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Table 1. International Union of Pure and Applied Chemistry (IUPAC) classifications of porous materials.?

Material Terms Diameter of pores
Macroporous materials >50nm

Mesoporous materials In between 2nm to 50nm
Microporous materials <2nm

The hallmark of zeolites and MOFs is that their structures are permeated by continuous
networks of channels, sometimes referred to as pores, that permeate the crystalline
structure. The width of channels in zeolites typically span a range of sizes ranging from
3-12 A, while those in MOFs often tend to be larger, ranging in size from a small as 4 A
to as large as 29 A. In cases where the width of channels is large enough to admit organic
guests, the molecules generally are able to diffuse throughout the porous host. The ability
of guests to diffuse freely depends not only on the size of the openings of channels, but
also on the topology of channels, the incidence of steric constrictions, and intermolecular
interaction of the guests with functionality present in the walls of channels. As such, the
dynamics of host-guest interaction and equilibria of diffusion are unique to each porous
solid and define their porous behavior.

Zeolites. Zeolites are microporous crystalline aluminosilicates, composed of TO4
tetrahedra (T=Si or Al) bonded to oxygen atoms to form a sodalite cage, or S-cage, that is
the basic building block of zeolites. As shown in Figure 2, zeolites with a range of
structures and channel topologies (e.g., SOD, LTA, FAU, EMT) can be constructed from
different arrangements of the sodalite cage in which oxygen atoms connect the
neighboring cages.?* When all T positions are occupied by Si atoms, the resulting solid is
uncharged silica. Substitution of Al for Si atoms necessarily introduces one negative
charge per Al atom and requires the presence of cations in the channels to balance the
negative charge. A beneficial consequence of the presence of cations within the channels
is that zeolites can be use for applications involving exchange of ions. For example,
zeolites commonly are used as additives in laundry detergents to soften hard water by
taking up hard ions such as Ca®* and Mg®" and releasing softer Na* ions.?
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Figure 2. Different cage arrangements give rise to a range of pore sizes

Upon discovery of naturally occurring zeolites, initial efforts to synthesize zeolites
focused largely on strategies involving hydrothermal crystallization using a silica source,
an aluminum source and alkali hydroxide.?®?” Since then, a number of synthetic methods
such as the modified hydrothermal method, the solvothermal method and the low
temperature gel method have been employed to synthesize different zeolites.**? To date,
almost 200 unique zeolite framework structures have been identified according to
database of zeolites structures. The range of pore dimensions for zeolites spans from 0.2
to 0.8 nm, and pore volumes vary from 0.10 to 0.35 cm®/g. By varying the ratio of
aluminum and silicon, it has been demonstrated that the hydrophobicity of the channels
can be tuned.*® Accordingly, zeolites are widely used for chemical processes and
applications involving separation of gases, heterogeneous catalysis, and ion exchange for
smaller molecules that fall within the range of accessible pore diameters.'*?

Metal-organic frameworks (MOFs). MOFs are a relatively new class of ordered porous
solids that have been investigated the past 15 years. MOFs are crystalline coordination
polymers composed of inorganic ions or ion clusters and organic linkers, forming soluble
complexes that then self-assemble into one-, two-, or three-dimensional frameworks. The
advantage of this class of materials is that by carefully choosing metal ions and organic
ligands, it is possible to tailor the structures and sizes of pores within MOFs by design.
Because of the wide variety of coordination geometries offered by transition and
lanthanide metal ions and the rich number of structures and reactive functionalities that
can be incorporated into organic linkers via organic synthesis, MOFs provide a means to
generate a diverse range of framework architectures. As shown in Figure 3, tetrahedral
coordination of a linear dipyridine to a central metal ion produces a diamond framework
(Figure 3a), while octahedral coordination around a tetrahedral cluster of metal ions
results a cubic framework (Figure 3b). A characteristic feature of MOFs is their
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extremely high surface areas and void volumes and pore openings ranging from 3 A up to
20 A that are highly accessible to organic guests.?® As such, MOFs represent a unique
class of ordered porous materials that have great potential as hosts in applications that
require pore dimensions that exceed those of zeolites.

Molecular Complexes Extended Solids

Decorated-Expanded Framework

Figure 3. Assembly of metal-organic frameworks (MOFs) by the copolymerization of metal ions with
organic linkers to give (a) flexible metal-bipyridine structures with expanded diamond topology and (b)
rigid metal—carboxylate clusters that can be linked by benzene “struts” to form rigid extended frameworks
in which the M—O—C core of each cluster acts as a large octahedron decorating a 6-connected vertex in a
cube. All hydrogen atoms have been omitted for clarity. (In (a), M, orange; C, gray, N, blue; in (b), M,
purple; O, red; C, gray. Structures were drawn using single-crystal X-ray diffraction data.)*

High-symmetry MOFs based on benzene-1,4-dicarboxylic acids. MOF-5 developed
by Yaghi’s group is the most well-known example of a stable, highly porous MOF.
MOF-5 (isoreticular metal-organic framework-1, IRMOF-1) was first reported in 1999
and quickly became the most intensively studied MOF. As shown in Figure 4, MOF-5 is
composed of benzene-1,4-dicarboxylic acid (BDC) linkers octahedrally coordinated to
tetrahedral Zn,O clusters to form a cubic framework with the formula Zn,(BDC)30. The
MOF-5 cubic framework, after activation by removing solvent by heating, has a
remarkably high internal surface area of 4500m?/g.*°
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Figure 4. The structure of MOF-5 showing the benzene-1,4-dicarboxylic acid linkers (top inset box)
coordinated to zinc ion cluster joints (shown in blue in the bottom inset box).

Tunability of the IRMOF framework. One of the principle advantages of MOFs over
zeolites is that the dimensions and topology of channels can be tuned through organic
synthesis by modifying the molecular structure of the organic ligands that bridge the
metal ions. Another advantage is that the surface properties of channels can be altered by
appending different organic substituents onto the organic ligand without changing the
architecture of the framework.!” Based on that concept, a number of IRMOFs have been
developed that preserve the isoreticular cubic structure of MOF-5 and that feature
substituents protruding off the benzene backbone into the void space of channels, as
shown in Figure 5. For example, Yaghi has shown that the dimensions of the cubic cages
present in MOF-5, and thus the corresponding void volumes, can be expanded by
substituting linear naphthyl, biphenyl, pyrene or triphenyl dicarboxylic acids in place of
benzene-1,4-dicarboxylic acid (orange boxes in Figure 5) without altering the overall
connectivity or cubic structure of the resulting MOFs.'” Substituted benzene-1,4-
dicarboxylic acids also were used to introduce polar and nonpolar functional groups that
projected into the cavities. Substituting polar substituents (maroon circles in Figure 5)
such as bromine or amine groups, or nonpolar hydrocarbon groups such as fused benzene
or cyclobutane groups in place of one or two hydrogen atoms on the benzene backbone
resulted in IRMOFs with channels that were more hydrophilic or hydrophobic,
respectively, than those in MOF-5.
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Figure 5. Comparison of the cubic structures of IRMOFs formed when linear aromatic dicarboxylic acids
are reacted with Zn(I1) ions. Top: Increasing the length of the aromatic dicarboxylic acid (highlighted in
orange) gives IRMOFs with larger channels. Bottom: Introducing substituents (highlighted in maroon) onto
benzene-1,4-dicarboxylic acid gives IRMOFs with cubic frameworks identical to that of MOF-5 (far left) in
which the substituents protrude into the channels.'’

In addition to the molecular structure of the organic ligand, the type of metal ions and
coordination geometry around the metal ions plays a critical role in defining the
architecture of MOFs. The vast majority of reported MOFs feature frameworks
containing transition metal ions that contain ligands bound via linear, tetrahedral, square
planar, or octahedral coordination geometries, while MOFs derived from lanthanide
metal ions exhibit higher degrees of coordination with up to nine ligands bound to the
metal ions.3* The ability to tune the framework architectures and properties in MOFs via
the ligand and the metal ion provides a significant advantage over the zeolites because
essentially an infinite number of variations can be constructed with framework structures
that generally are predictable. Despite the relatively high thermal stability of MOFs of up
to 400°C, MOFs cannot compete with the thermal stability of zeolites, which often are
stable to temperatures above 1200 °C.?* Nonetheless, MOFs show remarkable thermal
stability for organic materials that make them suitable as porous hosts for applications
that do not require high temperature.

