employment of
radical organic linkers in magnetic MOF construction is another promising direction.
These organic linkers will promote stronger interaction through exchange coupling
between metal and radical spin. For instance, reaction between tetracyanoethylene (TCEE)
with  (Mn*")I(THF); salt resulted in 3D Mn'(TCNE ") 5(I3)05-0.5THF.!*>  The
antiferromagnetic coupling between Mn** center and TCNE ™" radical was revealed to exist

up to Te =171 K, which is the current record for all MOF magnets.

1.4 Establishment of the Partitioned-acs Platform

While many applications of porous materials such as immobilization of
homogeneous catalysts (especially biomolecules) benefit from high surface area, large pore
size, and high pore volume, there are also applications for which small-pore materials could

be advantageous. One of such application is the efficient capture and separation of small
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gas molecules such as carbon dioxide, methane, and C2- or C3-hydrocarbon gas molecules
under ambient conditions. Toward this goal, our group proposed a concept called the pore
space partition (PSP), and have subsequently achieved a great experimental success in
turning this concept into a large family of porous materials with impressive properties for
a range of gas storage and separation applications.'*

By dividing large pore space into smaller segments and pockets, pore space
partition increases the number of host-guest binding sites dramatically (often more than
doubling). Even though pore space partition has been shown on other platforms (e.g., CPM-
5, MOF-14),157158 the pacs platform has been shown to be the most versatile so far. The
pacs platform is a very recent addition to the major MOF platforms and as such it has
created many new opportunities in the materials design and property engineering. Among
different MOF families that undergo isoreticular design synthesis, the partitioned-acs
(pacs) platform is exceptionally tunable.!®® The pacs prototype has a formula unit of
[M3(u3-O/OH)(L1)3(L2)](G1)x (x > 0) where metal trimers are linked by ditopic L1 ligand
to create a 3D acs-type framework with 1D hexagonal channels. The pore partitioning L2
ligand coordinates to coplanar trimer sites, segmenting these channels into smaller pockets
(Figure 1.4). While many members of the pacs family have a neutral framework, it is also
common to have a charge mismatch between organic and inorganic units, leading to either
cationic or anionic frameworks and counter ions (G1). The most prominent feature of pacs

system is the capability to substitute every module individually or in combination to yield

desired pore metrics and guest recognitions.
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[M;(0/0H)(L1),L2]
Partitioned-acs

[M;(O/OH)(L1),]
acs-net (MIL-88)

(pacs)

Figure 1.4. Illustration of partitioned-acs frameworks (pacs).

The unique opportunities offered by the pacs platform can be appreciated by
comparison with other major MOF platforms. Most well-known MOF platforms such as
HKUST-1 (tbo),> MOF-5 (pcu),? UiO-66 (fcu),® MOF-74 (msf)!* have only two modules
(one inorganic node and one organic node) and are intrinsically less tunable compared to
the multi-module pacs platform. Furthermore, metal trimers of the pacs platform can
accommodate far more metal ion types compared to paddlewheel dimer in HKUST-1,6°
[Zn4O]-type tetramer in MOF-5,'%* and Zrs-hexamer in UiO-66.1%2 MOF-74 is also limited
in both metal type and ligand type compared to the pacs platform. Similar to the pacs
platform, PCN-250/CPM-200 (the soc platform) are based on metal trimers.*% 163 However,
the soc platform is very limited in the ligand choice (a planar tetracarboxylate) and its 6-
connected framework is also less stable compared to the pacs platform. As an intrinsically

multi-modular system, pillared-layer MOFs are compositionally diverse in terms of the
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ligand choice (e.g., dicarboxylate, SiFs*, and bipyridyl ligands).1** Pillared-layer is a
general concept and is not limited to one particular structure type. While the design concept
based on the pillaring of layers is highly versatile, the disadvantages of pillared-layer
structures include low framework stability from low connectedness of metal nodes (e.g.,
6-connected monomeric metal or dimeric paddlewheel cluster) and ligands (often 2-
connected). In addition, pillared-layer structures have the propensity to form

interpenetrated structures that can greatly reduce the porosity.1%

1.5 Scope of this work

The unique characteristics of MOFs have sparked interests from scientists and
engineers of diverse backgrounds, ushering in rapid development of MOF materials into a
large multi-interdisciplinary field. MOF research in our group is rooted in the fundamental
synthetic and structural science whose advance has the potential to reshape other aspects
of MOF studies and applications. We are as interested in examining different structure-
property relationships to formulate superior framework regulation methodologies as we are
with screening different synthetic parameters to target brand new material design. The
scope of this dissertation thus embodies both reticular design for material optimization
(Chapters 2-5) as well as deliberate synthetic exploration for new material discovery
(Chapters 6-7).

In Chapter 2, we set new boundary conditions and limits to our pioneered pacs

platform. We then utilize these knowledges to successfully identify record setting
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isoreticular frameworks in important industrial gas sorption and separations, namely
C3Hg/C2Ha4, and C3He/C3Hs.

In Chapter 3, we establish a new design strategy on the pacs platform to construct
versatile anionic MOFs with great robustness and tunability. Compared to the traditionally
unstable and less variant anionic pacs, our new design results in construction of anionic
pacs materials with highly controllable counter cations, hydrolytic stability over a wide pH
range, and CyH: storage capacity higher than current benchmark ionic material.
Additionally, we examined the influence of counter cations upon the selective adsorption
of C3Hg/C3He and CesHs/CsH12 Separations.

In chapter 4, we apply the boundary conditions and limits of chapter 2 toward the
exploration of effective cationic pacs materials for the CoH2/CO- separation. Specifically,
we examine the effects of volume and counter ions in breaking the capacity-selectivity
tradeoff in these molecules, through isotherm measurements, theoretical calculations and
breakthrough validation.

In chapter 5, we integrate bulky sulfonic acid functional group into our pacs
platform for the first time and explore their potential applications.

In chapter 6, we design a two-step synthesis strategy to study the influence of
different inorganic ions, in constructing novel ionic materials with different conductive
pathways. We then investigate potentials of these materials as ionic conductors.

In chapter 7, we target construction of lower dimensional magnetic materials with

1D inorganic chains through in situ synthesis of capping agent.
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Chapter 2: Uncovering Limits of

Partitioned-acs Frameworks

2.1 Introduction

Since the early 2000’s, pioneers in the field have demonstrated remarkable
tunability of MOF structures through length of linker design and since then, the family of
synthesizable linkers continues to expand, pushing the limits of pore diameter, surface area
and pore volume of crystalline materials to ultrahigh records.!? At the same time,
development of new reticular design methods continues to fine-tune pore-structures,
allowing for precise adjustments of metrics at sub-Angstrom scale.

Among different MOF families that undergo isoreticular design synthesis, the pacs
platform has a clear advantage. The platform is built upon the anisotropic hexagonal
symmetry group, with a- and c-axes directly represented by L2 and L1 linkers, respectively.
The a and c axial lengths can be mix-and-match at-will, allowing for precise control over
framework size, shape and volume. The high tolerance towards mismatched linkers of
different sizes is ascribed the role segregation of different modules in our platform. The
coordination between trimer and L1 forms the intrinsically flexible underlying acs
topological net where the degree “swelling” is dependent upon the length of stationed L2
linker. A larger L2 would allow for more “swelling” through enlargement of channel base

(a-axis) and contraction of channel height (c-axis) (Figure 2.1). Thus far, we have enjoyed
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less open

Figure 2.1 Capturing two different degrees of opening of bpdc-based pacs through
employment of different sized L2 linkers. Enlargement of a-axis results in
compression of c-axis (orange pocket).

great successes in the pacs platform through exploratory experimental approach. With
better insights from the platform, we hope to deploy more practical geometric boundaries
and requisites to serve as guidelines for reticular design of pacs platform.

Herein, we mathematically derive the upper and lower limits of framework
dimensions, translate these parameters to the physical limits of L1 and L2 scaling ratios,
and index a new library of pacs of varied sizes to validate our theoretical model. We then
identify potential pacs materials to use as adsorbents to separate important industrial gas

mixtures.
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2.2 Experimental Section

2.2.1 Chemicals and Materials

Vanadium (111) chloride (VCl3) was purchased from ACROS Organics. Cobalt (I1)
nitrate hexahydrate (Co(NOs3).-6H20), Cobalt (1) chloride hexahydrate (CoCl,-6H,0),
acetone, methanol (MeOH), ethanol (EtOH), N,N-dimethylacetamide (DMA), N,N-
dimethylformamide (DMF), dichloromethane (CH.Cl,), 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione (HFP), trifluoroacetic acid (TFA), fluoroboric acid 48 w.t. % (HBF4) and
hydrochloric acid 38 w.t. % (HCI) were purchased from Fischer Scientific Co., N-
methylformamide (NMF), 4-pyridylamidine hydrochloride, sodium tricyanomethanide
(Na(C(CN)3), 1,4-benzenedicarboxylic acid (Hzbdc), 2,6-naphthalenedicarboxylic acid
(2,6-Hondc), 4,4’-biphenyldicarboxylic acid (Hz2bpdc), 4,4’-azobenzenedicarboxylic acid
(H2adc), 2,4,6-Tri(4-pyridyl)-1,3,5-triazine (tpt), 1,3-Dimethyl-2-imidazolidinone (DMI),
1,3-dimethyl 3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) were obtained from TCI-
America. All reagents were used as received without further purification. 4-(1H-tetrazol-
5-yl)benzoic acid (Hatba), tris(4-pyridyl)amine (tpa), 1,3,5-Tris(4-pyridylethynyl)benzene
(tpab), tris[4-(4-pyridyl)phenyl]amine (tppa), and 1,3,5-Tris(4-pyridylphenyl)benzene

(tppb) were purchased from Yanshen Technology Co., Ltd.

2.2.2 Synthesis of Organic Linkers
Synthesis of N,N’,N’’-tri(4-pyridinyl)-1,3,5-benzenetri-carboxamide (tpbtc): The
amide condensation reaction was carried out according to ref.> A solution containing 60

g of DMA and 8 g of 1,3,5-benzenetricarbonyl trichloride was added dropwise to a stirring
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solution containing 9.6 g 4-aminopyridine, 0.9 g 4-dimethylaminopyridine and 240 g of
DMA. The resulting pale-yellow solution was stirred at room temperature for 5 days. The
suspension was then filtered and dried in vacuum oven at 60 °C overnight to obtain off-
white crystalline product. NMR (d6-DMSO) ‘H: 9.06 (3H, s), 8.81 (6H, d). 8.48 (6H, d).
2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene (H-tph): The hexaazaphenalene
condensation reaction was carried out according to ref # with modification. NaC(CN)s
(0.750 g, 6.6 mmol) and pyridine-4-amidine hydrochloride (4.50 g, 28 mmol) were briefly
mixed in a teflon-lined stainless steel autoclave before being heated to 200 °C overnight.
After allowing vessel to cool to ambient temperature, 10 w.t. % HCI solution was added to
dissolve the crude product. After filtering undissolved particulates, the solution was
neutralized with acetone, and isolated. The dissolution in HCI and neutralization in acetone
were repeated a second time. The product was isolated and dried overnight under vacuum

at 60 °C to obtain the final light tan powder (50 %). 'H NMR de-DMSO: 8.69 (d), 9.01

(d).

2.2.3 Synthesis of Partitioned-acs Frameworks
CPM-731a (CoV-bdc-tpa): In a 20 mL glass vial, Co(NO3).-6H20 (58 mg, ~0.2 mmol),
VCls (16 mg, ~0.1 mmol), H2bdc (51 mg, ~0.3 mmol), and tpa (25 mg, ~0.1 mmol) were
dissolved in 6 g DMA 6 g MeOH and 0.6 g HBF4. After stirring for 2 hours, the vial was
placed in a 120 °C oven for 4 days. Brown hexagonal plates were obtained after solution

is cooled to ambient temperature.
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CPM-731b (CoV-bdc-tpt): In a 20 mL glass vial, Co(NO3z)2:6H20 (58 mg, ~0.2 mmol),
VCl3 (16 mg, ~0.1 mmol), Hzbdc (51 mg, ~0.3 mmol), and tpa (25 mg, ~0.1 mmol) were
dissolved in 6 g NMF and 0.03 g HCI. After stirring for 2 hours, the vial was placed in a
120 °C oven for 4 days. Dark-red hexagonal plates were obtained after solution is cooled
to ambient temperature.

CPM-701c (Co-bdc-tph): In a 20 mL glass vial, Co(ClO4)2-6H20 (37 mg, ~0.1 mmol),
V/Cl3 (8 mg, ~0.05 mmol), bdc (28 mg, ~0.2 mmol), and H-tph (25 mg, ~0.05 mmol) were
dissolved in 6 g NMF, 1 g DMPU, and 0.03 g HFP. After stirring for 2 hours, the vial was
placed in a 120 °C oven for 5 days. Red microcrystalline materials were obtained after
solution is cooled to ambient temperature.

CPM-800c (Ni-bdc-tph) In a 20 mL glass vial, Ni(NO3).-6H20 (90 mg, ~0.3 mmol), bdc
(51 mg, ~0.3 mmol), H-tph (42 mg, ~0.1 mmol), and were dissolved in 6 g DMA,0.6 g
H>0 and 0.6 g TFA. After stirring for 2 hours, the vial was placed in a 140 °C oven for 16
hours. Large green hexagonal crystals were obtained after solution is cooled to ambient
temperature.

CPM-702a (Co-tba-tpa): In a 20 mL glass vial, CoCl2-6H20 (24 mg, ~0.1 mmol), tha
(19 mg, ~0.1 mmol), and tpa (08 mg, ~0.03 mmol) were dissolved in 3 g DMA, 03 HBFa.
After stirring for 2 hours, the vial was placed in a 90 °C oven for 3 days. Pink hexagonal
plates were obtained after solution is cooled to ambient temperature.

CPM-702d (Co-tba-tph): In a 20 mL glass vial, CoCl2-6H20 (24 mg, ~0.1 mmol), tba

(19 mg, ~0.1 mmol), and H-tph (15 mg, ~0.03 mmol) were dissolved in 3 g DMA, 0.3 g
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HBF4. After stirring for 2 hours, the vial was placed in a 90 °C oven for 3 days. Pink
hexagonal plates were obtained after solution is cooled to ambient temperature.
CPM-702d (Co-tba-tpbtc): Ina 20 mL glass vial, CoCl,-6H20 (24 mg, ~0.1 mmol), tba
(19 mg, ~0.1 mmol), and tpbtc (15 mg, ~0.03 mmol) were dissolved in 2 g DMF, 1 g
DMPU, and 0.03 g HFP. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 3 days. Pink hexagonal plates were obtained after solution is cooled to ambient
temperature.

CPM-733a (CoV-26ndc-tpa): In a 20 mL glass vial, Co(NOz3),:6H,0 (58 mg, 0.20
mmol), VCIs (16 mg, 0.10 mmol), 2,6-H>ndc (65 mg, 0.30 mmol, and tpt (31 mg, 0.10
mmol) were dissolved in 4.0 g NMF and 0.04 g of HCI (38 w.t. %). After stirring for 2
hours, the vial was placed in a 120 °C oven for 5 days. Dark-red hexagonal prisms-were
isolated by sonication and filtration.

CPM-733b (CoV-26ndc-tpt): Ina20 mL glass vial, Co(NO3)2-6H20 (58 mg, 0.20 mmol),
VCl3 (16 mg, 0.10 mmol), 2,6-Hzndc (65 mg, 0.30 mmol, and tpt (31 mg, 0.10 mmol) were
dissolved in 4.0 g NMF and 0.04 g of HCI (38 w.t. %). After stirring for 2 hours, the vial
was placed in a 120 °C oven for 5 days. Dark-red spindle-shaped crystals were isolated by
sonication and filtration.

CPM-733d (CoV-26ndc-tpbtc): In a 20 mL glass vial, Co(NO3)2-6H.0 (58 mg, 0.20
mmol), VCl3 (16 mg, 0.10 mmol), 2,6-Hzndc (65 mg, 0.30 mmol), and tpbtc (45 mg, 0.10
mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours, the vial was placed ina 120
°C oven for 5 days. Orange-brown hexagonal plates were isolated by sonication and

filtration.
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CPM-703e (Co-26ndc-tpab):. In a 20 mL glass vial, CoCl2-6H.0 (24 mg, ~0.1 mmol),
26-Hzndc (21 mg, ~0.1 mmol), and tpab (13 mg, ~0.03 mmol) were dissolved in 2 g DMF,
1 g DMPU, and 0.03 g HFP. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 3 days. Red hexagonal prisms were obtained after solution is cooled to ambient
temperature.

CPM-733e (CoV-26ndc-tpab): In a 20 mL glass vial, Co(NO3z)2-6H20 (29 mg, ~0.1
mmol), VCIs (8 mg, ~0.05 mmol), 26-Hzndc (21 mg, ~0.1 mmol), and tpab (13 mg, ~0.03
mmol) were dissolved in 3 g NMF. After stirring for 2 hours, the vial was placed in a 120
°C oven for 2 days. Dark-red hexagonal prisms were obtained after solution is cooled to
ambient temperature.

CPM-704a (Co3-bpdc-tpa): Ina20 mL glass vial, Co(NO3)2-6H20 (58 mg, ~0.2 mmol),
VCl3z (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tpa (25 mg, ~0.1 mmol) were
dissolved in 6 g NMF and 0.03 g HCI. After stirring for 2 hours, the vial was placed in a
120 °C oven for 4 days. microcrystalline plates were obtained after solution is cooled to
ambient temperature.

CPM-734a (CoV-bpdc-tpa): In a 20 mL glass vial, CoCl-:6H20 (25 mg, ~0.1 mmol),
VCl3 (10 mg, ~0.05 mmol), bpdc (36 mg, ~0.15 mmol), and tpa (17 mg, ~0.1 mmol) were
dissolved in 6 g DMA and 6 g EtOH, 0.5 g HBF4 (48 w.t. %). After stirring for 2 hours,
the vial was placed in a 100 °C oven for 4 days. Large hexagonal plates were obtained after
solution is cooled to ambient temperature.

CPM-734b (CoV-bpdc-tpt) Ina 20 mL glass vial, Co(NO3)2-6H20 (58 mg, ~0.2 mmol),

VCls (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tpt (31 mg, ~0.1 mmol) were
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dissolved in 4 g DMF and 0.1 g HF. After stirring for 2 hours, the vial was placed in a 120
°C oven for 7 days. Orange-brown hexagonal plates were obtained after solution was
cooled to ambient temperature. Microcrystalline material with impurities is obtained in
absent of HF.

CPM-734d (CoV-bpdc-tpbtc): In a 20 mL glass vial, Co(NO3)2-6H.0 (58 mg, ~0.2
mmol), VCl3 (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tpbtc (45 mg, ~0.1 mmol)
were dissolved in 6 g NMF. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 5 days. Orange-brown hexagonal plates are obtained after solution is cooled to ambient
temperature.

CPM-234d (MgV-bpdc-tpbtc): In a 20 mL glass vial, Mg(NOz)2-6H.0 (50 mg, ~0.2
mmol), VCls (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tpbtc (45 mg, ~0.1 mmol)
were dissolved in 6 g DMF. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 5 days. Light pink hexagonal plates were obtained after solution was cooled to ambient
temperature.

CPM-834d (NiV-bpdc-tpbtc): In a 20 mL glass vial, Ni(NO3)2-6H20 (60 mg, ~0.2
mmol), VClz (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tpbtc (45 mg, ~0.1 mmol)
were dissolved in 6 g DMA. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 7 days. light-brown hexagonal plates were obtained after solution was cooled to
ambient temperature.

CPM-734f (CoV-bpdc-tppa): In a 20 mL glass vial, Co(NO3)2-6H,0 (58 mg, ~0.2
mmol), VClz (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tppa (48 mg, ~0.1 mmol)

were dissolved in 6 g NMF and 0.03 g HCI. After stirring for 2 hours, the vial was placed
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in a 120 °C oven for 7 days. Hexagonal prisms were obtained after solution is cooled to
ambient temperature.

CPM-734g (CoV-bpdc-tppb): In a 20 mL glass vial, Co(NO3),:6H.0 (58 mg, ~0.2
mmol), VClIz (16 mg, ~0.1 mmol), bpdc (74 mg, ~0.3 mmol), and tppb (53 mg, ~0.1 mmol)
were dissolved in 6 g DMA and 0.6 g HBF4. After stirring for 2 hours, the vial was placed
in a 120 °C oven for 3 days. Large hexagonal plates were obtained after solution is cooled
to ambient temperature. Gas sorption was performed from material synthesized from
NMF-DMPU-HFP solution (4:2:0.03 g).

CPM-735a (CoV-adc-tpa): Ina 20 mL glass vial, Co(NO3z)2:6H20 (58 mg, ~0.2 mmol),
VCl3z (16 mg, ~0.1 mmol), adc (81 mg, ~0.3 mmol), and tpa (25 mg, ~0.1 mmol) were
dissolved in 6 g DMA, 6 g EtOH and 0.6 g HBF4. After stirring for 2 hours, the vial was
placed in a 120 °C oven for 4 days. Red crystals were obtained after solution is cooled to
ambient temperature.

CPM-735b (CoV-adc-tpt): Ina 20 mL glass vial, Co(NO3)2-6H20 (58 mg, 0.20 mmol),
VCl3 (16 mg, 0.10 mmol), H.adc (81 mg, 0.30 mmol), and tpt (31 mg, 0.10 mmol) were
dissolved in 6.0 g NMF and 0.06 g HCI (38 w.t. %). After stirring for 2 hours, the vial was
placed in a 120 °C oven for 7 days. Dark-red hexagonal plates were isolated by sonication
and filtration (yield: 40 % based on Co).

CPM-735d (CoV-adc-tpbtc): Ina20 mL glass vial, Co(NOz)2:6H20 (58 mg, ~0.2 mmol),
VClz (16 mg, ~0.1 mmol), adc (81 mg, ~0.3 mmol), and tpbtc (45 mg, ~0.1 mmol) were

dissolved in 6 g NMF. After stirring for 2 hours, the vial was placed in a 120 °C oven for
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7 days. Red hexagonal plates were obtained after solution is cooled to ambient
temperature.

CPM-735f (CoV-adc-tppa): Ina 20 mL glass vial, Co(NO3).-6H20 (58 mg, ~0.2 mmol),
VCl3 (16 mg, ~0.1 mmol), adc (81 mg, ~0.3 mmol), and tppa (48 mg, ~0.1 mmol) were
dissolved in 6 g NMF and 0.03 g HCI. After stirring for 2 hours, the vial was placed in a
120 °C oven for 3 days. Hexagonal prisms were obtained after solution is cooled to ambient
temperature.

