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Abstract
The Molecular Transport and Intercalation of Guest Molecules into
Hydrogen-Bonded Metal-Organic Frameworks (HMOFs)

(August 2010)

Greg A. Hogan, B.S. University of Louisiana-Lafayette

Chair of Committee: Dr. Alicia M. Beatty

The process of molecular transport and intercalation has been widely
studied for many years, resulting in the discovery of molecular frameworks
that are capable of hosting guest molecules or ions. Layered and porous
metal-organic frameworks (MOFs) have been found to have applications in
the field of catalysis, storage, separations, and ion-exchange. More recently,
molecular components with peripheral hydrogen-bonding moieties have been
used to affect the synthesis of hydrogen-bonded metal-organic frameworks
(HMOFs) as an alternative to MOFs, which are interconnected via coordinate-
covalent bonds. While MOFs are perhaps stronger materials, HMOFs have
the advantage of being easily modifiable and more flexible. Because HMOFs
have not been extensively studied for their ability to host molecules, and
because their ability to withstand guest loss and guest exchange is essentially
unknown, here we report the synthesis and molecular transport properties of
both close-packed and porous HMOFs.

Layered materials can mimic the behavior of naturally occurring clays,
where guest molecules are absorbed and the layer will expand to
accommodate the entering guest molecule. We have created a clay mimic
composed of a metal pyridine-dicarboxylates and ammonium counterions (a

layered HMOF), which is suitable for studying the ability of such materials to



absorb guest molecules. We can control the distance of the interlayer region,
as well as the chemical nature (hydrophobic or hydrophilic) by varying the
organic amine. The metal complex contains axial water ligands that are
replaceable, and such ligand exchange has precedence in coordination
polymer (MOF) systems, and has been termed “coordinative intercalation”.
Using the synthesized layered material we examined the process of
intercalation, having chosen a variety of guest molecules ranging from alkyl to
aryl molecules, each of which have substituents varying in size, shape and
electronics. The first set of guest molecules are non-coordinating and are
theoretically capable of entering the layer and anchoring freely through the
use of non-covalent interactions. The second set of guest molecules contain a
pyridine moiety that can exchange with the coordinated water ligand through
coordinative-intercalation. The products have been characterized by TGA,
DSC, UV-Vis, and powder XRD.

Further work was dedicated to examining porous materials, which
were created using organic diamines, rather than simple primary amines, as
starting materials. The resulting diammonium cations act as pillars, forming
open channels. The predefined channel dimensions allow the insertion of
specific sized guest molecules. The walls of the channel are close-packed, so
that in theory guest molecules can travel in one direction through the solid.
Using the synthesized pillared structure we investigated guest inclusion and
selectivity through the process of co-crystallization. The stability of the
pillared structure in the absence of guests is also reported, as well as the
potential for the empty pillared structure to withstand guest re-insertion and

removal.
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Chapter 1

| ntroduction



1.1  Overview of Research Goals

The design of crystalline materials has been an ongoing theme in the area of
supramolecular chemistry, where non-covalent interactions bring a variety of
molecules and complexes together, leading to new materials. Thisidea of using non-
covalent interactions to crystallize solids is the central theme of crystal engineering,
which is sub-field of supramolecular chemistry. Crystal engineering can be viewed
simplistically as building a crystalline structure, where molecules are bricks, and the
mortar that holds the bricks together are attractive intermolecular interactions. The
major goals are developing reliable and reproducible syntheses of materials with
specific and tunable properties, and using these materials for e.g. chemical
separations,® non-linear optical,*> magnetic,®” or catalytic properties.®*° In
particular, the research presented here will focus on synthesizing host frameworks
capable of including, intercalating, and exchanging guest molecules, following the

methods for intermolecular design and synthesis that have been developed by

supramolecular chemists and crystal engineers.

1.2  General Introduction to Supramolecular Chemistry

Supramolecular chemistry means, literally, “ chemistry beyond the molecule.”
The term was coined by Jean Marie Lehn** to describe chemistry that involves
interactions between molecules, rather than chemistry involving covalent bonds. The
area of supramolecular chemistry is one of the most vigorous and fast-growing fields
of chemical endeavor. The research focuses on the use of non-covalent interaction to

create supermol ecules or develop extended array of molecules. The non-covaent



interactions used are typically ion-ion (100-350 kJ/mal), ion-dipole (50-200 kJ/moal),
dipole-dipole (5-50 kJ/mol), hydrogen bonding (4-120 kJ/mol), cation-n (5-80
kJ/mol), - (0-50 kI/mol), and van der Waals forces (<5 kJ/mol).** 3
Supermolecules can be thought of as an aggregate of molecules that are held together
by these non-covalent interactions. Extended arrays and networks of molecules that

form crystalline solids are the focus of crystal engineers.

1.3 Crystal Engineering

Crystal engineering involves the prediction, design and synthesis of novel
synthetic crystalline solids, using knowledge of intermolecular interactions and
supramolecular synthons. This term was coined by Gerhard Schmidt** when looking
at how a specific orientation of neighboring moleculesled to the solid state
photodimerization of trans-cinnamic acid. Supramolecular synthons,*>*° as defined
by Desiraju™®? are reoccurring intermolecular motifs within a solid state structure.
Because the work presented herein focuses on the use of hydrogen-bonding to yield
crystaline materials, some common hydrogen-bonding synthons are shown in Figure

1.1. Theseinclude homomeric dimers (e.g. carboxylic acid dimers, amide-amide,

etc.) and heteromeric interactions such as (acid-amide, pyridone-carboxylic acid, etc.)
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Figure 1.1 Homomeric synthons (&) carboxylic acid-carboxylic acid, (b) amide-
amide and (c) pyridone-pyridone; heteromeric synthons (d) carboxylic acid-amide, (€)
carboxylic acid-pyridone and (f) amide-pyridone.

As seen in Figure 1.1, hydrogen bonding occurs between hydrogen atoms that
are covalently bonded to an electronegative atom such as oxygen or nitrogen (the
hydrogen-bond donor) and another electronegative atom, which acts as the acceptor.
The rules for hydrogen-bonding were devised by Margaret Etter in 1990, and are

known as Etter's Rules. Theserules are as follows; 2

1. “All good proton donors and acceptors are used in hydrogen bonding.”



2. “Six-membered-ring intramolecular hydrogen bonds form in preference to
intermolecular hydrogen bonds.”

3. “The best proton donors and acceptors remaining after intramolecular
hydrogen bond formation form intermolecular hydrogen bonds to one
another.”

The rules, in combination with knowledge about hydrogen-bonding synthons,
can be used to predict the structural outcome of bringing together moleculesin the
solid state. Although other intermolecular forces are known and are commonly used,
the work presented here is based on hydrogen-bonding. Therefore, the development

of hydrogen-bonding solids is described below.

1.3.1 Engineering of Organic Solids

Organic molecules can be used to generate solids having discrete (0-D) or
extended (1-D, 2-D or 3-D) motifs. The formation of these different motifs depends
on the size and shape of these molecules involved, as well as on the spatial orientation
of the hydrogen bonding substituents. When looking at discrete (0-D) organic solids,
asimplistic example is benzoic acid. Asseenin Figure 1.1, benzoic acid forms a
hydrogen-bonded dimer in the solid-state. The dimer isa0-D assembly —in other
words, the hydrogen bonding does not lead to an infinite network.

In order to engineer 1-D hydrogen bonding networks in organic solids,
synthons should be linear, with hydrogen bonding substituents arranged at 120° -
180° for zig-zag or linear motifs, respectively. An example of azig-zag motif is

found with the structure of isophthalic acid. Because the carboxylic acid groups are



oriented at 120° angles with respect to each other, the solid-state structure of

isophthalic acid exhibits a zig-zag structure, as shown in Figure 1.2.

Figure 1.2 Crystal structure of isophthalic acid forming a zigzag assembly.?

Terephthalic acid, on the other hand, makes a straight chain assembly, because in this

molecule the carboxylic acid groups are oriented linearly, as shown in Figure 1.3.

IS

Figure 1.3 Crystal structure of terephthalic acid forming a 1-D chain assembly.?®

The creation of a 2-D organic assembly requires molecular components that
contain multiple complementary functional groups that are oriented so asto form
hydrogen bonds in two dimensions. For example, trimesic acid, (1, 3, 5-benzene
tricarboxylic acid) generates a 2-D honeycomb network in the solid state via

carboxylic acid, Figure 1.4.%*



Figure 1.4 2-D honeycomb network of trimesic acid.**

Mixtures of two different molecules or ions can also be used in crystal design. An
example of a2-D assembly that is composed of organic ions has been presented by

526 \yhere alamellar structure results from mixing 3, 5-

Beatty and co-workers,
pyrazole dicarboxylic acid with avariety of primary amines. The lamellar structureis
generated by charge-assisted ammonium-carboxylate hydrogen bonds, which are very
strong hydrogen bonds due to an additional electrostatic effect. Thisisaclose-
packed system where the ionic layers are separated by a hydrophobic interlayer,

Figure 1.5.



Figure1.5 Crysta structure of [Benzylammonium][3,5-pyrazole dicarboxylate].°

In order to engineer a 3-D hydrogen bonded organic network, the organic
components used must contain a 3-D arrangement of multiple hydrogen bond
functionalities. One example of a3-D network was created by Wuest and co-

workers,?"?°

where they developed a silicon-based tetrahedral molecule that contains
four pyridone moieties. The molecules are connected via homomeric pyridone —

pyridone hydrogen bonds to form a diamondoid 3-D network, Figure 1.6.%



Figure1.6 A building block for Wuest’s 3-D hydrogen-bonded network.?

It isimportant to note that the organic hydrogen bonded frameworks can be
stable to guest loss. Some of Wuest’s hydrogen bonded organic frameworks are

stable to guest loss and exchange” .

1.3.2 Engineering of Inorganic Solids

Inorganic assemblies can also be functionalized to yield discrete (0-D) and
extended 1-D, 2-D, 3-D motifs. There are two main types of interactions that yield
extended assemblies: coordinate-covaent and hydrogen bonds. Because many
coordination geometries are available, the architecture can be influenced using ions
that give linear, trigonal, tetrahedral or octahedral geometries. The use of strictly

coordinate-covalent bonding leads to a class of materials called coordination



polymers,® which are discussed in greater detail in section 1.4.2. Thefollowing
discussion focuses on extended hydrogen bonded assemblies (1-D — 3-D) of
coordination compounds.

The development of 1-D inorganic hydrogen-bonded networks is controlled
by the use of periphera hydrogen bonding moieties and by geometric control of the
metal ion. They can be created by using linear Ag(l), square planar Pd(Il), or
octahedral Fe(Il) complexes, where the hydrogen bonding ligands arein atrans-
configuration. A good example of alinear assembly that contains Ag(l) is the
[ Ag(isonicotinamide),] " complex, where homomeric hydrogen bonding occurs
between the isonicotinamide substituents.®* In this structure, the hydrogen bonds and

the ligands form a near-linear assembly, Figure 1.7.

Hor—o Hor—o R

Figure 1.7 An example of a1-D hydrogen-bonded metal containing chain®

Other 1-D assemblies that can be created through hydrogen-bonding are zigzag,
chains, ladders, and ribbons. These assemblies can be created by varying the position
of the hydrogen-bonding functional group, similar to the orientation in the organic
structures discussed in section 1.3.1. For example, while isonicotinamide ligands
lead to straight linear chains (Figure 1.7), nicotinic acid ligands yield zig-zag chains,

Figure 1.8.3 In this structure, the metal center is 4-coordinate, but two of the ligands
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are not capable of forming strong hydrogen bonds, thus alowing only a1-D

arrangement.

Figure 1.8 1-D zigzag hydrogen-bonded network.*

Creating grid-like or lamellar 2-D networks through hydrogen-bonding can

al,** or even linear metal complexes.®” Some

result from square planar, octahedr
of the common metal ions that are used in the formation of 2-D networks are Pt(I1),
Pd(11), Ni(ll), and Co(ll). For example, a2-D grid structure forms when Pt(11) metal

ions are combined with isonictinic/nicotinate ligands,* Figure 1.9.
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Figure 1.9 Crystal structure of a2-D hydrogen-bonded grid network containing a
Pt(I1) metal center.

One of the first known examples of a 3-D hydrogen bonded coordination

3839 \where the framework was

network was generated by Munakata and co-workers,
based on [Cu(3-cyano-6-methyl-2-pyridinone)s]*. This moleculeis structurally
similar to the tetrahedral organic molecules used by Wuest (Section 1.3.1). If the
counter-ion used in the synthesis is hexafluorophosphate or triflate, head-to-head
pyridone - pyridone hydrogen bonds create a diamondiod 3-D network, Figure 1.10.
Some of these networks also create space that isfilled with solvent or other guest

molecules.***
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Figure 1.10 Crystal structure of a 3-D hydrogen bonding building block containing a
Cu(l) meta center.

14  Host/Guest Materials

Using a Crystal Engineering approach, it is also possible to design materias
for host-guest applications. Host/guest chemistry can be viewed as the study of large
‘host’ molecules or networks that are capable of enclosing smaller ‘ guest’ molecules
vianon-covalent interactions. Some of the common host molecules are classicsin
supramolecular chemistry, and include crown ethers,*? cryptands,** and spherands.*
These molecules have €l ectron-donating atoms pointed toward the center of the
molecule, which bind to metal cations, and can be modified to selectivity bind

cations. Examples of these classic host molecules are shown in Figure 1.11.
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Figure 1.11 Examples of host molecules (a) crown ether, (b) cryptand, and (c)
spherands.

Host frameworks typically contain 2-D or 3-D networks. For example, 2-D
host frameworks can absorb guest molecules in the interlayer region, with guest
molecules varying from water to solvent to ions, depending on the nature of the layer
and the interlayer region (e.g. hydrophobic/hydrophilic). On the other hand, 3-D
networks such as zeolites have cavities in which the guest molecules reside.

Synthetic 2-D and 3-D host/guest solids are discussed in the following sections.

141 Organic Host-Guest Solids

Organic molecules can be tailored to produce “ organoporous’ networks,
connected through hydrogen-bonding. Using molecular design and organic synthetic
methodology, the rational manipulation of void size, shape, and chemical
environment can be achieved. This can lead to alibrary of “organoporous’ materials
that contain different void dimensions and chemical properties. For example Ward

and co-workers™>* have created reproducible and robust hydrogen-bonded

14



frameworks using guanidium organosulfonates that form predictable layered
frameworks. The layer comprises guanidium cations and sulfonate anions that are
connected via complementary charge-assisted hydrogen bonds. The nature of the
interlayer region varies depending on the organic group of the organosulfonate.
When disulfonates are used, a porous framework is generated, yielding a pillared
structure. One example is aguanidium disulfonate that has included p-xylene guest

molecules from solution, Figure 1.12.
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Figure 1.12 A crystal structure of a guanidium disulfonate with an included p-xylene
guest molecule (shown as a space-filled mode!).
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The method of inclusion by crystallization has been used successfully to
separate isomers of small molecules in solution. For example, Nassimbeni and
Toda™ chose 1, 1, 2, 2-tetraphenylethane-1, 2-diol as a host and were successful in
separating picoline, methylquinoline, and lutidine isomers. To do this, the diol host
and the competing guest molecules were dissolved in a solution and allowed to
crystallize. The crystals were then treated with gentle heat to remove to the guest
molecules from the crystalline material and then analyzed through GC/MS. Similar
experiments are discussed in Chapter 6.4. Other studies have led to the successful
separation of aminobenzonitrile isomers, and cresol, phenylenediamines, and
benzenediol isomers.***

The Ward group*®>" has also looked into the determination of selectivity for
certain guest molecules using their GS hosts. For example, a guanidinium p-
toluenesulfonate framework was used in the separation of xyleneisomers. The
competition studies were performed through co-crystallization of the host and guest,
and the analysis of the competition reactions were performed through the use of
GC/MS. The framework was found to be selective for m-xylene, Figure 1.13.

While the hydrogen bonding used to connect these complexes resultsin lower
thermal stability, it offers one clear advantage, because the guest molecule can be
retrieved by disassembly of the organic host under mild conditions, usualy by

dissolution in an appropriate solvent.
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Figure 1.13 A pillared framework exhibiting m-xylene selectivity.

1.4.2 Inorganic Host/Guest Solids

While organic hydrogen bonded frameworks have been studied extensively,
less work has been done on the design and synthesis of hydrogen bonded metal
organic frameworks (HMOFs). Extensive research has been conducted on networks
containing only coordinate-covalent bonds, which are known as coordination polymer
networks. Coordination polymer-based frameworks have shown atendency to include
avariety of guest molecules from gases (N,, CO,, CH, and Ar)**® to slightly larger
molecules that ranges from solvents to benzene-based molecules.®*®? These metal-
organic frameworks can absorb guest molecules, and guests can aso be included via
co-crystallization, where the host complex crystallizes around the guest molecule.

For example, Kitagawa,®®

used dicarboxylates, in combination with metal ions, to
create a 2-D coordination polymer that co-crystallized with DMF solvent molecules,

Figure 1.14.
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Figure 1.14 Crystal structure of ametal complex with included DMF molecules.

Coordination polymers can have high thermal stability, owing to the coordinate
covaent bonding that holds the framework together, and therefore the removal and
insertion of the guest molecules can occur without disruption of the framework 364

HMOFs, because they are connected via hydrogen bonds,®” can be seen as the
inorganic counterpart of the organic hydrogen-bonded networks. As discussed
previously (section 1.3.2), coordination chemistry has alot to offer in the area of
devel oping hydrogen-bonded networks because of the variety of coordination
geometries that are provided by metal ionsin avariety of oxidation states. These
same strategies can be used to create porous or channeled host-guest frameworks.

Akin to Ward’ s organic guanidinium-sulfonate frameworks, Shimizu and co-
workers® ™ have devel oped some metal hexaamine cations combined with
disulfonate anions that form hydrogen-bonded networks and include guest molecules.
The layer is composed of acomplex metal cation [Co(NH3)e]** connected via

hydrogen bonds to sulfonate anions, Figure 1.15.
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Figure 1.15 A crysta structure of Shimizu’s metal containing hydrogen-bonded
framework with an included aniline molecule (space filled).

The organic group of the sulfonate is aryl, and the structure houses aniline guest
molecules. The aniline guest molecule exhibits some hydrogen-bonding to the
disulfonate anion, and the extra cooperative interaction anchors the guest in the
framework.

Another example of inorganic hydrogen-bonded assemblies as hosts was
reported by Aakeroy and Beatty,”™ " where [Ni(4-isonicotinamide)4][Cl]» forms a
grid-like 3-D structure using a combination of amide-amide and amide-chloride
hydrogen bonds. |1sonicotinamide guest molecules are located in the void spaces,

Figure 1.16. Again, hydrogen bonds between the host and guest molecul es anchor the
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guestsin the framework. However, some host-guest systems contain mobile and/or

exchangeable guests, as discussed in Section 1.5.

Figure 1.16 A crystal structure of [Pt(isonicotinamide)4][Cl]. - 4(isonicotinamide).
| soni cotinamide guest are shown as space-filled models.