During the last decade, approximately 2200 papers describing research on MOFs have
appeared in the literature. The majority of those articles have focused on synthesis in
order to develop a robust library of MOF synthetic methodology necessary to begin
exploring the properties of MOFs. The materials community only now is just beginning
to fully explore the broader utility of MOFs as porous hosts. Although reports
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investigating the applications of MOFs are now beginning to appear, the porous behavior
of MOFs remains largely undefined and presents fertile ground for further investigation.

Applications of MOFs. With the advent of a large body of synthetic protocols for
preparing MOFs, researchers are now exploring the host-guest behavior of MOFs in
many areas of chemistry, with the vast majority of applications focusing on the sorption
behavior of isoreticular MOFs. Yaghi and others are developing IRMOFs as host
materials for energy storage.* For example, it has been shown that MOFs are able to
store high densities of hydrogen under relatively moderate pressures in steel cylinders
packed with those materials.*® The high accessible void volume MOFs provide make
them one of the more promising materials to meet hydrogen storage standards set by the
DOE.** Similar to zeolites, the utility of MOFs in heterogeneous catalysis has also been
explored. MOFs offer the added advantage of having an organic component that can be
tailored to accommodate a range of reactive groups that can actively or passively
participate in catalysis.* For example, Hasegawa et al created a 3-D porous coordination
polymer that functionalized with amide groups that have demonstrated its ability to
catalyze Knoevenagel condensation. * MOFs can also serve as nanoreactors that provide
unique phases in which to carry out organic reactions where the large channels of MOFs
serve as nanoscale containers for reactants and transition states that are too sterically
demanding to fit within zeolites channels.®’ Sabo et al have demonstrated MOF-5 can
serve as palladium substrate that enable catalysis of styrene in cavities within MOF-5. 3
Because MOFs are biodegradable, they also are being studied as container materials for
drug delivery.* Horcajada et al have demonstrated MIL-53’s ability for controlled
release vehicle for drug ibuprofen.*® Furthermore, MOFs with chiral framework
architectures have been shown to catalyze reactions enantioselectively.*** For example,
chiral secondary alcohols were generated by a chiral MOF in very high yields and
enantioselectivities. Wu and Lin reported a case in which the addition of diethylzinc to 1-
naphthaldehyde was catalyzed to afford (R)-1-(1-naphthyl)-propanol with complete
conversion and 90.0% ee. *> Molecular sorption of larger organic guests is an additional
area where the large surface areas, pore dimensions and high porosities of MOFs provide
unique opportunities as sorbants for environmental remediation and purification. For
example, MOFs have shown superior sorption behavior toward TBME (additive in
gasoline) and estrone (a hormone used for birth control) present in water when compared
to industrial sorbants such as activated carbon. ‘® ** Other applications of MOFs that have
explored include molecular separation, molecular sensing and nanofabrication.®

Lower-symmetry MOFs. The majority of reported MOFs have isoreticular cubic
frameworks; Yaghi’s IRMOFs are the classical examples. The design of MOFs with non-
cubic structures is now being investigated in an effort to expand the library of framework
architectures that are available and determine whether MOFs with lower symmetries
exhibit unique porous properties. Efforts to produce stable MOFs with lower symmetry
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have focused largely on several related approaches that include utilizing nonlinear
ligands** instead of rigid linear dicarboxylates, asymmetrical ligands containing two
differing metal-binding groups, or mixtures of two different symmetrical ligands.?>* For
example, Hupp reported a porous MOF composed of a 1:1 mixture of 1,6-napthalene
dicarboxylic acid and N’N-di-(4-pyridyl)-1,4,5,8-napthalenetetracarboxydiimide.?’ That
MOF featured an anisoreticular, lower symmetry architecture as shown in Figure 6.
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Figure 6 Example of a porous, anisoreticular (non-cubic) MOF formed upon reaction of a 1:1 mixture of an
aromatic dicarboxylic acid with an aromatic dipyridines in the presence of Zn(I1) ions.?

1.3 Current research in the MacDonald group

Our group has been conducting basic research in developing methods to synthesize lower
symmetry MOFs, analyze their framework architectures and explore the utility of MOFs
in sorption of guest molecules. The MOFs being studied mainly utilize 4-(imidazoyl-1-
yl)benzoic acid and substituted derivatives as the organic ligand for linking metal ions. 4-
(Imidazol-1-yl)benzoic acid was chosen because it has an asymmetric, bent structure and
two binding sites capable of coordinating to metal ions. As shown in Figure 7, the 4-
(imidazoyl-1-yl)benzoic acid skeleton bears a carboxylate group (shown in orange)
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similar to BDC that is capable of bidentate coordination at both oxygen atoms. The
opposite end of the ligand contains an imidazole group (shown in blue) with an exposed
imidazole nitrogen atom that is capable of monodentate binding. Imidazoles are known to
be good bases and metal coordinators.**” Imidazole is present in the side chain of
histidine, which is known to act as a strong metal-binding group in many metalloproteins
such as hemoglobin. “® The presence of imidazole and benzene rings in the ligand
introduces three additional sites (hydrogen atoms shown in maroon) at which substituents
can be introduced on the backbone to modify the surface-properties of channels in MOFs.
Imidazole also introduces rotational freedom around the C-N aryl bond that can result in
changes in molecular conformation that lead to variation in the MOF architecture. We
have demonstrated recently that mixed coordination by the carboxylate group and
imidazole ring nitrogen, and the bent geometry of this ligand results in a rich variety of
framework architectures of lower symmetry than the isoreticular MOFs reported by
Yaghi and others. The structures of several MOFs derived from 4-(imidazoyl-1-
yl)benzoic acid are described below.

HO: L8

Figure 7. Comparison between the structure of benzene-1,4-dicarboxylic acid and 4-(imidazoyl-1-
yl)benzoic acid ligands. Coordination to metal ions occurs at the carboxylic acid (highlighted in orange)
and imidazole (highlighted in blue) groups. Substituents can be introduced on the backbone of ligands by
replacing hydrogen atoms (highlighted in red) with different organic groups.

A number of copper and cadmium MOFs have been successfully synthesized using the
parent 4-(imidazoyl-1-yl)benzoic acid and substituted derivatives, as shown on the left in
Figure 8. Synthesis of those MOFs was carried out in solution either at room temperature
using the free carboxylic acid, or hydrothermally using a protected carboxylic acid (i.e.,
an ethyl ester) by slowly deprotecting the acid group via hydrolysis at elevated
temperature to slow down the rate of reaction and subsequent growth of crystalline MOF
products. As shown in the center of Figure 8, octahedral coordination of Cu(ll) or Cd(11)
metal ions potentially leads to two different isomeric arrangements of the bound ligands
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in which the ligands were oriented either in a square-planar or a distorted tetrahedral
arrangement. Those coordination motifs can produce a range of frameworks with
different connectivity in two or three dimensions, two of which are illustrated
schematically on the right in Figure 8.
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Figure 8. Synthetic strategy for preparing lower symmetry MOFs. Reaction of substituted 4-(imidazoyl-1-
yl)benzoic acid ligands with Cu(ll) or Cd(I1) metal salts (left) potentially leads to octahedral coordination
of the metal ions by carboxylate and imidazole groups in which the bonded ligands are oriented either in a
square-planar (top center) or distorted tetrahedral (bottom center) arrangement. Further assembly of the
square-planar and tetrahedral complexes produces MOFs with different framework architectures. Two
possible frameworks are shown on the right.

Shown in Figure 9, the crystal structures of two Cd(I1)-based MOFs (i.e., Cd MOF-1 and
Cd MOF-2) and three Cu(ll)-based MOFs (i.e., Cu MOF-1, Cu MOF-2 and Cu MOF-3)
we have prepared all feature non-cubic frameworks that exhibit permanent porosity
resulting from large channels (up to 12 A in diameter) that permeate the MOF structures.
Reversible porosity of all MOFs was further confirmed by thermogravimetric analysis
(TGA) to measure the percentage of weight loss of guest solvents . Guests consisting of
molecules of water and ethanol that were included in the framework during synthesis
accounted for 12-30% loss in mass when samples of MOFs were heated, demonstrating
porosity comparable to that reported for IRMOFs. The non-cubic architectures of the
MOFs shown in Figure 9 exhibit connectivity in two (Cu MOF-2) or three (Cd MOF-1,
Cd MOF-2, Cu MOF-1 and Cu MOF-3) dimensions that results in part due to the bent
nature of the ligands and the resulting mixed coordination geometries of the carboxylate
and imidazole groups around the central metal ions.
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Figure 9. Views showing the crystal structures and channels present in Cd- and Cu-based MOFs
synthesized in our group.