CPM-705g (Co-adc-tppb): In a 20 mL glass vial, CoCl.-6H20 (24 mg, ~0.1 mmol), adc
(27 mg, ~0.1 mmol), and tppb (18 mg, ~0.03 mmol) were dissolved in 2 g DMA and 0.2 g
HBF4. After stirring for 2 hours, the vial was placed in a 120 °C oven for 3 days. Large

hexagonal plates were obtained after solution is cooled to ambient temperature.

2.2.4 Property Characterization

Single-Crystal X-ray Diffraction (SCXRD). Characterization. The single-crystal X-ray
diffraction measurements were performed on a Bruker diffractometer using graphite-
monochromated MoKo. (A= 0.71073 A) radiation at room temperature. Diffraction data
were integrated and scaled by ‘multi-scan” method with the Bruker APEX software. The
structure was solved by direct methods and refined using SHELXTL.> SQUEEZE routine
in PLATON software package was employed to fix solvents in lattice pores.® Crystal data,
as well as details of data collection and refinements, are summarized in Table 2.1.

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction experiments were

performed on a PANalytical Empyrean Series 2 with CuKa radiation (40 kV, 40 mA, A =
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1.5418 A). The data collection was performed at room temperature in the range from 5°
to 40° with a step size of ~0.013°. Mercury 4.3.0 is used to simulate powder pattern from
single crystal data.

Thermogravimetric (TG) Measurement. A TA Instruments TGA Q500 thermal analyzer
was used to measure the TG curve by heating the sample from 30 °C to 800 °C with heating
rate of 5°C/min under nitrogen flow. The flow rate of the nitrogen gas was controlled at
about 60 milliliters per minute.

Energy dispersive spectroscopy (EDS). The semi-quantitative elemental analyses of
different MOF samples were performed by using a FEI NNS450 field emission scanning
electron microscope equipped with 50 mm? X-Max50 SDD energy dispersive spectroscopy
(EDS) detector. Data acquisition was performed with an accelerating voltage of 15k\V~20
kV and 60 s accumulation time.

Gas Sorption Measurement. Gas sorption measurements were carried out on a
Micromeritics ASAP 2020 and ASAP 2020 Plus physisorption analyzers. Most as-
synthesized samples were immersed in CH2Cl. and refreshed daily for five consecutive
times. The samples were then transferred to the gas sorption tube and the dried under open
flow of N2 gas for 15 minutes. The degas process was carried out at 60 °C for 12 hours.
For CPM-736d (Co.V-adc-tpbtc), material was immersed in 200 proof EtOH for 2
consecutive days, and refereshed every 8 hours. Afterward, sample was transferred to
teflon cup, and underwent critical CO2(l) exchange, with 30 minute purging, and 30 minute
heating at 40 °C. Upon cooling, sample was immediately transferred to gas sorption tube

and activated at 40 °C for another 6 hours.
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Isosteric Heat of Adsorption (Qst). The isosteric heats of adsorption for all the gases were
calculated using the isotherms at 273 K and 298 K, following the Clausius-Clapeyron
equation. It was done with the calculation program embedded in the software of ASAP
2020 plus. High accuracy of the Qst was found in all the calculations as evidenced by the
linearity in the isosteres.

Selectivity by IAST. To evaluate the C3Hg/C3Hs separation performance, the selectivity
was calculated by ideal adsorbed solution theory (IAST). Dual-site Langmuir Freundlich
(DSLF) model was employed to fit the gas adsorption isotherms over the entire pressure
range. DSLF model can be written as:

_ Nsat,abapl/na Nsat,bbbpl/nb
T 1+bgpt/na 1+b,p'/™p

1)
where N (mmol/g) is the amount adsorbed, p (mmol/g) is the pressure of bulk gas at
equilibrium, Nsat (Mmmol/g) is the saturation loading, b (bar?) is the Langmuir affinity
parameter and 1/n (dimensionless) is the index of heterogeneity. The “a” and “b”
subscripts correspond to two different site identities. The R factors for all the fitting are
higher than 99.9%. The detailed methodology for calculating the amount of A and B
adsorption from a mixture by IAST is described elsewhere.” The adsorption selectivity is
finally defined as:

QA/qB

P
A/PB

§= ()

where S is the IAST selectivity, q; (i = A or B) is the mole fraction in the adsorbed phase

and pi is the mole fraction in the gas phase.

58



Separation Potential.® The separation potential (AQ) is a combined metric, which
considers both uptake capacity and selectivity. It is defined to quantify mixture separations
in fixed bed adsorbers. Based on IAST selectivity results, the gravimetric separation

potential is calculated:

AQ = qc3ms S— dc3He 3)
where a and b are v/v ratio in C3Hg/CsHs mixture and qcans and gcsne are CsHg and CzHs
uptakes in the IAST calculated mixture, respectively. For 50/50 mixture, the formula (3)
can be simplified to:

AQ = qc3ns — qcane 4)

AQ is that it represents the maximum amount of pure C3Hs that can be recovered during

the adsorption phase of fixed bed separation.

Breakthrough Experiment. Breakthrough experiments for the C3Hg/C3Hs mixtures were
performed in a homemade apparatus. Approximately 0.7346 g of the CH.Cl.-exchanged
sample was placed in a stainless-steel adsorption column (inner dimensions 4x125 mm).
The sample in the adsorption column was purged with heated argon gas (333 K) for 12 h
at a flow rate of 100 mL/min to completely remove the solvent. After the activation was
complete, the adsorption column was cooled to 298 K under an argon purge, followed by
the introduction of a propane/propylene mixture (1:1 or 1:15, v/v). The raw mixed gas flow
rate was maintained at constant 2 mL/min controlled by a mass flow controller. The purity
of the eluted gas was monitored by gas chromatography with a thermal conductivity

detector (GC-2014; Shimadzu).
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No. 194 (P6,/mmc)

Figure 2.2 Triangular pyramid of the pacs platform, where a and c are a- and c-axes,
respectively, 0 represents degree of opening between L1 linker and height of pyramid,
and Z represents the O---O length between two trimers connected by L1 linker.

2.3 Results and Discussions
2.3.1 Finding Limits to the “Swelling” of acs-net
The “swelling” for the underlying acs-net can be expressed by the angle (0) of a

right triangle that formed between L1 (hypothenuse, labeled Z) and pyramid’s height

c—axis
2

(adjacent, ). We can write a volume expression based on this 6 to monitor the change

of volume as a result of change in “swelling” degree. The volume expression:

360a
ctV3

Vo) = 3\/323 (sin(8))? cos(0); 6 > arctan (

()
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1. Extender Strategy : 2. Core-expansion Strategy

* T°v°§ \;/E@\@/’f&y

Binding
Site

Figure 2.3 Ligand expansion through the “core” component versus “extender”
component.

where “Z” could be calculated based on length of L1 or obtained directly from crystal-data.
The minimum 6 or minimum volume of the framework occurs when framework is closed,
(i.e., dried framework without any solvent, pendent linkers or pore-partitioning agent).
Such value could be approximated from unitcell of dried sample. Based upon this equation,

the 6 at which volume is the maximum is 54.5°, which corresponds to a c/a ratio = 0.817

and L2/L1 = /2. Finally, we are also interested in identifying the maximum 0, or the

maximum allowable channel opening of the acs-net.
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Figure 2.4 Potential L2 linkers identified from core expansion and extender strategies.
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Table 2.1 Summary of unitcells of CoV-based pacs materials.

ConV bdc tha 26ndc bpdc adc
XS (6.9 A) (8.4 A) 9.1A) (11.2 A) (13.0 A)

o a; 14.50 A a: 14.42 A
c:17.54 A c:16.8 A
(7.34) cla: 1.21 c/a: 1.55
- a:16.89 A  a:16.78 A  a:16.80 A a: 16.81A a: 16.89 A
(8 5 A) c:1494A  c:1892A  ¢:20.70A c: 25.69A c:30.15 A
: c/a: 0.88 c/a: 1.12 c/a: 1.23 c/a: 1.53 cl/a: 1.78
H-toh al1912A  a1912A a1914A  a19.12A & 194A
(11% A) c: 11.19A c: 16.19A c:1850 A  c:24.01A c: 289 A
; c/a;: 0.59 c/a;: 0.85 c/a: 0.97 c/a: 1.26 c/a: 1.5
- a:21.09A  a:2092A  a:2064A  a:2083A
(5’3 7R) MIL-88 c:13.37A  ¢:16.08A c:2205A 2726 A
: c/a: 0.63 c/a: 0.77 c/a: 1.07 c/a: 1.31
—_ a:21.34 A
MIL-88 c:15.37 A
(140A) c/a: 0.72
topa a:22.14 A a:224A
(55_) 7R) Powder c:21.45A  c:269A
. c/a: 0.97 cla: 1.2
toob a:24.64 A  a:2445A
(E’g 4 A) 1796 A 2391 A
. c/a: 0.73 c/a: 0.98

*N/A: did not attempt to synthesize pacs.
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Figure 2.6 PXRD patterns of as synthesized and after gas sorption of pacs samples.
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2.3.2 Correlating Theoretical Model to pacs Structures

Prior to pacs synthesis and unicell examination, we must acquire precursors of
different lengths. In order to identify new potential linkers, we deconstruct prototype
ligand into three parts: core, extender and peripheral. The extender connects the core to
the peripheral binding site. In the case of lengthening linker only through core-expansion
(e.g., amine to triazine) or extender strategy (e.g., amide to benzene), the tunable length
would be very limited. In comparison, permutations of both compartments allow for much
wider range of linkers of varied sizes (Figure 2.3). As shown in Figure 2.4, we indexed
potential L2 precursors based upon permutations of both core-expansion strategy and
extender strategy. With 3 different core and 5 extenders, 15 different L2 linkers of varied
sizes could be constructed. Identification of new core and extender would further multiple
the number of available L2 linkers.

With a new library of available linkers, the number of permutable pore shape and
size of our pacs platform dramatically increase. For instance, the M3-26ndc-tpt prototype
could accommodate substitution of shorter L1 (M3-14bdc-tpt), longer L1 (M3-bpdc-tpt),
shorter L2 (M3-14bdc-tpa), longer L2 (M3-26ndc-tpbtc), shorter L1 and L2 (M3-14bdc-
tpa), longer L1 and L2 (M3-bpdc-tpbtc). Many combinations that were previously thought
of, as impossible to achieve, are successfully synthesized herein.

In fact, we sought to outline the critical parameters in the design of pacs materials:
the upper and lower limits of c/a ratio as well as c/a at which crystallographic volume is
maximized. It is important to note that metals with very different ionic radii and bonding

character could change c/a ratio by as much as 0.06 (c/a of Mz-bdc-tpt = 0.86 (Mn) and
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0.92 (In)). We attempt to minimize the effect of c/a ratio by keeping metal source to CoV
phase (Although in some cases, only pure Cogz crystals could result in suitable crystal sizes).

In the first case, upper limit of c/a ratio is governed by length of L1 linker. The
smallest observable a-axis is ~10 A (closed form). Elongation of L1 linker would lengthen
c-axis, resulting in enlargement of c/a ratio. For instance, both MIL-88b(Fe) and MIL-
88d(Fe) have a-axis values at ~10 A.° However, the shorter bdc?® (6.9 A) in MIL-88b(Fe)
resulted in c-axis ~19.1 A and c/a ratio ~1.98 while the longer bpdc? (12.1 A) in MIL-
88d(Fe) resulted in c-axis of 27.6, and c/a ratio ~2.7. With maximum c/a ratio accredited
to the “closed” acs-net, incorporation of any pore-partition agent would cause pore to open,
and thus lower c/a ratio. As a result, accessing the upper limit of c/a ratio by pacs is not as
important as finding the lower limit of c/a ratio.

The lower limit to c/a ratio is attributed to the largest allowable installation of L2
linker. Prior to the work, the lowest c/a ratio attained is 0.86 (Mnz-bdc-tpt). Herein, we
took the first leap and constructed CoV-26ndc-tpbtc with c/a = 0.77. Following this
success, we gradually pushed the c/a limits to 0.72 with CoV-26ndc-tpab, and 0.63 with
Cos-tha-tpbtc. Successful crystallization and characterization of these materials prompted
us to take another bold leap to 0.59 with Cos-bdc-tph. At this extraordinarily low c/a ratio
limit, both bdc? and H-tph linkers are highly disordered, with several carbon atoms being
entirely out-of-plane. We also attempted to construct pacs from tba and tpab linkers (est.
c/a~ 0.58) without any success. Powder X-ray diffraction pattern of the phase constructed

from tba-tpab combination show characteristic pattern of the acs-net. However, the
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Figure 2.9 Simulated and experimental crystal volumes at different framework
opening degree.

dramatic shifting of [101] peak to higher 26 angle is indicative of smaller pore-opening as
a result from absence of tpab pore-partitioning agent. Similar phenomenon were observed
with bdc-tpbtc, and 26ndc-tppb combinations. We could conclude from crystal data that
the maximum opening of acs-net for each L1 linker must be greater than c/a ratio of 0.59.
For L1-L2 combinations that lead to ratio beyond this limit, only non-partitioned crystalline
product could be constructed at best.

Finally, we were interested in determining the maximum volume for each L1 linker.
As shown in Table 2.1 and Figure 2.5, for each L1 linker, substituting L2 of different sizes

resulted in changes to crystallographic volume that are identical to our predictions. For
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each framework constructed from the same L1, the maximum crystallographic volume
belongs to pacs with c/a ratio closest to predicted 0.816, thus validating our mathematical

calculations.

2.3.3 Volume Maximization for CsHe/C2H4 Separation

Knowledge of critical values in pacs design has proven to be highly useful in
guiding us through reticular synthesis. The search for pacs with ideal pore size for
C3He/C2H4 separation is one prominent example exemplifying this power. Initial CsHe
sorption isotherms for Co2V-26ndc-tpbtc, Co2V-bpdc-tpbtc and Co2V-adc-tpbtc at 298 K
reveal uptake increases with increasing framework surface area and volume. Co,V-26ndc-
tpbtc with smallest BET surface area (1944 m?/g) and pore volume (0.905 cm®/g) also
exhibits the lowest CsHs uptake at 229.8 cm®/g at 298 K, 1 bar. In comparison, Co2V-adc-
tpbtc, with largest BET surface area (2914 m?/g) and pore volume (1.30 cm®/g), has the
highest CsHe uptake at 311.1 cm®/g at 298 K, 1 bar. CzH4 isotherms on the other hand,
decreases with increasing surface area and volume: 26ndc (113.6 cm?/g) > bpdc (59.1
cm?/g) > adc (36.7 cm?/g) at 298 K, 1 bar.

The increase of surface area and volume allows for better packing of the larger
CsHg molecule, but worse host-guest interaction with the smaller CocHs. Thus CoV-adc-
tpbtc was expected to have the highest selectivity among the three adsorbents. However,
50/50 Ideal Adsorption Solution Theory (IAST) calculation shows Co2V-adc-tpbtc with
the lowest selectivity among the three adsorbents. A closer look at the isotherms shows

that while all CoHg isotherms exhibit similar linear graphs, CsHs isotherms have very
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Figure 2.10 CsHe/C2H4 separation performances of pacs. (a) CsHe and C2Hy4 isotherms
and (b) 50/50 TAST selectivity of CoV-L1-tpbtc pacs at 298 K. (c) C3Hs and C2H4
isotherms and (b) 50/50 IAST selectivity of CoV-bpdc-L2 pacs at 298 K.

different shapes. As L1 linkers are elongated to result in larger pore area and volume,
isotherm curves transformed from the typical type I graph to a sigmoidal shape. The
sigmoidal curve represents low initial host-guest interaction until certain gate-opening
pressure that allows for more sorption from both host-guest and guest-guest interactions.
Sigmoidal curve with higher gate-opening pressure will have lower selectivity because the
pressure range in which gas molecules cannot be discriminated will be much larger. Thus,
Co2V-26ndc-tpbtc, with the ability to discriminate C3Hg from C2H4 from very low-pressure

region, had the highest selectivity. The potential to separate a gas mixture is dependent
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upon both the uptake capacity and selectivity of the material. As such, Co2V-bpdc-tpbtc
is the best adsorbent for when measuring with separation potential.

To further enhance this performance, we turned our attention towards L2
optimization. The c/a ratio of Co,V-bpdc-tpbtc is 1.06, or approximately 0.263 away from
maximum volume. To enhance pore volume of bpdc-based framework, we chose Co,V-
bpdc-tppb (c/a = 0.73), the isostructure with c/a ratio closest to c/a at Vmax (Acia = 0.087).
True to our prediction, Co2V-bpdc-tppb has BET surface area and volume greater than that
of Co,V-bpde-tpbtc, allowing for higher C3Hg uptake of 360.6 cm®/g at 298 K, 1 bar.
Unlike substitution of L1 linkers, framework enlargement with L2 substitution does not
change overall shape of C3Hg isotherm. As a result, IAST of Co,V-bpdc-tppb does not
decrease, allowing for overall separation potential to be the highest among pacs materials.
It is worth noting that the separation potential of Co2V-bpdec-tppb at 10.97 mmol/g is also

higher than the previous record at 7.3 mmol/g from iso-MOF-4.'°

2.3.4 Pore Expansion/Compression for C3sHes/C3Hs Separation

From single-crystal X-ray diffraction, the framework in these pacs materials could
be visualized as segmented hexagonal-shaped channels with isosceles triangular pore
windows. To increase the height of each segment (along the c-axis) and triangular pore
window, we substituted 2,6-ndc? with adc? linker. To enlarge the width of each segment
and triangular pore window, we substituted tpt linker with tpbtc. An added benefit of this
type of substitution strategy is that both adc® and tpbtc come with additional

electronegative atoms (N and O) to potentially enhance hydrogen-bonding interactions.
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Figure 2.11 C3Hg and C3Hg isotherms of L1 or L2 substituted Co2V-26ndc-tpt at 298 K.

With CzHs having more hydrogens than CsHe, a greater number of hydrogen-bonding
becomes possible to increase the overall host-guest interaction.

Consistent with the ratio of the metal precursors in the starting synthesis mixtures,
the Co?* to V®* heterometallic compositions in these pacs materials are approximately 2:1
ratio, as confirmed by EDS and single-crystal X-ray diffraction analyses. These materials
are also highly stable. The Co.V-adc-tpt is thermally stable up to 350 °C, while Co,V-
26ndc-tpt and Co2V-26ndc-tpbtc are stable up to 400 °C. Structural integrities of these
materials are maintained after repeated gas adsorption-desorption experiments. In

particular, Co2V-26ndc-tpt retains high crystallinity after a 24-hour immersion in water.

74



Q
8
J

36 -
33 4
30 -
3
E 27
<
o 244
214
e C,H, C,H, Co,V-26ndc-tpbtc
18 + e=—CH, C,H, Co,26ndc-tpt
o C H, C,H, Co,V-adc-tpt
15 - T v T v T v T Y 1
0 1 2 3 4 5

Gas Uptake (mmol/g)

] - C H, = C H,

30

N
(]
1

N
(-3
al

ot

Q_, (kJ/mmol)

24 A

22:
Co,V-adc-tpt Co,V-26ndc-tpt  Co,V-26ndc-tpbtc

Figure 2.12 CsHg and CsHe heat of adsorption for pacs in this study. (a) Qst curve from 0
to 5 mmol/g, (b) bar chart comparison of Qst at 1 mmol/g.

75



Table 2.2 Summary of MOFs with C3Hg uptake.

CaHs
uptake ucpiglfe Working
MOEs Sa }?ET AC'tIVE 298 K 273K Qst Capacity Ref.
(m?/g) Site 1 bar 0.1-
1bar  (kJ/mol)
(mmol/g 1bar)
) (mmol/g)
FJI-H23 3740 OMS 14.54 16.15 ~ 103 1
CozV-adc-tpt 2087 PSP 10.9 12.7 25.2¢ 8.6 This
work
I50-MOF-4 2925 OM?_; T 9075 11.99 30.9 7.4 10
Uio-67 1775 n—-H 9.28 103 36 6.3 12
Zr-bipy 1605 n--H 8.21 9.77 31 5.4 12
HKUST 1650 OMS 7.722 — 35 1.9 13
MgMOF-74 1668 OMS 7.240 — 345 1.44 14
BUT-11 1233  n--H,S0,  6.25 6.7 27 11 12
MOF-74(Fe) 1536 OMS 6.12 — 33 0.52 15
Zr-NDC 1178 n--H 5.35 6.07 32 2.45 12
CoMOF-74 1448 OMS 5.22 — 47 1.0 14
Uio-66 1014 n--H 3.94 5.04 33 1.48 12
Cox(m-dobdc) - OMS 6.1° - 49 1.25 16
MIL-101-SO3H 1856 OMS 38 - 30 2.95 v
MIL-101-SO3-Ag 1253 OMS 3.0 — 60 2.38 u
UPC-33 934 n--H 4.18 4.99 18.39 3.34 18
Cd2(AzDC2(TPT)2] 49, T system 271 2.92 40.77 12 19
(DMF)3 Y
[Cos(TCA)CI(L): OMS, "
[CHCHNTIn 657 g 288 3.799 21.8 0.88
uPC-21 1725 OMS 4.60 5.19 ~ 12 21
MIL-100(Fe) 2266 OMS 4.04 — _ 3.40 22
Cu(0.6)@MIL- . ~ ~ ”
100(Fe) 1490  OMS, Cu 222 1.95
FJI-C1 1726 EuN* 6.33 7.18 26.8 3.63 23
Electrostati
NKU-FlexMOF-1a 952 c 271 2.90 52.5 187 24
interaction

a measured at 303 K, ® measured at 296 K
°Qst at 1 mmol, calculated from 298 and 273 K isotherms.
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Figure 2.13 (a) CsHgand C3Hg isotherm comparison of Co2V-26ndc-tpt and Co>V-adc-
tpt (< 0.35 bar, 298 K). (b) C3Hgand CsHs isotherm comparison of Co,V-26ndc-tpt and
Co2V-26ndc-tpbtc (< 0.35 bar, 298 K). (c¢) The calculated C3Hg/C3Hg (50:50) IAST
selectivity of pacs materials at 298 K. (d) the potential C3He recovered as a function
C3Hs/C3He (50:50) IAST selectivity of all reported CsHsg-selective MOF adsorbents at
298 K, 1 bar.