1.5 Intercalation Chemistry

Intercalation is the insertion of guest moleculesinto alayered solid (while the
solid remains intact), and has been observed in studies of graphite,”” naturally
occurring clays,’® and other layered solids.”® A general scheme of intercalation can
befoundin Figure 1.17. Intercalation is often confused with molecular
encapsulation, inclusion, and co-crystallization because all result in host/guest

compounds.

20



-

® ® P P
®
-

Figure 1.17 A genera cartoon showing the intercalation of the green hexagon into a
layered material.

While intercalation entails the transport of molecules and ions in an existing host
framework, molecular encapsulation and inclusion compounds occur through co-
crystallization. That is, the guests are incorporated during the crystallization process,

the host and guest crystallize from solution simultaneously.

15.1 Classical Examplesof Intercalation

Layered aluminosilicates, or clays, have been widely studied for their ability
to intercalate ions and neutral molecules, such as water or other solvents.®™ For
example, arecent review article® describes the use of natural and modified kaolinite
and montmorillonite to adsorb heavy metals from agqueous solutions. These clays
were soaked in agueous solutions of As(111), Cd(11), Cr(l11), Co(I1), Cu(ll), Fe(l),
Pb(11), Mn(11), Ni(1l), and Zn(I1), and the heavy metal ions were adsorbed between
the aluminosilicate layers.

Some research has been done on materials that mimic the aluminosilicate

layered structure found in natural clays. For example, manganese oxide layered
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materials have been shown to intercalate large metal complex cations® such as
[Co(H20)6]**, [Co(NH3)sCl]**, and [Co(NH3)e]**. In other studies of intercalation of
amines into layered materials has been examined. For example, potassium calcium
niobium oxide (K CaxNbs0,0) was used, and this metal oxide framework was exposed
to an excess amount of octylamine in heptane® An acid-base reaction occurred, and

the potassium counter ion was replaced by an octylammonium cation.

1.5.2 Intercalation into 2-D Coordination Polymers
There have been some of examples of intercalation into lamellar coordination

658788 gnd Fujita®™®*®° have been

polymer frameworks. Clearfield,**® Kitagawa,
involved in such work. These studies generally entail the inclusion of small
molecules and gases such as NH3, alkyl amines, CO,, CH4, DMF, DM SO, and

benzene. Sincethe layersin clays are made up of metal-oxide bonds, other

researchers have made synthetic clays by creating metal-oxide bonds using

85,86,90-92 93-95 85,96 97,98

phosphonates, phosphates, mixed phosphonates, chalcogenides,
and other metal-based coordination polymers.2”*1% These |ayered materials have
been known to intercalate small molecules such as ammonia,®® alkyl amines,™ and
polyether amines.*® The nature (hydrophobic, hydrophilic) of the interlayer can be
altered by using suitable chemical componentsin the synthesis. The solids can
“swell” (theinterlayer distance can expand) to accommodate a wide variety of guests,
either neutral guest molecules or charged species.”

The Clearfield group performed a studies of intercalation that involved the use

of ammonia and short alkyl amines® into layered zirconium phenyl phosphonates, as
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seenin Figure 1.18. The meta ion is coordinated to two water ligands, so the solid
was subjected to heat and vacuum in to remove these ligands and create a
coordinatively unsaturated metal ion. Afterwards, gases of ammoniaor alkyl amines
were added to the solid. The goal was to have the nitrogen-based molecule
coordinate to the metal center, which was shown to be successful in the examples of
ammoniaand short alkyl amines (# of carbon’s < 6). Intercalation of guests that

coordinate to the metal center is called “coordinative intercalation” by Clearfield.'*

Figure 1.18 A an example of a coordination polymer that is used in an intercalation
study.

1.5.3 Intercalation into Hydrogen-Bonded Frameworks
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Hydrogen bonded frameworks have also been studied, and groups have
claimed to observe intercalation, **"+1%1% put often it seems more likely that the
frameworks are dissolved and recrystallized around the new guest. For example,
Kitagawa studied a hydrogen-bonded framework generated from an iron —

chloroanilate complex, ®*%

where the hydrogen-bonded layer extends from
peripheral oxygen groups to coordinated water ligands. The “guest” isthe pyridinium
counterion, which balances the overall charge. This*“guest” can be exchanged by
other ions by placing the solid material in an ethanol/acetonitrile solution containing
other “guest” ions, such as 4, 4’ -bipyridinium and ferrocenium. These new
counterions did replace the original pyridinium counterions; however, because the
cation is an integral part of the structure and because the solution is quite polar, it
seems more likely dissolution and recrystallization than intercalation. An example of

the iron-chloroanilate framework with decamethyl ferrocenium counter ion is shown

in Figure 1.19.
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Figure 1.19 Hydrogen-bonded layered framework with a guest ion residing between
the layers.’®
1.6 Molecular Transport

While host/guest chemistry isimportant, molecular transport is also an
important consideration. Transport of ions and molecul es through membranesis
important biologically, and concerted motion of guest molecules within a crystalline
solid can also lead to interesting properties. For example, the Hollingsworth®"%®
group noticed an unanticipated large guest motion in a hydrogen bonded urea host.

Urea crystallizes in the presence of guest moleculesto form a 3-D hydrogen bonded
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“honeycomb” network, where the guest molecules reside in the channels of the
honeycomb. When the guest is a halide-substituted cyanohexane [ X(CH2)sCN, where
X =Cl or Br], the guest molecules moves 5.5A when mechanical stressis applied to
the crystal. Once the stress was removed from the crystalline solid, the guest showed
areversible return to its original domain. Guest molecules can also be added or
removed from a synthetic host framework. For example, the cubic porous MOFs

synthesized by Y aghi shows gas adsorption and oss,'® Figure 1.20.

Figure 1.20 A Porous MOF used for gas adsorption.

1.7  Conclusion
The research discussed in the following chapters concerns the synthesis of
close-packed and porous HMOFs, using a combination of coordination complexes

(metal dicarboxylic acids) and organic counterions (from amine and diamine starting
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materials) crystallized from solution. These crystalline solids have been used to
pursue our interest in determining the following:

1. Canwe usecrysta engineering principlesto reliably, reproducibly, and
predictably construct layered hydrogen bonded metal organic frameworks
(HMOFs)?

2. Historically, hydrogen bonded materials have been considered too weak to
be useful. Can we construct HMOFs that are thermally stable and capable
of host/guest selectivity, intercalation, and guest exchange?

The answers to these questions can be found in the following chapters.
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21 Introduction

Many different techniques were used to characterize the samplesin the
proceeding chapters, varying from X-ray diffraction to thermal analysis to standard
spectroscopic and chromatographic techniques. The X-ray diffraction methods
consisted of single crystal X-ray diffraction (SCXRD) and powder x-ray diffraction
(PXRD). Singlecrystal X-ray diffraction was solely used on crystals grown for
Chapter 4 and powder X-ray diffraction were used on samplesin Chapters 3, 4, and 5.
The thermal analysis methods consisted of thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Thermogravimetric analysis (TGA) was
used on all samplesin Chapters 3, 4, 5, and 6. Differential scanning calorimetry
(DSC) was used on samplesin Chapters 3, 4, and 5. Infra-red spectroscopy (IR
spectroscopy) and was used on some samples from Chapter 3. The chromatographic
method was gas chromatography coupled with mass spectrometry (GC/MS), and was

used on samples from Chapter 6.

2.2 X-ray Diffraction

One of the most important methods of characterization isthe use of single
crystal x-ray diffraction in order to determine the crystal structure, and this was used
extensively where applicable. The determination of acrystal structure is a multi-step
process that starts with growing crystals and ends with the structure solution. The
downfall with single crystal X-ray diffraction isthat it is difficult to grow crystals and
maintain acertain quality of the crystals. Therefore, powder X-ray diffraction was

used to identify the material and to determine if intercal ation/inclusion occurred.
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2.2.1 Method of Generating X-Rays

X-rays are el ectromagnetic radiation waves of approximately 1A.! Standard
X-ray diffraction methods produce monochromatic X-rays when electrons are
accelerated toward the target metal, usually molybdenum for single crystal and
copper for powder diffraction. For example, enough energy is provided to remove a
copper 1s (K shell) electron. The vacant 1s orbital isthen filled either by a2p or 3p
outer electron and the excess energy that is released from this transition is emitted in
the form of an X-ray.?> A generalized schematic of this process is shown in Figure

2.1.

Figure 2.1 A Schematic of the production of an X-ray.

X-rays are produced because the energy transitions contain fixed values.
Using copper as the target metal, the Ka wavelength is 1.5418 A corresponding to the

2p to 1stransition and the Kp wavelength is 1.3922 A correspondsto the 3p to 1s
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transition.? The Ka transition is more intense than the KB because the Ka peak is a
doublet containing Ka; and Ka,. The wavelength of the target metal is dependent on
the Z, shielding effect, of the metal. The greater the Z value the higher the energy,
which means |lower wavelength since wavelength and energy areinversely
proportional .2

A common source of X-ray for laboratory use is an x-ray tube. This X-ray
tube contains a tungsten filament that is enclosed in an evacuated tube, a target
material, and a beryllium window. A high voltage is applied to the cathode (contains
the tungsten filament) emitting an electron and when high energy electrons decelerate
in materials, X-rays are emitted.> The voltage that is applied to the cathode is
typically 50Kv. Thetarget source, either molybdenum or copper, will emit an X-ray,
which travels through the beryllium window and is focused through an X-ray optical
device.? Because high energy is required to release an electron, the X-ray tube needs
to be cooled to prevent further damage to the filament or target material. The X-rays
are emitted in every direction, therefore limiting the amount of useful X-rays. A

general schematic of an X-ray tubeis shown in Figure 2.2.3
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50kV

Figure 2.2 A General Schematic of an X-ray tube.*

2.2.2 LaueEquations
Max Theodore von Laue derived the mathematical relationship between

incident radiation and the direction in which it is diffracted through three equations
and each equation (now known as the Laue equations) corresponds to diffraction
conditionsin one particular direction.? These equations must be satisfied in order for
diffraction to occur.

asin®,=hA

b sin®,=kA

csin®:=1A
The lattice parameters are defined as a, b, and ¢ while ®,, ®p, and B, are the angles of
diffraction. The wavelength of the radiation is presented by A and h, k, and | are the

Miller indices of the corresponding reflections.? The Laue equations provide a
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mathematical method to describe the diffraction of radiation. An aternative theory to
diffraction based on Bragg's Law has derived asimpler equation and is discussed in

the following section.

2.2.3 Bragg'sLaw
The father and son combination of William Lawrence and William Henry
Bragg developed another theory of diffraction known as Bragg's Law.? The main
principle of thistheory isthat crystals are projected as repeating planes that reflect the
incoming x-rays. These incoming x-rays are reflected by the first plane at an equal
incident angle while the remaining x-rays are transmitted through the first level.
When looking at the diagram of two incoming beams, 1 and 2, are scattered
from adjacent planes within the crystal, A and B, where the corresponding diffracting
beams, 1' and 2’, are in phase and have constructive interference, as shown in Figure
2.3. The distance of xyz can be calculated using the Bragg angle, ®, and the spacing
between the parallel planes, known as the d-spacing, d.
Xy =yz =d sin® (@)}
Since xy = yz in equation 1, the equation can be simplified to:
xyz = 2d sin® 2
The distance of xyz must be equal to a positive integer of wavelengthsto remainin
phase, therefore:
XyzZ=nA\ 3)
Combing equations 2 and 3 will yield Bragg's Law:

2d sin® =n A 4
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Figure 2.3 Derivation of Bragg's Law for diffraction.

2.24 Reciprocal Lattice

The reciprocal latticeisin reciprocal space and isinversely related to the red
|attice of the crystal.? Each point in the reciprocal |attice corresponds to a set of
|attice planes (hkl) in the real space. The direction of the reciprocal lattice vector (d')
isnormal to the real space planes and the magnitude of the reciprocal lattice vector is

equal to the reciprocal of the distance between real lattice planes (d).

2.25 SingleCrystal X-Ray Diffraction (SCXRD)

Single crystal X-ray diffraction is employed when suitable crystals can be
grown from solution. Knowing the structure isvital, when developing new materials,
because the crystal structure allows viewing of packing schemes and all associated
interactions with the molecule. SCXRD can used be used to generate a theoretical
powder pattern, which can be used for comparative analysis. The determination of

the structure from a single crystal is a multi-step process that includes unit cell
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determination, data collection, indexing reflections, integration and absorption
correction, space group determination, structure solution and crystal structure
refinement.® In our case, the ab plane of the unit cell coincides with the metal
dicarboxylic acid, which forms alamellar region. Therefore, the ¢ parameter defines

the interlayer distance.

Figure 2.4 An example of ageneral unit cell with cell parameters.

2.2.6 Powder X-Ray Diffraction (PXRD)

Powder diffraction is asimilar technique to single crystal where asampleis
exposed to incoming x-rays and the diffraction pattern of the crystalline sampleis
collected by a detector. The output from powder XRD will show the degree 20O vs.
intensity. The 2@ can be converted to the d-spacing (interlayer distance) by using the

before mentioned Bragg' s equation.”
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Powder X-ray diffraction is an important technique for many reasons; it can
be used to quickly confirm the structure of a sample, determineif intercalation has
occurred, and can also be used for actual structure determination using the Rietveld
method.® The other important use of PXRD isto obtain a quick characterization of
the material in question when there is acrystal structure present for that material. The
crystal structure can generate atheoretical powder pattern and this generated powder
pattern can be compared to the experimental powder pattern. If the peaks correlate to
each other then the materials are the same. In our case, the observation of peak shifts
isthe main focus for using powder diffraction because we follow the shifting of the
001 peak, which is designated for the interlayer distance or the ¢ parameter. The 100
and 010 index should not vary in our study because they make up the hydrogen-

bonded ab plane, but the interlayer distance can change upon intercalation of guests.

2.3 Thermal Analysis

Here we will describe the two main techniques that are based on the use of
heat to acquire information about our sample, thermogravimetric analysis and
differential scanning calorimetry. The majority of our samples will be characterized

through the use of these two techniques.

2.3.1 Thermogravimetric Analysis (TGA)
In athermogravimetric analysis the mass of asampleis controlled in an inert
atmosphere and the datais recorded continuously as afunction of temperature or

time. The datathat was collected from the TGA is output as temperature versus
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weight loss %, giving athermogram or athermal decomposition curve. Standard
commercia instruments for thermogravimetry consists of: a sensitive microbalance, a
furnace, a purge gas system for providing an inert atmosphere, and
microcomputer/microprocessor for instrument control and data acquisition. In
addition, a purge gas switching system is often used for applications that require the
exchange of gases during an experiment. The microbalance of a TGA is capable of
providing quantitative information about a sample from 1mg to 100mg. The sample
holder is housed within the furnace; the rest of the balance must be thermally isolated
from the furnace. The furnace of a TGA can be programmed to run from ambient
temperature to 1500 °C. Often, heating and cooling rates of the furnace can be
selected from around zero to as high as 200°C/min. Insulation and cooling of the
exterior of the furnace is needed to avoid heat transfer to the balance. Nitrogen or
argon is usually used to purge the furnace and prevent oxidation of the sample.

The information provided by thermogravimetric methods is often limited
because atemperature variation must bring about a change in mass of the sample.
Thus, thermogravimetric methods are largely limited to decomposition and oxidation
reactions and to such physical processes as vaporization, sublimation, and desorption.
An example of theoretical collected datafrom a TGA is shown in Figure 2.5,

indicating the loss of mass at each step while the temperature increases.



H-2G
(-G6)
H-G
Weight {-G)
Or

Weight % H
Vaporization/
Decomposition
Of Host

Temperature
H = Host
G = Guest

Figure 2.5 Theoretical data collected from a TGA. Where H = Host, G = Guest,
H-2G refers to ahost with two guest molecules.

Our standard procedureisto hold the sample isothermally for five minutes to
ensure surface solvent is removed, followed by a scan from 40°C to 550°C at arate of
10°C/min. A standard calculation is expressed in equation 2.4. Our analysis of the
thermogram consists of calculating the change in weight as the temperature increases.
We generate a TGA of the host material that will be used to compare if a guest
molecules has been inserted into the host material. For each experiment, if aguest is
present, the appearance of an extraweight loss is expected. Depending on the
strength of the host/guest interaction the guest leaves at a characteristic temperature.

The amount of weight loss depends on the % occupancy of the guest. If thereisonly
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one guest per host unit, the total oss corresponds to the weight % of G inthe H-G

complex. Other fractions of H:G ratios can be determined using this method.

(Starting weight — Final weight)

A weight % = : : X 100%
Starting weight

Equation 2.1 Equation for determining the weight loss.

2.3.2 Differential Scanning Calorimetry (DSC)

The use of differential scanning calorimetry (DSC) is another thermal anaysis
technique, used to measure the difference in heat flow between a sample and a
reference as a function of temperature while the two are subjected to a controlled
temperature program.

We used a power compensated DSC for the analysis. A power compensated
DSC is distinguished by the heating of the sample and reference by separate heaters
in away to keep their temperatures are equal whether it’s heating or cooling. The
sample must be weighed and recorded prior to analysis and the sample limit it
dependent on the sample pan. The sample pans can be comprised of many different
materials depending on the desire temperature range. We used a standard aluminum
pan, where the allowed temperature range is from ambient to 450 °C. The heating
rateisthe sameasin TGA, from 1° to as high as 200°C/min. A purge gas flows

through the sample holder to eliminate the possibility of oxidation.
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The DSC can be used to measure enthal pimetric changes associated with a

particular process. It is commonly used to measure specific heats, heats of fusion,

and enthal pimetric changes associated with physical and chemical changes. DSC can

be used to measure activation energies and rate constants for a particular transition.

Finally, in the drug industry DSC is used to determine purity of some drugs. A

general DSC thermogram is shown in Figure 2.6.

Heat flow, \

mWwWw

Temperature, °C

Figure 2.6A Generalized DSC output and its different process, (a) glass transition,
(b) an exothermic peak, and (c) an endothermic peak.
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Chapter 3

| nter calation of L ewis Bases and Non-
Coordinating Small Moleculesinto an
I norganic-Organic Hybrid Material
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3.1 Background

Metal organic frameworks have been investigated because of their potential
applications in areas such as catalysis, storage, and separations.”® Mainly these
porous solids are made from coordination polymers, such as the metal phosphonates
mention previously (Section 1.5.2), which are beneficial when looking into the
phenomenon of intercalation. There are limitations to these solids in that the metrics
of the layer are not changeable (substituents always the same distance apart) and the
chemical nature of the layer can be changed only by changing the metal ion used in
the assembly. Our work is centered on using hydrogen bonds instead of the
traditional coordinate covalent bonding because the nature of hydrogen bonds
indicates flexibility. The work shown herein incorporates metal organic framework
that are connected through hydrogen bonds and the nature of the interlayer region can
be adjusted by changing the organic substituents that reside in between the layers.
The focus of our HMOF will be on intercalation and molecular transport to study if

the hydrogen bonded layer can withstand guest insertion and removal.