Of the structures shown, Cu MOF-3 demonstrated the highest level of porosity (30%
weight loss) resulting from the presence of large helical channels. Coordination of Cu
ions by 4-(2-methylimidazol-1-yl)benzoic acid in Cu MOF-3 was somewhat unusual in
that the methyl groups on the imidazole ring close to the coordination centers created
significant steric hindrance that forced the carboxylates to behave as monodentate rather
than bidentate ligands. Monodentate binding of the two carboxylates and two imidazole
groups resulted in square-planar coordination with the four attached ligands bending to
one side of the square plane. That arrangement produced a hexagonal helical framework
with channels 12 A in diameter. The structure of Cu MOF-3 is of particular interest for
the following reasons: 1) it exhibits the highest porosity of the MOFs obtained; 2) it
offers an unusual chiral helical channel; and 3) the methyl substituents on imidazole
present at the surface of the channel potentially provide sites at which different organic
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groups may be introduced to modify the surface properties of the channels without
disturbing the framework structure. In Chapter 2, we carry out the synthesis of several
derivatives of 4-(2-methylimidazol-1-yl)benzoic acid containing larger substitutents at
the 2-position of imidazole to test our hypothesis (3, above) and describe the structures
and porous behavior of new Cu-based MOFs derived from those ligands. In Chapter 3,
we also describe a series of sorption experiments in which we investigated the affinity
and sorption characteristics of our MOF systems and Yaghi’s IRMOF-5 toward small
libraries of polyaromatic hydrocarbons and pharmaceutical drugs.
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2. Design of Metal-Organic Frameworks Based on 4-(Imidazol-
1-yl)benzoic Acids.

2.1. Strategy and Objectives

Ligands based on 4-(Imidazol-1-yl)benzoic acids. As described in the background
section in Chapter 1, five different MOFs comprised of 4-(imidazole-1-yl)benzoic acid
ligands coordinated to Cd(l1) or Cu(ll) ions were prepared previously in our group and
the crystal structures and thermal properties were investigated. An important aim of that
study was to determine if mixed binding by carboxylate and imidazole groups would
promote fully saturated octahedral coordination at the central metal ion (i.e., by four
oxygen and two nitrogen atoms) leading to square-planar or distorted tetrahedral
arrangements of the attached ligands, as illustrated in Figure 8. Analysis of the crystal
structures (Figure 9) revealed several important findings, the first of which was that 4-
(imidazole-1-yl)benzoic acids fully saturate Cd(Il) via octahedral coordination resulting
in distorted tetrahedral arrangements of the ligands, while fully saturated (i.e., octahedral)
or partially saturated (i.e., square-planar) coordination to Cu(ll) both led to square-planar
arrangements of the ligands. Those results suggested that the structure of the complex
that serves as the molecular building block, and thus the corresponding geometry (i.e.,
tetrahedral vs square-planar) around the metal centers within the MOF framework, can be
controlled based on the choice of metal ion.

A second important finding was that introducing a methyl alkyl substituent at the 2-
position on the imidazole ring introduced a steric bias for square-planar assembly of the
ligands with the carboxylate and imidazole groups oriented all to one side of the square
plane. As a direct consequence of that coordination geometry and the bent nature 4-(2-
methylimidazol-1-yl)benzoic acid, the ligands formed large helical channels in the
structure of Cu MOF-3. The observation that imidazole rings in the unsubstituted parent
ligand were oriented on opposite sides of the square plane in Cu MOF-1 and Cu MOF-2
(Figure 9) further suggested that formation of the Cu MOF-3 framework depends on the
presence of a substituent at the 2-position of imidazole.

A view of the channels in the crystal structure of Cu MOF-3 showing the location of the
methyl groups, imidazole and benzene rings, and the positions of hydrogen substitutents
on the rings is shown in Figure 10. In that structure, the imidazole groups stack such that
the methyl groups (highlighted by red circles in Figure 10) protrude slightly into the
channels. On the basis of that observation, we anticipated that replacing the methyl
substituent with longer or more sterically demanding alkyl or aryl groups (e.g., ethyl,
propyl, isopropyl, phenyl, etc.) should preserve the Cu MOF-3 structure, while allowing
the substituents to dangle farther into the channels. Such an approach would provide a
means to generate additional Cu-based MOFs with architectures similar to Cu MOF-3.
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We reasoned that development of an isomorphous family of MOFs with a common
framework would enable the hydrophobicity of the channels to be tailored to favor
sorption of hydrophobic guests by decorating the walls of the channels with nonpolar
hydrocarbon groups. In addition, the observation that hydrogen atoms on the benzene
rings also are exposed at the edges of channels in Cu MOF-3 (highlighted by blue ovals
in Figure 10) suggested that a similar approach might be used to modify the
hydrophobicity of MOFs by introducing substituents at other positions along the
backbone of the ligand.

Figure 10 View of the channels in Cu MOF-3 showing the location of methyl groups ( red circles) on the
imidazole ring, hydrogen atoms (blue ovals) on the benzene ring, and the backbone of the benzene rings
(orange rectangles).

Consequently, a major objective of the research described in this Chapter was to
synthesize new derivatives of 4-(imidazole-1-yl)benzoic acid by introducing simple alkyl
substituents onto the imidazole and benzene rings, and then synthesize the corresponding
MOFs, and characterize their structures and porosity to test our hypothesis that the
structure of Cu MOF-3 would be preserved. That goal is part of a larger effort in our
group to expand the library of ligands based on 4-(imidazole-1-yl)benzoic that can be
used to construct MOFs, and to establish the molecular parameters necessary to develop
families of MOFs with structures and properties that can be predicted a priori.

Ligands based on 4-(1,2,3-triazol-1-yl)benzoic acids. In addition to the work on 4-
(imidazol-1-yl)benzoic acids, we describe our initial efforts to synthesize a different
family of ligands in which imidazole was replaced by a 1,2,3-triazole ring. We chose to
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explore using 4-(1,2,3-triazol-1-yl)benzoic acids as ligands for contructing MOFs
because 4-(1,2,3-triazol-1-yl)benzoic acid is similar structurally to 4-(imidazol-1-
yl)benzoic acid, the only difference being that the CH group on imidazole is replaced by
a nitrogen atom, as shown in Figure 11. A survey of the Cambridge Structural Database
(CSD)* revealed several metal complexes with 1,2,3-triazole structure by click
chemistry preparation. Analysis of coordination of those complexes to metal ions showed
that 4-(1,2,3-triazol-1-yl)benzoic acid is capable of binding to metal ions at the ring
nitrogen at position 3 in a manner similar to 4-(imidazol-1-yl)benzoic acid. The fact that
the nitrogen atom at position 2 did not participate in binding to metal ions suggested
either that that nitrogen has less electron density and is not as basic, or that the close
proximity to the C-N bond to benzene sterically inhibits coordination of metal ions at that
site. Given that the nitrogen at position 2 has a lone pair of electrons instead of a
hydrogen or alkyl substituent, we anticipated that the 1,2,3-triazole ring should behave
similar sterically to unsubstituted imidazole with regard to coordinating to metal ions at
position 3. The small set of structures of 1,2,3-triazole metal complexes observed in the
CSD appeared to support that hypothesis in that coordination was observed only to the
ring nitrogen at position 3.

0 0
v ) N
NN OH N~/ OH

4-(1,2,3-triazol-1-yl)benzoic acid 4-(imidazol-1-yl)benzoic acid

Figure 11 Chemical structures of 4-(1,2,3-triazol-1-yl)benzoic acid (left) and 4-(imidazol-1-yl)benzoic acid
(right).

One of our principle motivations for exploring the utility of 1,2,3-triazoles as
isomorphous building blocks to imidazoles for constructing MOFs arises in large part
from the fact that 1,2,3-triazoles can be synthesized easily via click reactions.> Click
reactions, also known as Huisgen 1,3-dipolar cycloaddition reactions, between terminal
alkynes and azides are known to produce 1,2,3-triazoles in high yield across a wide
variety of substituents under a large range of reaction conditions.>>*® Therefore,
establishing that 1,2,3-triazoles can be used as suitable replacements for imidazole in
ligands for constructing MOFs is attractive due to the large number of building blocks
that can be prepared via Click reactions. We demonstrate later in this chapter that
synthesis of some ligands from substituted imidazoles is difficult. We anticipate that
development of an alternative synthetic approach utilizing 1,2,3-triazole analogs will
enable those difficulties to be circumvented.
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Therefore, another objective of this research was to synthesize simple derivatives of 4-
(1,2,3-triazol-1-yl)benzoic acid, prepare MOFs by reacting those ligands with Cd(ll) and
Cu(ll), and then compare the structures and porous behavior of that family of MOFs to
the corresponding MOFs derived from 4-(imidazol-1-yl)benzoic acid. Toward that goal,
we describe the synthesis of several substituted derivatives of that family of ligands as
well as the synthetic strategy used to prepare MOFs.