The permanent porosities of pacs materials are probed by N2 gas sorption
experiments at 77 K. All materials show type | N2 adsorption isotherms. The Brunauer-
Emmett-Teller (BET) surface area increases from 1727 m?/g to 1944 m?/g when tpt is
replaced with tpbtc in Co2V-2,6-ndc-based pacs and to 2087 m?/g when 2,6-ndc? is
replaced with adc? in Co,V-tpt-based pacs. The corresponding pore volumes are 0.82,

0.91, and 1.07 cm®g for Co,V-26ndc-tpt, CorV-26ndc-tpbtc and Co,V-ade-tpt
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respectively. In addition, NLDFT modeling gives pore size distribution primarily at 8.6 A
for Co,V-26ndc-tpt, 9.3 A for Co,V-26nde-tpbtc and 10.9 A for CooV-ade-tpt. These pore
apertures correspond closely to cavity sizes determined from crystal structures. It is worth
noting that the substitution of a ditopic linker here results in much larger increase in the
crystallographic unit cell volume (44.3% increase from 5060 A3 to 7302 A%) than the
substitution of a tritopic linker (20.4% increase from 5060 A® to 6093 A%). As a result, the
surface area, pore volume, and pore aperture of Co,V-adc-tpt are larger than Co,V-26ndc-
tpbtc.

Considering the permanent porosity and large cages in these crystalline porous
materials, isotherms of CsHs and C3Hg gases are then obtained at 273 K and 298 K. All
three adsorbents exhibit excellent CsHs adsorptions, with increase of capacity
corresponding to enlargement of surface area and pore volume. As a result, Co,V-26ndc-
tpt, with the largest surface area and volume, shows the highest adsorption capacity of 10.9
mmol/g at 1 bar, 298 K among three materials reported here. To our knowledge, this is also
the highest so far among MOFs reported to be CzHg-selective. Even if compared to all
reported MOFs, the C3Hg uptake capacity of CooV-ade-tpt is outstanding. For comparison,
the CsHg adsorption capacity of well-known benchmark MOFs at 298 K, 1 bar are: iso-
MOF-4 (10.7 mmol/g),*° Ui0-67 (9.3 mmol/g),** HKUST-1 (7.7 mmol/g),** and MgMOF-
74 (7.2 mmol/g),** and FJI-H23 (14.5 mmol/g).!

All three adsorbents show higher CsHs uptakes at 1 bar, likely due to more efficient
packing of smaller CsHsthan CsHg gas molecules, In the lower pressure region, the stronger

host-guest interaction with larger gas molecule allows for higher C3zHsg uptakes. The exact
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position of crossover points and the difference between CsHg and C3He uptake quantities
are dependent on size and functionality of ditopic and tritopic ligands.

As shown in Figure 2.13, the isotherms of Co,V-26ndc-tpt show higher CsHg than
C3Hs uptakes in pressure region below 0.1 bar, and no discrimination at 0.1 bar. In
comparison, the adc substituted Co,V-adc-tpt, with larger surface area and pore volume,
shows delay in both CsHgand CsHs uptakes. The enlarged Co>V-adc-tpt framework also
exhibits C3Hg preference over a wider pressure region (up to 0.5 bar), and larger
discrimination between CsHg and CsHs, (uptake difference of 0.77 mmol/g at 0.1 bar, 298
K).

Whereas the gas uptake thresholds for both C3Hs and CsHg curves in the adc
substituted CooV-adc-tpt are shifted to higher pressure region than Co.V-26ndc-tpt, only
C3Hs gas threshold of the tpbtc substituted Co,V-26ndc-tpbtc is shifted to higher pressure
region than that of Co.V-26ndc-tpt. The CsHs isotherm of Co2V-26ndc-tpbtc in low
pressure region is steeper than that of Co,V-26ndc-tpt. We speculate that the amide
functional group in tpbtc may play a role in interacting with C3Hs. Similar to Co,V-adc-
tpt, Co2V-26ndc-tpbtc also exhibits selective CsHs preference up to 0.5 bar, with CsHs and
C3Hs uptake difference of 1.4 mmol/g at 0.1 bar, 298 K.

The isosteric heat of adsorption (Qs) is employed to confirm CszHs binding
preference. The C3Hg Qst value at 1 mmol/g is highest for Co,V-26ndc-tpbte (31.5 kd/mol),
followed by CooV-26ndc-tpt (30.6 kJ/mol) and CorV-ade-tpt (25.19 kJ/mol). In

comparison, the CzHs Qst value at 1 mmol/g is lower for Co,V-26ndc-tpbte (30.8 kJ/mol),
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Figure 2.14 Breakthrough curves obtained for C3Hg/C3He mixtures (a) 1:1, v/v and (b)
1:15, v/v with Co2V-26ndc-tpbtc at 298 K.

Co2V-26ndc-tpt (28.7 kd/mol) and CooV-adc-tpt (24.7 kd/mol). These results indicate that
proper pore size optimization and addition of suitable functional groups could effectively

enhance C3Hg adsorption capacity, thus potentially boosting separation performance.
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We further explored the adsorption selectivity of the pacs adsorbents through dual-
site Langmuir-Freundlich fitting of isotherms followed by IAST selectivity prediction. For
50:50 (v/v) C3Hg/C3Hs gas mixture at 0.1 bar, 298 K, the calculated selectivity is 1.24 for
Co2V-26ndc-tpt. The C3Hg/C3zHs selectivity decreases to below 1 (CsHs selective) at 1 bar.
In comparison, both Co,V-26ndc-tpbtc and Co2V-ade-tpt IAST selectivity are maintained
between 1.54-1.44 and 1.34-1.24 for pressure between 0.1 and 1 bar, respectively. While
these selectivity values are comparable to benchmarks WOFOUR-1-Ni (2.5-1.6),%° ZIF-8
(1.4-1.3)% and BUT-10 (1.52-1.4),%" the superior uptake capacity of Co,V-26ndc-tpbtc
and Co>V-ade-tpt gives them an advantage in the overall separation performance.

As is well known that IAST selectivity alone cannot evaluate the separation
performance. Thus, we employ the separation potential, a metric that is influenced by both
adsorption capacity and selectivity, to estimate the maximum amount of pure CsHe
potentially recovered from the mixture. Although Co.V-26ndc-tpbtc does not have the
highest reported IAST selectivity, its highest CsHs gas uptake among CsHs-selective
materials allows it to have the highest potential C3Hs recovered from CzHg/CzHs (50:50
v/v) mixture (Figure 2.13). The separation potentials of these adsorbents on the industrially
relevant CsHg/C3sHs (1:15 v/v) mixture are also evaluated.

The CzHs selectivity performance of Co.V-26ndc-tpbtc has been experimentally
evaluated through C3Hs/CsHes breakthrough experiments. For both 1:1 and 1:15 (v/v)
C3Hs/C3He mixed with inert argon gas eluted through the column packed with Co,V-
26ndc-tpbtc powder, the CsHg is first detected while C3Hs is trapped in the adsorbent. The

polymer-grade CsHe (>99.99%) could be collected from CsHg/CsHe (1:15 v/v) mixture

81



after several minutes of separation process. Multiple breakthrough cycles were also
performed on Co2V-26ndc-tpbtc. The maintenance of separation performance after several

cycles confirms the reusability of this adsorbent.

2.4 Conclusion

In summary, we defined new limits to the pacs platform and sought to confirm these
models with experimentally constructed frameworks. Many L1 and L2 combinations
obtained here were previously thought of as impossible to form pacs. Pore size
optimization of pacs materials also afforded excellent uptake capacity and selectivity for
CsHe/CoHg and C3Hs/C3Hg separations. Overall, this work offers exciting results and new

guidance on pacs platform to advance adsorbents for industrially relevant separations.
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Chapter 3. The Robust and Versatile

Anionic Partitioned-acs Frameworks

3.1 Introduction

Anionic metal-organic frameworks (MOFs), similar to zeolites with negative
frameworks, represent only a minute fraction of MOFs that are typically neutral.! The
availability of stable and tunable anionic MOFs can enable new applications in sorption,®
% jon exchange,>® etc.”4. Currently, few systematical strategies are available to construct
and tune anionic MOFs.®>%" Even in systems that can accommodate host-guest
modification, the degree of tunability is limited, and the reduction in porosity and stability
is often taken as a necessary tradeoff.’®?> Hence, the development of methods to
systematically construct stable anionic MOFs with a wide degree of tunability poses a
significant challenge.

The neutral 9-connected pacs system has proven be an ultra-tunable platform,
capable of setting performance records in many applications. The different combinations
of these modules allows pacs materials to be incredibly versatile, and hence, capable of
setting performance records in applications.?®?° It has been shown that anionic pacs
materials can be made from all-M?* ions to give negative trimer [(M?*)s(ps-OH)(COO)e],
whereas the inclusion of M** could turn the framework neutral or cationic.? 331 Given

the possibility for 3d-metals to adopt both M?* and M3*, only some metal types (e.g., Mg?*,
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Zn?*) could guarantee anionic trimer, which poses two major problems: stability and
versatility. First, ligand-field stabilization energy plays no roles in stabilizing M—O or
M—N bonds (M=Mg/Zn). Consequently, these trimers are more prone to ligand exchange
(water degradation in particular). Additionally, the synthesis using all-M?* trimers
eliminates many benefits from other metal types or heterometal chemistry (e.g., Co-V).
Thus, the metal-node-based strategy to develop anionic pacs dramatically limits the true
potential of the pacs platform.

By taking advantage of highly modular features of the pacs platform where the
charge property of each module can be independently engineered and allocated, we
envision a method for creating anionic MOFs by shifting negative charges from hydrolysis-
prone metal nodes to chemically resistant core of pore partition ligands. This method
permits much more freedom in metal choices and also makes it possible to increase the
metal-ligand bond strength by harnessing desirable properties of diverse metal types
beyond d® and d*® M?* ions.

This work marks the introduction of the first negatively charged organic pore

partition ligand, 2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene (H-tph). The tripyridyl
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Figure 3.1 Comparison between first and second generation designs of anionic pacs
materials.

linker has an acidic N-rich hexaazaphenalene (hap) core that readily resonance-stabilizes
the deprotonated form. By shifting negative charge to hexaazaphenalene core of PPA, the
inorganic node could accommodate both anionic and neutral metal variations, leaving
much room for property optimization. Versatility of the 2" generation anionic pacs
platform was further demonstrated through systematic variations of trimer (anionic and
neutral), ditopic linker (dicarboxylates, diazolates, mixed carboxylate-azolate) and counter
balancing cations (quaternary ammonium or phosphonium ion with alkyl, hydroxyl and/or

aromatic groups). The high compatibility of H-tph with various pacs modules (Ms-L1-G1)
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results in a large library of robust anionic materials of varied size, shape and functionality.
These examples show great potential to develop robust and versatile anionic MOFs with

optimized host-guest recognition for selective gas and vapor sorption.

3.2 Experimental Section

3.2.1 Chemicals and Materials.

All reagents were used as received without further purification. Vanadium (111)
chloride (VClz) was purchased from ACROS Organics. Iron (I11) chloride hexahydrate
(FeClz-6H20), Magnesium nitrate hexahydrate (Mg(NOs3).-6H20), Cobalt (Il) chloride
tetrahydrate (CoCl,-4H,0), Cobalt (I1) nitrate hexahydrate (Co(NO3)2-6H20), Nickel (I1)
nitrate hexahydrate (Ni(NOs)2-6H20), Nickel (I1) chloride tetrahydrate (NiCl2-4H20), Zinc
nitrate hexahydrate (Zn(NOs)2-6H20), acetone, methanol (MeOH), ethanol (EtOH),
benzene (Bn), cyclohexane (Ch), N,N-dimethylacetamide (DMA), N,N-
dimethylformamide (DMF), dichloromethane (CH.Cl), 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione (HFP), trifluoroacetic acid (TFA), fluoroboric acid 48 w.t. % (HBF4) and
hydrochloric acid 38 w.t. % (HCI) were purchased from Fischer Scientific Co., N-
methylformamide (NMF), 4-pyridylamidine hydrochloride, sodium tricyanomethanide
(Na(C(CN)3), 2,6-naphthalenedicarboxylic acid (2,6-Handc), 4,4’-biphenyldicarboxylic
acid (Hqbpdc), 1,3-dimethyl 3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) were
obtained from TCI-America while 4-(1H-tetrazol-5-yl)benzoic acid (Hatba) and 1,4-
benzeneditetrazole (H:bdt) were purchased from Yanshen Technology Co., Ltd. All

deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc. and Sigma
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Aldrich American Co. All ammonium and phosphonium salts (tetraethylammonium
chloride (EtsNCI), tetrapropylammonium chloride (PrsNCI), tetrabutylammonium chloride
(BusNCl), tetrapentylammonium chloride (PensNCI), tetrahexylammonium chloride
(HexsNCI),  (2-hydroxyethylhtrimethylammonium  chloride  (htmNCI),  bis(2-
hydroxyethyl)dimethylammonium chloride (dhdmNCI), tetraphenylphosphonium bromide

(Ph4PBr) were obtained from Aldrich American Co.

3.2.2 Synthesis of Acid and Base Forms of Pore-Partitioning Agent.
2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene (H-tph): The hexaazaphenalene
condensation reaction was carried out according to ref 32 with modification. NaC(CN)3
(0.750 g, 6.6 mmol) and pyridine-4-amidine hydrochloride (4.50 g, 28 mmol) were briefly
mixed in a teflon-lined stainless steel autoclave before being heated to 200 °C overnight.
After allowing vessel to cool to ambient temperature, 10 w.t. % HCI solution was added to
dissolve the crude product. After filtering undissolved particulates, the solution was
neutralized with acetone, and isolated. The dissolution in HCI and neutralization in acetone
were repeated a second time. The product was isolated and dried overnight under vacuum
at 60 °C to obtain the final light tan powder (50 %). 'H NMR de-DMSO: 8.69 (d), 9.01
(d).

Sodium  2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalenate (Na-tph):  Synthesis
process was similar to H-tph, except 6M NaOH aqueous solution employed instead of

acetone. *H NMR ds-DMSO: 8.40 (d), 8.80 (d).
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3.2.3 Synthesis of tph-based pacs.
CPM-600a-CoV (CoV-tba-tph): Ina 20 mL glass vial, CoCl,-6H20 (76 mg, 0.3 mmol),
VCl3 (16 mg, 0.1 mmol), Haotba (57 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were
dissolved in 6.0 g NMF. After stirring for 2 hours, the vial was placed in a 120 °C oven
for 5 days. Red-orange hexagonal shaped crystals were obtained after solution was cooled
to ambient temperature.
CPM-600b-Mg (Mgs-26ndc-tph): In a 20 mL glass vial, Mg(NOz)2-6H>0 (75 mg, 0.3
mmol), 26-Hzndc (65 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were dissolved in 4.0
g DMA, 2.0 g DMPU and 0.06 g HFP. After stirring for 2 hours, the vial was placed in a
130 °C oven for 5 days. Large, clear hexagonal prisms were obtained after solution was
cooled to ambient temperature.
CPM-600b-Co (Cos-26ndc-tph): Ina 20 mL glass vial, CoCl2-6H.0 (76 mg, 0.3 mmol),
26-Hzndc (65 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were dissolved in 6.0 g DMA
and 1.2 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial was placed in a 120 °C oven
for 5 days. Pink hexagonal shaped crystals were obtained after solution was cooled to
ambient temperature.
CPM-600b-Zn (Zns-26ndc-tph): In a 20 mL glass vial, Zn(NOz)2:6H-0O (90 mg, 0.3
mmol), 26-Hzndc (65 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were dissolved in 4.0
g DMA, 2.0 g DMPU and 0.06 g HFP. After stirring for 2 hours, the vial was placed in a
130 °C oven for 5 days. Large, clear hexagonal prisms were obtained after solution was

cooled to ambient temperature.
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CPM-600b-CoV (Co2V-26ndc-tph): Ina 20 mL glass vial, Co(NO3).-6H20 (58 mg, 0.2
mmol), VCIz (16 mg, 0.1 mmol), 26-H2ndc (65 mg, 0.3 mmol), and H-tph (42 mg, ~0.1
mmol) were dissolved in 6.0 g DEF and 1 drop HCI (36 w.t.%). After stirring for 2 hours,
the vial was placed in a 120 °C oven for 5 days. Dark-red hexagonal shaped crystals were
obtained after solution was cooled to ambient temperature.

CPM-600b-CoFe (Coz2Fe-26ndc-tph): In a 23 mL teflon cup, Co(NOz3).:6H.0 (58 mg,
0.2 mmol), FeClz-6H>0 (27 mg, 0.1 mmol), 26-Hzndc (65 mg, 0.3 mmol), and H-tph (42
mg, ~0.1 mmol were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the
teflon cup was sealed in an autoclave and placed in a 150 °C oven for 2 days. Brown
powder was obtained after solution was cooled to ambient temperature.

CPM-600b-NiFe (Niz2Fe-26ndc-tph): Ina 23 mL teflon cup, Ni(NOz)2:6H.0 (60 mg, 0.2
mmol), FeCls-6H20 (27 mg, 0.1 mmol), 26-Hzndc (65 mg, 0.3 mmol), and H-tph (42 mg,
~0.1 mmol) were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the
teflon cup was sealed in an autoclave and 150 °C oven for 2 days. Yellow-green powder
was obtained after solution was cooled to ambient temperature.

CPM-600c-Co (Cos-bdt-tph): In a 20 mL glass vial, CoClz-6H20 (50 mg, 0.2 mmol),
VCl3 (16 mg, 0.1 mmol), Hzbdt (64 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were
dissolved in 6.0 g DMA and 1.0 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial
was placed in a 90 °C oven for 2 days. Orange hexagonal shaped crystals were obtained
after solution was cooled to ambient temperature.

CPM-600c-Ni (Nis-bdt-tph): In a 20 mL glass vial, NiCl2-6H.0O (78 mg, 0.3 mmol),

Hobdt (64 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were dissolved in 6.0 g DMF and
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2.0 g DMPU and 0.06 g HFP. After stirring for 2 hours, the vial was placed in a 140 °C
oven for 7 days. Green hexagonal shaped crystals were obtained after solution was cooled
to ambient temperature.

CPM-600c-CoV (CoV-bdt-tph): Ina 20 mL glass vial, CoCl,-6H20 (50 mg, 0.2 mmol),
VCl3 (16 mg, 0.1 mmol), Hzbdt (64 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol) were
dissolved in 6.0 g DMA and 1.0 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial
was placed in a 90 °C oven for 2 days. Red-orange hexagonal shaped crystals were
obtained after solution was cooled to ambient temperature.

CPM-600d-MgV (Mg2V-bpdc-tph): In a 20 mL glass vial, MgCl2-6H20 (40 mg, 0.2
mmol), VClsz (16 mg, 0.1 mmol), Hzbpdc (73 mg, 0.3 mmol), and H-tph (42 mg, ~0.1
mmol) were dissolved in 6.0 g DMF. After stirring for 2 hours, the vial was placed ina 120
°C oven for 5 days. Light-pink hexagonal-shaped crystals were obtained after solution
was cooled to ambient temperature.

CPM-600d-CoV (Coz2V-bpdc-tph): In a 20 mL glass vial, Co(NO3)2-6H20 (58 mg, 0.2
mmol), VClsz (16 mg, 0.1 mmol), Hzbpdc (73 mg, 0.3 mmol), and H-tph (42 mg, ~0.1
mmol) were dissolved in 6.0 g NMF and 1 drop HCI (36 w.t.%). After stirring for 2 hours,
the vial was placed in a 120 °C oven for 5 days. Light-brown hexagonal shaped crystals
were obtained after solution was cooled to ambient temperature.

CPM-600d-CoFe (CozFe-bpdc-tph): In a 23 mL Teflon cup, Co(NO3)2-6H-0 (58 mg,
0.2 mmol), FeCl3z-6H20 (27 mg, 0.1 mmol), Hz2bpdc (73 mg, 0.3 mmol), and H-tph (42 mg,

~0.1 mmol) were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the
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teflon cup was sealed in an autoclave and placed in a 150 °C oven for 2 days. Brown
powder was obtained after solution was cooled to ambient temperature.

CPM-600d-NiFe (Ni2Fe-bpdc-tph): Ina 23 mL Teflon cup, Ni(NO3).-6H20 (58 mg, ~0.2
mmol), FeClz-6H20 (27 mg, 0.1 mmol), Hz2bpdc (73 mg, ~0.3 mmol), and tph (42 mg, ~0.1
mmol) were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the Teflon
cup was sealed in an autoclave and placed in a 150 °C oven for 2 days. Yellow-green
powder was obtained after solution was cooled to ambient temperature.

CPM-600d-CoV (Co2V-adc-tph): In a 20 mL glass vial, Co(NO3).-6H20 (58 mg, 0.2
mmol), VCIz (16 mg, 0.1 mmol), H>adc (81 mg, 0.3 mmol), and H-tph (42 mg, ~0.1 mmol)
were dissolved in 6.0 g NMF and 1 drop HCI (36 w.t.%). After stirring for 2 hours, the vial
was placed in a 120 °C oven for 5 days. Dark-red hexagonal shaped crystals were obtained

after solution was cooled to ambient temperature.

3.2.4 Synthesis of Co2V-tph based pacs with Different Organic Salts

The type and concentration of organic salt in synthesis has direct impact on final
product, allowing for precise control over pore environment of pacs materials. Two parent
materials, CPM-600b-CoV (Co2V-26ndc-tph) and CPM-600d-CoV (Co2V-bpdc-tph), are
employed here to demonstrate these behaviors.
Coz2V-26ndc-tph-EtaN (Lo:cat 1:0.4): Ina 20 mL glass vial, Co(NO3z).:6H20 (58 mg, 0.2
mmol), VClz (16 mg, 0.1 mmol), 26-H.ndc (65 mg, 0.3 mmol), H-tph (42 mg, ~0.1 mmol)
and EtsNCI (33 mg, 0.2 mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours, the

vial was placed in a 120 °C oven for 5 days. Dark-red hexagonal shaped crystals were
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obtained after solution was cooled to ambient temperature. All precurors and synthetic
environment were kept constant when substituting EtaNCI with other organic salts, as
shown in Table 3.1.

Co2V-bpdc-tph-PhsP (L:cat 1:0.63): Ina 20 mL glass vial, Co(NO3z)2-6H20 (58 mg, 0.2
mmol), VCls (16 mg, 0.1 mmol), Hzbpdc (73 mg, 0.3 mmol), H-tph (42 mg, ~0.1 mmol)
and tpPBr (95 mg, 0.23 mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours,
the vial was placed in a 120 °C oven for 5 days. Light-brown hexagonal shaped crystals
were obtained after solution was cooled to ambient temperature. All precurors and
synthetic environment were kept constant when substituting EtsNCI with other organic
salts, as shown in Table 3.1.

Table 3.1 Summary of tph to organic cation ratio during synthesis versus NMR.