3.2  Goalsand Purpose of Research

Our goal is to utilize hydrogen bonding along with molecular components to
synthesize a layered hydrogen bonded metal-organic framework. The hydrogen
bonds permit flexibility within the framework thus allowing for the inclusion of guest
molecules. The chemical nature of the layers can be easily altered by using various

organic ligands and substituents.
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Furthermore, there has been a growing realization that hydrogen bonded
frameworks are very stable and can withstand the loss of guest molecule™®**.
Therefore, we wish to test the limits of our hydrogen bonded metal organic
frameworks. In this chapter, a close-packed system is described, where the hydrogen
bonded layers are separated by a hydrophobic interlayer. Initially, it was necessary to
find a reliable molecular combination to build the frameworks. Finally, these layered

materials (which have membrane-like structures) were investigated to determine their

stability upon the intercalation of small guest molecules.

3.3 Methods

To design hydrogen bonded frameworks, we investigated the strategies
employed to synthesize analogous organic compounds. It was previously illustrated
(Section 1.3.1) that a combination of carboxylic acids and amines yields reproducible
layered structures. Thus we chose to combine a metal complex having peripheral
carboxylic acid functionalities with organic amines. To achieve reactivity at the
metal complexes’ peripheral carboxylic acid moieties and not at the metal center
itself, bidentate ligands were used for kinetic stability. Therefore, neutral metal
complexes with peripheral carboxylic acid moieties were specifically chosen to
replace the organic counterparts. An example of the metal-containing dicarboxylic
acid is shown in Figure 3.1. A wide variety of organic amines were used as the
second molecular component. In order to study intercalation of guests into these
layers, the compounds were placed in anhydrous solutions containing non-polar guest

molecules and sonicated. This treatment is similar to methods used for intercalation
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into other materials.’>*®> Because there are replaceable, axial water ligands on the
metal complex, the “coordinative intercalation” of small Lewis base molecules was

also investigated.

Figure 3.1 Crystal structure of Zn(pyridine-2,4-dicarboxylic acid),(H,0),.

34  Experimental

34.1 Materialsand Instruments

All chemicals and solvents were purchased from Sigma-Aldrich and used
without further modification. The solvents used (methanol, ethyl acetate, hexanes
and toluene) were anhydrous, ACS grade.

TGA spectra were collected on a Thermal Advantage TGA Q50 and TA
Universal Analysis software was used to generate the spectra and assist in the
analysis of the data. DSC spectra were collected on a Thermal Advantage DSC

Q2000 equipped with an auto sampler and TA Universal Analysis software was used
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to generate the spectra and assist in the analysis of the data. XRD patterns were
collected on a Rigaku Ultima 1V X-ray diffractometer containing a CuKa source (A =
1.54051A) and the powder patterns were viewed using MDI Jade 9 software. The

sonicating bath used in these experiments was a Branson 5510.

3.4.2 Synthesisof Close Packed HMOF

The metal-containing dicarboxylic acid was synthesized by combining NiSO, -
6H,0 (0.1mol) dissolved in H,O (50 mL) with a 500mL 50% methanol solution of
2,4-pyridine dicarboxylic acid (0.2 mol). The combined solutions were stirred for 2
hours. The solid was isolated by filtration and washed with excess water and allowed
to air dry overnight in a vacuum hood.

In order to create the layered material, 0.1 mol of Ni(2,4-pyridine dicarboxylic
acid), (H20), or Ni(HPDCA) was suspended in 2mL of methanol while 0.2ml of 4-
methylbenzylamine was added to the mixing solution. Upon addition of the amine,
the resulting cloudy blue suspension turned into a clear blue solution that was
subsequently layered with acetone to afford X-ray quality single crystals. After slow
evaporation of the solvent, a crystalline solid remained, [4-methylbenzylammonium],
[Ni(2,4-PDCA),(H,0),] or simply Ni(4-mBA). The layer is defined by the aand b
parameters (100, 010 Miller indices). The interlayer distance is defined by the ¢
parameter (001 Miller index).

The crystal structure of the layered material is shown in Figure 3.2. The
crystal structure shows the presence of two ammonium counterions per metal dianion.

The cations reside between the sheets, and overall motif is a single-layer arrangement.
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The metal ions are located at crystallographic inversion centers in the middle of each
layer such that there is an identical 2-D ammonium — carboxylate hydrogen-bonded
network lining the top and bottom of each layer. The ammonium ion is attached
where ammonium — carboxylate N — H" ---- O” hydrogen bonds connect peripheral
carboxylate moieties in 1-D, and further N — H* ---- O cross-linking occurs between
the ammonium cations and the carboxylate attached to the metal center. The aqua
ligands also connect via O — H ---- O” hydrogen bonds to both types of carboxylate
moieties. The asymmetric unit in each case comprises one ammonium cation, one
2,4-HPDCA ligand attached in a bidentate fashion to a metal ion resides at the
inversion center of the unit cell, and one aqua ligand. The organic substituents are
essentially closed-packed, and no guest molecules were found in the structure. The
benzyl groups are interdigitated, but there is no evidence for significant attractive aryl

—aryl interactions.
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Figure 3.2 A close-packed layered structure containing benzylammonium groups
between the metal-containing layers.
3.4.3 Intercalation of Non-Coordinating M olecules

0.15mmol of Ni(4-mBA) was placed in a 20mL scintillation vial with 10mL
of anhydrous toluene or hexanes. Solvent can either be anhydrous hexanes or
anhydrous toluene because they do not dissolve the host solid. 1mL of the guest
species was then placed in the vial and the mixture was allowed to sonicate overnight.
The mixture was then filtered and the solid was rinsed with excess hexanes to wash
off any additional toluene (the guest species) that might be lingering on the surface.
Finally, the solid was allowed to air dry. A similar synthetic approach was used to

combine Ni(4-mBA) with solids such as hydroquinone (1.0 mmol) as the guest
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species. All guest molecules used in this study (Table 3.1) follow the same

experimental procedure as mentioned above.

Table 3.1 Non-polar molecules for intercalation studies.

Name of Guest

Molecular Weight

Molecule Guest Molecule (g/mol) Boiling Point
ethyl acetat 1 88.11 76-77° C
yl acetate J'LO ~ . -
1-pentanol A ~OH 88.15 136-138° C
1-hexanol S~ ~O0H 102.17 156-157° C
toluene @ 92.14 110-111° C
p-xylene 106.16 138°C
~0
anisole @ 108.14 154° C
OH
hydroquinone 110.11 285° C
OH
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nitrobenzene

NO,

123.11

210-211° C

3.4.4 Coordinative Intercalation of Small L ewis Bases

The same intercalation procedure was followed from section 3.4.3 and the

guest molecules used in this procedure are shown in Table 3.2.

Table 3.2 The pyridine-based guest molecules.

Boiling Point
Name of Guest Molecular Weight
Molecule Guest Molecule (g/mol) (# denotes melting
point)
™
pyridine I . 79.10 115° C
N
o ~
2-picoline @\ 93.13 128-129° C
4-picoline h 93.13 145° C
N
4-ethylpyridine | - 107.15 168° C
Nd'
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CN
4-cyanopyridine ﬁ 104.11 76-79° C (#)
N
N‘-
I -,
4,4'-bipyridine 156.18 305° C
I e
Nf
4-t-butylpyridine o 135.21 196-197° C
I -
N
'\-.NJ'
A 'S;?é’i'f?' o) ﬁ 122.17 108-110° C (#)
Nd'
Cl
4-chloropyridine | ~ 113.54 210° C
-
N

345 Characterizations

The solids were characterized by TGA, DSC, PXRD, and UV-Vis to
determine if intercalation has occurred. A standard procedure to isolate the sample
needed for characterization was as follows: the solid was collected from solution by
standard gravimetric filtration techniques.

For TGA analysis, the sample was placed on the platinum TGA pan and
scanned from 40 to 550° C with a heating rate of 10° C per minute. The sample was
held for five minutes at 40° to allow the evaporation of any solvent remaining on the

surface of the crystals. The temperature range that was used to calculate weight loss
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was derived from the differential plot generated from the Universal Analysis
software.

For DSC analysis, the powder was weighed out and sealed into a Tzero
aluminum pan containing a lid and crimped for complete enclosure. The samples
were held for five minutes at 40° C to ensure all solvent was removed from the
surface of the powder and then scanned from 40-450C with a heating rate of 10C per
minute.

For PXRD analysis, the powder was placed on a quartz sample holder, prior to
data collection. Patterns were collected in 20 (2 - 30°) at 0.02° per step and a step
size of 1.5 seconds per step. By overlaying the powder patter of the starting material
with the treated material (not sure the proper term here), any difference associated
with the 001 peak will indicate if intercalation was successful. Additionally, the d-
spacing was determined for the 001 peak, also an indication of the separation of the
layers following soaking treatment.

For UV-Vis analysis, each sample was mixed with Nujol, ground in a mortar
and applied to KBr plates. Scans were conducted from 200nm to 800nm. A
background scan consisting of Nujol only was acquired prior to any sample scan.
Data analysis consisted of overlaying the scans of the starting material with each

pyridine intercalated sample scan to observe any changes in peak position.

3.5 Intercalation of Non-Coordinating Small Molecules
A variety of guest molecules ranging from small alkyl-based molecules to

slightly larger substituted benzene molecules were sonicated with the host solid. A
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full list is given in Table 3.1. The guests are capable of non-covalent interactions

ranging from van der Waals to ©-x interactions to hydrogen bonding.

3.5.1 Resultsfrom TGA of Non-Coordinating Molecules

Each sample was analyzed by TGA, and all samples showed nearly identical
weight losses, regardless of the molecular weight of the sample, Figure 3.3. These
results indicate that intercalation of a guest molecule did not occur, as there been an

increased weight loss if intercalation has occurred.

Table 3.3 TGA results showing the weight loss for each intercalation sample.

Guest Molecules n?o?egs?& % T %ﬁ;ﬂ of | % Ig %ﬁ;ﬂ of Ex%giﬁegtal
(% H50) Molecule Molecules (% Guest)

None 5.38% 0.00% 0.00% 0.00%
ethyl acetate 5.38% 11.26% 20.84% 1.5%
1-pentanoal 5.38% 11.63% 21.00% 1.1%
1-hexanol 5.38% 13.24% 23.55% 0.00%
toluene 5.38% 12.19% 21.74% 0.00%
p-xylene 5.38% 13.79% 24.25% 0.9%
anisole 5.38% 14.01% 24.59% 1.7%
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hydroquinone

5.38%

14.23%

24.92%

0.00%

nitrobenzene

5.38%

15.65%

27.07%

0.00%

Weight (%)

Figure 3.3 Compilation of TGA spectra associated with intercalation of non-
coordinating guest molecules into Ni(4-mBA) layered solid.

3.5.2 Resultsfrom DSC of Non-Coordinating M olecules

|
250

Temperature (°C)

The spectra acquired from the DSC indicated a similar pattern throughout

each sample - three visible endotherms. The three DSC endotherms all match with
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the temperature at which the corresponding weight losses occur in the TGA data. The
combined data from the DSC analysis can be found in Figure 3.4. There is also no

visual evidence such as color change to indicate that intercalation has occurred.

0.0

Heat Flow (W/g)

-3.5 T T T
50 150 250 350 450

Temperature (°C) Universal V4.54 TA Instruments

Exo Up

Figure 3.4 Compilation of DSC spectra associated with the intercalation of non-
coordinating guest molecules into Ni(4-mBA) layered solid.

3.5.3 Resultsfrom Powder XRD of Non-Coordinating Molecules

Because the ¢ parameter of the crystal structure corresponds to the interlayer
distance, a shift in the 001 peak (to a lower 20 value) would indicate an expansion of
layers and has the presence of guest molecules. However, powder XRD shows no

change (Figure 3.5). The 100, 010, and the 001 peak position are given in Table 3.4.
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Table 3.4 Powder XRD data for the 100, 010 and 001 parameters and a A d-spacing

value.
Guest a parameter b parameter C parameter A d-spacing
Molecules (100) (010) (100)
None 5.83A 9.77A 12.76A 0.00A
ethyl acetate 5.84A 9.79A 13.06A 0.30A
pentanol 5.84A 9.79A 12.98A 0.22A
hexanol 5.83A 9.79A 12.99A 0.23A
toluene 5.81A 9.79A 13.03A 0.27A
p-xylene 5.83A 9.81A 13.03A 0.27A
anisole 5.84A 9.81A 13.03A 0.27A
hydroquinone 5.84A 9.76A 13.10A 0.34A
nitrobenzene 5.84A 9.84A 13.06A 0.30A
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Figure 3.5 Compilation of powder XRD patterns from the intercalation of non-
coordinating molecules into Ni (4-mBA) layered solid. Where (a) Ni(4-mBA), (b)
ethyl acetate, (c) pentanol, (d) hexanol, (e) toluene, (f) p-xylene, (g) anisole, (h)
hydroquinone.
3.6 Intercalation of Pyridine-based Molecules

To overcome the unsuccessful attempts to intercalate non-coordinating guest
molecules we shifted our focus towards molecules that contain a higher propensity to
coordinate to a metal center. Therefore, in this portion of the study, the objective was
to introduce pyridine-based molecules to the metal containing layered material, Ni(4-
mBA) and replace the coordinated axial H,O ligands with the corresponding pyridine

molecule. Solid-liquid intercalation via sonication was used to allow the layered

component and the pyridine-based molecules to come together. The guest molecules
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that were chosen contain a pyridyl moiety, such as: pyridine, 2-picoline, 4-picoline, 4-
ethylpyridine, 4-cyanopyridine, 4, 4'-bipyridine, 4-t-butylpyridine, 4-

(dimethylamino)pyridine, and 4-chloropyridine (Table 3.2).

3.6.1 Resultsfrom TGA Analysisof Pyridine Molecules

The TGA spectra from the pyridine-based molecule intercalation have shown
promise in the ability to replace the coordinated water ligands with the pyridine
molecules at the vacated coordination site through the use of sonication. A noticeable
difference was observed when comparing the starting material to the pyridines
because of a large weight loss that was observed in the 100° to 200° C range. Table
3.5 shows the different possibilities for each guest molecule and the experimental

weight loss % that is associated with the loss of the pyridine guest molecules.
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Table 3.5 Different pyridine possibilities and experimental TGA results (SM =
starting material, G = guest, and W = water ligand).

Gusst 1o becu ke 1L S | sm+re | sMowe e | SM-W4e | SMLOWHIE | SMTWHIG wgﬁﬁss
Mone 5 30% 0 00% 000%% 0.00%% 0.00%% 0002 0002 11 60%%
Prridne 5 30% 10 55%% 19 109% 10 530% 190 5305 19 0005 17 6% 15 01%
1-Picolne 5 35% 12 22%% 11 75%0 1151%% 12 12% 12 Ta% 30 61%%0 11070
4-Pice Ine 5 30% 1222%% 11 73%% 11 51%% 22 22% 12 T3% 30 61%% 31 4%
4-Fehrprridne 5 30% 13 Tao% 14 23%% 1413%% 14 Tav 15 1% 33 6T 13 2%
4-Cranoprrid ns 5 30% 13 45%% 13T 13 To% 24 21%% 14 T4%% 33 03% 5T
44 -Eprrdne 3% 13 31%% 31 50%% 19 34% 3139% 33 03% 4151% 10 53%
4x-Buryprridne 3 30% 16 7% 1075 1718%% 19 31%% 218 920% 30 04% 6 03%
4-
D achrhm nis's 5 30% 15 420% 26 . T1%% 15 700% 1T26%% 1T 54% 36 66%% 16 14%
prrd n=
4-Chhrepyrrd ne 5 3% 14 45%% 15 25% 14 54%% 13 it 16 30%% 34 9T 3 3%

Samples treated with pyridine, 4-picoline, 4-ethylpyridine and 4-
(dimethylamino) pyridine shows a significant increase in weight loss, compared to the
starting material alone. The guests can coordinate to the metal center (water is lost)
or reside in the frameworks, or both. Scenarios in which water is lost (either 1 or 2)
and guests are added (either 1, 2 or 3) are possible, so the corresponding weight loss

for each case is given in Table 3.5. The starting material by itself should lose 5.3% of
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its weight (loss of 2 waters) but 11.6% weight loss is observed (this is reproducible).
Therefore, it is clear that the exact composition of any guest-containing material will
be impossible to determine with great certainty. However, it is clear that the guests
mentioned above [pyridine, 4-picoline, 4-ethylpyridine and 4-
(dimethylamino)pyridine] have been incorporated in some capacity.

In the case of pyridine and 4-ethylpyridine intercalation, the data would
appear to be associated closely with a loss of two guest molecules within the layered
framework. To determine if the water ligands had been replaced completely, infrared
spectroscopy (IR) of the samples was determined. The IR data was inconclusive
because all of the spectra were similar to the starting material’s spectrum. The
similarity in the spectra is due to an overabundance of similar stretching frequencies
in the area where water (O-H) stretches would occur (3500-3000 cm™). Figure 3.6
shows a combination of IR spectra involving the intercalation of pyridine and the
starting material. The weight loss percentage in the TGA spectra is in good
agreement with this hypothesis when compared to the other three choices. The solid
material’s appearance has changed over the course of sonication, the starting material

was a light blue material and the final product has a light purple color.
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Figure 3.6 IR comparisons between Ni (4-mBA) starting material (blue) and the
pyridine intercalated sample (red).

Based on the TGA data, the 4-picoline intercalation has appeared to result in
the replacement of both water ligands as well as including one free 4-picoline
molecule. After the sonication process, the exterior of the solid sample changed
colors from a light blue color to a light purple color.

In the two cases involving 2-picoline and 4-cyanopyridine, the weight loss
percentage is approximately the same as the starting material — it appears that TGA
spectrum confirm a loss of the two water ligands and not a loss of pyridine-based
molecules. These samples also did not show any visual evidence of a color change
after sonication.

The 4-(dimethylamino)pyridine sample appeared to have one water ligand
replaced with a pyridine-based molecule according to the TGA weight loss

calculations. The theoretical calculations are in good agreement with the actual
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experimental results for this conclusion. The exterior of these solid samples appeared
to have a slight color change from a light blue color to a faint light purple color after
the sonication process. Again, the color change was very faint and therefore a
conclusive result regarding the color change could not be determined. Figure 3.7
shows a compilation of the TGA spectra associated with the intercalation of pyridine-

based molecules into the Ni (4-mBA) layered solid.

Weight (%)

Universal V4.5A TA Instruments

Temperature (°C)

Figure 3.7 Compilation of TGA spectra associated with intercalation of pyridine-
based molecules into Ni (4-mBA) layered solid.

3.6.2 Resultsfrom DSC of Pyridine Molecules
The data acquired from the DSC indicated a similar pattern; for each sample
there are three visible endotherms. Three samples show a distinct difference in the
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location of the first endotherm, which corresponds to the pyridine, 4-picoline, and 4-
ethylpyridine intercalated samples. The 4-(dimethylamino) pyridine sample shows a
broadening of the first endotherm indicating the presence of an additional guest
molecule. These DSC traces are in agreement with TGA evidence of a guest
molecule. The rest of the samples are similar to the starting materials, in agreement
with TGA evidence that no intercalation occurs. A compilation of the DSC spectra

can be found in Figure 3.8.
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Figure 3.8 Compilation of DSC spectra associated with intercalation of pyridine-
based molecules into Ni (4-mBA) layered solid.