2.2 Synthesis of ligands

Synthesis of substituted derivatives of 4-(imidazol-1-yl)benzoic acid. Shown in Figure
12 are the structures of ethyl 4-(2-ethylimidazolyl)benzoate, ethyl 4-(2-
isopropylimidazolyl)benzoate, and ethyl 4-(2-phenylimidazolyl)benzoate that we chose
as synthetic targets to test our hypothesis that ligands bearing nonpolar substituents on
carbon 2 of the imidazole ring will form MOFs similar to Cu MOF-3 with hydrophobic
properties that can be tuned. We chose to incorporate ethyl, isopropyl, and phenyl groups
on the parent ligand because those substituents are nonpolar, span a range of sizes with
respect to steric demand, and will not compete with carboxylate and imidazole in binding
to metal ions. In addition, the carboxylic acids were protected as the corresponding ethyl
esters both to aid in coupling the imidazole group to the benzene ring, and to allow
necessary slow hydrolysis of the ester to the corresponding carboxylic acid during
hydrothermal synthesis of MOFs. Synthetic steps utilized to prepare the target ligands are
described below using an adapted procedure reported previously by Thomas Morgan et
al.>’
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Figure 12 Chemical structures of ethyl 4-(2-ethylimidazolyl)benzoate, ethyl 4-(2-
isopropylimidazolyl)benzoate and ethyl 4-(2-phenylimidazolyl)benzoate target ligands.

Synthesis of ethyl 4-(2-ethylimidazol-1-yl)benzoate. 4.0 g ethyl 4-fluorobenzoate (24
mmol) and 3.4 g 2-ethylimidazole (36 mmol) were dissolved in 20 ml DMSO, together
with 10 g potassium carbonate (72 mmol) in a 100 mL round bottom flask, protected
under nitrogen gas, heated to 120 °C for 24 hours, as shown in Figure 13. The reaction
was gquenched by pouring the mixture into 100 mL cold water, then extracted with ethyl
acetate (30 mL x 3), and the organic layer concentrated and then purified on a silica gel
column to yield 0.42 g (1.7 mmol, 7.1% yield) of light yellow crystals. NMR data, ppm
(d°®-DMSO): 8.0(2H), 7.5(2H), 7.26(1H), 6.89(1H), 4.27(2H), 2.59(2H), 1.3(3H), 1.0(3H).

Figure 13. Synthesis of ethyl 4-(2-ethyl-1H-imidazol-1yl)benzoate.

Synthesis of ethyl 4-(2-isopropylimidazol-1-yl)benzoate. 4.0 g ethyl 4-fluorobenzoate
(24 mmol) and 3.9 g 2-isopropylimidazole (36 mmol) were dissolved in 20 ml DMSO,
together with 10 g potassium carbonate (72 mmol) in a 100 mL round bottom flask,
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protected under nitrogen gas, heated to 120 °C for 24 hours, as shown in Figure 14. TLC
indicated no reaction. No product was isolated.

Figure 14. Synthesis of ethyl 4-(2-isopropyl-1H-imidazol-1yl)benzoate.

Synthesis of ethyl 4-(2-phenylimidazol-1-yl)benzoate. 4.0 g ethyl 4-fluorobenzoate
(24 mmol) and 5.2 g 2-phenylimidazole (36 mmol) were dissolved in 20 ml DMSO,
together with 10 g potassium carbonate (72 mmol) in a 100 mL round bottom flask,
protected under nitrogen gas, heated to 120 °C for 24 hours, as shown in Figure 14. TLC
indicated no reaction. No product was isolated.

Figure 15. Synthesis of ethyl 4-(2-phenylimidazol-1-yl)benzoate.

Results from synthesis of substituted imidazoles. Synthesis of ethyl 4-(2-
ethylimidazol-1-yl)benzoate following the procedure reported by Thomas Morgan et a
gave the product in low yield (7.1%), which was a large enough quantity of the ligand
with which to prepare MOFs. The low yield of that reaction with 2-ethyl imidazole was
surprising considering that the same reaction with 2-methyimidazole produced the
product ligand, ethyl 4-(2-methyimidazol-1-yl)benzoate in high yield. We did not attempt
to optimize the reaction with 2-ethylimidazole to increase the yield as enough of the
ligand was obtained to carry out synthesis of MOFs.
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Attempts to synthesize ethyl 4-(2-isopropylimidazol-1-yl)benzoate and ethyl 4-(2-
phenylimidazol-1-yl)benzoate under the same reaction conditions resulted in formation of
no product. Repeated attempts to modify those reactions by increasing the reaction times,
changing the solvent used, or raising the temperature similarly yielded no product, only
starting material. Similarly attempts to carry out those reactions using ethyl 4-
chlorobenzoate or ethyl 4-bromobenzoate were unsuccessful. Considering the larger
steric demand of isopropyl and phenyl groups relative to ethyl and methyl groups, we
conclude that coupling of the 2-isopropylimidazole and 2-phenylimidazole to ethyl 4-
fluorobenzoate via nucleophilic aromatic substitution at the carbon bearing fluorine is not
possible due to steric inhibition by the isopropyl and phenyl substituents that prevents the
nucleophilic ring nitrogen from reacting. Accordingly, we were successful in preparing
just the 2-ethyl derivative despite considerable effort to synthesize the other target ligands.

Synthesis of substituted derivatives of 4-(1,2,3-triazol-1-yl)benzoic acid. Shown in
Figure 16 are the structures of four compounds, 4-(4-butyl-1,2,3-triazol-1-yl)benzoic acid,
4-(4-phenyl-1,2,3-triazol-1-yl)benzoic acid ethyl 4-(4-butyl-1,2,3-triazol-1-yl)benzoate,
and ethyl 4-(4-phenyl-1,2,3-triazol-1-yl)benzoate, that we selected as target ligands to be
used in preparing MOFs. n-Butyl and phenyl substitutents were chosen for similar
reasons that alkyl and aryl groups were selected for substituted 4-(imidazol-1-yl)benzoic
acids—namely, they are nonpolar, and will not compete with carboxylate and imidazole
in binding to metal ions. We previously established that synthesis of MOFs from
substituted 4-(imidazol-1-yl)benzoic acids as the free carboxylic acids often is difficult,
and that hydrolysis of the corresponding ethyl esters under hydrothermal conditions
generally is required. We decided to prepare both the free carboxylic acid and the
corresponding ethyl esters of the 1,2,3-triazole ligands in order to assess whether
synthesis of MOFs from those ligands can be achieved both at room temperature and
under hydrothermal conditions. Synthetic steps utilized to prepare the target ligands are
described below using known synthetic procedures with modifications.***®
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Sorption behavior. Samples with various ratios of guest to MOF examined to determine
the final equilibrium concentrations of sorbate remaining in solution. In order to compare
different guests, the unit of mmol/L (mM) and mmol/50 mg for the liquid and solid
phases were used for the guests in this study. The amount of guest sorbed at the time t
and equilibrium were calculated using the equations

qe = (Co— Cr) XV
ge = (Co — Ce) XV

where e and g are the guest concentrations in the MOF at equilibrium and time t ,
respectively; Co, C;, and C, are the initial concentration, the liquid-phase concentration at
time t, and the equilibrium concentration of guest, respectively; V is the volume of the
aqueous solution and equal to 0.001 L.

Sorption equilibria For investigation of the sorption of guests on MOFs in this study,
the empirical Langmuir isotherms, which correspond to homogeneous MOF surfaces,
was used to correlate the experimental data as equation 1%,

Equation 1

— QLKLCe
9e =119,k

Q. and K are the Langmuir isotherm constants, representing the monolayer adsorption
capacity and equilibrium constant, respectively. The constants in the models can be
obtained by linearizing the above equations as equation 2,

Equation 2

1 1 1

= + —
qe QLKLCe QL

According to the lower limit of the Langmuir isotherm (i.e., KLCe<<1), the Langmuir
isotherm can be reduced to a linear isotherm as equation 3,°°

Equation 3
de = KaCe

Where Ky is the equilibrium distribution coefficient describing the distribution of liquid
in the MOF.
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Sorption of PAHs in MOF-5 The Langmuir isotherm of naphthalene, phenanthrene and
pyrene in MOF-5 is shown on Figure 39 and Langmuir and linear constant fitting data in
Tables 6 and 7.