Synthesis Ratio (tph : cation from salt)

Co2V-based pacs H-tph organic salt molar ratio NMR ratio
(mg) (mg)

26ndc + EtsN* 42 33 1:2 1:0.36
26ndc + PraN* 42 57 1:2.5 1:0.12
26ndc + BusN* 42 58 1:1.85 1:0.45
26ndc + BusN* 42 110 1:3.86 1:0.63
26ndc + BusN* 42 276 1:945 1:0.92
26ndc + BusN* 42 415 1:15 1:1
26ndc + PensN* 42 75 1:2 1:0.55
26ndc + HexsN* 42 84 1:2 1:0.54
26ndc + dhdmN* 42 85 1:5 1:0.58
26ndc + htmN* 42 28 1:2 1:0.42
bpdc + PhsP* 42 95 1:2.26 1:0.63
bpdc + BusN* 42 65 1:2.34 1:0.43
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3.2.5. Property Characterization

pH Stability Examination: pH of aqueous solutions were prepared through dilutions of
HCI (36 w.t.%) or NaOH and confirmed with pH-meter. For each analysis, ~50 mg of
isolated sample was rinsed in chosen aqueous solution (20 mL x3). The decanted solid
was finally imersed in 10 mL of aqueous solution for ambient temperature testing, or 25
mL distilled water for H.O refluxing.

Nuclear Magnetic Resonance (NMR): *H NMR spectra were recorded on Bruker Avance
NEO 400 MHz or Bruker Avance 600 MHz NMR spectrometer. The spectrometers were
automatically tuned and matched to the correct operating frequencies, with spectra reported
in parts per million (3) with respect to tetramethylsilane (TMS, 5=0). Spectra were
processed using Bruker Topsin 1.3. Deconvolution was employed for peaks with
overlapping regions, but only integration of targeted peak is shown in spectra for clarity.
Organic Cation Measurement. To ensure NMR analysis of organic cation excludes any
organic salt on the surface of pacs, the as-synthesized material was washed multiple times
in DMF and immersed in CH2Cl, or EtOH and refreshed three times, once every 12 hours.
The sample was dried overnight at 80 °C in vacuum oven. About 3-5 mg dried sample was
added to a 1 mL disposable centrifuge-tube, followed by 4 drops of DCI (36 w.t. %), and
0.5 mL de-DMSO. The tube was capped, and placed on a vortex mixer for 30 seconds.
Any solution with precipitate was diluted further with de-DMSO and vortexed until clear
homogeneous solution is obtained. The clear blue solution was transferred to a5 mm NMR

tube.
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Vapor Sorption Measurement: The as-synthesized sample was immersed in CH2Cl and
refreshed daily for five consecutive times. The sample was then evacuated overnight at 60
°C. The sample was placed in a small glass vial, which was placed in a larger glass vial
containing benzene:cyclohexane mixture (1:1 v/v). The solid was exposed to vapor for
specified time, followed with digestion by 4 drops of DCI (36 w.t. %), and 0.5 mL de-
DMSO. The solution was vortexed for 30 seconds. Any solution with precipitate was
diluted further with de-DMSO vortexed until clear homogeneous solution is obtained. The
clear blue solution was transferred to a 5 mm NMR tube for characterization.

Gas Sorption Measurement Gas sorption measurements were carried out on a
Micromeritics ASAP 2020 and ASAP 2020 Plus physisorption analyzers. The as-
synthesized sample was immersed in CH2Cl, and refreshed daily for five consecutive
times. The sample was then transferred to the gas sorption tube and the dried under open
flow of N2 gas for 15 minutes. The degas process was carried out at 60 °C for 12 hours.
Other Characterization: SCXRD, PXRD, TGA, EDS, gas adsoption measurements and

calculations were carried out as mentioned in 2.2.4.

Table 3.2 Crystal Data summary of CPM-600(a-d).

Code strizep a® b@A) cA « £ (V/SSL R(F)

CPM-600a-Co P6s/mmc  19.118 19.118 16.195 90 90 120 5126 0.045

CPM-600b-CoV  P6s/mmc  19.143 19.143 18504 90 90 120 5872 0.081
CPM-600c-CoV  P6s/mmc  18.942 18.942 20.094 90 90 120 6244 0.024

CPM-600d-CoV  P6s/mmc 19.15 19.15 2401 90 90 120 7628 0.131
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3.3 Results and Discussion

3.3.1 Structure Characterization

The anionic tph-pacs family reported here has the formula [(M1)3-x(M2)x(O/OHY/)
(L1)3(L2)]G1 and denoted as CPM-600x-M-G1, where x corresponds to L1 (a = Hatba, b
= H226ndc, ¢ = Hobdt, d = Hobpdc), M corresponds to [(M1)3-x(M2)x(O/OH)] (Mgs, Zns,
Cos, Niz, MgxVy, CoxVy, CoxFey, NixFey) and G1 corresponds to (EtaN*, PrsN*, BusN™,
PensN*, HexaN*, htmN*, dhdmN*, PhsP*) (Figure 3.2). Single crystal X-ray diffraction
patterns of CoxVy-tph-based pacs were first collected and refined. Table 4.2 summarizes
unit cell parameters and refinement factors. PXRD patterns of tph-based pacs with
different permutations of metals, L1, and counter balancing ions were then collected and
compared to those simulated from refined single crystal data (Figure 3.3). Matching of
patterns between as-synthesized samples and simulations confirmed phase purity of bulk
materials. For heterometallic phases, EDS was employed to estimate ratio of M?* metal to
M3* metal. As shown in Figure 3.4, all heterometal phases shows M?* to M3* ratios greater
than 1, denoting presence of only neutral or anionic trimer.

Central to optimizing pore environment anionic pacs materials is the identity and
concentration of the 4™ module: guest ions. CPM-600b-CoV and CPM-600d-CoV were
employed to demonstrate the correlation between ratio of added organic cation to the
formula unit. Through simple addition of different quaternary ammonium or phosphonium
salt into the synthetic pot, simultaneous construction of anionic pacs and substitution of

hexaazaphenalene’s counter-balancing ion could occur. *HNMR was then employed to
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Figure 3.2 Design of tph-based anionic pacs frameworks with different modules.

calculate the ratio of the added organic cation to the formula unit (Table 4.1). Ten different
CPM-600b-CoV and CPM-600d-CoV are constructed at approximately 2 mmol
equivalence. The final cation to tph ratio obtained from NMR varied slightly from initial
addition. Furthermore, CPM-600b-CoV was synthesized with 1.85, 3.66, 9.45 and 15
mmol of BusNCI to 1 mmol of H-tph, which resulted in NMR ratios of 0.45, 0.63, 0.92 and
1 cation to 1 tph, respectively. Thus, proving the feasibility of tuning ratio of quaternary

ammonium/phosphonium ion in anionic pacs synthesis.
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Figure 3.3 Simulated as as-synthesized PXRD patterns of tph-based pacs materials with
different metals, ditopic linker and guest ions.
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Figure 3.4 Simulated as as-synthesized PXRD patterns of tph-based pacs materials with
different metals, ditopic linker and guest ions.

3.3.2 Hydrolytic Stability

Hydrolytic stability is an important requisite for many applications, yet the number
of water-stable anionic MOFs is limited.333* The charge-reallocation strategy presented
here, allows for development of a large family of water-stable anionic materials. With
strength of coordination bond mainly responsible for hydrolytic stability, the weak Mg—
O/Mg—N coordination of anionic Mg-trimer in CPM-600b-Mg could not maintain water
stability for even 5 minutes. In comparison, the neutral Co.V trimer in CPM-600b-CoV is
stable in water for at least 3 days (Figure 3.5a). CPM-600b-CoV also maintains chemical

stability within pH range 3-11 for at least 24 hours (Figure 3.5b).
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Figure 3.5 Chemical stability of different tph-based pacs.

The hydrolytic stability of CPM-600b-CoV could further be enhanced through

choice of counter cation. For instance, the pacs material prepared from the addition of 10

mmol PhsPBr extends stability to at least 21 days, and pH range 3-11 for 14 days (Figure

3.5¢c). This is likely due to the presence of bulky hydrophobic PhsP* counterions that

impede H,O attack on metal sites and thus allow the material to maintain chemical stability

over a much longer period.
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In addition to high chemical stability observed in carboxylate-based pacs, we also
witnessed remarkable properties with azolate-based pacs materials. In particular, CPM-
600c-Ni reported here maintains water stability for at least 2 months and stability in pH 2-
12 for at least 7 days. The material also shows modest stability of 24 hours in refluxing
H>O (Figure 3.4d). Such high chemical stability achieved with tph ligands is comparable

to benchmark anionic materials (Table 3.3).

Table 3.3 Hydrolytic stability of benchmark anionic MOFs.

Ambient  Boiling pH Acid  Base

Name H20 H20 Ref.
(day) (day) range (day) (day)
LnMOF1 90 -- 4-12 0.05 0.05 %
Niz-bdt-tph 56 1 2-12 7 7 wa‘k
UiO-66(S0sH), 30 30 - - - 9
NTU-66-Cu 30 1 2-12 30 30 36
Bio-MOF-1 28 - 7-1.4 - 14 1
This
CPM-600b-Ph;N 24 -- 3-11 14 14 Work
NOTT-200 102 -- -- -- -- 4
JXNU-5 10 -- -- -- -- 37
BUT-8(Cr) 7 - Conc.-11 7 7 7
NU-1300 7 -- 1-10 7 7 5
CPM-5 7 0.49 -- -- -- 15
MIL-101-pCOOH 6 - - -- - 38
JXNU-4 3 -- 4-11 1 1 3
AUBM-1 3 -- 1-12 3 3 40
[Me2NH,][Eu(0x)2(H-0)] 3 1 4-7 0.16 -- 41
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3.3.3 Gas Adsorption Studies

Acetylene, ethylene, and propylene are all important raw organic building blocks
whose storage and separation poses great challenges to many industrial sectors. Several
benchmark materials with desirable features such as micro-pore, open-metal sites, and
functional linkers have shown promising C2H storage capacity at ambient temperature and
pressure.*#*  The anionic pacs reported here presents an additional level of tunability
(through counter cation) to further enhance interactions with these small gas molecules.

Previously, the formation the anionic Mns-26ndc-tpp (SNNU-28(Mn), tpp = 2,4,6-
tri(4-pyridinyl)-1- pyridine) pacs, shows negligible CoH, uptake, due to framework
instability.3! Similarly, the anionic CPM-600b-Mg reported here exhibits small uptakes of
2.52 and 1.84 mmol/g at 1 bar, 273 K and 298 K, respectively (Figure 3.6a). PXRD of the
material after one gas sorption cycle shows unidentifiable phase change. (Figure 3.5a). In
SNNU-28(Mn) where PPA is neutral, the substitution of Mn?* with Mg?* or Zn?* would
unlikely improve stability whereas other metals or metal combinations could likely form
neutral or cationic frameworks. Here, shifting of the negative charge from metal cluster to
tph linker allows us to incorporate a much wider range of metal sources into anionic pacs.
As a result, the construction of CPM-600b-CoV, results in C2H> uptakes of 9.4 mmol/g and
6.2 mmol/g at 1 bar, 273 K and 298 K, respectively. This is a dramatic boost, from the 1%
generation of unstable anionic pacs materials. After repeated gas sorption-desorption

cycles, PXRD shows CPM-600b-CoV still retains high crystallinity (Figure 3.5a).
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Figure 3.6 C;H> isotherms of CPM-600-based pacs. (a) CoHzuptakes of CPM-600b with
anionic metal (Mg) versus neutral metal (CoV) trimers at 273 K and 298 K, (b) C2H>
isotherms of CPM-600x-CoV series at 273 K.
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Table 3.4 Summary of gas sorption isotherms and heat of adsorption.

CPM-600b-CoV  CPM-600c-CoV  CPM-600d-CoV

Sa Langmuir (m?/g) 2298 2676 3120
Sa BET (m?/g) 1666 1945 2260
Pore Volume (cm®/g) 0.815 0.927 1.05
CsHs 298 K (mmol/g) 7.86 9.29 10.7
C3Hsg 273 K (mmol/g) 8.43 12.0 11.8
Qs (kI/mol) 29.5 30.5 24.4
CsHe 298 K (mmol/g) 8.41 10.1 11.5
C3Hs 273 K (mmol/g) 9.16 11.2 12.9
Qs (kI/mol) 23.1 30.0 23.4
C2Hes 298 K (mmol/g) 6.33 6.64 478
C2Hs 273 K (mmol/g) 8.42 8.90 9.90
Qs (kI/mol) 23.8 18.33 17.4
C2H4 298 K (mmol/g) 5.17 5.68 3.03
C2H4 273 K (mmol/g) 7.88 8.30 6.69
Qs (kI/mol) 22.7 19.7 19.3
CzH2 298 K (mmol/g) 6.17 8.23 3.39
C2H2273 K (mmol/g) 9.42 11.6 8.04
Qs (kJ/mol) 25.3 23.1 20.4
C0,298 K (mmol/g) 2.50 3.30 1.63
C0,273 K (mmol/g) 5.74 6.60 3.23
Qs (kJ/mol) 19.6 14.6 17.0

*Isotherm values obtained at 1 bar
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Table 3.5 Summary of benchmark ionic MOFs for CoH: uptake.

Sa Z%ZBHIZ( 572;2 Qst
MOFs Charge (5’1'25/;) 1 bar 1 bar (kJ/mol) Ref.
(mmol/g) (mmol/g)
CoV-bdt-tph anionic 1945 8.20 11.60 23.1 This
Work
NBU-8 anionic 1467 8.17 10.47 34.6 4
FJU-90a cationic 1572 8.04 9.64 25.1 %6
[Cos(OH)2(INA)s(CPT)s](NOs) cationic 1158 7.28 10.04 40 4
(CoCls)o25[CO3(13-OH)(CPT)a4s] anionic 1927 6.52 9.82 26.3 a7
SNNU-60 anionic 60.8 5.53 6.94 33.3 8
PCP-33 anionic 1248 5.44 -- 27.5 4
E)CI—?;EE;?HF:EJ()CE()IZ%OSEH 3 cationic 196 5.40 - 34.2 50
NTU-66-Cu anionic 1700 4.98 6.56 32.3 36
FJU-6-TATB anionic 1306 491 0.00 29 51
gﬁ;?ﬁ;é])i[(ﬁfg)ﬁ anionic 861  4.87 6.25 26.7 2
[Cus(L)s(H20)s(HCOO)]-Me:NH,*  anionic 1599 4.80 9.42 35.3 53
ZJNU-115 anionic 1291 4,73 6.16% -- 54
(NH;Me,)[Cds(ps-OH)(tpt)(TZB)s]  anionic 1123 4.73 7.50 33.2 30
SNNU-150-Al cationic -- 4.33 6.74 29 55
CPM-107 anionic 319 4.33 0.00 37 56
[Cos(OH)2(INA)(TZB)s](H:NMey), — anionic 1124 3.88 5.13 28 46
JCM-1 cationic 550 3.35 4.24 36.9 57
[MezNH2]-[Zns(ALP)(TDC)25] anionic 410 3.06 4.31 31.1 58
SNNU-23 anionic 624 2.79 4.15 62.2 59
JXNU-5a anionic 407 2.50 6.16 32.9 87
FJU-36a anionic 409 2.46 2.97 32.9 60
(MezNH,)[In1s(FBDC)(BDC)] anionic 307 2.37 3.04 37 61
Cu'@Ui0-66-(COOH), anionic 302 2.31 2.50 74.5 8
Gd-MOF anionic 238 1.44 1.74 -- 62
Fe(tpy).@ECUT-300 anionic 370 1.37 -- -- 63
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Figure 3.8 Cs;He/CsHs adsorption performances of CPM-600d-based pacs at 298 K. (a)
Comparison of C3 isotherms between CPM-600d-CoV prototype and CPM-600d-CoV-
PhsP, (b) Comparison of C3 isotherms between CPM-600d-CoV prototype and CPM-
600d-CoV-dhdmN and (c) Comparison of potential C3Hg recovered through employment
of different adsorbents in C3Hg/C3Hg (50/50 v/v) separation

With the success of CPM-600b-CoV, we then systematically study the general
porosity, C2, C3 uptake trends, to tailor specific anionic tph-pacs to the needs of different
applications. All materials underwent TGA analyses to confirm complete removal of guest
molecules after activation. As shown in Figure 3.7a, only CPM-600c-CoV has a small

weight loss before 100 °C, which is a result from H>O vapor sorption during transfer of

109



activated material to TGA analyzer. Next N2 adsorption at 77 K was carried out to probe
surface area and porosity. All anionic pacs reported here show type-l1 N2 adsorption
isotherms (Figure 3.7b). The surface areas and pore volumes of these materials are within
expected range, based on other reported pacs, suggesting that they are well activated. After
confirming porosity of anionic pacs, we then studied the adsorptions of CoHz, CoHa, C2Hes,
C3Hs, CsHg at 273 and 298 K for tph-based pacs with different L1 lengths. Table 3.4
summarizes the uptakes at 1 bar, 273 and 298 K, and isosteric heat of adsorption.

Interestingly, the C,H: uptake trend at 273 K follows bpdc? < tha* < 26ndc? <
bdt>(Figure 3.6b). Generally, with enlarged framework having extra-large volume, host-
guest interaction is dramatically diminished, thus resulting in poor uptake. Since Co.V-
bpdc-tph framework is too large, and thus exhibits poor uptake, CoV-bdt-tph, with the next
largest surface area and pore volume, exhibits the highest CoH, uptakes of 11.6 and 8.23
mmol/g at 273 K and 298 K, respectively. In fact, these values are also higher than the best
performing ionic MOF materials NBU-8 (10.5, 8.15)*, FJU-90a (9.64, 8.04)?¢, SNNU-60
(6.94, 5.53)*8. C,H4and C2Hs uptakes for CoV-bdt-tph are also the highest among all tph-
pacs materials. Thus, the bdt-tph pacs combination offers the most ideal pore aperture and
functionalities for optimal uptakes of small C2 molecules.

With larger C3 molecules, the elongated L1 linkers provides larger pore volume for
higher uptake. Co2V-bpdc-tph exhibits C3Hs and C3Hg uptakes of 12.9 and 11.8 mmol/g
at 273 K, and 11.5 and 10.7 mmol/g at 298 K. While the C3 uptake capacities are among
the top-three MOF materials,®*%° the uptake difference between these two molecules is

modest. We sought to introduce additional hydroxyl groups in organic cations to boost O-
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--H interactions. Compared to Co>V-bpdc-tph that could potentially recover 0.357 mmol/g
CsHs from C3sHg/CsHs 1:1 mixture at 1 bar, 298 K, the incorporation of 0.5 dhdmN™ per
formula unit resulted in 0.925 mmol/g of potentially recoverable CzHs (Figure 3.8). This
is higher than ZIF-8 (0.119)%®, MOFOUR-1-Ni (0.269)%, UiO-67 (0.433)%8, but slightly

lower than BUT-10 (1.04)®® and CPM-734c (1.61)%'.

3.3.4 Vapor Adsorption Studies

Cyclohexane (CeHi12) is a crucial intermediate in the petrochemical industry.
However, the CeH12 production results in benzene/cyclohexane mixtures that must undergo
energy-intensive purifications. Porous materials provide a promising platform for
CeHe/CeH12 separation. (Table S12). Herein, we present the first case study on utilizing
aliphatic organic cation to enhance C¢Hes/CeH12 selectivity.
With CozV-26ndc-tph as the parent framework, we chose to incorporate EtsN*, BusN* and
dhdmN*. CoV-26ndc-tph adsorbs 3.6 and 0.9 CsHs and CsH12 molecules per formula unit
(mpf), respectively. With the substitution of 0.5 BusN* mpf, the uptake of CsHs increases
to 4.8, while CgH12 stayed the same. Further increase of BusN* to 1 mpf resulted in 5%
decrease of CeHs but 20% decrease for CeHi2. We speculate that while alkyl chain
enhances n-H with CsHe, slight H-H repulsion with CsH12 is observed when pore volume
has higher concentration of BusN™. Interestingly, the shortening of the alkyl length to EtsN
did not increase CsH12 uptake. The addition of 0.4 EtsN mpf resulted in an increase of
CeHe to 5.8 while keeping CsH12 at 0.9 mpf. The addition of two OH groups into dhdmN™,

slightly increased the concentration of CeHi2 to 1 mpf, likely through electronegative-H
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Figure 3.9 Cyclohexane/Benzene (50/50 v/v) vapor selectivity of CPM-600-CoV
prototype and different guest ions.

interaction. This shows that length, functionality, and concentration of cations all

contribute to enhancing CeHe/CeH12 selectivity (Figure 3.9).

3.4 Conclusion

We report here a new synthesis concept that combines pore-space partition strategy
with charge reallocation strategy to construct a large isoreticular series of anionic pacs type
(partitioned-acs) porous materials. Over two dozen anionic pacs materials have been made
to demonstrate their excellent chemical stability and high degree of tunability to tailored
applications. Notably, Niz-bdt-tph (bdt = 1,4-benzeneditetrazole) exhibits month-long
water stability, while CoV-bdt-tph sets new record for C2H; storage capacity under ambient

conditions for ionic MOFs. In addition to diverse framework modules, we illustrate the
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feasibility to systematically tune the type and concentration of counter cation species and
demonstrate how hydroxy, aliphatic and aromatic functional groups would influence both
the materials' chemical stability and capability to separate industrial relevant C3Hs/C3sHs
and CeHe/CsHz12 mixtures. We believe that this material design and synthesis strategy will

lead to useful anionic MOFs for a large range of applications.
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Chapter 4: Cationic Partitioned-acs

Frameworks and C>H2/CO, Separation

4.1 Introduction

The capacity for strategic optimization of space and functionality in solid-state
materials is a central facet to many applications. One of such is the purification of
acetylene (C2H>), an important organic building block whose industrial production yields
C2H2/CO, mixtures.! Employment of low-cost porous adsorbents for the selective
adsorption of CoH: presents a promising purification alternative with lower energy demand
and higher sustainability. Among various adsorbents, MOFs have attracted tremendous
attention owing to their highly tunable pore size and pore chemistry. Since the first
reported CoH:-selective adsorbent, Cuz(pzdc)2(pyz), in 2005,2 many excellent adsorbents
have been developed to address C2H2/CO- separation. Nevertheless, a general tradeoff
between C2H2 uptake capacity and C2H2/CO: selectivity is often observed, since a boost in
pore-space (capacity) presumably leads to poor host-guest interaction (selectivity), and
vice versa.