3.6.3 Resultsfrom Powder XRD of Pyridine Molecules
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Powder XRD patterns show an indication that intercalation is occurring in

some samples because of the change in the 001 peak, which shifts to lower 20 values,

indicating a larger distance between the layers. An increase in the interlayer distance

is expected if guest molecules are inserted between the layers. Two samples showed

a larger expansion of the layers: 4-picoline and 4-ethylpyridine. The numerical

values for each of these peaks can be found in Table 3.6. Other samples showed

slight shifts or broadening, but are not significant enough to confirm that intercalation

has occurred.

Table 3.6 Powder XRD data for the 100, 010 and 001 parameters and a A d-spacing

value.
Intercalated a parameter b parameter C parameter A d-spacing
Guest (100) (010) (001)
5.83A 9.77A 12.76A 0.00A
None
. 5.88A 9.86A 12.98A 0.22A
pyridine
>-picoli 5.84A 9.85A 12.81A 0.05A
-picoline
- 5.82A 9.47A 17.11A 4.35A
4-picoline
4-ethylpyridine 5.80A 9.67A 15.50A 2.74A
- 5.83A 9.83A 13.03A 0.27A
4-cyanopyridine
4.4-bipyridine 5.84A 9.84A 13.00A 0.24A
5.83A 9.80A 12.89A 0.13A

4-t-butylpyridine
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4-(dimethyl
amino)pyridine

5.83A

9.79A

13.14A

0.38A

4-chloropyridine

5.81A

9.79A

12.85A

0.09A

Figure 3.9 shows a compilation of powder patterns referring to the

intercalation of pyridine-based guest molecules into the Ni (4-mBA) layered solid.

The framework appears to be maintained through the intercalation process because

the 100 and the 010 parameters are in agreement for each sample. In this case, the

data confirms that the hydrogen-bonded layer withstands intercalation without

significant interruption.
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Figure 3.9 Compilation of powder XRD pattern from the intercalation of pyridine-
based molecules into Ni (4-mBA) layered material. Where (a) Ni(4-mBA), (b)
pyridine, (c) 2-picoline, (d) 4-picoline, (e) 4-ethylpyridine, (f) 4-cyanopyridine, (g)
4,4'-bipyridine, (h) 4-t-butylpyridine, (i) 4-N,N’-dimethylaniline, and (j) 4-
chloropyridine.
3.7 Discussion

For the attempts to intercalate non-coordinating guest molecules, no
spectroscopic or gravimetric evidence indicated that intercalation had occurred. If
intercalation occurred, the TGA would have shown a weight loss that corresponds to
extra guest molecules, as was shown in Table 3.3. Likewise, if intercalation occurred
then the powder XRD might show an increase in the d-spacing which corresponds to

an increase in the distance between the layers, but as can be seen in Table 3.4, no

changes occurred. Two factors may have prevented intercalation of the non-
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coordinating guests: the size of the molecule and the strength of the interaction
between the guest and the host layer. Even small molecules with alcohol
functionality do not provide a hydrogen-bonding anchor to the hydrophilic layer.

For the attempts to intercalate coordinating guest molecules, there is some
spectroscopic and gravimetric evidence that intercalation occurs with certain guest
molecules. One guest molecule that intercalated was 4-picoline. The TGA showed a
very large weight loss that was in agreement with the inclusion of three guest
molecules. The powder XRD showed a dramatic increase in the interlayer distance
that is also in agreement with the conclusion that the layer “swelled” to allow the
extra guest molecules to reside between the layers.

Samples intercalated with 4-ethylpyridine also showed a large weight loss by
TGA, which is in agreement with the inclusion of two guest molecules. The powder
XRD exhibited a shift to lower 20 in the example of 4-ethypyridine, which is in
agreement with the idea of the layer expansion. On the other hand, while pyridine
showed TGA evidence of inclusion, the PXRD showed very little evidence of
expansion. The pyridine molecules might not be large enough to show a significant
change in the interlayer distance.

Of the remaining pyridine-based guests, only 4-(dimethylamino) pyridine
intercalated, with an approximately 1:1 Guest: Host ratio. The TGA showed an
increased weight loss that would agree with the presence of an extra guest molecule.
However, the powder XRD exhibited a very small increase in layer expansion.

Guest molecules such as 2-picoline and 4-cyanopyridine did not show signs of

intercalation. The main reason could be due to sterics and electronic properties. The
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2-picoline contains some steric hindrance and the 4-cyanopyridine contains a highly

electron withdrawing group on the ring.

3.8  Conclusion

We have successfully created a close packed layered host comprised of
hydrogen bonds and a hydrophobic interlayer. We have also investigated the ability
of this layered host to intercalate two different types of small molecules: non-
coordinating and coordinating.

Non-polar non-coordinating molecules did not intercalate the layered host.
Even guest molecules that have stronger hydrogen bonding functionalities were not
observed to anchor themselves within the host material. Non-pyridine guest
molecules, aryl or alkyl, were not observed to intercalate at all. The molecules
presented in this chapter were not an exhausted listed but a representation of the
molecules attempted for intercalation. The exhausted listed can be found in the
reference section.*®

Coordinative intercalation appears to have occurred to a great extent in three
samples, as confirmed by both TGA and powder XRD data, and by the observation of
a color change. These three guest molecules are pyridine, 4-ethylpyridine and 4-
picoline, where the guest molecules included in 1: 2 or 1: 3 H: G ratios. 4-
(dimethylamino) pyridine was also incorporated at a 1:1 H: G ratio. It is likely that
the strong Lewis bases functionalities anchor these guests into the solid. In order to

include guest molecules without coordinative covalent bonding, our focus shifts to
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developing porous hydrogen bonded pillared frameworks, where the guest molecules

will reside between pillars.
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biphenyl]-4-ol, acetone, ethyl acetate, 1-pentanol, 1-hexanol, 1-octanol, toluene, p-
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Chapter 4

Construction and Guest Inclusion into a
Pillared HM OF
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4.1  Background

The design and supramolecular synthesis of porous solids have been widely
studied by the organic and inorganic communities because these materials have the
potential for use in the area such as size-sel ective separation,’ gas adsorption,*” and
heterogeneous catalysis.>° The organic analogs of the inorganic/organic hybrid
“clay mimics’ have been widely studied by avariety of groups™** including our
own.’>*® Using the same approach to create the organic “clay mimics,” the
inorganic/organic hybrids frameworks can be modified in a similar fashion.'” The
ability to control the nature of the interlayer region can determine which molecules
will reside within these clay mimics. When compared to MOFs, which often form
interpenetrated networks that decrease the ability to include larger molecules, layered
hydrogen bonded frameworks have the potential to include larger guest molecules
because their networks do not interpenetrate like traditional MOFs. These clay
mimics can be studied to determine if they have the ability to absorb gases or small

solvents.

4.2  Purpose of Research

The general purpose of this research isto logically develop, synthesize, and
characterize a hydrogen-bonded pillared framework that would have the ability to
include avariety of guest molecules into the framework’ s pores. We can logically
develop an idea based on known hydrogen-bonding principles and some previous

work that was completed in our lab. Previously, we were able to synthesize
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inorganic/organic layered framework that are connected through charge-assisted
hydrogen-bonding. The hydrogen-bonded framework allows the framework to “flex”
upon guest insertion and guest removal without disruption of the layered framework.
Our approach to the design and synthesis of hydrogen-bonded metal organic
frameworks (HMOFs) is to again use molecular components as the building units for
pillared structures. We have aready demonstrated that metal/organic dicarboxylic
acids (i.e. a coordination complex with peripheral carboxylic moieties) combined
with organic primary amines yield layered solids upon crystallization. To create a
pillared framework we will use different molecular components. We reasoned that
replacing the primary amine with a primary diamine should yield a guest containing
pillared framework. The guest moleculesincluded in this study vary from akyl to
aryl, from short chain to long chain, and from electron donating groups to electron
withdrawing groupsin order to fully determine arange of guest molecules that can be
inserted into a host complex. In this study, we have chosen to explore co-
crystallization methods in order to insert guest molecules into the host framework.
The development of an experimental procedure was challenging because all of the
components needed to be in solution simultaneously in order to promote co-

crystallization of the guest molecules.

4.3  Experimental

431 Materialsand Instrumentation
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All chemicals and solvents were purchased from Sigma-Aldrich and used
without further modification. The solvents used, methanol and N, N-
dimethylformamide, were ACS grade, and the deionized (DI) water was obtained
from aMillipore MilliQ Plus purifier. The metal dicarboxylic acid was synthesized
based on the synthetic method given in 3.4.2 but in this case a Zn(lI1) ion was used.
The synthesis was performed using ZnSO, * 6 H,O in the synthesis instead of NiSOy
6 H,O. The organic diamine used in this study was either 3,3 -dimethylbenzidine or
o-tolidine. The guest molecules that were used in the above synthesis can be found in

Table4.1 and 4.2.

All isolated materials were analyzed by thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), powder x-ray diffraction (PXRD), and by

single crystal X-ray diffraction when possible.

4.3.2 Experimental Procedure

The synthetic procedure for generating the pillared hydrogen-bonded metal-
organic frameworks proceeded by combining molecular components and then
allowing the material to crystallize. The molecular components used in this synthesis
are the metal dicarboxylic acid (Zn(pyridine 2,4-dicarboxylic acid),(H20),) and the
organic diamine (3,3’ -methylbenzidine), which creates the three-dimensional HM OF
asobserved in Figure 4.1. The synthetic ratio of dicarboxylic acid to diamine that

will be followed throughout all synthetic proceduresin this chapter is1:1. Detailed
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synthetic procedures for the sample yielding good single-crystal X-ray structures are

given in Section 4.5.
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Figure 4.1 The synthetic approach for creating a pillared framework.

44  Guest Molecules used for Co-crystallization

A variety of guest molecules were used during attempts to co-crystallize the
pillared framework, but not all were incorporated into the accessible pore spaces of
the host. Figure 4.3 illustrates where the guest molecules (black) would reside within

the pillared framework. For samplesthat did not yield good quality single crystals, a
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combination of TGA analysis (extraweight loss) and powder XRD (position of the

lowest 2@ peak) were used to confirm the presence of guest molecules.
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Figure 4.2 Open channel s showing the voided area: (a) view down the aaxis and (b)
rotated 90°

441 Gueststhat Showed Inclusion

The first set of guest molecules that will be discussed are those which showed
evidence of inclusion. Table 4.1 containsthe list of guest molecules that were co-
crystallized into the pillared framework. Appendix C containsthe TGA and DSC

datafor al guest-included samples.
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Table 4.1 Guest Molecules that Co-crystallized with the Pillared Framework.

Name of Guest Structure of Molepular BO|I|n'g or
Molecule Guest Molecule Weight Meting
(g/mal) Point (° C)
0
acetone ),]\ 58.08 56
hyl 0
ethyl acetate )LD A 88.10 75-77
1-pentanal A So~O0H 88.15 136-138
1-hexanol R N e | 102.17 156-157
1-octanol S SOH 130.23 196
toluene d:) 92.14 110-111
p-xylene @ 106.17 138
m-xylene dj\ 106.17 138-139
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o-xylene @/ 106.17 143-145
p-diethylbenzene % 134.11 182-184
m-diethylbenzene é\/ 134.11 182
o-diethylbenzene EDA 134.11 183

NO,
nitrobenzene @ 12311 210-211
NO,
p-dinitrobenzene @ 168.11 183

NO,
F

p-difluorobenzene q:) 114.09 88-89

F
m-difluor obenzene 114.09 82

&
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o-difluorobenzene @,F 114.09 92

NO,
nitrotoluene @ 137.14 238
Br
bromobenzene @ 157.01 156
~0

anisole @ 108.14 154

iodobenzene @ 204.01 188

4,4'-biphenol 186.21 280-282(#)

OH

The mgjority of the guest molecules that were included into the pillared
framework were aryl-based and contain el ectron-donating substituents. Asfor a
shape preference, the pillared framework included a variety of isomers but showed

some selectivity towards the para-substituted aryls. The para-substituted guest
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molecules must fill the space most efficiently, which is obvious when looking at the
void space, Figure 4.2b. The other two isomers (meta and ortho) have shown
evidence of inclusion, but only when asmall e ectron withdrawing or donating group
ispresent. Aslong as the electron donating groups are not too large, they appear to

be included into the pillared framework most efficiently.

Asfor mono-substituted aryls, the pillared framework shows awide range of
included guest molecules, from nitrobenzene to anisole. Here we see the inclusion of
guest having large electron withdrawing groups as well as alarge electron donating
groups. These mono-substituted aryls that showed evidence of inclusion either
contained an el ectron-donating group or alarge (by size) electron-withdrawing group

as in the case with nitrobenzene, bromobenzene and iodobenzene.

There were also afew alkyl-based guest molecules that cocrystallized with the
pillared framework. All are either alkyl acohols or small, volatile solvents. The
alcohols appeared to the best suited guest for the pillar. 1n appears that the length of
the alky-based guest is the determining factor because too small or too long
molecules do not show evidence of inclusion. Furthermore, the alkyl acohols contain
a hydrogen bond donor, which can be used to anchor the guest molecule to the host
framework. Specific size, shape and electronics all affect whether the guest molecule

isincluded into our pillared framework.

4.4.2 Guests That Did Not Show Inclusion

88



The second set of guest molecules that will be discussed are those that showed
no evidence of inclusion. Guest inclusion was determined by the combination of
TGA and powder XRD analysis. Table 4.2 contains the list of guest molecules that

were not included into the pillared framework.

Table 4.2 Guest Molecules that did not Co-crystallize with the Pillared Framework (#
indicates melting point).

Name of Guest Structure of Guest Mole_cular Boiling
Weight .
Molecule Molecule Point (° C)
(g/mal)
1-butanol ~NAOH 74.12 116-118
1,3-propanediol HO” N""0H 76.09 214
1,4-butanediol HO N\ \OH 90.12 230
1,5-pentanediol HO” N N"0H 104.15 242
1,6-hexanediol HOT N NANOH 118.17 250
1,8-octanediol HOT N NN OH 146.23 272
1,10-decanediol HOT NN OH 174.28 297
, 0O O
2,4-pentanedione M 100.12 140.4
o)
acetamide 59.07 221
)'LNHz

89



1,4-dioxane 88.11 100-102
8]
N
pyrrolidine E) 71.12 87-88
benzene @ 78.11 80
naphthalene 128.17 218
antracene Qee 178.23 340
biphenyl | 154.12 255
diphenylmethane ‘ 168.23 264
F
fluor obenzene @ 96.10 85
chlorobenzene 112.56 132
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o
=

phenol @ 94.11 182
pyrocatechol @\OH 110.11 245
OH
OH
resor cinol @l 110.11 178
OH
OH
hydroquinone @ 110.11 285
OH
2-aminophenal @\ NH, 109.13 170-175(#)
OH
NH,
3-aminophenal Q 109.13 164
OH
NH,
4-aminophenol @ 109.13 185-189(#)
OH
OH
o-cr esol ©/ 108.14 191
m-cr esol @ 108.14 203
OH
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Ve

p-cresol 108.14 202
OH
OH
CN
2-cyanophenol @’ 119.12 149
OH
4-cyanophenol @ 119.12 110-113(#)
CN
OH
2-chlor ophenol @/C' 128.56 175176
OH
3-chlorophenol @ 128.56 214
Cl
OH
4-chlor ophenol @ 128.56 220
(of
OH
2-bromophenol @rar 173.01 195
OH
3-bromophenol @ 173.01 236
Br
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OH

4-bromophenal 173.01 2325-236
Br
e
2-phenylphenol O 170.21 282
OH
1-naphthol 144.17 278-280
HO
2-naphthol Og 14417 285-286
OH
15 @G 160.17 259-261(#)
dihydroxynaphthalene '
OH
OH
16 160.17 130-133(#)
dihydroxynaphthalene QO '
OH
OH
1,7- OH
dihydroxynaphthalene O O 16017 180-184(#)
23 " QG 160.17 161-165(%#)
dihydroxynaphthalene HO '
2.6 HO
160.17 223-225(#)
OH

dihydroxynaphthalene
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57 HO OH
dihydroxynaphthalene 16017 185-190(#)
CN
p-dicyanobenzene © 128.13 221-225(#)
CN
CN
m-dicyanobenzene @\ 128.13 163-165(#)
CN
CN
o-dicyanobenzene @r‘:" 128.13 137-139(#)
4-nitro-o-xylene ©/ 151.16 143
NO,
5-iodo-m-xylene /@\ 232.06 92-94
I
O\.
4-nitrobenzaldehyde é 151.12 103-106(#)
NO,
Oy _OH
4-nitrobenzoic acid é 167.12 237-240(#)
NO,
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nicotinic acid » OH 123.11 236-239(#)
N/
o)
nicotinamide » NH, 122.12 128-131(#)
N/
Os_.OH
isonicotinic acid \ 123.11 300
I <
N
OsNH,
isonicotinamide S 122.12 155-157(#)
I <
N
o)
2-methylnicotinic acid = OH 137.14 228-230(#)
N/
o
2-chloronicotinic acid N OH 157.55 176-178(#)
NZ e
o)
6-methylnicotinic acid | ‘: OH 137.14 210-213(#)
N
o)
6-chloronicotinic acid | » OH 157.55 190
z
Cl N
o)
chlofor:i?:t:t)i/rllii acid | .: on 17159 220-221
Cl N
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5-bromonicotinic acid | = OH 202.01 178-180(#)
N’
o]
2-chlor onicotinamide (‘f"NHz 156.57 164-167(#)
N el
0o
6-chloronicotinamide | N NH, 156.57 210-212(#)
c1” ~N?
H,N
p-xylylenediamine ¢ 136.19 230
NH,
H,N
m-xylylenediamine 136.19 265
NH,
F
F F
hexafluor obenzene 186.05 80.82
F F
4,4'-dimethylbiphenyl ‘ 182.26 295
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benzophenone 182.22 305

4-bromo-4'-
methoxybiphenyl g 263.13 143-145(#)
OCH;
Br

4-bromo-[1,1'- l
biphenyl]-4-ol O

OH

249.10 164-166(#)

The TGA and PXRD data did not show any evidence that the above guest
molecules were incorporated into the pillared framework. Thereisawide variety of
non-guest molecules in this study, ranging from small akyl alcohols to disubstituted
biphenyl molecules. Two different situations may prevent inclusion of each of these
molecules. The mgjority of the cases involved guest molecules crystalizing out of
solution before the pillared framework could be formed. The other situation had the
pillared framework crystallizing with the solvent as a guest, so the solvent was

preferred over the intended guest.
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The alkyl-based molecul es that did not include were mainly the alkyl diols
and small volatile molecules. These molecules were either too small or too large to
fit into the channels, and therefore they did not form the guest included pillared

framework.