1.2 -

0.8 -

0.6 - @ Naphthalene
0.4 M Phenanthrene

Pyrene

Sorbed amount mmol/50mg sobent

O T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2

equilibrium concentration (mM)

Figure 39. Langmuir isotherm of naphthalene, phenanthrene and pyrene in MOF-5 (low concentration).

The higher sorption of phenanthrene over naphthalene further indicates that the guests are
interacting with the walls, the larger guests showing higher affinity that leads to enhanced
sorption. Only two data points were determined for pyrene due to aggregation of pyrene
in solution and problems with accurate UV detection at higher concentration the data is
consistent with higher sorption of larger guest observed for phenanthrene compared to
naphthalene.

Table 6. Langmuir model constants for the sorption of three PAHs by MOF-5 and the R’ value (calculated
by plotting equation 2).

Naphthalene Phenanthrene Pyrene
K, 1.30x10 7.55x10 2.52x10™"
Q 4.00x10° 2.14x10° 1.81x10°
R® 0.970 0.993 NA

Table 7. Linear model constants for the sorption of three PAHs by MOF-5 and the R’ value.

Naphthalene Phenanthrene Pyrene
Kqg 4.10x10° 1.52x10™ 2.61x10™
R? 0.885 0.997 0.772
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Sorption of PAHs in Cd MOF-2 A similar set of sorption experiments was performed to
examine sorption of the 3 PAHs by Cd MOF-2 (Figure 40). The Langmuir analysis was
performed on the sorption data. The Langmuir isotherms obtained from the equilibrium
number of moles sorbed and the calculated equilibrium concentrations for the three PAHs
in Cd MOF-2 were in table 8.
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Figure 40. Sorption isotherm of 3 PAHs in Cd MOF-2 (low concentration)

Table 8. Langmuir model constants for the sorption of three PAHs by Cd MOF-2 and the R’ value.

Naphthalene Phenanthrene Pyrene
K, -1.16x10™" -1.57x10™ -3.55x10™
Q -8.73x10™ -4.63x10™ -3.20x10°
R® 0.72 0.90 0.88

Although the isotherms for sorption of naphthalene, phenanthrene, and pyrene by Cd
MOF-2 behave in a different manner mathematically compared to those obtained for
MOF-5—that is, the Langmuir constants are negative—the general trend is similar to the
results obtained for MOF-5. As predicted, sorption of the PAH guest at the same initial
concentration is consistently higher in Cd MOF-2 compared to MOF-5. The higher
relative affinity of PAH guests for Cd MOF-2 is consistent with our hypothesis that the
smaller 10 A x 4 A channels in Cd MOF-2 (vs. 13 A x 13 A channels in MOF-5) provide
a tighter fit that enhances sorption of the PAH guest via hydrophobic van der Waals
interactions with the aromatic ligands present on the walls of the channels.
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PAH competition in MOF-5 Since the results present above indicates phenanthrene
exhibits larger affinity to MOF-5 than naphthalene, a competitive sorption experiments
was carried out to further confirm our hypothesis: MOF-5 would selectively sorb
phenanthrene for it exhibits larger surface area. Three solutions containing equimolar of
naphthalene and phenanthrene was prepared and conducted the sorption experiments at
the same manner as described above. Concentrations were determined after 48hrs by
HPLC. Results are shown in the following Figure 41.
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Figure 41. Comparison of the number of moles of naphthalene (red) and phenanthrene (blue) sorbed by
MOF-5. The numbers over column indicates folds of amount of selectivity.

As the results from the linear fit of sorption isotherm of PAHs in MOF-5, the ratio of Kq
of phenanthrene to naphthalene was 1.52x10#/4.10x107°=3.8, the competition results
show MOF-5 preferentially sorbs phenanthrene over naphthalene by an average factor of
8.2+0.3 at the concentration tested.

Polar guest in MOF-5 While MOF-5 has Zinc-oxide clusters that in principle should
enable hydrogen bonding with the guest to occur, the data in Figure 42 for 2-napthol
shows that guest is not sorbed by MOF-5. Though 2-napthol is similar in size to
naphthalene, no sorption was observed throughout the range of concentration within the
experimental error. That result was unexpected and quite surprising considering that even
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if 2-naphthol does not participate in hydrogen bonding within MOF-5, it is reasonable
that sorption should still occur due to hydrophobic interactions between the naphthyl
rings and the aromatic components of the MOF framework. That suggest hydrogen
bonding is not a driving force would concentrate the guest molecules in the MOF solid
pores. To the opposite, the fact that these pores tend to select naphthalene over naphthol,
suggests these pores are very hydrophobic.
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Figure 42. Sorption isotherm for 2-naphthol in MOF-5.

As shown in Figure 43 and Table 9, ibuprofen shows a fair amount of sorption in MOF-5.
Because the 3 PAHSs and ibuprofen adsorptions are done at different concentration ranges
(due to percentage error of naphthalene and pyrene cannot make high concentration
solution), previous PAHs are measured below 20mM. In order to compare, the calculated
Langmuir constant Q. was used. It offers a tool to compare different sorbing amount at
different concentration. According to Q. calculation, maximum amount ibuprofen
adsorbed by MOF-5 is 1.88x10"° mmol/50mg sorbent, lower than naphthalene (4.00x10°
mmol/50mg sorbent) and phenanthrene (2.14x10 mmol/50mg sorbent). The amount of
sorption of ibuprofen is closer to that of naphthalene, which is comparable to the size for
ibuprofen has a size of naphthalene.

60



0.016 -~
0.014 -
0.012 -
0.01 -
0.008 -
0.006 -
0.004 -
0.002 -

0 T T T T )

0 20 40 60 80 100

sorbed amount (mmole)

equilibrium concentration (mM)

Figure 43. Langmuir isotherm for sorption of ibuprofen by MOF-5

Table 9 Langmuir model constants for the sorption of ibuprofen by MOF-5 and the R’ value

Ibuprofen
K, 8.24
Q 1.88x10°
R? 0.996

Though ibuprofen and 2-napthol both have decreased sorption amount, ibuprofen exhibit
a sorption amount lower than naphthalene while 2-napthol exhibit no sorption
considering systematic error. One answer may lies in the fact ibuprofen is very
hydrophobic pharmaceutical compared to other NSAIDs (Non-steroidal anti-
inflammatory drug) and has very low water solubility.

Previous PAHs isotherm experiments are conducted at lower concentration (<20mM).
We would like to see if the isotherm fitting parameters are still the same at the higher
concentration. The isotherm of phenanthrene at higher concentration (to the concentration
phenanthrene is almost saturated in ethanol) and parameters are shown in figure 44 and
table 10.
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Figure 44 Langmuir isotherm for sorption of phenanthrene by MOF-5 (higher concentration)

Table 10 Langmuir model constants for the sorption of phenanthrene (obtained at higher concentration) by
MOF-5 and the R? value

Phenanthrene (high conc.) Phenanthrene (low conc.)
K, 1.32x10 7.55x10°
Q 3.12x10° 2.14x10°
R® 0.984 0.993

From the result of phenanthrene (higher concentration) isotherm, the calculated
maximum sorption remains the same, though there is a change of the adsorption constant
K. The possible reason may be that phenanthrene is sorbed into MOF-5 pores in a
multilayer manner at higher concentration.

The calculated maximum sorptions by low concentration experiment data and high
concentration experiment data of phenanthrene are consistent, demonstrating that the
maximum sorption calculated by lower concentration experiment is reliable. That enables
us to compare maximum sorption of 3 PAHSs and ibuprofen (because 2-napthol exhibits
no sorption) through different experiments.