An extra level of difficulty is added to simultaneously maximize uptake and
selectivity. Materials with both higher C.H2 and CO2 uptakes may offer higher IAST

selectivity. However, optimized selectivity is reached with increase of CoH and decrease
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Figure 4.1 Classification of gas separation performance by a combination of individual
gas uptake and selectivity.

of CO. (Figure 4.1). Our review of literature reveals two possible approaches that could
lead to the strategic design of materials with optimized separation performance. One
method is microregulating pore-space of ultramicroporous materials to better fit CoH>
molecules.®>* For instance, the substitution of TiFs® with SiFe? from TIFSIX-4-Ni to
SIFSIX-21-Ni, allows for better fitting of C2H>, less favorable fitting of CO2 and overall
higher selectivity.® Introduction of functional sites is another promising method to
optimize separation performance.®® For instance, substituting 1,3-benzenedicarboxylate
with a smaller, oxygen-bearing 2,5-thiophenedicarboxylate from CAU-10H to MIL-160
results in stronger hydrogen bonding interactions, undesirable O-bonding interactions, and
overall higher selectivity performance.’® While these results are promising, continuing

effort is needed to promote porous materials to commercialization stage.
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Figure 4.2 A tandem modulation approach to combat uptake and selectivity tradeoff.

Counter-balancing ion is an important, yet often overlooked variable in CzH>
sorption studies.!**? In addition to balancing framework charge, a counter ion with ideal
size, functionality and spatial orientation could in theory, segregate large cavities into tight
binding pockets for enhanced uptakes and/or regulate influx of gas through different
charge-induced forces. In practice, however, mismatches of inherent properties between
parent framework and counter-balancing ion could have unintended sacrifices such as
reduced preferential adsorbent-adsorbate interactions, porosity, or stability; and thus,
resulting in modest performance.

We believe that such compromises could be avoided through dual modulation of
both parent framework and counter balancing ions. As shown in Figure 4.1, a tandem

modulation approach is proposed to optimize both parent framework and extra charge
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Figure 4.3 Volume-max calculation and core-expansion approach employed to optimize
pore volume of cationic cpt-based framework. Through core-expansion approach, L2 of
varied lengths are inserted into cpt-based Mil-88 framework, resulting in systematic
widening of theta angle, and enlargement of crystallographic volume.

balancing ion. While not mutually exclusive, structural optimization of parent framework
mainly boosts uptake capacity, and counter-balancing ion helps discriminate different gas
molecules. The synergistic cooperation between parent framework and charge-balancing
species will bear geometrically ideal functional pore that allows for maximal C2H> uptake
capacity and CoH»/CO; selectivity, simultaneously.

Herein, we show the effectiveness of this strategy through a family of cationic pacs

materials. From trigonometric derivation described in Chapter 2, estimated maximum

volume of the framework occurs when the length ratio of L2/L1 is approximately /2 or
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1.41 (Figure 4.3). In accounting for ideal C2H2-selective adsorbents to generally have pore
size less than 7 A, we fix L1 linker to the (-1) charged H-cpt (4-(p-carboxyphenyl)-1,2,4-
triazole). With Hcpt at 8.4 A, a L2 at ~11.9 A would allow the cationic pacs material to
have the largest pore volume. Three L2 linkers of varied lengths are identified through
core-expansion strategy: tpa (7.3 A) tpt (9.6 A) and H-tph (11.9 A), with L1/L2 ratios
approximately 0.869, 1.14, 1.42, respectively. Insertion of these L2 into [Co3(OH)(cpt)s]*
framework results in three novel cationic pacs materials for examination of selective CoH>
uptake trend. Optimization of pore volume is complemented by micro-regulation of
different inorganic charge-balancing ions for best selectivity. In total, 8 isostructural
cationic cpt-based pacs materials are constructed to demonstrate CoH,/CO> predicted gas

separation trends.
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4.2. Experimental Section

4.2.1 Chemicals and Materials

Iron (I1) chloride tetrahydrate (FeCl.-4H>0O), Cobalt (II) chloride hexa hydrate
(CoClz-4H20), Cobalt (1I) bromide hydrate (CoBrz-xH20), Cobalt (1) perchlorate
hexahydrate (Co(ClO4)2-6H20), Cobalt (Il) tetrafluoroborate hydrate (Co(BF4)2-xH20)
(Nickel (1) chloride hexahydrate (NiCl2:6H20), acetone, ethanol (EtOH), N,N-
dimethylacetamide (DMA), N,N-dimethylformamide (DMF), dichloromethane (CH2Cl,),
trifluoroacetic acid (TFA), fluoroboric acid 48 w.t. % (HBF4) and hydrochloric acid 38 w.t.
% (HCI) were purchased from Fischer Scientific Co., while N-methylformamide (NMF),
4-pyridylamidine hydrochloride, sodium tricyanomethanide (Na(C(CN)s3), 2,4,6-tri(4-
pyridinyl)-1,3,5-triazine  (tpt), 1,1,1,5,5,5-hexafluoro-2,4- pentanedione (HFP) were
obtained from TCI-America while tri(4-pyridinyl)amine (tpa), 4-(p-carboxyphenyl)-1,2,4-
triazole (Hcpt) were purchased from ET Co., Ltd. 2,5,8-tri-(4’-pyridyl)-1,3,4,6,7,9-
hexaazaphenalene (H-tph) was synthesized according to Chapter 3.2.2. All reagents were

used as received without further purification.

4.2.2 Synthesis of Cationic pacs Materials
(CPM-124a-Co-Cl) Cos-cpt-tpa-Cl: In a 20 mL glass vial, CoCl2-6H>0 (76 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tpa (42 mg, 0.1 mmol) were dissolved in 4.0 g
NMF, 2.0 g DMPU, and 60 uL HFP. After stirring for 2 hours, the vial was placed in a
140 °C oven for 3 days. Red-orange hexagonal shaped crystals were obtained after solution

was cooled to ambient temperature.
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(CPM-124b-Co-Cl) Cos-cpt-tpt-Cl: In a 20 mL glass vial, CoCl2-6H20 (76 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tphap (42 mg, 0.1 mmol) were dissolved in 6.0 g
DMA and 0.6 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial was placed in a 140
°C oven for 2 days. Red-orange hexagonal shaped crystals were obtained after solution
was cooled to ambient temperature.

(CPM-124c-Co-Cl) Cos-cpt-tph-Cl: In a 20 mL glass vial, CoCl,:6H20 (76 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 6.0 g
DMA and 1.0 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial was placed in a 90
°C oven for 2 days. Red-orange hexagonal shaped crystals were obtained after solution
was cooled to ambient temperature.

(CPM-124c-Co-Br) Cos-cpt-tph-Br: In a 20 mL glass vial, CoBrz-4H>0 (98 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 4.0 g
NMF and 2.0 g DMPU, 0.06 g HFP. After stirring for 2 hours, the vial was placed in a 140
°C oven for 3 days. Red-orange hexagonal shaped crystals were obtained after solution
was cooled to ambient temperature.

(CPM-124c¢-ClO4) Cos-cpt-tph-ClOa4: In a 20 mL glass vial, Co(ClOas)2-6H20 (105 mg,
0.3 mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 6.0 g
DMF 2.0 g DMPU, and 0.06 g HFP. After stirring for 2 hours, the vial was placed ina 120
°C oven for 3 days. Red-orange hexagonal shaped crystals were obtained after solution
was cooled to ambient temperature.

(CPM-124c-BF4) Cos-cpt-tph-BF4: In a 20 mL glass vial, Co(BFa4)2:-4H.0 (105 mg, 0.3

mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 6.0 g
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DMA and 0.6 g HBF4 (48 w.t. %). After stirring for 2 hours, the vial was placed in a 100
°C oven for 3 days. Red-orange hexagonal shaped crystals were obtained after solution
was cooled to ambient temperature.

(CPM-124c-Fe-Cl) Fes-cpt-tph-Cl: In a 20 mL glass vial, FeCl2-4H>O (60 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 4.0 g
DMF, 2.0 g DMPU, and 60 pL HFP. After stirring for 2 hours, the vial was placed in a
140 °C oven for 5 days. Orange-brown microcrystalline were obtained after solution was
cooled to ambient temperature.

(CPM-124c-Ni-Cl) Nis-cpt-tph-Cl: In a 20 mL glass vial, NiCl2:6H.O (75 mg, 0.3
mmol), Hept (57 mg, 0.3 mmol), and H-tph (42 mg, 0.1 mmol) were dissolved in 4.0 g
NMF, 2.0 g DMPU, and 60 uL. HFP. After stirring for 2 hours, the vial was placed in a
140 °C oven for 5 days. Green microcrystalline were obtained after solution was cooled to

ambient temperature.

4.2.3 Property Characterization
Gas Sorption Measurement. Gas sorption measurements were carried out on a
Micromeritics ASAP 2020 and ASAP 2020 Plus physisorption analyzers. The as-
synthesized sample was immersed in CH2Cl> and refreshed daily for five consecutive
times. The sample was then transferred to the gas sorption tube and the dried under open

flow of N2 gas for 15 minutes. The degas process was carried out at 60 °C for 12 hours.
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Breakthrough Measurement. Breakthrough experiments for the CoH2/CO. mixtures
were performed in a homemade apparatus. Approximately 0.7346 g of the CH2Cl»-

exchanged and activated sample was pelletized, broken into pieces and passed through

Sample was activated using the method mentioned above. Then, the sample was pelletized (20-
25 MPa) and broken into pieces and captured between 60 and 40 standard mesh sieves. The
uniform sized powder was then loaded into a U-shaped glass (length: 13 cm, inner diameter:
0.45 cm), stationed by cottons at both ends. A 10 sccm mass flow controller was used to
monitor concentration of He, CO, and C;H> gas input. Purity of eluted gas was monitored by
mass spectrometer residual gas analysis mass spectrometer from Hiden Co. Sample was

regenerated under 60 C with 7 ml/min He flow for 2 h.

Other Characterization: SCXRD, PXRD, TGA and EDS, isosteic heat of adsorption,

IAST selectivity and separation potential were obtained as mentioned in 2.2.4.

Table 4.1 Crystal Data summary of CPM-124 pacs materials.

Code 2‘;?)3‘:) ad) bA cA a B (\’/38'3 R(F)

CPM-124a-Co-Cl P63/mmc 14.473 14.473 20.667 90 90 120 3749 0.13

CPM-124b-Co-ClI P63/mmc 16.765 16.765 18936 90 90 120 4609 0.10

CPM-124c-Co-Cl P63/mmc 19.097 19.097 16.361 90 90 120 5164 0.11

CPM-124c-Co-ClOs P63/mmc  19.109 19.109 16.285 90 90 120 5150 0.056
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Table 4.2 Elemental analysis of pacs in this study by EDS and proposed formula.

MOFs M/X: | M/X, | X anions/M;3 Proposed Formula
CPM-124a-Co-Cl XO?? N/A 225 [Cos(OH)(cpt)s(tpa)](Cl)aas
CPM-124b-Co-Cl )(():4((3)1 );=08F 1.99 [C03(OH)(cpt)3(t16)t)](Cl)o,43(BF 4)15
CPM-124¢-Co-Cl S NA 1.28 [COS(tOpE))S]’%%}:_)Z‘fz(H'
CPM-124¢-Co-ClO, %; 5(;1 N/A 1.06 [Cos(OH)(cpt)s(tph)](C104)1.06
CPM-124c-Co-Br %; E N/A 1.03 [Cos(OH)(cpt)s(tph)]Bri.os
CPM-124¢-Ni-Cl %; 5? N/A 1.05 [Nis(OH)(cpt)s(tph)]Cl 05
CPM-124-Fe-Cl DE;? N/A 1.00 [Fes(OH)(cpt)s(tph)]CI
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4.3 Results and Discussion

Insertion of partitioning agents of varied lengths into the [Coz(OH)(cpt)s]?** cationic
framework allows for construction of novel pacs of three different dimensions. As shown
in Figure 4.4, enlarging pore-partitioning agent results in enlargement of framework along
ab-plane and flattening of framework along c-axis. Single crystal X-ray analysis confirms

crystallographic volume expansion from 3749 A (tpa) to 4609 A (tpt) and 5109 A (tph).

As predicted by Chapter 2, where L2/L1 = /2 at V0lmax, CPM-124c-Co-Cl with L2/L1 =
1.42, having the highest volumetric volume. Following confirming of phase purity through
PXRD analysis (Figure 4.5), and proper activation method through TGA analysis (Figure
4.7a), N2 isotherms at 77 K were collected (Figure 4.8a) Brunauer-Emmett-Teller (BET)
surface area and volume obtained show increase from 1070 m?/g (tpa) to 1408 m?/g (tpt)
and 2046 m?/g (H-tph). The corresponding volumes are 0.392 cm®/g, 0.530 cm®/g, and
0.759 cm®/g. Thus, CPM-124c-Co-Cl, with the most optimal crystallographic volume,
exhibits the highest surface area and pore volume.

The dramatic 200% boost in both surface area and pore volume from substitution
of tpa to H-tph linker is matched with impressive optimization of CoH, uptake capacity.
As shown in Figure 4.8b, CPM-124a-Co-Cl shows modest C2H of 130 cm®/g at 298 K, 1
bar. The substitution of tpa with tpt and H-tph results in CPM-124b-Co-Cl and CPM-124c-
Co-Cl with much more remarkable uptakes at 156 cm®/g and 200 cm®/g, respectively. This
C2H: uptake capacity is higher than the previous benchmark ionic material, NBU-8, at 180
cm?g.® In fact, CPM-124c-Co-Cl exhibits higher C2H2 uptake than most C2H,-selective

materials such as UTSA-74 (104 cm®/g),** UPC-200(Al)-F-BIM (144 cm®/g),® FIJU-90
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Core: X1

a/b=145A,c=207Aa/b=16.7A,c=1894 ia/b=19.1A,c=16.4A
V=3749 A V=4609 A V=5169 A

Figure 4.4 C;H> and CO> uptake performance of pacs materials in this study. (a) CoH»
and CO> Isotherms at 298 K and (b) 50/50 IAST selectivity comparisons between Coz-cpt-
based pacs with different L2, (¢) CoHz and CO» Isotherms at 298 K and (b) 50/50 IAST
selectivity comparisons between cpt-tph-based pacs with different transition metal and
balancing anions. (e) Effects of tuning different pacs modules on the uptake difference
between C2H> and CO; at 298 K, 1 bar.
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Figure 4.5 PXRD analyses of (a) CPM-124a, (b) CPM-124b, (c) CPM-124c-Co. Left
column represents as-synthesized material, whereas column confirms its hydrolytic
stability.
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Figure 4.6 Experimental and simulated PXRD patterns for (a) Ms-cpt-tph and (b) Co-cpt-
tph-x pacs materials. Simulated PXRD obtained from single crystal XRD data of Cos-
cpt-tph (c) hydrolytic stability of CPM-600c-Ni-Cl.

134



Weight %

Weight %

0
60-
50-
40—-
30—-

20

| — Co,-cpt-tph-Cl

Co,-cpt-tpa-Cl
Co,-cpt-tpt-Cl

60—-
50-
40—.
30—-

20 4

|1 — Co,-cpt-tph
| — Ni-cpt-tph

T ¥ T ¥ T ¥ T X T ¥ T ) T x 1
100 200 300 400 500 600 700 800
Temperature (Celcius)

— Fe,-cpt-tph

T X T 4 T % T ) T L T ] T L 1
100 200 300 400 500 600 700 800
Temperature (Celcius)

Figure 4.7 TGA figures for CPM-124-based pacs materials.
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Figure 4.8 Selective gas sorption of CPM-124-x-Co-Cl pacs materials. (a) N2 sorption
isotherms at 77 K, (b) C2Hz and CO; isotherms at 273 K and 298 K, (c) Isosteric heat of
adsorption obtained from 273 K and 298 K isotherms (d) 50/50 CoH2/CO» IAST selectivity.

(180 cm®/g),"® SIFSIX-Cu-TPA (185 cm®/g)!® and only lower than FJI-H8-Me (229
cmd/g).7

In comparison, the CO. uptake trend is in reversed that of the CoH» trend. CPM-
124a-Co-Cl, with smallest volume, exhibits the highest CO2 uptake (96.1 cm®/g), while,
CPM-124c-Co-ClI with largest volume, exhibits lowest CO2 uptake (87 cm®/g) at 298 K, 1
bar. The difference between C>H and CO uptakes is more than tripled, from tpa insertion

(34.4 cm3/g) to tph insertion (113 cm®(g) at 298 K, 1 bar (Figure 4.10c). In all cases,
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isosteric heat of adsorption (Qs°) calculated based on 273 K and 298 K isotherms are much
higher for C2H: (26.1-30.5 kJ/mol), than CO; (21.2-25.9 kJ/mol), which is indicative of
stronger C2H»-pacs interactions.

The phenomenal difference in adsorption performance between CzH, and CO;
prompted us to explore selectivity through ideal adsorbed solution theory (IAST)
calculations (Figure 4.7d). Unlike most traditional materials, where increasing uptake
capacity generally results in lowering of selectivity, both C2H> uptake and 50/50 C2H,/CO;
IAST selectivity trend in this work follows tpa < tpt < H-tph. Even more remarkable is the
fact that CO. follow the reversed order of H-tph > tpt > tpa. That is, CPM-124c-Co-Cl,
with largest surface area and pore volume, simultaneously exhibits highest CoH> uptake,
lowest CO and highest 50/50 C2H2/CO2 IAST selectivity. While materials with higher
C2H2 and CO> uptakes may offer higher IAST selectivity, optimal separation performance
is reached when increase of C2H; and selectivity is matched with decrease of CO..

We speculate that this unusual high uptake-high selectivity phenomenon lies in the
second module of our structure design: the inorganic anion. Crystallographic studies show
CI" of cationic CPM-124c-Co-Cl is seen near L1 linker of the triangular pore, where it is
stabilized by multiple weak Cl---H ion-dipole interactions (2.3-3.5 A) with triazole and
benzene rings (Figure 4.10a). The presence of these chloride anions could further attract
C2Ha through new ClI---H-C=C, which manifested in rapid and dramatic C2H> uptakes in
low-pressure region. In comparison, CO: isotherm remains linear and shallow,

representing little gas-adsorbent interaction. While L2 helps optimize pore space for
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Figure 4.9 Selective gas sorption of CPM-124c-Co-x pacs materials. (a) N2 sorption
isotherms at 77 K, (b) C2Hz and CO; isotherms at 273 K and 298 K, (c) Isosteric heat of
adsorption obtained from 273 K and 298 K isotherms (d) 50/50 CoH2/CO» IAST selectivity.
efficient packing of C,H, molecule, counter anion contributes to strong initial CoH:
interaction over CO> leading to higher C2H> selectivity.

Further optimization was carried out through introduction of different anions, as
inherent chemical properties and geometrical configuration of these anions dictate their
spatial arrangement in our pacs system. From SCXRD diffraction of CPM-124c-Co-x CI°

ions show strong dipole interactions near L1 linkers, while ClO4 anions reside above or

below trimeric clusters and are stabilized by anion-m interactions with surrounding
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aromatic rings of L1 (Figure 4.10a-b). In similar framework type, Br~ have been reported
to appear in similar positioning to Cl whereas BF4 appears near ClO4 anions. Prior to gas
sorption studies, we compared phase purity of CPM-124c-Co-x (x = CI, Br’, ClO4", BFy)
with powder X-ray diffraction (PXRD) (Figure 4.5) and ratio of framework to anion
through energy dispersive spectroscopy (EDS) (Table 4.2).

As shown in Figure 4.8a, N2 sorption isotherms of CPM-124c-Co material with
different ions exhibits slightly different N2 adsorption. The resulting BET surface area and
pore volume of CPM-124c-Co-x follows are approximately the same for CI" =~ Br = ClO4
and slightly higher for BF4 (1827 m?/g).  The CzH: uptake of CPM-124c-Co-x at 0.01
bar, 298 K follows x = CI" > Br' > ClO4 > BF4", which infers that the spherical anions
guarding pore-window show higher attraction towards C.H>, than the tetrahedral anions
residing inside the cages. At 1 bar, the packing efficiency of CoH; in CPM-124c-Co-x
follows CI" > CIO4 > BF4+ > Br. In comparison, CO2 uptake of different anions in Cos-
cpt-tph are nearly identical at 0.01 bar, but slowly deviate and follow ClOs > CI> Br>
BF, at 1 bar. More interestingly, Br-and CI" ions resulted in higher 50/50 Co.H2/CO2 IAST
selectivity at 1 bar than BF4™ and ClO4 ions. As observed from SCXRD, the two different
positions may have large contribution towards discrimination of individual gas molecules,
leading to different IAST selectivity. Overall, CPM-124c-Co-Cl, exhibits the highest
uptake and highest selectivity among different ions, resulting in highest separation
potential for breakthrough examination.

Chemical stability of porous materials is an important prerequisite for industrial

application. Thus, we investigate impact of different metal ions (Fe?*, Co?*, Ni*) on
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Figure 4.10 Selective gas sorption of CPM-124¢-Co-x pacs materials. (a) N2 sorption
isotherms at 77 K, (b) C2Hz and CO; isotherms at 273 K and 298 K, (c¢) Isosteric heat of
adsorption obtained from 273 K and 298 K isotherms (d) 50/50 CoH2/CO- IAST selectivity.
chemical stability of pacs in this study. The order of stability follows Ni?* > Co?" > Fe?*,
Ni-based exhibits water stability for at least 3 days, Co-based exhibits stability for at least
1 day, whereas Fe-based pacs shows phase change after 24 hours. The smaller ionic radius
and larger crystal field stabilization energy allows Ni?* to have the strongest coordination
bond with organic linkers, resulting in highest chemical stability. The C.H. separation

potential of CPM-124c-Ni-Cl (96 cm®/g) is lower than that of CPM-124c-Co-Cl (113

cm?®/g) (Figure 4.9d). The N isotherm of Ni?* phase is also much lower than those of Fe?*
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Table 4.4 Summary of benchmark ionic MOFs for CoH: uptake.