The aryl-based molecules that did not include ranged from extended biphenyls
to ssimple arylslike benzene. Here we looked at various seriesto determine if one
isomer was preferred over another but for example in the series of aminophenol,
cyanophenol, and cresol there was no evidence of inclusion. It would seem that the
alkyl alcohols are favored in the pillar over the phenol molecules. When looking at
extended aryl-based molecules it appears that the extended molecules show no

evidence of inclusion because of their size and possibly their large substituents.

Pyridine-based molecules, such as the nicotinic acids, nicotinamides,
isonicotinic acid, and isonicotinamide, were also tested. These molecules typically
crystallized out of solution before the co-crystallization process could occur.
Apparently, the guest molecules under our current experimental procedure do not
favor forming a host-guest complex. It is possible that changing the solvent system
would allow for co-crystallization with these guest molecules. The following portion
of the chapter will solely focus on the co-crystallizations that successfully garnered a

crystal structure from single-crystal x-ray diffraction.

45 Proceduresfor Characterized Crystals
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45.1 Synthesisof [o-tolidinium]Zn(PDCA),(H20), - guest molecule

All of the following compounds were produced under the same synthetic

conditions. Zn(HPDCA)2(H20). (0.025g, 0.06mmol) was suspended in 2mL of

MeOH followed by the addition of o-tolidine (0.012g, 0.06mmol) in 2mL of MeOH.

The cloudy suspension became clear upon the addition of 1mL of both DMF and

H,O. Finaly, ImL of the guest molecule was added and allowed to sit until crystals

formed. Table 4.3 lists the various guest molecules, time for crystallization to occur,

color and morphology of theisolated crystals, and % yield (grams).

Table 4.3 Crystallization Information

Guest Molecule Cr;l_/setnaglyltiga?;on MCO?ISLSZEy % Yield
acetone 1 week Orange plates 48.6
nitrobenzene 3days Yellow plates 49.6
p-xylene 3days Tan plates 59.6
1-hexanol 1 week Orange plates 52.8
1-pentanol 1 week Ydl(:)\iva;:)erﬁange 54.6
p-difluorobenzene 1 week Orange plates 51.3

4.6 Characterization of Crystal Structures
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In all cases crystals of appropriate dimensions were mounted on Mitgen loops
in random orientations. Preliminary examination and data collection were performed
using a Bruker Kappa Apex Il Charge Coupled Device (CCD) Detector system single
crystal X-Ray diffractometer equipped with an Oxford Cryostream LT device. All
data were collected using graphite monochromated MoKo. radiation (A= 0.71073 A)
from afine focus sealed X-Ray tube. Preliminary unit cell constants were determined
with aset of 36 narrow frame scans. Typica data sets consist of a combinations of
and ¢ scans. Typical scan width of 0.5° was used along with exposure times between
15-30 seconds/frame. The crystal was placed at a distance of 4.0 cm from the
detector.. The collected frames were integrated using an orientation matrix
determined from the narrow frame scans. Apex Il and SAINT software packages™®
were used for data collection and integration. Analysis of the integrated data did not
show any decay. Final cell constants were determined by global refinement of
reflections from the complete data set. Collected data were corrected for systematic
errors using SADABS" based on the Laue symmetry using equivalent reflections.
Structure solution and refinement were carried out using the SHELXTL-PLUS
software package.® The structures were solved by direct methods in triclinic space

groups P-1 and refined with full matrix |least-squares refinement by minimizing
w(Fg2-Fc2)2. All non-hydrogen atoms were refined anisotropically to convergence.

Specific experimental details for individual structure are given below.

The ammonium ion and acetone were found to be disordered. The disorder

was resolved with two orientations of 50% occupancy. The H atoms on the water
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molecules were located and refined. All other H atoms were added in their calculated
positions and refined using appropriate riding models (AFIX m3). The model was

refined to convergence to the final residual values of R1=4.1% and wR,=10.4%.

The nitrobenzene guest molecule is disordered due to forced crystallographic
symmetry. The model was refined with PART -1 to avoid the forced symmetry. All H
atoms were added in the calculated position and refined using appropriate riding
models (AFIX m3). The model was refined to convergence in the space group P-1to

the final residua values of R1=3.6% and wR2=9.6%.

In the p-xylene structure, the methyl groups of the molecule are disordered.
The disorder was resolved with two orientations of 50% occupancy models. A
molecule of acetone was found in the lattice of this compound. All H atoms were
added in the calcul ated position and refined using appropriate riding models (AFIX
m3). The model was refined to convergence to the final residual values of R;=7.3%

and wR»,=20.6%.

The hexanol guest moleculeis disordered due to forced crystallographic
symmetry. The model was refined with PART -1 to avoid the forced symmetry. The
hydrogen atoms associated with the bound water molecules were located and refined.
All other H atoms were added in the calculated position and refined using appropriate
riding models (AFIX m3). The model was refined to convergence in the space group

P-1 to thefinal residua values of R1=8.3% and wR2=22.6%.

101



For TGA analysis, the sample was placed on the platinum TGA pan for
analysis and scanned from 40 to 550° C with a heating rate of 10° per minute. Prior
to heating, the sample was held for five minutes at 40°C to allow evaporation of all
excess solvent on the crystals. The temperature range that was used to calculate

weight loss was derived from the differential plot generated from the software.

For DSC analysis, the powder was weighed out and sealed into a Tzero
aluminum pan containing alid and crimped for complete enclosure. The sample was
help for 5 minutes at 40°C to ensure all solvent was removed from the surface of the

powder and then scanned from 40 - 450° C with a heating rate of 10° C per minute.

For PXRD analysis, the powder was placed on a quartz zero background
holder, prior to data collection. Data was collected in the range from 20 =2 - 30° at
0.02° per step and a step size of 1.5 seconds per step. The data analysis consisted of
overlaying the spectra with the powder pattern from the starting material to observe
any differences with the 001 peak. Additionally, the associated d-spacing was

calculated for each compound.

For UV-Visanalysis, the sample was mixed with Nujol, ground in a mortar
and applied to KBr plates. Scans were taken from 200nm to 800nm. A background
scan consisting of Nujol was acquired prior to any sample scan. Dataanalysis
consisted of overlaying the scans of the starting material with each subsequent

pyridine scan to observe any changes in peak position.

102



4.7 Discussion of Crystal Structures Containing Guest Molecules

Herein, adetailed discussion of each crystal structure that contains a guest
moleculeis presented. A general table of the guest molecules, their molecular
weight, and boiling points can be found in Table 4.1. The expected and actual weight
% losses for each crystal structure can be found in Table 4.4. The crystal structures
show the presence of one di-ammonium counterion per metal dianion. The host
frameworks in each compound are virtually identical. The metal dianions comprise
the sheets, which are held together by N-H"---O hydrogen bonds between the cations
and anions, as shown in Figure 4.3. The sheets are pillared by the linear diammonium
cations, with interlayer distances of 19.63 —19.75 A, as measured from the Zn(l1) to

Zn(Il) interlayer distances aong the cell axes.

Figure 4.3 The hydrogen bonded layer (showing the ammonium — carboxylate
hydrogen bonding).
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The diammonium pillars are arranged orthogonal to the plane of the
hydrogen-bonded sheet, resulting in avoid space that accommodates a variety of
guests ranging in size and shape. The aryl rings of the cations are arranged in a
louvered fashion, so that the sides of each channel are walled off. Therefore, in
contrast to many porous/channeled metal-organic structures, molecular transport can
only take place in one direction. The distance between channel walls varies from
8.27 to 8.51A as measured from the pillar nitrogen atoms along the cell axes. The
channel width varies by up to 3% from structure to structure, demonstrating that the

hydrogen bonds allow some flexibility to accommodate guest molecules.

Table 4.4 Weight losses (expected and actual) for each crystal structure.

L oss of L oss of
Guest Molecules Guest L(()S(ofecvt\/e%t)er LO(SZSIUC;;;& Water
(Expected) P (Actual)
acetone 8.24% 5.11% 1.31% 5.86%
nitr obenzene 15.99% 4.68% 14.79% 6.16%
p-xylene 14.12% 4.79% 16.66% 4.39%
1-hexanol 13.66% 4.81% 11.48% 5.09%
1-pentanol 12.01% 4.90% 10.11% 5.54%
difluor gl-)enzene 15.01% 4.74% 7.13% 5.11%

4.7.1 Structureof [o-Tolidinium]Zn(PDCA),(H,0), - acetone
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The pillared framework contains acetone guest molecules that insert upon
crystallization from solution. The acetone molecules are orientated in a manner such
that the carbonyl group is pointed toward the hydrophobic interlayer and the two
methyl groups are pointed toward the hydrophilic layer, which can be seen in Figure
4.4. Basic chemical intuition would have you believe the hydrophobic methyl groups
would be positioned towards the hydrophobic interlayer and the carbonyl groups
towards the hydrophilic layer. The orientation of the guest molecule must indicate
that the overall packing of the crystal structure will direct the position of the guest
molecules and the quantity of guest molecules present. Inside the open channel reside
two acetone molecules that take up a substantial amount space. These guest
molecules are well behaved in the crystall ographic sense which means the guest
molecules are not continuously rotating within the crystal lattice, at least at low
temperatures. The metal dicarboxylate portion of the framework istilted down in the
crystal structure which indicates the methyl group that is ortho to the amineis
hindering the formation of a more lamellar type structure and increasing the distance

between the layers to a distance of 19.71A.
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Figure 4.4 Packing diagram of the pillar containing acetone.

The TGA thermograph showed four sets of individual weight losses. The first
visual weight loss of 1.31% occurred in the region of 80° - 120° C corresponding to
the loss of guest molecule from the open channel. 8.24% of the weight would be |ost
if the acetone was present in the same proportion determined by the crystal structure.
Since acetone is asmall, volatile solvent this result is not surprising because 10ss of

acetone is possible during the drying phase. The second weight loss occurring in the
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region of 120° - 180° C is consistent with the loss of the two axial water ligands on
the zinc metal center. The third and fourth weight losses correspond to
decomposition of the pillared framework. Decomposition of the framework starts to

occur after 200C.

The DSC thermograph shows three sets of endotherms which correspond to
three of the four weight losses observed in the TGA. Itislikely to assume that the
three endotherms are associated with the loss of the axial water ligands and the
decomposition of the pillared framework, which were evident in the TGA. There was
no visua evidence of the guest molecule being present in this sample which would
indicate that the grinding procedure rel eases the acetone molecule dueto its volatile

nature.

The powder x-ray diffraction pattern shows one major difference from the
predicted pattern, a shift in the lowest two theta peak (from 4.5°to 4.85°). This peak
corresponds to the 001 peak, which gives the interlayer distance. It is possible that
the loss of acetone will alow the pillared framework to slip into a more stable
conformation because now the interlayer distance is approximately 18.00A, a

difference of 1.5A from the unit cell of crystal structure.

4.7.2 Structureof [o-Tolidinium] Zn(PDCA)2(H20), - nitrobenzene

The pillar framework contains a nitrobenzene as a guest molecule and exhibits

the same pillared structure found in the acetone-containing framework. The
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nitrobenzene guest molecule is disordered because the nitro group points toward the
hydrophilic layers above and below (Figure 4.5). The hydrogen-bonded layer is the
same as before, with the metal dicarboxylate portion of the framework tilted down

giving anear-identical interlayer distance of 19.77A.

Figure 4.5 Packing diagram of the pillar containing nitrobenzene.

The TGA thermograph showed four individual weight losses. The first weight
loss in the temperature region of 55° - 155° C correlates to the loss of the guest

molecule, which was cal culated to be a 14.79% weight loss. The theoretical weight
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loss of nitrobenzene in the pillared framework is 15.99% . The second weight lossin
the temperature range of 155° - 215° C correlates with the loss of the two coordinated
water ligands. The second weight loss was calculated to be aloss of 6.16% whichis
in agood agreement with the theoretical weight percent of two coordinated water
ligands. The third and fourth weight losses are associated with the decomposition of

the pillared framework.

The DSC thermograph shows three individual endotherms peaks that correlate
to similar regions of weight loss in the TGA thermograph. Thefirst endothermisa
broad peak that seems to include the release of the guest molecule as well as aloss of
the coordinated water ligands. It would appear that the loss of the guest moleculesis
aslow process because the broad endotherm begins around 95° C and ends around
215° C. The second and third endotherms are in the same temperature range as the
final two weight losses that were in the TGA thermograph. These endotherms would

also be associated with the decomposition of the pillared framework.

The powder x-ray diffraction pattern that contained the nitrobenzene guest
matched that of the theoretical pattern that was generated from the single crystal x-ray
data. One magor difference between the experimental and theoretical patternsisthe
presence of two peaks between 4.5 — 5.0 degrees two theta in the experimental
pattern. The lowest two theta peaks correlate to the theoretical 001 peak of the crystal
structure and residual acetone (confirmed when the powder pattern of acetone was
overlaid). The grinding process must release some of the nitrobenzene guest from the

pillar framework.
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4.7.3 Structureof [o-Tolidinium]Zn(PDCA),(H20), - p-xylene

The pillar framework contains a p-xylene guest molecule that inserts upon
crystallization and exhibits the same framework as the pillared structure that contains
the acetone molecules. The p-xylene guest molecule is disordered. With the
dimensions of the open channel, the structure reveals the methyl groups favor
positions which are directed towards the hydrophilic layer or rotated by 90°. The
open channels appear to be rectangular in shape with the longer dimension being the
distance between the layers. This orientation would allow larger molecules to pack
easier within the open channel as compared to two smaller acetone molecules. The
packing diagram of the pillared framework with an included p-xylene molecule can

be found in Figure 4.6.
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Figure 4.6 Packing diagram of the pillar containing p-xylene.

The TGA thermograph shows four individual weight losses. The first weight
loss occurred in the temperature range of 80° - 160° C and was calculated to be
16.66%, alittle more than the theoretical weight |oss associated with a p-xylene guest
molecule which is calculated to be 14.12%. The second weight loss occursin the
temperature range of 160° - 215° C that is associated with the loss of the two

coordinated water ligands. The weight loss agreement between the loss of the water
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ligands from the experimental data and the theoretical calculations are in good
agreement. The third and fourth weight losses are associated with the decomposition

of the pillared framework.

The DSC thermograph shows three individual endotherms that correlate to
similar weight loss regions from the TGA thermograph. The first endotherm, 108° -
216° C (similar to that observed inthe TGA), is abroad peak that is associated with
the loss of the guest molecule as well as the loss of the coordinated water ligands.
The release of the p-xylene guest molecule is aslow process, as indicated by the long
temperature range that is associated with thisloss. The second and third endotherm
can be correlated with the decomposition of the pillared framework because the last

endotherms match up with the last two weight losses from the TGA thermograph.

The powder x-ray diffraction pattern of the p-xylene included pillared
framework isin good agreement with the theoretical powder pattern that was
generated from the single crystal data. After grinding the sample for the powder x-
ray anaysis, the pattern showed that the guest molecule is not removed from the
pillared framework because of the absence of the peak at 4.85 degrees two theta,

which is associated with an unoccupied channel.

4.7.4 Structureof [o-Tolidinium]Zn(PDCA),(H20), - 1-hexanol

This pillared framework contains 1-hexanol guest molecules that were

inserted upon crystallization and exhibits the same properties as the pillared structure
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that contains the acetone molecules. The hexanol molecules exhibit a positional
disorder. Where the hydroxyl groups are pointed either up or down towards the
hydrophilic layer, and are connected by O-H----O=C hydrogen bonds to the
carboxylate. Introducing a guest molecule with hydrogen-bonding functionality
might ensure insertion due to the complementary interactions that will occur. Again
the metal dicarboxylate portion of the framework is tilted vertically which gives an
interlayer distance of 19.63A. The packing diagram of the pillared framework with

the hexanol guest molecules can be found in Figure 4.7.
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Figure 4.7 Packing diagram of the pillar containing 1-hexanol.

The TGA thermograph contains three individual weight losses. It would
appear that the included hexanol guest molecules are being removed over the same
temperature range as the loss of the coordinated water ligands. The first weight loss
(18.50%) occurs in the temperature range of 92° - 210° C correlates to the calcul ated
loss of the guest molecules and the two coordinated water ligands (19.52% weight

loss). The second and third weight losses are associated with the decomposition of
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the pillared framework, which has been reoccurring theme with the pillared

frameworks.

The DSC thermograph shows three individual endotherms which are
correlated to the three weight losses in the TGA thermograph. Thefirst broad
endotherm (92° - 217° C) associated with the loss of the hexanol guest molecules and
two coordinated water ligands correlates to the first weight lossin the TGA
thermograph. The second and third endotherm is associated with the decomposition
of the pillared framework because these endotherms match up with the weight losses

in the same temperature ranges in the TGA thermograph.

The powder x-ray diffraction pattern of the 1-hexanol included pillared
framework powder pattern isin good agreement with the theoretical powder pattern
that was generated from the single crystal data. The only difference in the powder
patterns is the appearance of a peak at 4.85 degrees two theta. This extra peak
correlates with the presence of empty channels because it is the same peak that is
formed in the powder pattern of the acetone included (empty) framework. The
grinding process of the sample must have removed a small portion of the guest

mol ecule from this framework.

4.75 Structureof [o-Tolidinium]Zn(PDCA),(H20), - 1-pentanal

This pillared framework contains 1-pentanol guest molecules that inserts upon

crystalization and has an identical pillared structure. The pentanol guest molecules

115



exhibit a positional disorder, where the hydroxyl is aways pointing up or down
toward the hydrophilic layer. The hydroxyl group again participates in hydrogen
bonding from the acohoal to the carbonyl in the metal dicarboxylate (O-H----O=C).
The metal dicarboxylate portion of the pillared framework istilted vertically giving
an interlayer distance of 20.11A. The differencein the interlayer distance of the
pillared framework that contains the hexanol guest and the pentanol guest is
approximately 0.48A, which indicates that the hexanol guest molecule packs more
efficiently than its shorter chain length analog. The packing diagram of the pillared

framework with an included pentanol guest molecule can be found in Figure 4.8.
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Figure 4.8 Packing diagram of the pillar containing pentanol.

The TGA thermograph reveals three distinct weight losses. The first weight
losswas in the range of 62° - 205° C that showed atotal weight loss of 15.70%,
which can be correlates with the loss of the pentanol guest molecule and the two
coordinated water ligands. The theoretical weight loss for the guest molecule and the
coordinated water ligandsis 16.89%. The pentanol guest molecule must be strongly
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attached to the pillared framework because the weight loss associated with loss of the
guest molecule occurs around the same temperature as the loss of the water
molecules. The second and third weight losses are correl ates with the decomposition
of the pillared framework, which has been a consistent feature with the guest included

pillared frameworks.

The DSC thermograph shows three individual endotherms which, correlate to
the three weight losses in the TGA thermograph. Thefirst broad endotherm (95° -
198° C) associated with the loss of the pentanol guest molecule and two coordinated
water ligands correlates to the first weight lossin the TGA thermograph. The second
and third endotherm is associated with the decomposition of the pillared framework
because these endotherms match up with the weight losses in the same temperature

ranges in the TGA thermograph.