The size of 5 molecules are napthol=ibuprofen~napthalene<phenanthrene<pyrene, while
the maximum sorption of these molecules are napthol (close to 0) < ibuprofen
<naphthalene <phenanthrene (pyrene is not included for too few data points but the
isotherm suggests a trend of higher sorption as shown in figure 39 & 40).
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3.4 Conclusion

The sorption of naphthalene, phenanthrene and pyrene showed increased size resulted
increased sorption with both porous solids MOF-5 and Cd MOF-2. Also, sorption of the
PAH guest at the same initial concentration is consistently higher in Cd MOF-2
compared to MOF-5. The higher relative affinity of PAH guests for Cd MOF-2 is
consistent with our hypothesis that the smaller 10 A x 4 A channels in Cd MOF-2 (vs. 13
A x 13 A channels in MOF-5) provide a tighter fit that enhances sorption of the PAH
guest via hydrophobic van der Waals interactions with the aromatic ligands present on
the walls of the channels. The competition of naphthalene and phenanthrene further
confirmed this hypothesis.

The MOF-5 sorption results from non-polar polyaromatic hydrocarbons and polar
naphthol and ibuprofen showed polar molecules showed lower or no affinity to MOF-5.
The case of naphthol suggests the existence of hydroxyl group does not increase the
affinity, instead, hydroxyl group decreased the guest molecule affinity to MOF-5
dramatically.
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4. Surface-Induced Nucleation of a New Polymorph of
Indomethacin on MOF-5

4.1. Introduction

Polymorphism is a frequently observed phenomenon in the solid state that arises when
crystallization of a compound produces different crystalline forms—called polymorphs—
in which the molecules adopt different packing arrangements. The resulting polymorphs
often can be distinguished visually on the basis of different crystal habits (morphology or
shap) and experimentally because polymorphs generally exhibit different physical
properties (e.g., melting point, solubility, color, etc.).?® The incidence of polymorphism is
of particular important in the development of drugs because polymorphs of drugs are
regarded as unique substances in courts of law. Despite substantial effort by the scientific
community to develop experimental methods to identify all polymorphs of drugs as well
as computational methods to predict the structures of polymorphs, the incidence of new
polymorphs remains a persistent problem. Recently, studies involving the use of surface
templates to control polymorphism have shown that surfaces play a critical role in
influencing molecular aggregation leading to nucleation and subsequent growth of
polymorphs.®® For example, self-assembled monolayers’ " and polymers’® have been
used successfully as surface templates to crystallize polymorphs selectively based on
strong intermolecular interactions between functional groups exposed on the surface and
molecules of solute in solution.

In this Chapter, we report a new polymorph (an ethanol solvate) of the pharmaceutical
drug indomethacin (IMC) for the first time that resulted from templated growth on the
surface of MOF-5. Although discovery of that polymorph was serendipitous, to our
knowledge it represents the first incidence (1) where a MOF has served as a surface
template leading to nucleation of a polymorph, and (2) where the resulting polymorph
cannot be crystallized in the absence of the MOF. We describe the methods used to
prepare the ethanol solvate of indomethacin (hereafter referred to as IMCE),
characterization of this polymorph, and our initial investigation to determine the role that
MOF-5 plays in promoting growth of IMCE.

4.2 Background

Polymorphism Polymorphism is the phenomena whereby a compound may exhibit
different crystalline forms (i.e., polymorphs) that exhibit different crystalline packing
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arrangements as well as different physical properties such as bioavailability, solubility,
dissolution rate, chemical stability, physical stability, melting point, color, density, etc.®

Although polymorphism was first reported in 1822,” only in the past few decades has
polymorphism become of significant interest in the pharmaceutical industry due to the
fact that polymorphs are legally considered as different drug substances. The prevalence
of polymorphism in pharmaceutical solids is approximately 30%."% Due to the fact
different polymorphs of drugs can exhibit different bioavailability; the FDA requires that
drug companies screen active pharmaceutical ingredients (APIs) in preparations to ensure
they contain a single crystalline form. In addition, since polymorphs can be patented in
their different forms, pharmaceutical companies are interested in identifying all
polymorphic forms of drugs.

Control over crystallization of polymorphs. An elegant example demonstrating
selective control over the crystallization of polymorphs may best be illustrated with
deposition of calcium carbonate in the process of biomineralization. It has been
demonstrated that two forms of calcium carbonate, calcite and aragonite, can be selected
for during biomineralization (crystallization in a living system) under the control of
biologic macromolecules.”* ™ The same degree of control has yet to be achieved in the
laboratory by chemists’? Due to the need to control polymorphism in the development of
APIs, a number of methods have been developed that are utilized to control
polymorphism, the more popular of which include solvent control, seeding, and
templating (heterogeneous nucleation). To date, several methods have been reported in
which selective production of polymorphs has been achieved. For example, methods such
as monolayer templating”® and designed additives’”® have been used where knowledge
of the crystal structure of polymorphs guided selection of conditions that led to specific
polymorphic forms during crystallization. In another example, Lang disclosed a general
strategy for nucleating the growth of polymorphs using polymer heteronuclei, which is a
strategy that is applicable to a variety of systems."

Heterogeneous Nucleation. It is general knowledge that scratching the wall of a beaker
often helps solutes crystallize by creating a high-energy surface on the glass on which
nucleation can take place. That process, known as heterogeneous nucleation, is a
requirement for crystallization to occur because homogeneous nucleation in the absence
of a surface is unfavorable energetically.”*® Therefore, the normal process of
crystallization is distinguished by two stages: i) heterogeneous nucleation involving the
aggregation of molecules from solution on a high energy surface leading to formation of
a nucleus of critical size; and ii) crystal growth involving subsequent addition of
molecules, or aggregates of molecules, from solution onto the surface of the nucleus.
Since the packing arrangement of molecules is defined during the process molecular
aggregation leading to formation of a crystal nucleus, the surface involved in the first step
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of heterogeneous nucleation plays a critical role in controlling the incidence of
polymorphs.

Templated growth of polymorphs on surfaces. Several studies have been reported in
which polymorph selection has been achieved using self-assembled monolayers (SAMs)
and polymer.” 728183 a5 surface templates to control the process of heterogeneous
nucleation Ward demonstrated in another study that growth of a metastable polymorph
of an organic salt could be carried out a single crystal of succinic acid, where the ordered
acid groups exposed at the surface of the crystal templated nucleation of the salt
polymorph.”™

The examples above suggest that other types of patterned surfaces that promote strong
intermolecular interactions leading to ordered molecular assembly may serve as templates
for controlling polymorphs as long as there is complimentarily between the surface and
the crystal nucleus. Although MOFs have not been reported to function in that capacity,
MOFs meet all of the requirements necessary in order to serve as heterogeneous
templates—namely, MOFs are crystalline with surfaces that feature ordered arrays either
of exposed organic molecules or metal ions capable of coordinating to organic functional
groups such as carboxylic acid, amines, and alcohols

In this study, we observed the growth of a new ethanol solvate of indomethacin on the
surface of MOF-5 from a solution of ethanol that cannot be formed under the same
conditions in the absence of MOF-5. That observations suggests that MOF-5 serves as a
heterogeneous template that (1) promotes co-assembly of indomethacin and ethanol
solvent on the surface; and (2) stabilizes the mixed aggregates of those molecules such
that they develop into crystal nuclei stable enough to develop into mature crystals.

Indomethacin Indomethacin (IMC), C1H15CINO3(M=357.8g.mol™), has been long
known as a nonsteroidal antiflammatory drug® and has been used in a number of
pharmaceutical preparations. IMC was first approved by Food and Drug Administration
(FDA) in 1965 and its mechanism of action was later found out at 1971.%° Though IMC
has a long history of clinical administration and known to exhibit polymorphism, but
surprisingly it was not until 2002 that the first paper describing the crystal structures was
published. &

Polymorphs of IMC Indomethacin two known unsolvated polymorphs: the stable y
polymorph (Form I) and a metastable a polymorph (Form I1). The single crystal structure
of the y and o forms are first published by Slavin et al in 2002.%° In that paper, the
structures of two solvated polymorphs containing methanol and tert-butanolthat grew as
fine short needles also were reported.®® That work showed that in solvent tested such as
Ethanol, propan-1-ol, propan-2-ol, butan-1-ol, isobutylalcolhol, pentan-1-ol, isoamyl
alcohol, octan-2-ol,cyclohexanol growth of crystals i) by high supersaturation of the
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crystallization solvent such yields the o polymorph or the solvated form containing
corresponding alcohol, and ii) by slow supersaturation method yielded the stable y
polymorph. In that work no mention was made of the ethanol solvate of IMC.

In 2004, Hamdi et al attempted to prepare a number of different solvates of IMC by
crystallizing IMC from a different solvents.?” They repored that solvates of IMC
containing acetone, benzene, dichloromethane, tetrahydrofuran, propanol, chloroform,
and diethylether formed when IMC was crystallized from those solvents by slow
evaporation. When IMC was crystallized from ethanol, only the o or y polymorphs of
IMC were obtained, leading to the conclusion that an ethanol solvate does not form.