CoH, CO,
e | ke | ke | ST prkivonsn |
| bar 1 bar Time (min/g)
FJI-H8-Me 2044 10.2 4.73 5.3 87 17
Cos-cpt-tph-Cl 2046 8.93 3.91 5.07 7 vf,ﬂ;ﬁ(
MIL-160 1138 8.53 4.01 10 71 10
SIFSIX-Cu-TPA 1330 8.25 4.78 5.3 68 16
SNNU-27-Fe 1570 8.13 2.92 2.0 91 1§
FJU-90 1572 8.04 4.60 43 2 15
SNNU-45 1007 6.0 435 8.5 79 19
ZINU-13 1352 5.29 3.92 5.64 58 2
TXNU-12(F) 2154 | 516 1.50 4.1 70 7
Cu-ATC 600 5.01 4.02 53.6 127 2
UTSA-74a 830 478 3.17 20-9 20 14
NCU-100 358 4.57 -0 1787 53 3
FeNiM’MOF 383 4.29 2.72 24 16 2
CAU-10-H 627 4.00 2.68 4.0 45 2
UTSA-300a 311 3.08 0.15 743 12 2
MOF-OH 120 3.04 1.20 25 28 25
INU-1 818 2.81 2.28 6.6 26 2
JXNU-5 406 2.50 1.55 4.9 56 27
Cu(H@Ui0-66 302 2.30 0.7 185 46 5
][3%11({]388-5(DMF)2.5 303 1.53 1.08 3.9 34 2
SNNU-150-Al . 433 1.98 7.3 27 i
NTU-66-Cu 1700 | 498 2.0 33 28 2
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Figure 4.11 C3H2/CO. gas separation performance of CPM-124c-Co-Cl. (a) 50/50
C2HJ/CO> gas separation performance at 2 mL flow rate, 298 K, 1 bar, (b) at different flow
rates (c) reusability of material through multiple cycling of breakthrough separation (d)
comparison of breakthrough time versus C.H> uptake among top performing porous
materials at 50/50 C2H2/CO: gas separation, 2 mL flow rate.

and Co?", suggesting inadequate activation (Figure 4.10a). However, TGA analysis shows
that no additional guest molecule could be removed without collapsing final framework
(Figure 4.7b). With moderate stability and much higher separation potential, we deemed
CPM-124c-Co-ClI as the most promising adsorbent for CoH2/CO, separation. We further
examine CzH: selectivity performance of Cos-cpt-tph-Cl through fixed-bed breakthrough

experiments under ambient conditions. An equimolar mixture of C;H> and CO> (50/50,
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v/v) was allowed to pass through a column filled with activated CPM-124c-Co-Cl at flow
rate of 2 ml min. As shown in Figure 4.11a, CO, was eluted first while C2H, is maintained
in the column for another 72 min g before detection. This value surpasses many
benchmark MOF materials under similar conditions, such as UTSA-300a (12 min g %)%
FeNi-M’MOF (16 min g 1), UTSA-74a (20 min g 1),** FJU-90a (22 min g }),*>* CAU-10-
H (45 min g 1), Cu(l)@UiO-66-(COOH); (46 min g ),2 SIFSIX-Cu-TPA (68 min g 1)
(Figure 4.10d). To meet practical industrial application, we further examine CPM-124c-
Co-Cl at different flow rates (1 mL min!, 4 mL min%, 6 mL min?, and 8 mL min?)
(Figure 4.11b). High C2H./CO: separation capability is maintained at different flow rates.
The cycling test of CPM-124c¢-Co-Cl shows all cycles are consistent with one another,

demonstrating high stability and reusability of the adsorbent (Figure 4.11c).

4.4 Conclusion

In summary, we successfully optimized the pore-space and functionality of a
flexible cationic acs-type framework for C,H2/CO separation. Through introduction of
varied PPA linkers into cationic material, we simultaneously boosted C,H. uptake from
130 cm®/g to 200 cm®/g and selectivity from 3.1 to 5.1 at 298 K, 1 bar. We further
demonstrated the importance of anions and metal, in microregulating pore space and
functionality, and chemical stability. The optimized adsorbent exhibits dynamic
breakthrough performance that surpasses most MOFs materials reported to date. Overall,
we believe our study presents an important example of how ionic porous frameworks could

break the uptake-selectivity tradeoff that has plagued the field of gas separation.
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Chapter 5: Sulfonated Partitioned-

acs Frameworks

5.1 Introduction

The ability to have tailored appendment of functional groups within the interior
pore surface endows metal-organic frameworks with essential chemical properties that are
highly sought after in different applications, and thus positioning this class of materials at
a greater advantage over more traditional solids. Among different functional groups, the
hydrophilic and polar sulfonic acid that readily undergoes proton exchange presents
attractive opportunities.*®

Reticular sulfonic acid functionalization has thus far, cluttered in few limited MOF
platforms (i.e., MIL-53, MIL-101, UiO-66), working primarily with hard metals (i.e., AI**,
Cr¥*, Zr*).2 8 This could be attributed to the hygroscopic nature of sulfonate group,
which accelerates the decomposition of many MOFs that exhibit kinetic H2O stability. The
flexible functional group with versatile modes of coordination also leads to a much higher
degree of structural unpredictability, and consequently, posing a significant challenge
towards materialization of isoreticular products.

The high degree of tunability and robustness of the pacs platform presents a

promising arena to design and customize novel sulfonate-based porous solids and tap into
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Table 5.1 Range of tunable charge in each of the three pacs module.

: : Framework
Trimer SO;-dicarobyxlate Charge
(H,-dsndc?*)
3+ 2 3 _
(M*)5(0) +7 (H-sndc?), 6 L2 0 +1
(H-dsndc3),(dsndc?)
3+ 2+ 2 _
(M*),(M*)(OH)  +7 (H-sndc?),(sndc?) /
(H-dsndc*),(dsndc*) -8
(H-sndc?)(sndc*),
- 3-
(M3*)(M2),(OH)  +6 (H-dsndc*), 9

(sndc*),
(M3+),(M2*)(0) +6 | (H-dsndc*),(dsndc*) -10

(H-dsndc*)(dsndc*), -11 '

M2*);(OH) +5 (dsndc#) -12 tph?- 1 8
(M24), 5 D

unexplored properties. One of such would be the range of tunable charge in final
framework. As shown in Table 5.1, the charge of each pacs module could independently
be tuned, which potentially results in novel MOFs with the widest range to tunable charge.®

The pendent sulfonic acid is unlike any other functional groups that have previously
been attached to pacs.'®'* Compared to the neutral (i.e., -CHs, -F, -NOz) or weakly
acidic/basic (i.e., -OH, -NH>) groups, the highly acidic -SOsH could easily dissociate and
coordinate with metal center, consequently resulting in non-pacs products. In absence of
metal coordination, sulfonate group would require presence of counter balancing ions,
which increases the likelihood of steric hindrance in the system, also leading to non-pacs
products. Hydrolytic stability must be taken into account in the designing of sulfonate

pacs, as it is an important requisite for many applications.
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Figure 5.1. Overcoming geometry limitations for construction sulfonate pacs.

Herein, we report the successful design, synthesis and optimization of sulfonate
pacs materials. Pore geometry was first optimized to remove steric effects from sulfonate
group. Among different sulfonate pacs design and synthesis, the phase constructed from
H-tph partitioning agent was identified as having goldilocks-like geometry and stability.
With this result, we next performed framework tuning to optimize sulfonate pacs for CO>

capture and proton conduction.
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5.2 Experimental Section
5.2.1 Chemicals and Materials

All reagents were used as received without further purification. Iron (I1l) chloride
hexahydrate (FeClz-6H20), Cobalt (II) nitrate hexahydrate (Co(NOs3).-6H,0), acetone,
methanol (MeOH), ethanol (EtOH), benzene (Bn), cyclohexane (Ch), N,N-
dimethylacetamide (DMA), N-dimethylformamide (NMF), dichloromethane (CH2Cly),
trifluoroacetic acid (TFA), and hydrochloric acid 38 w.t. % (HCI) were purchased from
Fischer Scientific Co., N-methylformamide (NMF), 4-pyridylamidine hydrochloride, 2,6-
naphthalenedicarboxylic acid (2,6-Hz2ndc) and N-methylpyrrolidone (NMP) were obtained
from TCI-America. Oleum, Indium chloride 98% (InCls), triflic acid (HoTf) were obtained

from Sigma Aldrich.

5.2.2 Synthesis of Organic Precursors

Synthesis of 4-sulfo-napthalene-2,6-dicarboxylic acid (Hssndc)
Naphthalene-2,6-dicarboxylic acid (4 g) was added to 10 mL of oleum (SO3, 30 w.t. %) in
a 100 mL round-bottom flask equipped with reflux condenser. The reaction mixture was
stirred vigorously at 85 °C for 6 hours. Solution mixture was dissolved in distilled water,
followed by precipitation in HCI (36 w.t.%) (~140 mL). Isolated product was washed with
ice-water to removed trapped HCI and dried in vacuum over at 120 °C overnight. Yield
(90%).

Synthesis of 4,8-disulfo-napthalene-2,6-dicarboxylic acid (Hsdsndc)
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HsL was synthesized according to reported literature with slight modification.'®
Naphthalene-2,6-dicarboxylic acid (4 g) was added to 20 mL of oleum (SO3, 30 w.t. %) in
a 100 mL round-bottom flask equipped with reflux condenser. The reaction mixture was
stirred vigorously at 150 °C for 6 hours. Solution mixture was dissolved in distilled water,
followed by precipitation in HCI (36 w.t.%). Isolated product was washed with ice-water
to removed trapped HCI and dried in vacuum over at 120 °C overnight. Yield (85%),
IHNMR (600 MHz, DMSO-ds 5, ppm): 8.5 (d), 9.6 (d).

Synthesis  2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene  (H-tph): The
hexaazaphenalene condensation reaction was carried out according to Chapter 2.2.2
Synthesis of N,N’,N’’-tri(4-pyridinyl)-1,3,5-benzenetri-carboxamide (tpbtc): The

amide condensation reaction was carried out according to Chapter 2.2.2

5.2.3 Synthesis of Crystalline Porous Materials

Synthesis of Ins-dsndc (CPM-s9-In). In a 23 mL glass vial, InClz (34 mg, 0.15 mmol)
and Hsdsndc (61 mg, 0.15 mmol) were dissolved in 3.0 g NMF 2.0 g NMP and 0.03 g
HOT{. After stirring for 2 hours, the vial was placed in a 120 °C oven for 10 days.
Elongated clear hexagonal prisms were obtained after solution was cooled to ambient
temperature.

Synthesis of CozIn-sndc-tph (CPM-s10-Coln). In a 23 mL glass vial, Co(NO3)-6H20
(60 mg, 0.2 mmol) InCl3 (23 mg, 0.1 mmol), Hssndc (92 mg, 0.3 mmol) and H-tph (45 mg,

0.1 mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours, the vial was placed in
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a 120 °C oven for 4 days. Pink hexagonal plates were obtained after solution was cooled
to ambient temperature.

Synthesis of CozFe-sndc-tph (CPM-s10-CoFe). Ina 23 mL Teflon cup, Co(NO3)-6H20
(60 mg, 0.2 mmol) FeCls (27 mg, 0.1 mmol), Hssndc (96 mg, 0.3 mmol) and H-tph (45
mg, 0.1 mmol) were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the
cup was sealed and placed in a 150 °C oven for 5 days. Tan-colored microcrystalline
powder were obtained after solution was cooled to ambient temperature.

Synthesis of Cozln-dsndc-tph (CPM-s20-Coln). In a 23 mL glass vial, Co(NO3)-6H20
(60 mg, 0.3 mmol) InCls (23 mg, 0.1 mmol), Hadsndc (112 mg, 0.3 mmol) and H-tph (45
mg, 0.1 mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours, the vial was placed
ina 120 °C oven for 4 days. Pink hexagonal plates were obtained after solution was cooled
to ambient temperature.

Synthesis of CozFe-dsndc-tph (CPM-s20-CoFe). Ina23 mL Teflon cup, Co(NO3)-6H20
(60 mg, 0.2 mmol) FeClz (27 mg, 0.1 mmol), Hsdsndc (113 mg, 0.3 mmol) and H-tph (45
mg, 0.1 mmol) were dissolved in 6.0 g DMA and 0.6 g TFA. After stirring for 2 hours, the
vial was placed in a 150 °C oven for 5 days. Tan-colored microcrystalline powder were
obtained after solution was cooled to ambient temperature.

Synthesis of Cozln-sndc-tpbtc (CPM-s11-Coln). In a 23 mL glass vial, Co(NOs)-6H20
(60 mg, 0.2 mmol) InCls (23 mg, 0.1 mmol), Hzsndc (92 mg, 0.3 mmol) and tpbtc (47 mg,
0.1 mmol) were dissolved in 6.0 g NMF. After stirring for 2 hours, the vial was placed in
a 120 °C oven for 7 days. Pink hexagonal plates were obtained after solution was cooled

to ambient temperature.
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Synthesis of In2Co-dsndc-tpbtc (CPM-s21-InCo). Ina 23 mL glass vial, Co(NO3)-6H20
(16 mg, 0.05 mmol) InClz (23 mg, 0.1 mmol), Hsdsndc (62 mg, 0.3 mmol) and tpbtc (25
mg, 0.05 mmol) were dissolved in 3.0 g NMF. After stirring for 2 hours, the vial was
placed in a 120 °C oven for 4 days. Pink hexagonal plates were obtained after solution was

cooled to ambient temperature.

5.2.4 Property Characterization

Conductivity Measurements. The compacted powder samples for conductivity
measurements were prepared by pressing the single-crystal sample into pellet (13 mm in
diameter and around 1 mm in thickness pelletized at 50 MPa). The pellet was sandwiched
between two blocking stainless-steel electrodes and fixed with a clamp for measurements.
AC impedance spectroscopy measurements were performed using a Solartron 1260
impedance/gain-phase analyzer connected to a Solartron 1287 electrochemistry interface.
Zplot 2.6b was used as the control software and ZView 2.6b was used as the analysis
software. A typical measurement was made over a frequency range between 5 MHz to 1
Hz and a 100 mV (peak voltage) was applied as AC signals. Variable impedance spectra
were collected over different humidity and temperature obtained by saturated salt solutions
and the water bath. lonic conductivity (S cm™) was calculated using the formula 6 = L/AR,
where L is the pellet thickness while A is the pellet area in contact with the stainless-steel
electrodes. R is the complex impedance obtained from the Nyquist plot.

Gas Sorption Measurement Gas sorption measurements were carried out on a
Micromeritics ASAP 2020 and ASAP 2020 Plus physisorption analyzers. The as-

synthesized sample was immersed in CH:Cl. and refreshed daily for five consecutive
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times. The sample was then transferred to the gas sorption tube and the dried under open
flow of N2 gas for 15 minutes. The degas process was carried out at 60 °C for 12 hours.
Other Characterization: SCXRD, PXRD, TGA, EDS, gas adsoption measurements and

calculations were carried out as mentioned in 2.2.4.

a)
— Immersion in H O 24h
— As-synthesized
| —— Simulated
| M i
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Figure 5.2 Phase purity and water stability experiments of (a) CoFe-sndc-tph and (b)
CoFe-dsndc-tph.
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Figure 5.3 Desired mode of coordination for each functional group in sulfonate-pacs
system.

5.3 Results and Discussion

5.3.1 Design and Synthesis of Sulfonated pacs

The success of sulfonate pacs synthesis was built upon many detailed planning
stages. From the linker design stage, we specifically chose to have sulfonate group being
at least one carbon away from carboxylate group. Although sulfonate is known to have
weaker metal coordination (with most metals) than carboxylate or pyridine counterparts,
having sulfonate group too close another binding site (e.g., carboxylate and sulfonate at
ortho from one another) could still lead to strong metal-complexation through sulfonate-
carboxylate chelation, and thus preventing formation of trimer SBU for pacs synthesis.
Hence, 4-sulfo-napthalene-2,6-dicarboxylic acid (Hssndc) and 4,8-disulfo-napthalene-2,6-
dicarboxylic acid (Hsdsndc) were chosen as framework-forming agents.

The length of pore-partitioning agent is another crucial parameter in constructing
sulfonate pacs. Our initial attempts to combine Hsdsncd with tpt did not yield any pacs
materials. In the best scenario of reticular synthesis design, only the non-partitioned

framework was constructed (Ins-dsndc, CPM-s9). Single-crystal XRD analysis of CPM-
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Figure 5.4 Estimated closest distance between sulfonate groups in potential In-dsndc-
tpt structure.

s9 revealed unicell a/b axes of 19.11 A and closest O---O distance between neighboring
sulfonate groups of ~3.3 A. We noted that Ins-26ndc-tpt (CPM-83-In) has a/b axes of 16.97
A. Thus, construction of In-dsndc-tpt would require reduction of a/b axes in CPM-s9 by
2.13 A, which corresponds to O---O distance between neighboring sulfonate groups at ~2.9
A. While this distance is well within a proper distance of a hydrogen bond (2.7-3.3 A), it
could be too small for other counter ions. Considering the likelihood of sulfonic acid
dissociating and charged balanced by organic cations during pacs synthesis, larger pore-

partitioning agents could prove to be more beneficial in construction of sulfonate pacs.
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Figure 5.5 CO;z isotherm comparison between Coln-sndc-based pacs synthesized from
tph and tpbtc partitioning agent.

We then identified H-tph and tpbtc, L2 linkers with lengths at 1.2 and 1.4 times that
of tpt, as our next pore-partitioning candidates. True to our prediction, the first sulfonated
pacs materials could now be constructed through these larger pore-partitioning agents.
After confirming phase purity of InCo-sndc-tph and InCo-sndc-tpbtc, we performed initial
CO- isotherm examinations. While InCo-sndc-tph shows promising CO» uptake of 110
cm?®/g at 273 K, 1 bar, InCo-sndc-tpbtc phase shows negligible CO2 uptake (Figure 5.5).

We attribute this to the potential acceleration of tpbtc when in presence of sulfonate group.
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As shown in Figure 5.6, the employment of Hadsndc for construction of Coln-
dsndc-tpbtc resulted in the elongation of oxygen of amide group and 90° out-of-plane
rotation between core benzene ligand and peripheral pyridyl group. In comparison,
substitution of Hadsndc with Hasndc did not result in any abnormality to the configuration
of tpbtc. The difference between the two crystal structures correspond directly to the
increase of sulfonate composition in the framework. Since the hydroscopic nature of
sulfonate group could quickly draw H>O molecules into the channels to facilitate
hydrolysis of tpbtc. By doubling the concentration of sulfonic acid, hydrolysis reaction is
accelerated, as witnessed by loss of conjugation in tpbtc of the InCo-dsndc-tpbtc phase.

Overall, H-tph serves as the most promising L2 linker in construction of sulfonated
pacs material. The highly robust tpt was too small to allow potential pacs framework to
accommodate steric hindrance from different sulfonate and counter ions. In comparison,
the ideal size of tpbtc has the ability to construct pacs with most optimal crystallographic
volume (c/a ratio = 0.806 in InCo-dsndc-tpbtc) but fall short in terms of stability. Thus
tph-based sulfonated pacs presents the best prototype to explore different potential

properties.

5.3.2 Structural Optimization of Sulfonated pacs
In this work, we first examined In-based pacs because In®" tends form the best
single crystals, in terms of size and crystallinity. With adequate acquisition of

crystallographic data, we could next employ precursors that are of lower cost, greater
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Figure 5.6 crystal structures of Coln-sndc-tpbtc and Coln-dsndc-tpbtc.

stability and performances. Our previous study of Fe-based pacs materials show high
stability, even under every harsh conditions. Thus, In**was substituted to Fe3*. Resulting
PXRD of CoFe-sndc-tph and CoFe-dsndc-tph match well with simulated powder patterns
from Coln-sndc-tph phase. Hydrolytic stabilities were next examined. Whereas CoFe-
sndc-tph could maintain crystallinity after immersion in water for 24 hrs, CoFe-dsndc-tph
is stable at 99% relative humidity for 3 days.

We next monitored CO> uptake changes with substitutions of different modules.
As shown in Figure 5.7, CoFe phase resulted in higher CO> uptake at 273 K than Coln
phase. The higher gravimetric uptake from CoFe-based pacs could be a direct result of the
lower atomic mass of Fe3*. We also examined changes in CO uptake as a direct result of
sulfonate composition. Compared to the linear CO> isotherm of CoV-26ndc-tph at 273 K,

the CO; isotherm has CoFe-sndc-tph exhibits a much higher curvature. With increase of
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Figure 5.7 Carbon dioxide isotherms at 273 K for (a) sndc-tph-based pacs with Coln
and CoFe metals, (b) CoFe-tph-based pacs with different concentration of sulfonate
groups.
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polarity in the CoFe-sndc-tph phase, stronger attraction towards CO2 molecule is
observed, especially in the lower pressure region, where host-guest interaction
predominates. Doubling the composition of sulfonate group on the other hand, does not
enhance host-guest interaction, meanwhile dramatically decreased CO, uptake. This
suggests that one -SO3 group per 26ndc? linker is adequate in enhancing CO, uptake.
Further addition of -SO3 group decreases pore volume, resulting in inefficient packing of

CO2 molecules.

5.3.4 lonic Conductivity
The high acidity of sulfonic acid makes it one of the best hydrophilic functional
groups to examine proton transport. Herein, we applied alternating-current (a.c.)

impedance to the pelletized as-synthesized CoFe-dsndc-tph phase. Under ambient
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Figure 5.8 Nyquist plot of CoFe-dsndc-tph
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temperature and 99% humidity, conductivity of this material achieved 0.14E-2 S cm” which
is comparable to commercial Nafion (i.e., 7.8 E-2 S cm~100% RH, 25 °C). Attempts to
enhance conductivity performance through proper activation method and introduction of

additional proton transport vehicles and ions are underway.

5.4 Conclusion

In summary, we have successfully merged sulfonic acid group into our highly
tunable pacs platform through effective crystal engineering techniques. Structural
characterization further elucidates important stability information, allowing us to revise
and optimize our sulfonated pacs structures. Initial hydrolytic stability tests, CO uptake
studies and conductivity measurement further reveal great promises, instigating new

potential application direction of our pacs platform.
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Chapter 6: The Roles of Alkali Metals and

lonic Network in Directing the Formation of

Conductive Metal-Organic Frameworks

6.1 Introduction

The crystal engineering of metal-organic frameworks (MOFs) has been receiving
tremendous attention from many interdisciplinary fields due to the materials’ unique
architectures,'®1° intriguing functionalities,?®2* and facile customizations.?28 Anionic
frameworks in particular, has an extra capability of transporting ions through channels.
Optimization of ionic conductors requires efficient ion-hopping distance, and high
concentration of ions. Since these physical properties are strongly tied to intrinsic material
design, it is highly important to develop innovative synthetic strategies for the discovery
of novel functional MOF materials.