The powder x-ray diffraction pattern of the 1-pentanol included pillared
framework powder pattern isin good agreement with the theoretical powder pattern
that was generated from the single crystal data. The only difference in the powder
patterns is the appearance of the peak at 4.85 degrees 20, indicating the presence of
slightly emptied channel because it is the same peak that was found in the powder
pattern of the empty, included framework. The grinding process of the sample must

have removed a small portion of the guest molecule from the framework.

4.7.6 Structureof [o-Tolidinium]Zn(PDCA),(H20), - p-difluorobenzene
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The pillared framework contains a p-difluorobenzene guest molecule that was
inserted upon crystallization and exhibits the same pillared structure that contains the
acetone guest molecules. A structure was obtained that showed no disorder in the
guest molecule and the position of the two fluoro groups were pointed toward the
hydrophilic layer. The metal dicarboxylate portion of the pillared structure is again
tilted vertically to yield an interlayer distance of 19.77A. The packing diagram of the
pillared framework with an included p-difluorobenzene guest molecule can be found

in Figure 4.9.
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Figure 4.9 Packing diagram of the pillar containing p-difluorobenzene.

The TGA thermograph showed four distinct weight losses. The first weight
loss occurs in the temperature range of 50° - 104° C and isonly 7.13%. The
theoretical weight loss for the loss of the guest moleculeis 15.00%, which isa
difference of 7.87% less. The difluorobenzene guest moleculeisavolatile liquid, so
drying the crystals, some of the guest must have been lost to the atmosphere. The

second weight loss occurred in the temperature range of 104° - 170° C and correl ates,
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in good agreement, with the loss of the coordinated water molecules. The third and

fourth weight |osses are associated with the decomposition of the pillared framework.

The DSC thermograph shows three individua endotherms which are
correlated to the three weight losses in the TGA thermograph. Thefirst broad
endotherm (160° - 215° C) associated with the loss of the two coordinated water
ligands correlates to the first weight loss in the TGA thermograph. The release of the
guest molecule must have occurred during the grinding phase because the DSC
thermograph was consistent with the porous frameworks DSC. This hypothesis
seems plausible because of the relatively low boiling point of p-difluorobenzene. The
second and third endotherm is associated with the decomposition of the pillared
framework because these endotherms match up with the weight losses in the same

temperature ranges in the TGA thermograph.

The powder x-ray diffraction pattern of the p-difluorobenzene included
pillared framework powder pattern showed must mgjor differences when compared
with the theoretical powder pattern that was generated from the single crysta
structure. The major difference in the powder patternsis the appearance of the peak
at 4.85 degrees 20 (the porous pillar) and the absence of the peak at 4.5A, which
indicates that there is no guest-containing solid remaining. The grinding process of

the sample must have entirely removed the guest molecule from the framework.

4.8  Stability Studies of the Hydrogen-Bonded Framework
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Once it was known that the hydrogen-bonded pillared framework contains
guest molecules within the channels, the next step was to determine if the framework
is stable enough to alow guest remova and reinsertion. A study was conducted
where acetone was removed from the crystallized framework that included acetone
guest molecules. The solid was then sonicated in ethyl acetate to form a guest-filled
framework. Once the ethyl acetate included solid was dried, it was analyzed by
powder XRD to observe the characteristic peaks associated with the guest filled
framework. The solid was then placed in a small round bottom flask, and vacuum
was applied overnight with slight heat (80° C) to remove the guest molecules. This
process of guest insertion and removal was repeated a total of seven timesto
determine if the hydrogen-bonded framework remained intact. Figure 4.10 shows the
powder patterns of the solid after the sonication process and the powder pattern of the
guest-free solid was not shown for clarity purposes. Figure 4.11 shows the powder

pattern after the guest was removed indicating a porous solid.
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Figure 4.10 Stability of the hydrogen-bonded framework study showing the repeated
inclusion of ethyl acetate (Bottom pattern is the crystallized solid and the repeated
attemptsto include ethyl acetate, 1-7 trials).
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Figure 4.11 Combined PXRD patterns after the guest was removed (bottom patternis
the sonicated trial 1and above are the subsequent trials).

49 Conclusion

We have been successful in synthesizing a pillared hydrogen-bonded metal-
organic framework. We have demonstrated the ability to insert guest molecules into
the open channels. We have aso shown that it is possible to insert and remove guest
molecules multiple times while maintaining the integrity of the framework. (Note:
Thisis only possible with sonication: experiments in which the solid was soaked in
the guest showed little or no sign of guest inclusion.) As seen in Chapter 1.4.3,
metal -organic frameworks include guest molecules but their major downside is the

fact that they form an interpenetrated network, where our framework does not. Our
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materia did not decompose upon guest insertion but a change in the interlayer
distance was noticed while varying or removing the guest molecules. This change
may be due to the hydrogen bonds that make up the layer component as it “flexes”
upon guest insertion to allow the guest molecule to occupy the created space. This
new host framework has shown to include awide variety of guest molecules range
from aryl to alkyl. Theincluded aryl molecules ranged from electron-donating
substituents to el ectron-withdrawing substituents which show the pillared framework
is versatile when including guest molecules. The guest did not show any signs of
inclusion were either too large or too volatile, which hindered the guest inclusion

upon crystallization.
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51  Background

Zeolites, open-framework aluminosilicates, are useful host/guest materials
because they can absorb molecules into their open framework. These frameworks
have many uses in areas such as petrochemical cracking, ion exchange (water
softening and purification), and the separation and extraction of gases and solvents.'?
They contain cavities that are irregularly shaped and therefore not suitable for
stereoselective catalysis. On the other hand, we can chemically modify the pillared
frameworks by exchanging components, which has been demonstrated by people
such as Ward>’ and Wuest.2*® In the area of inorganic-based hydrogen bonded
frameworks, there are examples of open-frameworks absorbing molecules without
disrupting the hydrogen bonded network.**™ Here we will examine if our hydrogen
bonded pillared framework, described in Chapter 4, will absorb small molecules via
intercalation. Even better, with our metal center we introduce a great potential for
binding at the metal center, and therefore potential uses in signaling, sensing, and
catalysis. Since the potential for binding at the metal center is available we will
choose to examine (1) guest molecules that can potentially bind to the metal and (2)

non-coordinating guest molecules.

5.2  Purpose of Research

In particular, we must demonstrate that our hydrogen bonded framework is
suitable for intercalation of the guests. It is not obvious that a hydrogen bonded
framework is strong enough to support the incorporation of guest molecules. We

would also like to test selectivity and to determine what kind of guest molecules we
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can include. Likely benzene —based molecules will include into the pillared
framework — but how big, what shape and electropositive or electronegative aryls?
And will alkyls groups work? Do we need substituents capable of hydrogen bonding

to anchor them to the solid?

5.3 Experimental

531 Materials

All chemicals and solvents were purchased from Sigma-Aldrich and used
without further purification or modification. Solids were sonicated in a Branson 6500
model sonicator. Following sonication, samples were characterized by TGA, DSC,

and powder XRD to determine if guest inclusion has occurred.

5.3.2 Experimental Procedure

Crystals were grown according to the synthetic procedure laid out in Section
4.7.1 for [o-tolidinium][Zn(PDCA),(H20),] - acetone or Zn(o-tol). Upon collection
of two grams of crystalline material, the crystals were ground and placed in a round
bottom flask. VVacuum was applied overnight to remove the acetone guest molecules.
PXRD and TGA were used to confirm the loss of acetone guest molecule.

0.077mmol of Zn(o-tol) was placed in a 20mL scintillation vial followed by
5mL of anhydrous hexanes and 1mL of the liquid guest (Xg), or 1.0mmol of solid

guest. The mixtures were allowed to sonicate overnight. The sonicated material was

130



filtered and washed with excess hexanes. Then the solid was finally allowed to air

dry in a fume hood.

54  Non-Coordinating Guest Molecules

54.1 Aromatic-based Guest Molecules

Table 5.1 contains a list of the non-coordinating aromatic guest molecules that
were used in this study, along with the results of TGA, DSC, and PXRD analysis.
The guest molecules vary in size, shape, and in the nature of the substituents on the

aromatic ring.

Table 5.1 Non-coordinating aromatic guest molecules, molecular weight, TGA
results, and conclusion on intercalation (by PXRD).

I nter calat
0,
Name of Guest Molepular % Gugst L owest ion
Guest Molecule Weight Occupie
Molecule 20 peak | Occurred
(g/mol) d Y
0 o
berzene @ e | 7458% | 45 Yes
0 o
toluene @ 9214 100.72% 4.5 Yes
0 o
oxylene ¢ 0616 | 7873% 45 Yes
0, o
m-xylene @\ 106.16 14.52% 4.85 No
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0, )
o-xylene @/ 106.18 13.81% 4.85 No
0, )
p-diethylbenzene % 134.22 32.67% 4.85 No
0, )
m-diethylbenzene é\/ 134.22 16.74% 4.85 No
0, )
0, o
ethylbenzene é 106.16 43.16% 45 Yes
0, )
cumene 6 120.19 6.69% 4.85 No
F
0, )
fluor obenzene @ 96.10 9.50% 4.85 No
Cl
0,
chlor obenzene 112.56 9.84% 4.85 No
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m
—

0 o
bromobenzene @ 157.01 96.87% 45 Yes
I
0 o
iodobenzene @ 204.01 40.95% 45 Yes
F
0 o
p-difluor obenzene @ 114.09 13.92% 4.85 No
F
0 o
m-difluor obenzene @ 114.09 14.32% 4.85 No
F
F
0 o
o-difluorobenzene @/F 114.09 13.19% 4.85 No
Cl
0 o
p-dichlor obenzene @ 147.00 28.42% 45 Yes
Cl
F
F F
0, o
hexafluor obenzene 186.05 7.73% 4.85 No
F F
OH
0 o
phenol 94.11 88.51% 45 Yes
OH
0 o
2-phenylethanol 122.16 80.37% 45 Yes
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OH
0, o
hydroquinone 110.11 80.56% 45 Yes
OH
NO,
0, o
nitrobenzene @ 123.11 68.37% 45 Yes
~o
0, o
"\-M - 0 o
N,N-dimethylaniline i 121.18 27.48% 45 Yes

54.11 TGA Results

All samples that were sonicated for guest inclusion were analyzed by TGA to

determine the amount of guest inclusion. In Table 5.1, a list of the guest molecules

that were attempted to include in the solid pillared framework and the percent of

guest loss is shown. The % Void occupied calculation can be found in Equation 5.1.

% Occupied = (experimental weight loss / theoretical weight loss) * 100%

Equation 5.1 The equation showing the % occupied calculation

54.1.2 DSC Results

(5.1)
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The DSC analysis of the guest-included samples was consistent with the DSC
thermographs described in Chapter 4, where three endothermic peaks, are associated
with the loss of water ligands, loss of the diamine, and the decomposition of the metal
complex. When the first peak (loss of water) has a “shoulder”, this indicates the loss
of the included guest molecule. The reason for the increase in temperature range can
be attributed to a strong interaction between the pillar and the guest. The second
endotherm occurs at the same temperature as that indicated by TGA. The final
endothermic peak is associated with the decomposition of the metal complex, which

destroys the remaining pillared framework.

54.1.3 Powder X-Ray Diffraction Results

All samples were analyzed by powder XRD to determine if the guest was
incorporated into the pillared framework. As can be seen from Table 5.1, the
intercalation/inclusion is evident by the appearance of two peaks (4.50° and 4.85°) in
the powder pattern. The peak at 4.5° indicates a guest-filled channel and the peak at
4.85° indicates a guest-free channel. A few examples from sonication of aromatic

guest molecule can be found in Figure 5.1.
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Figure 5.1 PXRD patterns from aromatic guests: (a) benzene, (b) toluene, (c) anisole,
(d) cumene, (e) p-diethylbenzene, (f) p-difluorobenzene, (g) p-dichlorobenzene, and
(h) theoretical pattern from single crystal XRD containing an acetone guest molecule.
5.4.2 Alkyl-based Guest Molecules

A list of the non-coordinating alkyl-based guest molecules that were used,
along with data from TGA, DSC, and PXRD analysis, can be found in Table 5.2. The
alkyl-based guest molecules were varied based on their size, functional group and
shape. Comparison between alkanes and their corresponding alcohols, and saturated
cyclic molecules and their oxygen analogues were made possible based on judicious

choice of guests.
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Table 5.2 Alkyl-based guest molecules, molecular weight, TGA results, and
conclusion on intercalation (by PXRD).

Namigcﬁ geﬂ Guest Molecule MV(\)/ISngur:;jl r (Ol/occigfd 2'—(;)1\)/:?1( [ r(l)tzr: 3{;\Iragc|i (;n
(g/mol)
1-butanol ~~-CH 7412 N/A 4.85° No
1-pentanol ASNOH 88.15 79.5% 45 ves
1-hexanol SASAOH 102.17 90.0% 4.5° Yes
1-heptanol AASAOH 11620 N/A 4.85° No
1-octanol SSASAOH | 13023 N/A 4.85° No
1-nonanol ANANASNAOH 144.25 N/A 4.857 No
1-decanol SAASASAOH 158.28 N/A 4.85° No
pentane AN 72.15 N/A 4.85° No
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hexane P 86.18 N/A 4.85 No
heptane P W 100.20 N/A 4.85 No
octane P W N 114.23 N/A 4.85 No
nonane P W 128.26 N/A 4.85 No
decane 14228 N/A 4.85 No
ethyl acetate T 88.11 75.3% 45° Yes
)LQ*""\. '
O 25.2% 4.85° No
tetrahydrofuran D 7211 : '

° 21.7% 4.85° N

1,4-dioxane l: j 88.11 % : )
0
0, )

cyclohexane O 84.16 6.3% 4.85 No
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5421 TGA Results

All samples that were sonicated for guest inclusion were analyzed by TGA to
determine the amount of guest inclusion indicated by the calculated weight loss. In
Table 5.2, a list of the guest molecules that were attempted to include in the solid
pillared framework and the percent of guest loss is shown. The TGA exhibited extra
weight loss associated with guest molecules for a few samples (pentanol, hexanol,
and ethyl acetate) but the majority of the samples showed similar thermographs as the

porous pillar.

54.2.2 DSC Results

The DSC analysis of the guest-included samples was consistent with the DSC
thermographs where each thermograph contained three endothermic peaks, which are
associated with the loss of water ligands, loss of the diamine, and then decomposition

of the metal complex.

5.4.2.3 Powder X-Ray Diffraction Results

All samples were analyzed by powder XRD to determine if the guest was
incorporated into the pillared framework. As can be seen from Table 5.2, the long
chain alkane guest molecules do not show any sign of guest inclusion, and similar
results were observed for the alkyl alcohols (except of pentanol and hexanol). Again,

a peak at 4.5° indicates a guest-filled channel and a peak of 4.85° indicates a guest-
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free channel. A few examples from the sonication of saturated guest molecule can be

found in Figure 5.2.
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Figure 5.2 PXRD patterns from the alkyl-based guest molecules: (a) pentane, (b)
decane, (c) hexanol, (d) nonanol, (e) ethyl acetate, (f) cyclohexane, and (g) theoretical
powder pattern from single crystal XRD containing an acetone guest molecule.
5.4.3 Discussion of Non-Coordinating Guest Molecules

The guests found in Tables 5.1 and 5.2 were sonicated with host framework
Zn(o-tol) to examine whether a new guest could replace the original and whether

guest selectivity was possible. The guests ranged in nature from aryls to alkanes to

alkyl alcohols. X-ray and gravimetric evidence indicated that the pillared framework
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included a variety of guest molecules. The TGA evidence showed an increase in
weight loss when compared to the vacant pillared framework for the following guests:
benzene, toluene, ethylbenzene, bromobenzene, iodobenzene, phenol, nitrobenzene,
anisole, N, N-dimethylaniline, p-xylene, p-dichlorobenzene, hydroquinone, pentanol,
hexanol, and ethyl acetate. In the case of powder XRD, benzene, toluene,
ethylbenzene, bromobenzene, iodobenzene, phenol, nitrobenzene, anisole, N, N-
dimethylaniline, p-xylene, p-dichlorobenzene, hydroguinone, pentanol, hexanol, and
ethyl acetate showed a shift (to lower 2@ values) for the 001 peak, indicating an
increase in the interlayer distance, which is consistent with guest inclusion.

Of the guest studied, benzene, toluene, ethylbenzene, bromobenzene,
iodobenzene, phenol, 2-phenylethanol, hydroquinone, nitrobenzene, anisole, N, N-
dimethylaniline, p-xylene, p-dichlorobenzene, hydroquinone, 1-pentanol, 1-hexanol,
and ethyl acetate were all included during sonication, as shown by both TGA and
PXRD. It would appear that shape directs which guest molecules can access the
channels, because only 1, 4-disubstituted benzene guests were included. The nature
of the substituents on the benzene ring does not appear to be the deciding factor,
because there are examples of both electron donating and withdrawing groups on
included guests. Itis likely that the nature of the channel might prefer more
electropositive guest molecules as opposed to the electronegative guest molecules. It
would seem that the electron donating groups might have the upper hand since the
majority of the included guests contain an electron donating group. In the case of the
non-aromatic guest molecules, the ability to include guest molecules is dependent on

the guest molecule to contain a hydroxyl group, which will be used to anchor the
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guest to the host framework via hydrogen bonding. As seen in the experimental data,
only pentanol and hexanol were included into the framework, which would indicate
that the presence of the hydroxyl group as well as a specific length of the guest
molecule is required for inclusion.

The guest molecules that did not show any evidence to support inclusion into
the pillared framework are cumene, fluorobenzene, chlorobenzene, m-xylene, o-
xylene, p-diethylbenzene, m-diethylbenzene, o-diethylbenzene, p-difluorobenzene, m-
difluorobenzene, o-difluorobenzene, hexafluorobenzene, pentane, hexane, heptane,
octane, nonane, decane, butanol, heptanol, octanol, nonanol, decanol, tetrahydrofuran,
1, 4-dioxane, and cyclohexane. These guest molecules did not show evidence due to
their size and shape because it was shown that the meta and ortho isomers do not
show any sign of guest inclusion. Two guests that were para isomers did not show
any sign of inclusion, p-diethylbenzene and p-difluorobenzene. The p-diethylbenzene
guest might be too large for the pillar and the p-difluorobenzene guest might be too
electronegative to reside within the channel.

Since there was some indication that non-coordinating guest molecules would
be included into the host framework, we also investigated the inclusion of

coordinating (pyridine-based) guest molecules.

55  Coordinating Guest Molecules
A list of possible coordinating (pyridine-based) guest molecules that were
used in the study can be found in Table 5.3. The same approach was taken as far the

non-coordinating guest molecule (Section 5.4), where the guest molecules were
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introduced to the layered solid through sonication. The pyridine-based guest

molecules have substituents that vary based on size, shape and electronic properties.

Table 5.3 A list of coordinating guest molecules, molecular weight, TGA results, and
conclusion on intercalation (by PXRD).