A new ethanol solvate of IMC. Given the fact IMC is known to form solvates with
methanol, propanol and tertiary-butanol when crystallized from those solvents by slow
evaporation, it was surprising that no IMC solvate could be obtained from ethanol. It was
even more surprising when we discovered that IMC formed a new solvated polymorphic
form containing ethanol when IMC was crystallized in the presence of MOF-5. We
originally intended to examine sorption of IMC into MOF-5 as part of the sorption study
described in Chapter 3. In this section, we describe the experimental conditions used to
prepare the IMC ethanol solvate (IMCE) via surface-templated nucleation on MOF-5,
and experimental data that was collected to characterize the composition of the IMC
ethanol solvate, which exhibits significantly lower solubility compared to the unsolvated
v and a forms of IMC Although crystals of IMCE of sufficient size could not be obtained
to determine the crystal structure, we were able to obtain powder X-ray diffraction data
that suggests the new polymorph exhibits a crystalline structure that is different than the
known unsolvated and solvated forms of IMC.

4.3 Experimental

Preparation of IMCE. MOF-5 was synthesized as described previously in Chapter
3.IMC solutions in ethanol were prepared at concentration of 1.0 mM, 4.0 mM, 8.0 mM
and 20.0 mM.. 1.00 mL of each of those solutions was placed in a 2 mL vial with 50 mg
of MOF-5, and the solutions were kept capped. Light yellow needle-shaped crystals were
observed to form in solution on top of the fine solid particles of MOF-5 after
approximately one day. The crystals were removed carefully from the surface of MOF-5
by breaking them off the surface with a spatula, and then dried in air. Images of the
crystals of IMCE are shown in Figure 45.
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Figure 45 Images of crystals of IMCEattached to the surface of MOF-5.

Characterization of IMCE by powder X-ray diffraction. Crystals of IMCE were
ground in an agate mortar and pestle. PXRD data were collected on a Bruker-AXS D8-
Advance diffractometer using Cu-K, radiation with X-rays generated at 40kV and 40mA.
A bulk samples of crystals were placed ina 20 x 16 cm x 1 mm well in a glass sample
holder and scanned at RT from 5-50° (26) in 0.05° steps at a scan rate of 2°/min. The
PXRD trace for IMCE is shown in Figure 46.

Figure 46. PXRD traces for IMC and IMCE. Black trace: IMC Form I. Blue trace: IMC obtained from fast
evaporation method. Red trace: IMCE.

In order to determine if the PXRD pattern of IMCE corresponded to PXRD traces of
known polymorphic forms of IMC, it was compared to the PXRD traces for known
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polymorphic forms of IMC calculated from the single-crystal structure data published
previously by Slavin that were obtained from the Cambridge Structural Database.?® The
calculated PXRD patterns were generated using the Mercury software package.®
Experimental PXRD patterns for the o and y forms of IMC obtained from samples of
prepared in our laboratory using the procedures reported by Slavin were also used for
comparison. Those samples were prepared as follows. IMC y form was prepared by
allowing a solution of IMC in ethanol and loosely by a watch glass to evaporate slowly to
yield a white crystalline powder. Comparison of the PXRD trace to the calculated PXRD
trace from the crystal structure confirmed the sample was IMC y form. IMC o form was
prepared heating a saturated solution of IMC in ethanol to evaporate the solvent until a
white crystalline powder formed. Our analysis revealed that the experimental PXRD
pattern for IMCE did not correspond to any of the known unsolvated or solvated forms of
IMC, indicating that packing pattern of molecules in IMCE differed from that in the
known polymorphs of IMC. That result was somewhat surprising because we anticipated
that the crystal structure of IMCE might be similar to those of the known solvates.
Analysis of the published crystal structure of the methanol solvate of IMC revealed that it
might be possible for molecules of ethanol solvent to be included in the same positions
occupied by molecules of methanol without disturbing the crystal structure. If that were
the case, the PXRD trace for IMCE should be similar to that for the methanol solvate
with peaks at similar 2-theta values. The PXRD trace for IMCE, however, showed a
unique powder pattern.

Solubility of IMCE. The solubility of the y form of IMC was determined as follows: In a
preweighed flask (mass=m; g), excess IMC was added then the total mass was weighed
(m,). Ethanol was added then the flask was sealed, and the flask was reweighed (ms).
After allowing the solvent and solute to equilibrate for 24 hours, the undissolved IMC
collected by filtration, dried and reweighed (m4g). The solubility of IMC y form was
calculated using the following equation:

Solubilityz% (solute(g)/solvent(g))=0.02107g/g.

In order to compare solubility of Indomethacin y form solubility to IMCE solubility
determined by HPLC, the units of g/g were converted to unit of mmol/L by assuming the
density of IMC ethanol solution=density of ethanol. The solubility of IMC y form was
calculated by the following equation:

0.02107g

motecular welght of IMC 9/molx 1000mmol/mol=46.45mM (mmol/L)

ethanol density g/L
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The solubility of IMCE was determined using following method: in a vial containing 8.0
mM IMC ethanol solution, 50.0 mg MOF-5 was added and sealed; after allowing the
solvent and solute to equilibrate for 24 hours, an aliquot was taken and the concentration
of IMC was determined by high performance liquid chromatography (HPLC). The HPLC
analysis was done on an Agilent 1200 HPLC with ChemStation platform. The mobile
phase was 95% (v/v) acetonitrile and 5% deionized water (v/v). A standard curve was
plotted of 1.0 mM, 4.0 mM, 8.0 mM and 20.0 mM. The concentration of saturated IMCE
solution was determined from the standard curve. The solubility of IMCE was
determined to be 0.237 mM. Comparing that value to the solubility of IMC, it was
determined that the solubility of IMCE decreased relative to IMC in ethanol by 197 fold
(46.65/0.237). The substantial decrease in solubility of IMCE compared to the unsolvated
v form was striking considering that the two solubilities were compared using ethanol as
the solvent. The fact that crystals of IMCE, which contains ethanol as the solvate, showed
such low relative solubility in ethanol suggests that the ethanol solvent included in the
crystal structure likely is very tightly bound via strong hydrogen-bonding interactions
with molecules of IMC.

Determination of the molecular composition of IMCE by NMR. To characterize the
composition of the molecular components in crystals of IMCE, a sample of IMCE
crystals were analyzed by*H NMR in d-DMSO as the NMR solvent. The data is shown
below. The NMR data showed peaks corresponding to ethanol were present in the sample.
Integration of the peaks revealed that IMC and ethanol were present in a 1:1 ratio in the
crystal.

'H NMR data (ds-DMSO): peaks from IMC: 7.55(4H), 6.94(1H), 6.84(1H), 6.59(1H),
3.64(3H), 3.39(2H), 2.08(3H), peaks from ethanol: 4.26(1H), 3.35(2H), 0.97(3H).

Thermal analysis of IMCE. As shown in Figure 47, analysis of the thermal stability and
loss of ethanol from crystals of IMCE by thermogravimetric analysis (TGA) showed a
loss of mass of ~ 10% confirming the 1:1 ratio of IMC to ethanol. TGA was done on TA
instrument Hi-Res TGA 2950 Thermogravimetric Analyzer. The samples were analyzed
on a platinum pan, at the heating rate of 2.0 degree per min. The composition of solvate
formula was calculated by following equation:

Am/mo=y(Ma+nMs)

y=nMs
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Where Am is the mass loss, mgis the mass of solvated product, Ma is the molecular
weight of IMC, Ms is the molecular weight of ethanol, and n is the number of moles of
solvent per mole of non-solvated form.