The utilization of structural directing agents (SDA) is an effective means to direct
the self-assembly process of metals and organic ligands into fascinating architectures.
Specifically, organic structural directing agents (OSDA) such as protonated amines,?%-2
cations of ionic liquids®3-*® and deep eutectic salts®’- are often used to direct the synthesis
of novel anionic MOFs. In addition, the OSDA can help the transformation of frameworks.
For example, the neutral 2D In-oxalate sheets*® assembled under hydrothermal condition
transformed to the 3D sra net under influence of diazabicyclo[5.4.0Jundec-7-ene,* to the

dia net under ethylenediamine,*? and to the lig net with addition of 1-ethylpiperazine.*®
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Recently, we have found that the addition of ionic liquids such as acetylcholine chloride,
1-ethyl-3-(methylimidazolium) ethyl sulfate, and tris-(2-hydroxyethyl)-methyl-
ammonium methylsulfate can further uncover indium-oxalate structures with rho, gis and
abw topological nets, respectively.*

Compared to the OSDA, inorganic structural directing agents (ISDA) are much less
employed in the search for novel anionic MOFs.* For the majority of MOFs syntheses,
the primary functions of alkali and alkaline earth metals are to act as simple charge
balancing and/or mineralizing agents.*®*” This highly contrasts with the syntheses of
zeolites, where both OSDA and ISDA are crucial, individually and in different
combinations, to the discovery of novel zeolitic phases. For instance, in the presence of
Li*, K*, Rb* and Cs*, FAU zeolite transforms into ABW, CHA, MER, and ANA,
respectively.®  Many recent zeolitic phases also rely on simultaneous incorporation of
multiple alkalis such as Li*-Sr?* for MEI*® and Na*-K* for MSE.>® Considering that some
of these topologies could not be synthesized with only one inorganic salt,* we believe that
if given suitable conditions, these inorganic cations are just as capable of directing the

formation of novel anionic MOFs as their organic counterparts. It is our goal then, to
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Figure 6.1 Synthetic design for constructing CPM-s1 to CPM-s6.

investigate the cooperative structural directing effects of inorganic cations in different
solvent systems.

We first examine MOF-5 type, the iconic MOF whose structural features have been
extensively explored and tied to different physical properties.®>* In order to transform
MOF-5 into novel anionic frameworks, we designed a two-step synthesis procedure with
4,4’-oxydibenzoic acid. We hypothesized that the intrinsic ionic potential of each alkali
(Na > K > Cs)>%8 will affect their interactions with sulfonate ions, leading to different
ionic domains. This in turn would influence the molecular arrangements of ligands and
impact the formation of the coordination network. Hence, the 4,4’-oxydibenzoic acid is
first sulfonated and crystallized in aqueous metal chloride solution to yield MaL ( M* =
Na*, K*, Cs*). Subsequent dissolution of ML in the presence of Zn?* would then allow
for the interaction of alkali-sulfonate to influence the spatial arrangement of zZn?*

carboxylate coordination, ultimately resulting in novel anionic MOF materials.
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Figure 6.2 Dimension of ionic bonding alkali ions in relation to the overall dimension of
coordinating framework. (Top left to right) cluster environments of Na*, 1D chain and
2D sheet of K, 3D network of Cs*. Na (tan), K (purple), Cs (dark purple), O (red) S
(yellow). (Bottom right to left) two 1D chains and three 3D network. Zn coordination
polyhedron (dark orange), organic linker (orange).

With the above-mentioned strategy, six novel crystalline phases with varying
dimensionalities are synthesized. Some of these structures have topologies or building
units closely related to MOF-5. As illustrated in Figure 6.2, the dimensionality of these
materials is related to the properties of different inorganic cations. It seems that the
increasing of radii (Na < K< Cs) resulted in higher ionic bonding dimension (Na = 0D, K
= 1D-2D, Cs = 3D). Different solvent systems also resulted in different types of counter
cations. In agueous-amide solution, only alkali salts existed as counterions, while in the
uro-amide solution, the presence of dimethylammonium counter ions (H2N(CHs)2") are

also observed. More interestingly, two orders of magnitude enhancement in conductivity
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is achieved when the NazL and Zn(NOs). precursors are reacted in an environment with an

abundance of water.

6.2 Experimental Section

6.2.1 Chemicals and Material
Zn(NOs)2-6H20, NaCl, KCl, CsCl, 4,4’-oxybis(benzoic acid) (Hz0ba), oleum, Ethanol
(EtOH) and N,N-dimethylformamide (DMF) were purchased from Fischer Scientific Co.,
while N,N-diethylformamide (DEF) and 1,3-dimethyl-2-imidazolidinone (e-murea) were

obtained from TCI-America. All were used as received without further purification.

6.2.2 Construction of Mzdsoba (M = Na, K, Cs).
Sulfonation of Hzoba is modeled after reported literature® with additional modifications.
Typically, 20-30% fuming sulfuric acid (15 mL) is added to Hzobb (7.5 g) in a 100 mL
round-bottom flask equipped with a magnetic stir-bar and a water condenser. The mixture
is heated for 2 hours at 110 °C, allowed to cool to ambient temperature, poured over
saturated aqueous solution of MCI (M = Na, K, Cs), vacuum filtered, recrystallized with
water, and dried at 120 °C for 12 hours. Clear crystalline materials (needle-like (Na),

hexagonal-shape (K), rectangular-cube (Cs)) were obtained with expectant yield ~80 %.
6.2.3 Synthesis of sulfonated MOFs
Synthesis of CPM-s1. Ina 20 mL glass vial, 2.1 g of DMF and 1.0 g e-murea are added

to 74 mg of Zn(NOgz)2:6H20 and 56 mg Naxdsoba. The vial is sealed, sonicated for 30
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minutes, and placed in a 100 °C oven for 5 days. Large colorless clustering spikes are
grown in the presence of an amorphous phase attached to the wall. Pure crystalline material
can be obtained by slightly scratching the clusters and pipetting them out without disrupting
the powder phase. Yield: 77 % based on Na,L.

Synthesis of CPM-s2. In a 20 mL glass vial, 60 mg of Zn(NO3)2-6H20 and 46 mg
Nazdsoba are dissolved in 2.1 g of DMF and 1.0 g e-murea. The vial is sealed, sonicated
for 30 minutes, and placed in a 120 °C oven for 5 days. Pure yellow-tinted crystalline
material can be obtained by washing product with DMF followed by quick sonication
pulses. Yield: 90 % based on NaL.

Synthesis of CPM-s3. In a 23 mL Teflon-lined stainless autoclave, the mixture of 60 mg
of Zn(NOz3).-6H-0, 73 mg Naxdsoba, 4 g DEF, 4 g EtOH and 2 H20 is allowed to stir for
1 hour. After sealing and heating the reaction at 120 °C for 7 days, pure samples can be
obtained by washing with hot DMF. In cases where only a clear solution is present after
cooling to ambient temperature, the solution is transferred to a 20 mL glass vial, sealed,
and heated at 120 °C for another 12 h. Yield: 40 % based on NazL.

Synthesis of CPM-s4. Ina 20 mL glass vial, 63 mg of Zn(NO3).-6H,0 and 49 mg Kzdsoba
are dissolved in 2.1 g of DMF and 1.0 g e-murea. The vial is sealed, sonicated for 30
minutes and placed in a 120 °C oven for 24 hours. Colorless crystalline cubes can be
obtained by washing product with DMF followed by quick sonication pulses. Yield: 30%
based on KzL.

Synthesis of CPM-s5. Ina 20 mL glass vial, 30 mg of Zn(NO3z).-6H20 and 54 mg K.dsoba

are dissolved in 4.0 g of DEF, 4.0 g EtOH and 2.0 g H2O. The vial is sealed, sonicated for
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30 minutes, and placed in a 120 °C oven for 5 days. Colorless crystalline needles can be
obtained by washing product with DMF followed by quick sonication pulses. Yield: 35%
based on KL.

Synthesis of CPM-s6. In a 20 mL glass vial, 30 mg of Zn(NOs3),-6H,0 and 105 mg
Csodsoba are dissolved in 4.0 g of DEF, 4.0 g MeOH and 2.0 g H2O. The vial is sealed,
sonicated for 30 minutes and placed in a 120 °C oven for 5 days. Colorless crystalline
plates can be obtained by washing product with DMF followed by quick sonication pulses.
Yield 50% based on CsaL.

6.2.4 Property Characterization
Other Characterization: SCXRD, PXRD, and TGA were obtained as mentioned in 2.2.4.

Conductivity measurements were obtained as mentioned in 5.2.4.
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Figure 6.3 PXRD of CPM-s1 to CPM-s6.
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6.3 Results and Discussion

In reacting Zn(NO3)2+6H20 with MoL (M = Na*, K*, Cs") in two solvent systems
with varying temperatures, CPM-s1 to CPM-s6 are obtained (Figure 6.1) and single-crystal
structures are summarized in Table 6.1. The cooperative effect between different alkali
cations and reaction media yielded a diverse series of SBUs: CPM-s1 and CPM-s2 share
the tetrameric ZnsO(COOQO")s cluster-type, CPM-s3 exhibits novel hexameric SBU, CPM-
s4 comprises of both monomeric and paddlewheel SBUs, CPM-s5 contains infinite chain-
type SBU, and CPM-s6 has monomeric SBU. CPM-sl1 to CPM-s4 are 3D frameworks
while CPM-s5 and CPM-s6 are 1D chains. The powder X-ray diffraction patterns of
isolated CPM-s1 to CPM-s3 are consistent with the ones simulated from single-crystal
structures, indicating phase purity (Figure 6.3). TGA of the CPM-s1 to CPM-s6

demonstrate all materials have framework stabilities above 300 °C. Gas sorption of CPM-
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s3 verify micro-porosity of the framework which allows for better ion transfer and higher

conductivity than other crystalline phases.

Table 6.1. Summary of crystal data and structure refinements for CPM-s1 to CPM-s6.”

Name Formula 21;;';; ad) b(4) cAd) B R(F)
CPM-sl  Nay[ZnO(L*)s(e-murea)(HLOX|(HLN(CH;),);  Prma2, 2891 15422 2171 90 0.070
CPM-s2 [Z1,0(L*)s(DMF)J(H,N(CHs ), )s R3c 25100 25100  23.142 90 0.118
CPM-s3 Nagl(Z,0H, )s(L*)s (L O)s R3c 19.960 19969  77.038 90 0.047
CPM-s4  Ks[Zny(L*),J(HLN(CH),")(e-murea), (H;0)s P2/e 23142 12371 25092 107659  0.067
CPM-s5 Ku[Zn(L*),)(H,0), Ce 420 15892 7134 98.119 0057
CPM-s6 Cse[Zn(L*),[(H,0), P2,2,2 17355 9966 13918 90 0.043

‘L =2,2’-disulfo-4,4’oxydibenzoic acid, e-murea = 1,3-dimethyl-2-imidazolidinone.
6.3.1 Crystal Structure

In reacting Zn(NOs). with Na.L in DMF:e-murea (2:1) solution at 100 °C, the
crystallization of CPM-s1 is observed (Figure 6.8). The crystalline material has Pna2;
space group with an asymmetric unit containing four Zn?*, one oxo, three Na*, three
dsoba, three charge balancing dimethylammonium cations, two pendant water, and one
e-murea. In each SBU, there are three tetrahedrally coordinated Zn?* and one octahedrally
coordinated Zn?* linked to the central oxo group forming the ZnsO(COO)s tetramer with
two pendant water molecules. Dsoba ligands connect these ZnsO(COO)s clusters into a
3D anionic framework with pcu topology. The material is further charge-balanced by Na*

and HaN(CHzs)2™.
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Figure 6.8 Illustration of CPM-sl. (a) ZnsO SBU, (b) local coordination environment,
(¢) 3D anionic framework.

Increasing the reaction temperature of CPM-s1 resulted in a phase transformation
to the interpenetrated CPM-s2 (Figure 6.8). Although CPM-s2 is also constructed from
the coordination between ZnsO(COO)s clusters and dsoba ligands into the 3D pcu net, the
subtle differences in pendant ligands, guest species, pore geometry and degree of
catenation all contributed to the different intrinsic and extrinsic physical properties.
Compared to CPM-s1, CPM-s2 crystallizes in a more symmetric space group, R3c, with
the asymmetric unit containing two unigque Zn?* one dsoba* ligand, one oxo ion, one DMF
molecule and two H2N(CHa)2*. Since Zn4sO SBU only contains one pendant solvent

molecule, the octahedrally coordinated Zn?* with C1-symmetry in CPM- s1 transformed to
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Figure 6.9 lllustration of CPM-s2. (a) Zn4O SBU, (b) local coordination environment,
(c) 3D anionic framework.

Figure 6.10 Two anionic MOF-5 type structures viewed from the apex of ZnsO(COO)s
in (a) CPM-s1, and (c) CPM-s2. DMF molecule is drawn as oxygen for clarity.
Transformation from CPM-s1 (b) to two-fold interpenetration CPM-s2 (d).

180



a more symmetrical trigonal bipyramidal coordination mode with Cz-symmetry in CPM-
s2. Furthermore, the absence of Na* and e-murea in CPM-s2 influenced the configuration

of the flexible dsoba ligand to result in interpenetration.

In CPM-s1, the presence of unsymmetrical Na*and (H2N(CHs).") balancing cations
exhibit different interaction strengths with the SO3 groups of dsoba, causing the ligand to
have three different bending angles (OOC---O---COO™ =123.74°, 119.78°, 114.88°). In
comparison, the SOz groups in CPM-s2 only show similar interaction strength with
neighboring dimethylammonium cations, resulting in the same bending angle (OOC---O-
--COO" = 123.53°) for all dsoba ligands. Indeed, the increase of reaction temperature
resulted in removal coordinating Na*, H.0O, e-murea molecules, allowing the flexible SBUs
and dsoba ligands to have spatial arrangements that ultimately manifested in 2-fold

interpenetration for CPM-s2.

In switching from uro-amide solution to aqueous-amide (DEF: EtOH: H.0, 4:2:2)
solution, the crystallization of a novel crystalline phase, CPM-s3, is obtained. CPM-s3
crystallizes in R3¢ space group with an asymmetric unit containing two Zn?*, two Na*, two
dsoba®, and four H2O (Figure 6.11). The most striking feature of CPM-s3 is the presence
of an unprecedented nonplanar, centrosymmetric hexameric cluster. Each unique Zn?*
center coordinates with one carboxylate and is bridged by an aqua molecule to form a
dimer. Three pairs of Zn?* dimers are further bridged by six other carboxylates to give a
centrosymmetric [(Zn2OH2)3(CO0)s](COO)s hexamer. More interestingly, the hexameric

ring could alleviate all angle strains simply by adopting the more energetically stable
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Figure 6.11 lllustration of CPM-s3. (a) Top-down and aerial views of SBU, (b) local
coordination environment with two ligands coordinating to same two SBUS highlighted
in blue, (c) View of the 3D framework through c-axis, (d) topological net of the
framework.
nonplanar puckered conformation. Furthermore, the pendant carboxylate linkers extending
from above and below the ring, forming a semi-open cage. These claw-like linkers entrap
water molecules within their cage through hydrogen bonding interactions (OH---OH
distance = 2.80 A). Such H-bonding network within the cage further stabilizes the clusters.
Another unusual feature of CPM-s3 is the double-crosslinking mode of the

[(Zn20H2)3(CO0)6](CO0)s SBU. With each pair of dsoba® extending to the same adjacent

hexameric ring, six pairs of dsoba* extend the SBU into six directions, forming the 3D
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pcu-net. The presence of an SBU with higher nuclearity in CPM-s3 enables the
accommodation of more surrounding organic linkers, which further reinforces the
coordination bond of the framework and leads to enhanced thermal stability.

Through two different solvent conditions, we observe two different Na* cluster
formations and varied degree of ligand protonation. In uro-amide solution, Na* ions form
linear trimeric clusters with neighboring SO3™ while in the aqueous-amide solution, Na*
ions form the symmetric hexagonal prisms. Additionally, for the uro-amide condition, all
sulfonate groups coordinate to either Na* or H2N(CHz)." ions, but only half of the sulfonate
groups in the aqueous amides coordinate with Na*. Through careful analysis of electron
density peaks, no other counter ion could be identified for the remaining sulfonate groups.
Therefore, it is concluded that a quarter of dsoba* is protonated to maintain framework
neutrality.

The substitution of Na.dsoba with Kdsoba leads to two novel structures, CPM-s4
and CPM-s5, with drastically different structural features compared to each other and the
Na* counterparts. In CPM-s4, a rare phenomenon of in-situ mixed SBUs formation is
observed. It crystallized in the P21/c space group with an asymmetric unit consisting of
two unique Zn?*, two dsoba*, three K*, one H2N(CHs),*, two e-murea and three H,O
molecules (Figure 6.12). Here, Znl has a square pyramidal coordination geometry with
four carboxyl groups of dsoba and one pendant keto group from e-murea. Through the
center of inversion, another symmetry equivalent Znl is generated to complete the
paddlewheel Zny(COO)s SBU. In comparison, Zn2 exhibits a distorted octahedral

coordinating mode with two carboxyl groups and two sulfo groups. Whereas the presence
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Figure 6.12 lllustration of CPM-s4. (a) monomeric and paddlewheel SBUs of the
framework, (b) binding mode of K™ along the SO3™ channel, (c) 3D representation of
framework.

of metals having a different geometrical configuration in one reaction system is quite
common (pendant ligands can reversibly bind to open metal sites, e.g. CPM-s1 and CPM-
s2), the presence of metals with different molecular geometries forming distinct SBUs is
quite difficult to come across since the system must maintain a perfect equilibrium for both
SBUs to coexist.

More interestingly, the presence of mixed SBUs in CPM-s4 resulted in different
alternating 2D nets that are linked to form a novel 3D framework. In the first layer,
Znz(CO0)4 are crosslinked by carboxyl groups of dsoba to form the wavy 2D (4,4) sql-

net. In the alternating layer, Zn links with both sulfo and carboxyl groups to form another
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Figure 6.13 lllustration of CPM-s5. (a) metal coordination, (b) 1D metal chain, (c) 3D
representation of framework.

wavy 2D (4,8) fes-net. The free SOz ligands from the wavy sql-layer extend from above
and below the sheet to link with the Zn?* of the neighboring fes-net, hence resulting in a
novel 3D framework. It is incredibly fascinating to note that even with the different SBUs
leading to different 2D lattices that are seemingly impossible to connect, the flexible dsoba
ligands could rearrange themselves in perfect configuration to weave these mismatched
SBUs into beautiful 3D architecture.

In switching the precursors of CPM-s4 from an uro-based system to an aqueous-
mixed medium, CPM-s5 crystallizes in C2/c space group, with an asymmetric unit
containing one unique Zn?*, two K*, one dsoba* and two H,O (Figure 6.13). Each Zn?* is

bridged by four carboxyl groups to form infinite 1D chains. Although the presence of K*
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Figure 6.14 lllustration of CPM-s6.

in the system does not affect the tetrahedral coordination of Zn?*, its ionic dimension
impacted the overall dimensionality of the framework.

Compared to crystals formed in the presence of Na* ions, the crystals formed in the
presence of K* ions show a much larger ionic network. The 0D sodium sulfonate clusters
in CPM-s1 and CPM-s3 are replaced with 1D chains and 2D sheets of potassium sulfonate
in CPM-s4 and CPM-s5, respectively. Consequently, there was less room available to the
coordination bonding between transition metals and dicarboxylates to expand into a 3D
framework. This trend is further amplified in CPM-s6, where the ionic-bonding network

is 3D while the coordination network is reduced to 1D.
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Figure 6.15 Dimension of ionic bonding alkali ions (top) in relation to the overall
dimension of the coordinating frameworks (bottom). Zn (cyan), C (grey), O (red), Na
(aquamarine), K (pink), Cs (purple).

CPM-s6 crystallizes in P212:2 space group, with an asymmetric unit containing
half Zn?*, one dsoba*, three Cs", and one H.O (Figure 6.14). Here, each pair of dsoba
ligands concave up and down to link with Zn?* at both ends to form a closed 4-membered
ring. On each side, Zn?* further coordinates with another pair of dsoba ligands to repeat
the molecular unit into an infinite (Zn(COQ)).. chain. These chains are then embedded in
the 3D ionic Cs-dsoba network.

Overall, the utilization of pre-synthesized ML in controlled media has allowed us
to create six novel anionic crystalline materials with unique features. The intrinsic
properties of alkali metals are successfully utilized to direct the arrangement of ligands and
SBU formations. Under the same uro-amide condition, switching from NazL in CPM-s1
and CPM-s2 to KoL in CPM-s4 transformed the tetrameric SBUs to mixed dimeric-

monomeric SBUs (Figure 6.15). With the decrease in the ionic potential of the cation, the
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Figure 6.16 Coordination modes of CPM-s1 to CPM-s6. (a-d) 3D framework of CPM-s1
to CPM-s4. (e-f) 1D coordinating chain of CPM-s5 and CPM-s6.

anions are less polarized and showed smaller anion-anion repulsions which resulted in
larger ionic domains. This, in turn decreased the nuclearity of SBUs and restricted the
coordination network dimension (Figure 6.16). A similar trend is observed for the
aqueous-amide solvent system, where incorporation of alkalis with decreasing polarizing
power (Na* <K* < Cs*) in CPM-s3, CPM-s5, and CPM-s6 lead to the transformation of
alkali-sulfonate from 0D clusters to 2D sheets and 3D network, respectively. With
increasing ionic network dimensionality, the Zn-carboxylate SBU assembly is highly

influenced (hexamer with Na*, infinite chains with K*, and monomers with Cs™), resulting
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in reduced coordination dimension from 3D (Na*) to 1D in (K™ and Cs*) and hence proving
the importance of employing alkali metals as ISDA to drive the condensation of different
SBUs and coordination network.

Whereas the alkalis-sulfonate ionic network plays a major role in guiding the
formation of specific SBUs and coordination networks, the solvent molecules are important
in influencing local coordination of Zn?* and production of counter ions. Under the uro-
amide condition, Zn?" exhibits coordination spheres of 4-, 5- and 6-, compared to 4-
coordination sphere in aqueous-amide solution.

6.3.2 Thermal Gravimetric Analysis

All structures exhibit two main weight loss stages, where the first corresponds to
the removal of guest molecules and the second corresponds to framework decomposition
into metal oxides.>® Compared to the Na-based structures CPM-s1 and CPM-s2 in the uro-
amide solution, the Na-based CPM-s3 shows a 40 °C increase in thermal stability in
aqueous solution. This higher stability is likely due to the double bridging of dsoba ligands.
The twelve dsoba surrounding each metal cluster in CPM-s3 allows for the framework to
stay intact throughout a larger temperature range than the six dsoba surrounding each metal
cluster in CPM-s1 and CPM-s2. Additionally, TGA confirms the importance of both ionic
bonding and coordination bonding in determining the overall thermal stability. Although
CPM-s4 primarily exhibits coordination bonding and CPM-s5 exhibits ionic bonding.
both structures still exhibit only a framework decomposition temperature difference of only
10 °C. TGA curves of materials in both solvent systems show that alkali metals play a role

in increasing the thermal stability of the framework. In both cases, the larger cations show

189



1800
1600 — ®

1400 — ®

1200 — °
_ /

» 1000 A /
.g T /.
O 800 o
X J
) /
600 - i
/./
_ .
400 o
] o
200 ,.".
] P e
0 _.I T I T I T I T I T I T I T T T 1
1200 1400 1600 1800 2000 2200 2400 2600 2800
Z'/ Ohms

Figure 6.17 Nyquist diagram of the powder sample of CPM-s1 at 22 °C, 99 RH%.

stronger bonding with SOz groups, which resulted in a higher framework decomposition
temperature.