Name of Guest Guest MV(\)/I:icur:flr % Guest Lowest 20 Intercalation
Molecule Molecule > Occupied peak Occurred?
(g/moal)
idi I ~ 83.13% 45° Yes
pyridine - 79.10 . .
N
icoli ~ 18.90% 4.85° No
2-picaoline | - 93.13 . '
N
0, o
4-picoline | ~ 93.13 16.28% 4.85 No
-
N
0, o
4-ethylpyridine N 107.15 65.00% 45 Yes
P
N
CN
0, o
4-cyanopyridine ﬁ 104.11 62.58% 45 Yes
-+
N
N
I LS
2 47.81% 45° Y
4,4'-bipyridine 156.18 0170 . es
»
N
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0, o
4-t-butylpyridine ~ 135.21 34.10% 45 Yes
I -
N
"M.-N-f'
-(di i 0, o
4-(dimethylamino) N 19217 29.81% 4.5 Yes
pyridine |
-
N
Cl
0, o
4-chloropyridine ﬁ 11354 54.55% 45 Yes
-
N
0._OH
0, o
isonicotinic acid > 123.11 55.87% 4.85 No
I .
N
O~,.NH;
0, o
isonicotinamide 122.12 31.40% 45 Yes
-
»
N

55.1 TGA Results

Similar to the samples that were sonicated with benzene-based and alkyl-
based guest molecules were analyzed by TGA to determine the amount of guest
inclusion. The majority of the samples showed a substantial weight loss in the 100° -
220° C range which indicates that a guest molecule resides inside the channel. The
sample where pyridine was used as the guest molecule, showed the largest weight
loss, which was a little less than was expected for a 1:1 host to guest ratio. There
were three samples that did not show substantial weight loss: 2-picoline, 4-picoline

and isonicotinamide. The results from all samples can be found in Table 5.3.
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552 DSC Results

The DSC analysis of the guest-included samples was consistent within the
DSC thermographs whereby there were three endothermic peaks, which are
associated with the loss of water ligands, loss of the diamine, and the decomposition
of the metal complex. The second endotherm occurs at the same temperature (220° -
340° C) as that indicated by TGA. The final endothermic peak is associated with the
decomposition of the metal complex, which destroys the remaining pillared

framework.

5.5.3 Powder X-Ray Diffraction Results

All sonicated samples were analyzed by PXRD to determine if guest inclusion
IS occurring via sonication. As observed previously in 5.4.1.3 and 5.4.2.3, a two peak
pattern between 4.5A to 5.0A indicates that guest inclusion is occurring in this
pillared framework. The patterns that showed these two peaks also showed a
substantial weight loss in the TGA spectrum with the corresponding material. A
generalized examination of the powder XRD results are found in Table 5.3. A few

examples from sonication of aromatic guest molecule can be found in Figure 5.3.
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Figure 5.3 PXRD patterns from pyridine-based guest molecules: (a) pyridine, (b) 2-
picoline, (c) 4-picoline, (d) 4-ethylpyridine, (e) 4-cyanopyridine, (f) 4-t-butylpyridine,
and (g) theoretical powder pattern from single crystal XRD containing an acetone
guest molecule.
5.5.4 Discussion of Coordinating Guest Molecules

In the attempt to include coordinating guest molecules, there was gravimetric,
and X-ray evidence for intercalation in the majority of the guest molecules.

The guest molecules that have shown evidence of intercalation through TGA
analysis are: pyridine, 4-ethylpyridine, 4-cyanopyridine, 4, 4'-bipyridine, 4-t-
butylpyridine, 4-(dimethylamino) pyridine, 4-chloropyridine, isonicotinic acid, and

isonicotinamide. Evidence for intercalation is given by a large weight loss as

observed in the TGA thermograph in the temperature range of 100° - 220° C. The
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guest that exhibited the highest amount of inclusion was pyridine. This means
coordinating guest containing alkyl-based groups possibly work better than electron
withdrawing groups. The guest molecules that have shown evidence of intercalation
through PXRD analysis are: pyridine, 4-ethylpyridine, 4-cyanopyridine, 4, 4'-
bipyridine, 4-t-butylpyridine, 4-(dimethylamino) pyridine, 4-chloropyridine, and
isonicotinamide. The evidence for intercalation in these experiments was concluded
by the appearance of a peak around 4.5° (from PXRD), which indicates a guest
included pillared framework.

The guest molecules that did not show any sign of inclusion are 2-picoline, 4-
picoline, and isonicotinic acid. The TGA data and powder XRD patterns did not
show any evidence of an additional weight loss or the presence of a peak at 4.5°,
which is the evidence for guest intercalation. It is surprising that 4-picoline is not
included, because similar 4-substituted molecules (mentioned above) exhibited signs
of guest inclusion. It is likely that 2-picoline does not include into the framework

because of the steric hindrance of the methyl group in the ortho position.

5.6 Conclusions

We have determined that our host framework is indeed strong enough to
withstand guest loss, and guest exchange. We examined the ability of benzene-based,
long chain alkyl-based and pyridine-based guest molecules to absorb into our
hydrogen bonded framework. When examining the benzene-based molecules, the
host framework exhibited evidence of intercalation from thirteen out of twenty-five

guests. The long chain alkyl-based molecules exhibited evidence of intercalation
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from three out of seventeen samples. The group that exhibited the most consistent
results was from the pyridine-based molecules because eight out of eleven samples
did show evidence of intercalation. The pyridine-based molecules contain two
methods for intercalation (traditional or coordinative) that allows for a greater chance
for guest inclusion.

We have shown that the chemical nature of the substituent might not be
extremely important because both electropositive and electronegative groups exhibit
guest inclusion. The one important group is the hydroxyl because this group can
anchor itself to the host material, which will lead to guest inclusion. The size and
shape of the guest molecules play a determining factor if guest inclusion will occur.
It was shown that disubstituted benzene molecules will only include when it’s the
para isomer indicating that shape is a major factor in whether molecules will serve as

guests.
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Chapter 6

Competition Studies of Mono- and Disubstituted
Benzenesinto a Pillared HMOFs
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6.1 Background

Separation of molecules that possess similar boiling points is a difficult task,
and is traditionally accomplished via fractional distillation. However, an alternative
method to separate these isomers is through molecular recognition in the solid-state.
This form of host/guest chemistry allows the host molecule or complex to selectively
separate isomers through inclusion. There have been other groups who have
observed guest selectivity via co-crystallization where the host and guest mixture are
allowed to crystallize together.”® The guest molecules are then separated by
chromatographic methods. The previously mentioned selectivity studies used only
organic molecules as the host material and the guest molecules. Since the previous
studies contained only organic molecules our metal-containing pillared framework
would be an excellent addition to the preceding selectivity studies. The metal-
containing framework offers the potential for studies in catalysis, signaling, and
magnetic/optic properties.’®*® These host materials are in turn dependent on the
shape, size, conformation, and surface charge distribution of the molecules making up

the system.

6.2  Purpose and Goals of Research

The focus of this project was aimed toward looking at selectivity of the host
framework and to determine the selectivity of the host framework for a guest
molecule when more than one guest is in solution during the crystallization process.
In order to look at selectivity, the host framework will be subjected to two guest

molecules at the same time competing simultaneously for inclusion. To determine if
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the host has any preference for specific guest molecules, the competition reaction will
proceed by varying the concentration of each guest molecule by a mole fraction. As
the concentration of guest A increases, the concentration of guest B will decrease.
We will look at the inclusion process of two competing guest molecules through the
method of co-crystallization. Once crystals are grown from solution, the analysis will
be performed through the use of GC/MS. All guests were mono- and di-substituted
aryls and varied based on the size, shape, and/or the electronegativity of the

substituent.

6.3  Determination of Selectivity

One of the most important applications of host-guest chemistry is the
separation of similar compounds by enclathration or inclusion. This involves the
choice of a suitable host compound which (when exposed to a mixture of guests)
combines selectively with a particular guest to form a crystalline inclusion compound.
The inclusion compound is filtered and the guest is released by gentle heating,
allowing the guest to be disposed of or recycled. The selectivity process depends on
the molecular recognition between the host and the guest molecules.

If two or more guests are present within a host, then four kinds of selectivity
curves can occur, as seen in Figure 6.1. The horizontal axis is the mole fraction of
guest A, Xa, and the vertical axis is the amount included of guest A, Za. The amount
of selectivity can be quantified by calculating the selectivity coefficient, Equation 6.1,

which has been implemented by Ward.®
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Kag = (Kea)' = Zal Zs - Xg/ Xa ;

where (Xa + Xg = 1)

Equation 6.1: Where K is the selectivity coefficient, A is guest A, B is guest B, Z is
the amount included of a guest, and X is the mole fraction of a guest.

a) (b}

o
x

o

x

{c) {d)

Figure 6.1 Various options in determining selectivity: (a) moderate selectivity, (b)
high selectivity, (c) concentration dependent and (d) no selectivity.

6.4  Experimental

6.4.1 Materialsand Instruments
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All chemicals and solvents were purchased from Sigma-Aldrich and used with
out further modification. The solvents used, methanol and N, N-dimethylformamide,
were ACS grade and the DI water was obtained from a Millipore MilliQ Plus purifier.

GC/MS chromatographs were recorded on a Hewlett Packard GC/MS System
Model 5988A. Exact masses were obtained on a JEOL MStation [JMS-700] mass

spectrometer. TGA thermographs were collected on a TA Q50.

6.4.2 Experimental Procedures

Guest-containing materials were obtained in a manner previously described
(Chapter 4). The molecular components used during the synthetic procedure are: the
metal dicarboxylic acid (Zn(pyridine 2,4-dicarboxylic acid),(H.0),) and an organic
diamine (3,3’-dimethylbenzidine). Guest molecules were introduced according to the
concentrations given in Table 6.1.

The mixtures were allowed to crystallize and after a one week period the
crystals were collected and filtered. The analysis of the crystals was through GC/MS.
The typical sample preparation for GC analysis included placing the sample in a
10mL Schlenk flask followed by applying a static vacuum to remove any excess
guest molecules and air. The flask was then heated for ten minutes to ensure the
guest molecules had an appropriate amount of time to escape the host. The head gas
was extracted using an air-tight syringe and inserted into the GC. Once the
corresponding peaks appeared on the chromatograph, they were integrated together to

determine the percent composition of each present guest molecule. The data was then
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plotted on a graph with the mole fraction of guest A vs. the percent included of guest

A

Table 6.1 General amounts of each guest molecule used in a competition reaction.

Mole Fraction (guest A) Guest A (mmol) Guest B (mmol)
0.0 0.0 1.2
0.1 0.12 1.08
0.2 0.24 0.96
0.3 0.36 0.84
0.4 0.48 0.72
0.5 0.60 0.60
0.6 0.72 0.48
0.7 0.84 0.36
0.8 0.96 0.24
0.9 1.08 0.12
1.0 1.2 0.0

6.4.3 Characterization

Samples were characterized by TGA and GC/MS. The TGA can confirm that

guest molecule(s) are present within the host but determination of which guest

molecule is impossible through TGA. Since the guest molecules that were used in the

competitions were typically similar, the TGA spectrum showed a very similar plot for
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each sample analyzed, but did confirm the presence of guests. The GC/MS was
chosen because of its ability to separate the two guest molecules and determine the
percent composition of the corresponding guest molecules, followed by integration of

the two peaks to determine the GC yield of the resulting guest molecules.

6.5 Resultsfrom Competition Studies

The selectivity coefficient, K, can be used to determine which guest is
selectively included along with the amount of selectivity. If the K of guest A is less
than 1, then it can be concluded that guest B is more selective to inclusion in the host
framework than guest A. Conversely, if K of guest A is greater than 1, then it can be
concluded that guest A is more selective towards inclusion. The degree of selectivity
is depends on the value of K: when K =100 the guest is highly selective and when K
= 10 the guest is moderately selective. If the selectivity factor, K, is less than 5 the
guest is considered to be slightly selective and when the K is equal to 1 the host is

concluded to be not selective for the guest molecules.

6.5.1 Resultsfrom the Monosubstituted Benzene Studies
All of the competition experiments will employ the use of two guest
molecules for each study. The first group that will be examined is the competition

studies of the mono-substituted benzene guest molecules.
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Figure 6.2 Selectivity plot of toluene vs. nitrobenzene study.

In the competition study between toluene and nitrobenzene, the host seemed
to have a higher selectivity towards toluene as the guest molecule. The overall
selectivity coefficient for this study is Ka.g = 4.38 which means that the host is
moderately selective for toluene over nitrobenzene. The corresponding selectivity

plot is given in Figure 6.2.
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Figure 6.3 Selectivity plot of toluene vs. anisole study.

In the competition study between toluene and anisole, anisole showed to be a
more favorable guest molecule. The overall selectivity coefficient for this study is
Ka:s = 0.53 which indicates that there is slight selectivity for anisole. The selectivity

plot was given in Figure 6.3.
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Toluene vs Hexanol
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Figure 6.4 Selectivity plot of toluene vs. hexanol study.

The competition study between toluene and hexanol showed no sign of

selectivity. The overall selectivity coefficient for this study is Ka.g = 1.09 which

indicates no selectivity. The corresponding selectivity plot is shown in Figure 6.4.
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Toluene vs lodobenzene
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Figure 6.5 Selectivity plot from toluene vs. iodobenzene study.

The competition study between toluene and iodobenzene revealed
iodobenzene was more favorable as the guest molecule. The overall selectivity

coefficient for this study is Ka.g = 0.82 indicating a slightly selectivity for

iodobenzene. The selectivity plot for this competition is illustrated in Figure 6.5.
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Toluene vs Ethyl acetate
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Figure 6.6 Selectivity plot from toluene vs. ethyl acetate study.

The competition study between toluene and ethyl acetate showed toluene was
the more favorable guest molecule. The overall selectivity coefficient for this study is
Ka:s = 11.25 which indicates moderate selectivity for toluene. The selectivity plot is

given in Figure 6.6.
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lodobenzene vs Nitrobenzene
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Figure 6.7 Selectivity plot of nitrobenzene vs. iodobenzene study.

In the competition reaction between iodobenzene and nitrobenzene, the host

was more selective towards iodobenzene. The selectivity coefficient of this study is

Ka:g = 12.88, indicating the reaction is moderately selective for iodobenzene. The

corresponding selectivity plot for this study is illustrated in Figure 6.7.

6.5.2 Resultsfrom the Disubstituted Benzene Studies
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p-Xylene vs p-Difluorobenzene
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Figure 6.8 Combined selectivity plots from p-xylene vs. p-difluorobenzene study.

In the competition reaction between p-xylene versus p-difluorobenzene, the
host framework was more selective towards p-xylene as the guest molecule. Figure
6.8 shows the two separate studies that shows very good reproducibility. The
selectivity coefficient of this study is Ka.g = 113.80, which indicates the reaction is
highly selective for p-xylene. The selectivity coefficient for the two plots is

calculated and then the average of the coefficients is reported.
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p-Xylene vs p-Diethylbenzene

* * *

90 *

B0

Ed

amas —na 35 —

: e
. e

[n 2 0 == =)

) /
10

o 01 0.2 03 0.4 05 06

Mole Fraction (Xylene)

0.7

08

09 1

Figure 6.9 Combined selectivity plots from p-xylene vs. p-diethylbenzene study.

In the competition reaction between p-xylene versus p-diethylbenzene, the

host framework was also selective towards p-xylene as the guest molecule. This study

was performed twice and the results are given in Figure 6.9. The selectivity

coefficient of this study is Ka.g = 15.96, indicating the reaction is moderately

selective for p-xylene.
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p-Diethylbenzene vs p-Difluorobenzene
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Figure 6.10 Combined selectivity plot from p-diethylbenzene vs. p-difluorobenzene
study.

In the competition reaction between p-diethylbenzene versus p-
difluorobenzene, the host framework was more selective towards p-diethylbenzene.
Figure 6.10 shows two separate studies with good reproducibility. The selectivity
coefficient of this study is Ka.g = 13.58, which the selectivity of the reaction is

moderately selective for p-diethylbenzene.
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m-Xylene vs m-Difluorobenzene
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Figure 6.11 Combined selectivity plot from m-xylene vs. m-difluorobenzene study.

In the competition reaction between m-xylene versus m-difluorobenzene, the
host framework was selective towards the m-xylene. Figure 6.11 shows the two
separate studies for this competition study. The selectivity coefficient of this study is

Ka:s = 24.30, indicating the reaction is moderately selective for m-xylene.
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Figure 6.12 Combined selectivity plot from m-xylene vs. m-diethylbenzene study.

In the competition reaction between m-xylene versus m-diethylbenzene, the

host framework was more selective towards m-xylene. Figure 6.12 illustrates the two

separate studies for this reaction. The selectivity coefficient of this study is Ka.g =

2.68, which indicates the reaction is slightly selective for m-xylene.
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Figure 6.13 Combined selectivity plot from m-diethylbenzene vs. m-difluorobenzene
study.

In the competition reaction between m-diethylbenzene versus m-
difluorobenzene, the host framework was selective towards m-diethylbenzene as a
guest molecule. Figure 6.13 shows the results for the two separate studies in this
competition reaction. The selectivity coefficient of this study is Ka.g = 11.37,

indicating the reaction is moderately selective for m-diethylbenzene.
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Figure 6.14 Combined selectivity plot from o-xylene vs. o-difluorobenzene study.

In the competition reaction between o-xylene versus o-difluorobenzene, the
host framework was selective towards the o-xylene guest molecule. Figure 6.14
shows the two separate studies. The selectivity coefficient of this study is Kag =

2.71, indicating the reaction is slightly selective for o-xylene.
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Figure 6.15 Combined selectivity plot from o-xylene vs. o-diethylbenzene study.

In the competition reaction between o-xylene versus o-diethylbenzene, no

selectivity was observed. Figure 6.15 shows the two separate studies. The selectivity

coefficient of this study is Kag = 1.17, indicating there is no real selectivity.
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Figure 6.16 Combined selectivity plot from o-difluorobenzene vs. o-diethylbenzene
study.

In the competition reaction between o-difluorobenzene versus o-
diethylbenzene, the host framework was selective towards the o-diethylbenzene guest
molecule. Figure 6.16 shows the two separate studies. The selectivity coefficient of
this study is Ka.g = 0.64, indicating the reaction is slightly selective for o-

diethylbenzene.

6.6  Discussion of Selectivity
In the selectivity studies of the monosubstituted guest molecules, the host
framework has shown some sign to preferentially include one guest molecule over the

other through the process of co-crystallization. One competition study from the
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mono-substituted aryls did not show a sign of selectivity, whereby the host
framework did not preferentially include one guest molecule over the other. When
closely examining the nature of the guest molecules, it appears the size of the
potential guest molecule is more a determining factor than the electronics of the guest
molecule. In some examples, the electron donating group is favored but in another
example the electron withdrawing group is favored. These results indicate there is no
general trend forming in this selectivity study except for size dependence.

The competition study between toluene and nitrobenzene was a good example
of comparing an electron donating group versus an electron withdrawing group and in
this study the pillared framework favored the electron donating guest. Also the slight
difference in the size of the substituents could have played a role in the inclusion
process where the smaller sized guest molecule was more selective than the larger
guest molecule. This pillared framework includes greater than 50% of toluene in
every mole fraction point and greater than 80% from 0.6 mole fraction and higher of
toluene.