Considering that ethanol was lost from crystals of IMCE in the temperature range of 100-
130 °C and that boiling point of bulk ethanol is 78 °C, the TGA data indicate that ethanol
is bound unusually tightly within the crystalline lattice of IMCE. In our experience, lost
of solvent guest molecules from molecular crystals that are solvates generally occurs
slightly below, at or slightly above the boiling point of the solvent. That fact that ethanol
does not start leaving the crystal until 22 °C above the boiling point of pure ethanol and
takes an additional rise in temperature of 30 °C to be completely lost indicates unusually
stability within the crystal. Given that the NMR data indicates a 1:1 stoichiometric ratio
of IMC to ethanol, it is likely that ethanol is strongly hydrogen bonded to molecules of

IMC, which helps explain why the solubility of crystals of IMCE is so low compared to
unsolvated IMC.
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Figure 47. TGA traces of Indomethacin and Indomethacin ethanol solvate

Analysis of the crystals of IMCE by differential scanning calorimetry (DSC) ona TA
Instruments DSC 2920 Modulated DSC was carried out at a heating rate of 2 degree per
minute and compared to the DSC behavior of unsolvated IMC forms I(y form) and Il (a
form). The DSC trace is shown in Figure 48.
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Figure 48. DSC traces of IMC polymorphs and IMCE

From the DSC traces as shown in Figure 48, the endothermic peak from 110 to 150 °C
corresponds to the desolvation of ethanol, which is in accordance with TGA weight loss
trace. In the study of IMC solvates reported by Hamdi, 8 the DSC trace from the acetone
solvate of IMC showed that following dissociation of acetone as indicated by a broad
endothermic peak between 60 and 101 °C, a small exothermic peak at 110°C appeared,
suggesting recrystallization of unsolvated IMC. Two additional endothermic peaks
appeared at 152.9°C and 159°C corresponding to the melt endotherms for the o or y
forms, which accounted for 89% and 0.5% of the total amount of the IMC that
recrystallized at 110 °C. On the basis of that analysis, it was concluded that 10.5% of the
IMC remaining after desolvation was amorphous.

Comparison of our DSC trace for IMCE to the DSC traces reported by Hamdi, it is
evident that peaks indicating the presence of IMC a or y forms are not present in the trace
for IMCE. Instead, the trace for IMCE exhibits a small exothermic peak at 170°C, that
may indicate recrystallization of the desolvated IMC melt to form an unidentified solid
that decomposes at 240 °C
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Infrared analysis of IMCE. The IR spectrum for IMCE, IMC form | and form Il are
shown in Figure 49. IR spectra were collected on Bruker Vertex 70 instrument with
Attenuated Total Reflection (ATR) detector. Comparison of the carbonyl stretchingbands
in the spectrum for the three forms shows that the peak for IMCE at 1689 cm™ shifts to
lower wavenumbers by 1678 cm™, which is consistent with the formation of strong
hydrogen bond to the carbonyl group the carboxylic acid present on IMCE. A plausible
explanation would be that the OH group on ethanol acts as a hydrogen-bond donor to the
carbonyl oxygen acceptor. That pattern of hydrogen bonding is consistent with the
structure of the methanol solvate of IMCE.®
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Figure 49. IR spectra of IMC and IMCE polymorphs. Blue: IMC form I, Red: IMC mixture of form I and II,
and Brown: IMC ethanol solvate.

Preliminary investigation of the role of MOF-5.Considering that crystals of IMCE only
in the presence of MOF-5, it is clear that MOF-5 is intimately in promoting nucleation
and growth of IMCE. As part an initial effort to investigate the role of MOF-5, we
examined crystallization of IMC by placing ethanolic solutions of IMC (8.0 mM) into a
series of vials containing different components present in MOF-5 as well as controls—
namely, no MOF-5 (control), benzene-1,4-dicarboxylic acid (BDC), zinc nitrate, MOF-5,
and crystals of IMCE—and then allowing the solutions to evaporate. Our reasoning in
doing these experiments was to investigate the possibility that MOF-5 some solubility in
ethanol, in which case one of molecular components present in solution might be
responsible for inducing formation of crystals of IMCE. As indicated in Table 11,
crystals of IMCE were not observed when MOF-5 was absent (i.e., ethanol solution), or
in solutions containing BDC (i.e., solution+BDC) or zinc nitrate (i.e., solution+zinc
nitrate). Moreover, when seed crystals of IMCE (i.e., solution+solvate) were present in
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solution, continued growth of the seed crystals of IMCE was not observed. Only when
MOF-5 was present in solution was formation of crystals of IMCE observed. Those
results appear to rule out the possibility that solubilized components of MOF-5 are
responsible for causing nucleation of crystals of IMCE. More surprising was the fact no
additional growth occurred on seed crystals of IMCE in the solution containing IMC and
ethanol at the same concentration at which growth occurs in the presence of MOF-5. That
result would suggest that MOF-5 not only acts as a surface template that promotes
nucleation of IMCE, but also that MOF-5 somehow is involved in promoting continued
growth once stable crystal nuclei of IMCE form on the surface of MOF-5. As far as we
are aware, that phenomenon has not been reported before. The fact that seed crystals do
not continue to grow implies that IMC and ethanol in solution is not able to add to the
surface of the seed. That behavior at least is consistent the fact that crystals of IMCE do
not form from solutions containing just IMC and ethanol in that even if stable nuclei of
IMCE were to form, mature crystals would not appear. One possible explanation that
might explain the fact that continued growth is observed in the presence of MOF-5 would
be if growth units of IMC and ethanol are able to add at the interface on the surface of
MOF-5. Given that those components can diffuse through the large channels of MOF-5,
it may be that MOF-5 is somehow able to deliver IMC and ethanol at the interface either
by concentrating those components or by organizing them in a manner such that growth
occurs only at the interface. That would also explain why attempts to grow larger crystals
of IMCE suitable for crystal structure determination were unsuccessful. Attempts do so
consistently resulted in growth along the long axis of the needle habits in contact with
MOF-5 without increasing the thickness of the needles in directions not in contact with
MOF-5. Without conducting further experiments, we are not able to probe those
possibilities at this time.

Table 11. Growing of crystals in various conditions

Ethanol solution Solution+BDC Solution+Zinc nitrate Solution+MOF-5 Solution+solvate

No crystal No crystal No crystal Crystals No crystal
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4.4 Conclusion

Indomethacin ethanol solvate was reported for the first time. This ethanol solvates
exhibits substantial difference from its free form such as extremely low solubility
compared to original chemical form and thermal stability. The fact this solvate would not
form without the absence of MOF-5 solids, suggesting very porous MOF-5 may play a
unique role at inducing the forming of the solvate crystals.
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5. Conclusion

In this work, we have successfully synthesized one 4-(imidazolyl)benzoic acid based
ligand and three 4-(1,2,3-triazolyl)benzoic acid based ligand. The effort to expand 4-
(imidazolyl)benzoic acid MOF family has yieled 4 new MOF structures. Cu MOF-3N,

Cu MOF-4, Cu MOF-5 and Cd MOF-3 all follows our proposed metal-ligand binding
structure as square planer (Cu) and tetrahedral distribution (Cd). The 4-(2-
ethylimidazolyl)benzoic acid ligand successfully formed Cu MOF-4, adopting the
framework structure of Cu MOF-3, which proves our hypothesis that modifying the
imidazole ring 2 position may offer a strong tool to synthesize MOF framework similar to
Cu MOF-3 while introducing functional group to the inner channel of MOF structure.

In our attempt to explore the sorption behavior of MOFs, we have carried out 5 molecules
including 3 polyaromatic hydrocarbons (PAHSs) in both MOF-5 and Cd MOF-2, and 2
polar molecules sorption in MOF-5. The results showed that PAHSs are active sorbed by
both MOF-5 and Cd MOF-2. MOF-5 and Cd MOF-2 both showed higher affinity for
larger PAH, suggesting tighter fitting between the guest and host promotes sorption. This
result is also confirmed by competition showing selectivity of larger guest over smaller
guest. Smaller pore /higher surface area MOF (Cd MOF-2) showed greater sorption
compared to MOFs with larger pores/ lower surface areas (MOF-5). The sorption of polar
molecules shows lower affinity of ibuprofen and naphthol to MOF-5, though naphthol
has the exact dimension of naphthalene. This suggests the hydroxyl on naphthalene did
not increase the affinity by adding extra hydrogen binding site, in addition it hindered the
entry of naphthol. Ibuprofen shows the lower affinity than naphthalene (which exhibits
the lowest affinity of 3 PAHS), though it has a bigger molecular weight. These results
shows MOF-5 selectively adsorb non-polar molecules over polar molecules.

We have reported the first case MOF could be used for heterogeneous surface inducing
nucleation of polymorph. MOF-5 has demonstrated to induce a new polymorph of
Indomethacin which has not been reported previous. Some interesting features of this
new indomethacin polymorph (IMCE) such as extremely low solubility, higher
desolvation temperature suggest a strong binding of solvated ethanol and indomethacin.
Our initial investigation found out this thermally very stable indomethacin polymorph
would only form via MOF-5 templation.
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