6.3.3 lonic Conductivity

Alternating-current (AC) impedance measurements were carried out for pelletized
samples. Under ambient temperature and 98% RH, CPM-s3 shows the highest
conductivity at 1.25 x10° S cm™, a value comparable to the top conducting metal-organic
materials (Table S1). Under similar conditions, CPM-s1 and CPM-s2 exhibit much lower
performances: 2.7 x 10° and 2.2 x 10° S cm™, respectively. The higher conductivity value

of CPM-s3 than of CPM-s1 and CPM-s2 is likely due to an increase in mobility of proton
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Table 6.2 Conductivities of MOFs containing alkali-metals under humid conditions.

Compound Dimension o (Scm?) Temp (°C) RH (%) Ref
ZnsKx(3,3°, 4,4’-

-3 60
BPTC)3(DMF)2][MezNH;]4 3D 8.4x10 27 %
Mg(p-BDC)(pyOH)_Cs 3D 4.97 x10°3 30 90 61
CPM-s3 3D 1.25 x10°3 22 90 This

work
Ks(PTC)2(H20)1.5]+4H;0}n 3D 1.0 X102 25 98 62
Ka(Hzadp)[Zn2(0x)s]+2H20 2D 1.2 x10* 25 98 63
Rb2(Hadp)[Zn2(0x)s]*2H20 2D 4.3 x10° 25 98 64
CPM-sl 3D 2.7 X10° 22 99 This

work
CPM-s2 3D 2.2 X10° 22 90 This

work
Lig(HFTA)2(H20)s]+3H,0 3D 1.2 x10° 25 75 65
{Na[Cd(MIDC)[}+ 3D 1.13 x10° 25 98 66
{[SMK(BPDSDC)(DMF)(H B o
30) Jx(solventy 3D 1.11x10 80 98
Nao[EU(SBBA)(FA)]+0.375 B o
DAMF0.4H0 1D 2.91x10 90 90

3,3’,4,4’-BPTC = 3,3°, 4,4’-biphenyltetracarboxylic acid; DMF = N,N-dimethylformamide; p-
BDC = benzene-1,4-dicarboxylbenzoate; pyOH = 4-pyridinol; PTC 3,4,9,10-perylenetetracarboxylate;
H.adp = adipic acid; ox = oxalate; FTA tetrahydrofuran-2,3,4,5-tetracarboxylate; MIDC = 2-methyl-
1H-imidazole-4,5-dicarboxylic acid; BPDSDC = biphenyl-3,3’-disulfonyl-4,4’-dicarboxylic aid;
SBBA = 4,4’-sulfobisbenzoic acid, FA = formate

carriers.  Crystallization of CPM-s3 in an aqueous environment adds one extra
coordinating water molecule per pair of Zn?*, which extends the H-bonding network and
facilitates better ion conduction. Conductivity measurements were also investigated at
different humidities for better insights into the conducting mechanism. As shown in Figure
6.17, conductivities were highly dependent upon the presence of water in the air. For CPM-
s2, a decrease of humidity from 98% to 58% at room temperature. drops conductivity by 2
orders of magnitude, from 3.3 x 10®° to 1.23 x 107 S cm™ This strong dependence of

conductivity upon humidity signifies the importance of water molecules in transporting
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ions through the frameworks. While further investigation is needed for a more detailed
mechanism, we hypothesize that the protons are the main sources of mobile ions

responsible for the conductivities in these materials.

6.3.4 Gas Adsorption

PLATON calculations show that CPM-s1 to CPM-s6 have potential guest-
accessible volumes (solvent and charge-balancing cations) of 46%, 14%, 46%, 23%, 24%,
0%, respectively. While calculations show 46% accessible volume for both CPM-s1 and
CPM-s3, we concluded that CPM-s3, without any dimethylammonium counter ion, would
have more void space than CPM-s1. As a result, CO2, C2H., and CH4 sorption isotherms
were collected for the ethanol exchanged CPM-s3. CPM-s3 uptakes a modest amount of
gases at 273 K, and it adsorbs CO, up to 68.3 cm® gt at 195 K, 1 atm. The type | isotherm

proves that CPM-s3 has permanent microporosity.

6.4 Conclusion

A versatile synthetic method has been proposed and demonstrated to create novel
materials with fascinating structural features and dimensionalities. In employing different
ISDA agents in the form of ligand counter-balancing ions, six novel Zn(ll)-based
coordination polymers with different alkali-dsoba salts were successfully synthesized
under two different solvothermal systems. In CPM-s1 to CPM-s6, the alkali-sulfonate
ionic bonding networks transformed from 0D clusters with Na* to 1D chains and 2D sheets

with K* and 3D network with Cs*. These vastly differing ionic domains influenced the
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Figure 6.18 Gas sorption data of CPM-s3, after ethanol exchanged, and degassed.
coordination modes and spatial arrangements of the metal-carboxylate linkers, which
consequently, directed the dimensionality of the coordination networks from 3D with Na*
to 1D with Cs*. CPM-s1l and CPM-s2, made from tetrameric Zn4O clusters are rare
examples of anionic MOF-5-type structures. CPM-s3 features an unprecedented hexameric
Zne cluster. Even though a large portion of the charge-balancing cations in these materials
would hamper hydrogen bonding networks, some of them still exhibit very high ionic
conductivity (e.g. 1.25 x 102 S cm™ in CPM-s3), suggesting the potential of these materials
as solid-state electrolytes. The simplicity yet effectiveness of such method makes it
possible to create a diversity of anionic framework materials with various compositions

and topologies for tailored applications.
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Chapter 7. Rod-packing Metal-Organic

Frameworks for Magnetic Studies

7.1 Introduction

Of great interest to researchers in the field of metal-organic framework (MOF) is
the capability to design and construct novel intriguing structures of varied dimensions, pore
metrics, and functionalities.’® At the core, MOF design relies heavily upon its secondary
building unit (SBU), a module embedded with inherent properties that allow assembled
materials to exhibit exceptional performances.*®

Among different secondary building units (SBU) employed in 3D-MOF design, the
infinite rod-shaped SBU is of particular interest.®'° Compared to 3D MOFs with discrete
SBUs, 3D rod-packing MOFs (RPMOF) easily overcome the possibility of
interpenetration, a phenomenon that drastically reduces porosity.!! Rod-shaped SBU
exhibits much higher open-metal-site density (e.g., MOF-74-Ni, with inorganic helical
chains, has one of the highest metal density at ca. 7.74 mmol cm™).22 Without long organic
linker connecting different metal nodes, efficiency of transporting electronic information
is boosted dramatically.® These outstanding features have allowed many 3D RPMOFs to

have great potential in a variety of applications.422
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Compared to 3D RPMOFs, the self-assembly of 2D RPMOFs are less known.?*3!
Construction of 2D RPMOF requires a synthetic environment that simultaneously
promotes the growth of inorganic unit along one dimension, and caps organic linker along
one of the two remaining dimensions, which poses a significant challenge. But given the
importance inorganic rod-packing chains, it is of high interest to synthesize and explore
properties unique to 2D RPMOF materials.

Herein, we report a metal-mediated design strategy to control dimensions of
RPMOFs. Synthetic exploration of manganese salt and a polyfunctional linker, 4,8-
disulfo-napthalene-dicarboxylic acid (Hadsndc) resulted in the assembly of a 3D RPMOF,
[Mn3(dsndc)(HCOO),(H20)3(EtOH)]*H20 (CPM-s7). From structural analysis of CPM-
s7, we predicted the possibility of introducing a capping agent to inhibit growth of organic
linkers in two directions (Figure 7.1). We took advantage of sulfonic acid hydrolysis,
which is generally accelerated at elevated temperature and/or acidity, to in-situ generate
sulfate capping agent. The presence of sulfate reduces the organic-extension of CPM-s7
by two directions, resulting in a novel 2D RPMOF,
[Cos(OH)2(SO4)2(HCOO)2(dsndc)(DMF)2(H20)2] (NH2(CHz)2)2(H20)4 (CPM-s8). More
interestingly, the presence of metal-oxide chain allows for long-range magnetic ordering
at specified temperature, as predicted by density functional theory calculations and

confirmed by magnetization measurements.
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CPM-s7

Figure 7.1 Transformation of 3D CPM-s7 to 2D CPM-s8 through in-situ formation of
SO4* capping agent.
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7.2 Experimental Section

7.2.1 Material Synthesis.

All starting materials and solvents were commercially available and used without
further purification.
Synthesis of 4,8-disulfo-napthalene-2,6-dicarboxylic acid (Hsdsndc). Haidsndc was
synthesized according to reported literature with slight modification.® Naphthalene-2,6-
dicarboxylic acid (7 g) was added to 25 mL of oleum (SO3, 30 w.t. %) in a 100 mL round-
bottom flask equipped with reflux condenser. The reaction mixture was stirred vigorously
at 150 °C for 6 hours. Solution mixture was dissolved in distilled water, followed by
precipitation in HCI (36 w.t.%). Isolated product was washed with ice-water to removed
trapped HCI and dried in vacuum over at 120 °C overnight. Yield (85%), *HNMR (600

MHz, DMSO-ds 5, ppm): 8.5 (d), 9.6 (d).

Synthesis of CPM-s7. In a 23 mL glass vial, MnCl2-4H>0 (70 mg, ~0.3 mmol), Hadsndc
(40 mg, 0.1 mmol) were dissolved in 4.0 g N,N-dimethylformamide (DMF), 4.5 g ethanol
(EtOH) and 4.0 g deionized water (D1 H20). After stirring for 1 hours, the vial was placed
in a 120 °C oven for 7 days. Clear spindle-shaped crystals are obtained after solution was

cooled to ambient temperature. Yield 50% based on Hadsndc.

Synthesis of CPM-s8. In a 23 mL glass vial, CoCl2:6H20 (76 mg, 0.3 mmol), Hsdsndc
(40 mg, 0.1 mmol) were dissolved in 4.0 g DMF, 4.5 EtOH and 4.0 g DI H2O. After stirring

for 1 hours, the vial was placed in a 120 °C oven for 7 days. Pink spindle-shaped crystals
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are obtained after solution was cooled to ambient temperature. Yield 30% based on

Hadsndc.

7.2.2 Property Characterization.

Magnetization Measurement. The magnetization measurements were performed on a
physical properties measurement system (PPMS) equipped with a superconducting
quantum interference device (SQUID). The zero field and field cooled measurements were
performed under magnetic fields of 100 and 1000 Oe. Hysteresis loops were measured
between —40000 Oe and 40000 Oe at 5 K. The data were corrected for the sample holder
(Teflon tubes). The molar mass used for data analysis was that of the solvent-filled CMP-

s8.

DFT Calculation. DFT+U calculations were performed using projector augmented wave
pseudo potentials to model core electrons with the Perdew-Burke-Ernzerhof exchange
correlation functional.®® Brillouin zone integration was performed using a 3x3x3 k-point
mesh. Starting from structures obtained from XRD, structures were relaxed to minimize
energy with a tolerance of 10 eV. The calculations were performed using a U energy of
3.2eV, but the same qualitative magnetic ordering was found to persist in calculations using

U values between 0 and 5 eV.

Other Characterization. SCXRD, PXRD, and TGA were obtained as mentioned in 2.2.4.
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Figure 7.2 Experimental and simulated PXRD patterns of CPM-s8.
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Figure 7.3 TGA graph of CPM-s8.
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7.3 Results and Discussion

CPM-s7 crystallizes in P-1 space group, with asymmetric unit consisting of four
unique Mn?*, one dsndc*, two HCOO", one EtOH, and five H,0O molecules, where Mn(1)
and Mn(4) reside in symmetry sites, and formate ions originate from hydrolysis of DMF.
As shown in Figure 7.4b, Mn(1) and Mn(2) are bridged by six carboxylates into linear
trimers. The two carboxylate ends of dsndc* link these trimers into 2D square layers
stacked in ABAB conformation. These layers are further linked into 3D RPMOF
framework by connecting two pendant formates of neighboring metal trimer with Mn(3)
and sulfonate group of dsndc* along b-axis to apex of trimer (Figure 7.5). Along ac-plane,
pendant formate groups from trimer and sulfonate groups from dsndc* (parallel to c-axis)
further trap Mn(4) ions, and thus removing pore opening along this direction. The 3D
RPMOF has 1D rectangular channel with width ~5.7 A (measured from oxygens of
sulfonate groups).CPM-s7 could also be viewed as wavy manganese chains linked by
Mn(HCOO"), and dsndc* into 2D layers (along ac plane). These layers are further pillared
by remaining dsndc* groups into 3D framework. Thus, an introduction of capping agents
could block the growth of dsndc* pillars, leading to construction of 2D RPMOF. Since
both amide and sulfonate groups are prone to hydrolysis in elevated temperature, we
hypothesized that the synthetic environment of CPM-s7, which favored hydrolysis of DMF
and addition of formate into final framework, could also be tuned to favor hydrolysis of

sulfonate group and addition of sulfate capping agent into final framework.
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Figure 7.4 Graphic representations of CPM-s7. a) octahedrally coordinated Mn?* chain
and monomeric Mn?* building unit, b) Expansion of Mn(1) and Mn(2) into 2D square
layer, c-f) layers connected by Mn(3) and Mn(4) and sulfonate groups into 3D framework
with 1D channel. In c-d) pendant groups and Mn(4) are removed for clarity. All non-
bonding water molecules are also removed from drawings.
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Figure 7.5 View of 2D sheets of CPM-s7 along ab-plane. Green circles represent
positions which Mn(HCOO)2 connects two adjacent trimers and sulfonate connects
nearby trimer.

Hydrolysis reactions are well known to be accelerated under acidic conditions.
With each transition metal-salt offering different Lewis acid strengths, introduction of a
different metal could shift equilibrium condition slightly towards formation of sulfate
capping agent. To validate our hypothesis, we substituted MnCl2*4H>O with stronger
Lewis acid transition metal salts.

The hydrolysis DMF and Hadsndc to produce formate and sulfate, combined with
evaporation of EtOH and H,0, resulted in the self-assembly of Co?* and linkers into a
novel 2D PRMOF. Similar to CPM-s7, single crystal X-ray diffraction of CPM-s8 also
shows crystallization of material in P-1 space group. The composition of CPM-s8,

however, differs dramatically from CPM-s7. Asymmetric unit of CPM-s8 contains three
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Figure 7.6 Graphic representations of CPM-s8. (a) octahedrally coordinated cobalt
pentamer, with Co(1) residing on symmetry equivalent site, (b) 1D cobalt chain with
bridging hydroxide, sulfate, and formate linkers, (c) 2D sheet in ac-plane, (d) View of
parallelly stacked 2D layers in bc-plane.
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unique Co atoms (one of which resides on a symmetry site), half dsndc*, one OH", two
HCOO", one SO4+%, one (H2N(CHs)2)*, one DMF and three H,O molecules. All Co?" atoms
in this MOF are octahedrally coordinated with slight distortions. The Co—O distance
ranges from 2.063(9) to 2.240(8) A (Figure 7.7). Each pair of (u3-OH) bridge two sets of
three Co atoms into a cross-shaped pentamer (Figure 7.6). The adjacent Co---Co distance
within the pentamer ranges from 3.241(7) to 3.516(6) A. For each (u3-OH) bridged metal
trimer, SO4% further caps from above or below Ms(uz-OH) plane. These pentamers are
linked into 1D zigzag chains with HCOO™ ions. These zigzag chains are further linked by
both sulfonate and carboxylate functional groups of dsndc* into 2D layers. The
neighbouring layers are parallel to each other, with the shortest interlayer distance of 4.1
A (0---O distances between two capping sulfates).

The in-situ formation of sulfate capping agent resulted in more symmetrical metal
oxide chains. In CPM-s7, the manganese oxide chain exhibits 2 corner-sharing MnQOs
octahedra (Mn(1)-O-Mn(2), Mn(2)-O-Mn(3)), and one edge-sharing MnOs (Mn(3)-0O-
Mn(3)). In comparison, cobalt oxide chain of CPM-s7 shows only one corner sharing CoOs
(Co(1)-O-(Co(3)), and two edge sharing CoO¢ (Co(1)-O-Co(2), and Co(2)-O-Co(2)). The
increase of edge-sharing octahedra in CPM-s8 leads to flattening of the metal chain, and
could thus allow for better orbital overlap, which is highly beneficial in fabricating
magnetic materials. The phase purity of CPM-s8 was determined through powder X-
ray diffraction (Figure 7.2). As-synthesized material matches well with simulated patterns
from single-crystal data, suggesting high purity of bulk material. Thermal stability of

CPM-s8 was further analysed through thermogravimetric analysis (TGA) measurement
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Figure 7.7 Coordination sphere of each unique cobalt in CPM-s8.

under N2 atmosphere (Figure 7.3). Initial 21% weight loss before 200 °C correspond to
solvent molecules in the pore. The second weight loss at 250 °C represent decomposition
of organic linker and collapse of framework.

Of particular interest is the potential ordered-alignment of unpaired electrons in
zigzag cobalt-oxide chains of CPM-s8. More interestingly, the number of unique
crystallographic positions of cobalt is an odd number, thus preventing complete cancelling
of antiparallel spins, such as in the case of antiferromagnetic materials. To better
understand magnetic property of CPM-s8, we recorded temperature-dependent
magnetization data under zero-field-cooling (ZFC) and field-cooling (FC) processes at

magnetic field of 100 and 1000 Oe, between 2 and 350 K (Figures 7.8).
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Figure 7.8 (a) Temperature dependent ZFC and FC molar susceptibility curve of CPM-
s8 recorded at 100 Oe. Inset shows the FC invese molar susceptibility curve (at 1000 Oe)
and the Curie-weisss straight line (red). (b) DFT predicted ground state spin density
distribution in a 2x1x1 supercell of CPM-s8
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As shown in Figure 7.8 (inset), the FC plot (at 1000 Oe) could be fitted by the
Curie—Weiss equation, leading to Curie and Weiss constants of C = 8.75 emu-Oe*-K per
formula unit [5 cobalt(I1) ions] and #=-21 K, respectively (Figure 7.8, inset). The effective
magnetic moment per cobalt(ll) as estimated from the Curie constant is ~1.67 us,
indicative of low-spin cobalt(l1) ions (~1.73 ug). A negative 6 value suggests dominating
antiferromagnetic interactions among the cobalt(ll) centres. Indeed, the ZFC curve at 100
Oe (Figure 7.8) shows a peak at 8 K, further confirming the presence of antiferromagnetic
(AFM) interactions. However, application of a small magnetic field, as the FC curve shows,
destroys this peak, thus suggesting that the more likely magnetic ordering is ferrimagnetic
with a Tc =8 K. Density functional theory calculations using the Hubbard onsite potential
(DFT+U) have suggested that the ground state spin ordering is ferrimagnetic model with
Co(2) and Co(3) in the spin-up configuration while the central Co(1) is spin-down, as
shown in the spin density map in Figure 7.8b. This spin arrangement is dominated by AFM
interactions (4) versus only 2 FM (ferromagnetic) ones, and a net magnetic moment will
result. Furthermore, this pentameric unit is composed of 2 triangles, suggesting that
geometric frustration would be possible if the triangles were equilateral. However, the

different distances within the triangles eliminate (or strongly reduce) the frustration.
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7.4 Conclusion

Based upon structural analysis of newly synthesized 3D rod-packing manganese-
based framework, strategic design of capping agent was developed to obtain a 2D rod-
packing framework. SQUID measurements and DFT calculations proved ferrimagnetic
ordering of the material below 8 K, further illustrating the potential of developing

spintronic materials through 2D rod-packing MOFs.
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Chapter 8: Conclusion and Outlook

We have achieved a great success in the enrichment of pacs platform with novel
framework design methodologies to result in the construction of optimized materials with
impressive properties in a range of gas storage and separation applications. In Chapter 2,
we defined the minimum and maximum c/a ratios of the pacs, as well as c/a ratio for which
each L1 linker could achieve maximum volume. We constructed structures with c/a limits
that were previously thought of, as impossible to achieve. In Chapter 3, we introduced a
charge reallocation strategy to develop a second generation of anionic pacs materials that
is both robust and versatile. Chapter 4 revisited c/a ratio limits in optimizing pore-space
of cationic materials. In both chapters, counterbalancing ions have large influences over
selective host-guest interactions. In Chapter 5, we succeeded in merging the acidic -SOzH
group into our pacs platform and harnessed opportunities associated with this interesting
functional group.

We next examined the effects of pore space optimization of pacs in important
industrial small molecule sorption and separations, namely CO> and C;H» uptakes,
CoHo/CO; separation, hydrocarbon separation (CoH4/C2Hes, C3He/C3Hg, CsHes/CesHi2) and
CO; capture. Different framework enhancements strategies have resulted in exceptional
performances that surpassed records of traditional solids such as zeolites and activated
carbon. In addition of adsorption performances, pacs materials have shown desirable

properties such as material stability, regeneration efficiency, and ease of scale-up. While
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the extraordinary performances have allowed pacs materials to set records in many
applications, we hope continuous optimizations could bring these adsorbents to
commercialization.

Many unique opportunities offered by the pacs platform are still waiting to be
explored (e.g., encapsulating interesting molecules through =n-m interactions with
sandwiching pore-partitioned layers, introducing defects into framework through mixing
of different functional sites). Further advances of pacs platform will also be helped by
combining pore space partition strategy with other MOF design strategies or using PSP-
designed materials for still unexplored and much less explored applications.

In general, application-focused studies tend to draw on structural platforms (e.g.,
MOF-5, HKUST-1, MOF-74) developed at the early stage of the field development given
their greater and easily noticeable literature presence, leading to under exploration of newer
platforms. In Chapter 6 and 7, we explored new material synthesis directions to construct
novel materials. Chapter 6 focused on building novel materials with different proton
transport pathways for conductivity measurements. In Chapter 7, we constructed novel 2D
material with rod-shaped SBUs that are highly useful in magnetic studies.

Without a doubt, at the basis of the MOF field is still the fundamental synthetic and
structural science whose advance has the potential to reshape all other aspects of MOF
studies and applications. The vast synthetic space of MOFs encompasses huge numbers of
synthetic parameters and variations, giving us plenty of room to investigate new structural

features and their related applications.
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