The competition study between toluene and anisole was a good example of
comparing two electron donating groups with varying sizes. The greater electron
donating group (methoxy) shows a higher selectivity when compared to a smaller
electron donating group (methyl). It appears that the size of the substituent and the
electronics of the guest molecule are both factors toward selectivity. The framework
includes greater than 50% of anisole is every mole fraction point, one exception being

the 0.9 mole fraction of toluene.
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The competition study between toluene and hexanol was a good example of
comparing an electron donating aryl versus a polar alkyl, and this pillared framework
showed no favoritism. The hydrogen bonding from the alcohol group or the 1 — =
interactions via the guest molecule and the framework are the two non-covalent
interactions that are in question for this study. Since the data points in the inclusion
graph follow the linear path that is given on the data plot, it could be inferred by
observation that there was no selectivity present.

The competition study between toluene and iodobenzene was a good example
of comparing an electron donating versus an electron withdrawing group and this
pillared framework favored the electron withdrawing guest. Also this study was a
comparison of size selectivity because the iodo group is larger than the methyl group.
The size of the iodobenzene guest molecule must fill up the space of the channel
more efficiently than the smaller toluene molecule which could be the main reason
why there is some selectivity towards iodobenzene.

The competition study between toluene and ethyl acetate was a good example
of comparing an electron donating aryl versus a volatile, polar alkyl solvent whereby
the pillared framework favored the aryl guest. The toluene molecule must fill the
channel more efficiently than ethyl acetate, which is not surprising after seeing the
dimensions of the void area, Figure 4.2b. The aryl molecule is best suited for the
pillared host over the alkyl molecule, more so the alkyl molecule does not offer any
extra intermolecular interactions.

The competition study between nitrobenzene and iodobenzene was a

comparison of electron withdrawing substituents. It showed that the least electron
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withdrawing group was favored (iodo). It is possible that larger electron withdrawing
group is not favored by the host framework. The iodobenzene molecule must fill up
the channel more efficiently than nitrobenzene. The percent included of iodobenzene
is greater than 50% in every mole fraction where iodobenzene was present. The
pillared framework would be a good option when needing to separate nitrobenzene

from iodobenzene.

NO,

éé@M O > A

Figure 6.17 Guest ranking from competition studies.

In the selectivity studies of the disubstituted guest molecules, the host
framework has shown evidence to preferentially include one guest molecule over the
other through the process of co-crystallization. Here we looked at three different
isomers of three molecules and compared the similar isomers to each other. In all
examples xylene was favored over diethylbenzene, xylene was favored over
difluorobenzene, and diethylbenzene was favored over difluorobenzene. A
generalization can be drawn that xylene is more preferred than diethylbenzene, which
is more preferred than difluorobenzene. In this study it is clear to see that the electron
donating groups are favored over the electron withdrawing groups and that the larger

ethyl groups are a worst it than the methyl groups. We learned that the smaller alkyl
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group efficiently fills the channel over larger alkyl groups hence the higher selectivity

for xylene over diethylbenzene in each case, para- , meta- , and ortho.

6.7  Conclusion

We have shown that our hydrogen bonded pillared framework can selectively
include guest molecules via co-crystallization. If the substituents or the substitution
pattern on the benzene ring are varied, we still observe selectivity for one guest over
another. There was one instance where no selectivity was observed and that was the
case of hexanol versus toluene. The mono- and disubstituted studies showed an
overall selectivity towards molecules containing electron donating groups. Also, the
substitution pattern of 1,4 appear to be the most favored position when examining the
various isomers of each molecule. In the attempt to determine a selectivity factor,
e.g. m- vs. o-xylenes was not successful because our GC separating column did not
have the ability to separate such molecules. If the column of the GC could have been

optimized this study would have been extremely beneficial.
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7.1  Concluding Remarks

The development of the field of Supramolecular chemistry has allowed
for interesting and fascinating structures to be created, which exhibit
intriguing properties such as: storage, signaling, catalysis, separations, and
non-linear optics. We have successfully developed and synthesized two
different types of hydrogen bonded metal organic frameworks (HMOFs) by
varying the component that resides between our layered materials. Thetwo
HMOFs which were synthesized include a layered framework and a pillared
framework. These frameworks were created by using a mono-amine and a
diamine, respectively. These two HMOFs were subsequently studied for their
potential properties as a storage device, signaling, and separations.

In the first study, the layered framework was created by using a mono-
amine. Thisallowed usto control the distance and the chemical nature of the
interlayer region. We created nine different layered frameworks when using
nine different monoamines. We examined the phenomenon of intercalation
by allowing guest molecules to enter the interlayer regions and either residein
the vacant space (non-coordinative) or replace the water ligands coordinated
to the metal center (coordinative). In this study, we did not observe any signs
of non-coordinative intercal ation because none of the guest molecules
remained between the layers upon characterization. In the second study, we
observed coordinative intercalation, as supported by TGA and powder XRD
evidence, and by the observation of a color change upon intercalation. The

samples that showed a color change were likely to have replaced at |east one
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bound water molecule. The guest molecules that effected this color change
were pyridine, 4-ethylpyridine, and 4-picoline. In the case using 4-picoline,
there was evidence (TGA) that athird guest was present, likely residing in the
interlayer region without the use of coordinative covalent bonding. There
were some examples in which TGA showed evidence of intercalation, but that
sample did not exhibit a color change upon guest replacement. These guest
molecules were 4-chloropyridine, 4, 4’ -bipyridine, 4-t-butylpyridine, and 4-
(dimethylamino) pyridine. Interactions between the hydrophobic substituents
working in concert are strong, and non-coordinating molecules do not become
“solvated” by the organic substituents. However, coordinate-covalent bonds,
because they are strong, connect to and remain inside the solid upon
intercalation. Since there was no evidence of non-coordinative intercalation
we decided to look into pillared frameworks in hopes that the pillared
structure will alow for guest inclusion.

In the second study, the pillared hydrogen bonded framework was
synthesized by using adiamine. Thisalowsfor control of the interlayer
distance because it “props’ up the layer, and also allows room for pores or
channels. The pillared structure was synthesized by co-crystallizing the
pillared components with guest molecul es residing between the organic
diamine. In presence of any guest, the same framework exists, as shown by
single crystal and powder XRD data. Therefore, these ammonium-

carboxylate hydrogen bonds are reliable for creating porous materials.
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One of thefirst studies with the pillared framework was to test the
stability of the framework upon guest loss because traditionally hydrogen
bonds are not considered a strong interaction. After insertion, we removed the
guest molecule and characterized the solid to ensure the framework was still
intact. Then the porous framework was introduced to another guest molecule
to observeif re-uptake of a guest molecule was possible. The answer isyes!
Impressively, the guest was inserted and removed seven times without
disrupting the hydrogen bonded framework.

The next study was to determine if the host was selective for specific
types of molecules. Thiswas examined through intercal ation of guest
molecules into the porous framework by varying the substituents on the guest.
It was shown that the pillared framework preferred guests that contained
electron donating groups but also showed evidence that guests containing
electron withdrawing groups were inserted into the porous material.

In the final study, we looked into separating molecules through co-
crystallization with our pillared framework. Competition reactions were setup
of two competing guest molecules where the guests varied by size, shape, and
chemical nature. Here we observed guest selectivity ranging from very high
to no selectivity. We looked into comparing mono-substituted and
disubstituted guest molecules separately and it was noticed that the guest
which contained an electron donating group was often selected in preference
to the other guest molecules. There was atrend that developed within similar

isomersin that the 1,4-substituted molecules were more highly selective with
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respect to each other than the 1,3-substituted molecules, which had a higher
selectivity than the 1,2-substituted molecules. We could modify our starting
material to create pockets of different size and shape to selectively include
specific molecules that are in tune with the void space.

Here we are adding to the body of evidence showing that molecular,
hydrogen bonded components can reliably create networks, and can be
modified to allow inclusion/insertion of avariety of molecules. Thus, future
work should lead to designing hosts that are sensors for specific molecules,
can separate specific molecules, and/or catalyze reactions between molecules

having specific substituents/sizes/shapes.
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A.1 Crystal Structure Information for Zn(HPDCA),(H20), -methanol

Table 1. Crystal data and structure refinement for ab9409.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

b9409/It/ GAH0401A
Ci6H2 N2 012 Zn

497.71

100(2) K

0.71073 A

Triclinic

P-1

a=7.1427(5) A

b =7.2275(5) A

¢ =9.6663(6) A

473.83(6) A3

1

1.744 Mg/m3

1.369 mm-?

256

0.29 x 0.15 x 0.12 mm?3
3.00 to 38.31°.

-7<h<12, -12<k<12, -16<I<14
11204

5161 [R(int) = 0.021]

99.9 %

Semi-empirical from equivalents
0.8585 and 0.6956

Full-matrix least-squares on F2
5161/ 3/ 155

1.047

R1 =0.0298, wR2 = 0.0733
R1 = 0.0365, wR2 = 0.0762
0.615 and -0.499 e A3

o= 93.827(3)°.
B= 105.334(4)°.
y = 97.945(3)°.
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab9409. U(eq) is defined as onethird of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Zn(1) 0 0 5000 9(1)
0(1) 1732(1) -12(1) 3557(1) 11(1)
0(2) 4586(1) 1307(1) 3269(1) 12(1)
o) -1476(1) 2108(1) 3933(1) 15(1)
0(4) 7928(1) 6282(1) 9437(1) 15(1)
0(5) 9100(1) 5849(1) 7526(1) 14(1)
N(1) 2319(1) 2117(1) 6035(1) 10(1)
c(1) 3365(1) 1097(1) 3969(1) 9(1)
C(2) 3799(1) 2258(1) 5417(1) 8(1)
c@3) 5589(1) 3399(1) 6053(1) 9(1)
C(4) 5834(1) 4445(1) 7367(1) 9(1)
C(5) 4259(1) 4376(1) 7962(1) 11(1)
C(6) 2524(1) 3185(1) 7265(1) 12(1)
c(7) 7792(1) 5604(1) 8112(1) 10(1)
0(6) 11283(1) 8173(1) 10857(1) 17(2)
C(8) 12662(2) 8918(2) 10124(1) 18(1)
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Table 3. Anisotropic displacement parameters (A2x 103) for ab9409. The anisotropic

displacement factor exponent takes the form: -2x7[ h2 a*2U1l + ... + 2 hka* b* U12]

yi U U3 U U3 uL2
Zn(1)6(1) 11(1) 9(1) -1(1) 2(1) -2(1)
0(1)8(1) 13(1) 11(1) -2(1) 3(1) -3(1)
0(2)9(1) 17(1) 12(1) -2(1) 5(1) -2(1)
0O(3)8(1) 20(2) 19(2) 8(1) 5(1) 1(1)
0(4)11(2) 20(2) 10(2) -5(1) 2(1) -4(1)
0(5)11(2) 17(1) 13(1) -1(1) 5(1) -4(1)
N(1)8(1) 12(1) 9(1) 0(1) 3(1) 0(1)
C(1)7(2) 10(1) 9(1) 0(1) 2(1) 0(1)
C(2)7(1) o(1) 9(1) 0(1) 2(1) 0(1)
C(3)8(1) 11(1) 9(1) -1(1) 2(1) -1(1)
C(4)8(1) 10(1) 9(1) 0(1) 2(1) -1(1)
C(5)10(1) 14(1) 10(1) -2(1) 3(1) -1(1)
C(6)9(2) 15(1) 10(1) -2(1) 4(1) 0(1)
C(7)10(1) 10(1) 10(1) 0(1) 2(1) -1(1)
0(6)13(1) 21(1) 12(1) -6(1) 4(1) -5(1)
C(8)18(1) 20(1) 16(1) -3(1) 7(1) -3(1)
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A.2 Crystal Structure Information for Zn(o-tolidinium)(H,0), - acetone

Tablel. Crystal data and structure refinement for ab14708.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.88°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

b14708/1t/gah005

C31 H3y Ny Op; Zn
703.99

100(2) K

0.71073 A

Triclinic

P-1

a=5.1750(9) A

b = 8.3571(13) A
c=19.712(4) A
835.7(3) A3

1

1.399 Mg/m3

0.799 mmr1

366

0.26 x 0.14 x 0.12 mm?3
2.70t0 23.88°.

-5<h<5, -9<k<9, -22<1<22
15678

2528 [R(int) = 0.0797]
97.8 %

Semi-empirical from eguivalents
0.9103 and 0.8193

Full-matrix least-squares on F2
25281261242

1.042

R1=0.0733, wR2 = 0.1957
R1 =0.0828, wR2 = 0.2060
1.162 and -1.177 e A3

o= 90.174(7)°.
B=95.130(7)°.
v = 100.135(7)°.
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab14708. U(eq) is defined as onethird of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Zn(1) 0 0 0 20(1)
0(1) -2450(6) 121(4) 768(2) 19(1)
0(2) -3745(6) -1090(4) 1716(2) 23(1)
o) 3193(7) 1507(4) 585(2) 20(1)
O(4) -232(8) -6042(4) 2428(2) 34(1)
0(5) 2260(7) -7122(4) 1761(2) 31(1)
N(1) 600(7) -2078(4) 554(2) 18(1)
c(1) -823(9) -2274(5) 1098(2) 17(1)
C) -774(9) -3559(6) 1533(2) 19(1)
C@3) 814(9) -4685(5) 1422(2) 20(1)
C(4) 2281(9) -4495(6) 859(2) 20(1)
C(5) 2117(9) -3181(6) 441(2) 20(1)
C(6) -2482(9) -984(6) 1213(3) 20(1)
c(7) 960(10) -6066(6) 1915(3) 22(1)
N(2) -4269(9) 1447(5) 2569(2) 27(1)
C(8) -4490(10) 1013(6) 3286(2) 24(1)
C(9) -6574(11) -92(8) 3445(3) 39(2)
C(10) -6735(11) -468(8) 4132(3) 41(2)
C(12) -4883(10) 210(6) 4636(2) 24(1)
C(12) -2773(15) 1298(9) 4444(3) 68(3)
C(13) -2590(16) 1687(9) 3759(3) 67(3)
C(14) -8300(40) -1210(30) 2898(8) 67(8)
c(14) -8900(40) -480(20) 2911(10) 43(5)
0(19) 1960(40) 13970(20) 5575(13) 185(9)
c(19) 4430(70) 14520(30) 5862(13) 185(9)
c(29) 4580(40) 14150(30) 6610(12) 104(5)
C(39) 6520(40) 15390(30) 5422(11) 104(5)
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Table 3. Anisotropic displacement parameters (A2x 103) for ab14708. The anisotropic

displacement factor exponent takes the form: -2x7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)25(1) 13(1) 23(1) 14(1) 7(1) 5(1)
0(1)23(2) 13(2) 24(2) 14(1) 7(1) 4(2)
0(2)28(2) 20(2) 23(2) 10(2) 11(2) 6(2)
0(3)22(2) 14(2) 26(2) 10(2) 7(2) 8(2)
0(4)57(3) 22(2) 28(2) 21(2) 22(2) 13(2)
0(5)53(2) 19(2) 27(2) 16(2) 9(2) 19(2)
N(1)18(2) 15(2) 20(2) 7(2) 6(2) 0(2)
C(1)20(2) 9(2) 23(3) 6(2) 1(2) 4(2)
C(2)24(3) 14(2) 17(3) 8(2) 2(2) 1(2)
C(3)26(3) 9(2) 21(3) 7(2) 1(2) -1(2)
C(4)25(3) 10(2) 25(3) 9(2) 2(2) 4(2)
C(5)21(2) 16(3) 21(3) 7(2) 6(2) -1(2)
C(6)18(2) 17(3) 25(3) 7(2) -1(2) 2(2)
C(7)29(3) 14(3) 23(3) 11(2) 2(2) 3(2)
N(2)46(3) 17(2) 21(2) 13(2) 6(2) 11(2)
C(8)42(3) 15(3) 17(3) 12(2) 5(2) 7(2)
C(9)36(3) 56(4) 23(3) 13(3) 2(2) -1(3)
C(10)34(3) 60(4) 23(3) 16(3) 5(3) -12(3)
C(11)39(3) 14(3) 20(3) 10(2) 3(2) 4(2)
C(12)82(5) 74(5) 23(3) 19(3) -9(3) -51(4)
C(13)101(6)  56(5) 23(3) 21(3) 7(4) -44(4)
C(14)46(11)  110(20) 20(8) 18(11) -1(7) -48(12)
C(14) 54(10) 41(10) 33(9) 8(7) A7)
o(19) 144(15) 82(10) 320(20) -69(13) 14(16)
C(1S)144(15)  82(10) 320(20) -69(13) 14(16) -6(9)
C(29)76(9)  126(13) 107(12) -21(10) 13(8) 7(9)
C(39)76(9)  126(13) 107(12) -21(10) 13(8) 7(9)
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A.3 Crystal Structure Information for Zn(o-tolidinium)(H2O), - p-xylene

Table1. Crystal dataand structure refinement for ab3709.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Thetarange for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

b3709/1t/gah038

Cs6 Hazg N4 Oy0 Zn
752.07

100(2) K

0.71073 A

Triclinic

P-1

a=5.1842(5) A

b = 8.5087(9) A
c=19.5787(19) A
848.69(15) A3

1

1.472 Mg/m3

0.790 mmr1

392

0.31x 0.25 x 0.10 mm?3
2.43 10 35.30°.

-8<h<8, -6<k<13, -31<I<31
14549

7529 [R(int) = 0.0273]
99.7 %

Semi-empirical from eguivalents
0.9238 and 0.7942

Full-matrix least-squares on F2
7529/1/289

1.031

R1 =0.0407, wR2 = 0.0981
R1 =0.0510, wR2 = 0.1039
0.744 and -0.480 e A3

o= 89.508(6)°.
B=85.077(7)°.
v = 80.522(6)°.
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab3709. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Zn(1) 10000 10000 0 11(1)
0(1) 6839(2) 11480(1) 583(1) 14(1)
0(2) 12457(2) 10109(1) 777(1) 13(1)
o) 13755(2) 8883(1) 1734(1) 15(1)
0(4) 10346(2) 3901(1) 2422(1) 20(1)
0(5) 7805(2) 2877(1) 1744(1) 22(1)
N(1) 9379(2) 7936(1) 563(1) 11(2)
N(2) 4336(2) 1426(1) 2537(1) 17(2)
c(1) 12490(2) 9001(1) 1221(1) 11(2)
C() 10824(2) 7733(1) 1105(1) 11(2)
c@3) 10809(2) 6441(1) 1543(1) 11(2)
C(4) 9217(2) 5318(1) 1420(1) 11(2)
C(5) 7731(2) 5530(1) 858(1) 12(1)
C(6) 7860(2) 6854(1) 441(1) 12(1)
c(7) 9123(2) 3915(1) 1902(1) 12(1)
C(8) 4549(3) 979(1) 3256(1) 17(2)
C(12) 4889(3) 201(2) 4633(1) 22(1)
C(12) 6724(3) -490(2) 4133(1) 22(1)
C(13) 6598(3) -124(2) 3438(1) 24(1)
C(15) 4794(3) 5366(2) 4297(1) 28(1)
C(18) 4558(5) 5732(4) 3551(1) 61(1)
C(9) 2163(5) 1400(3) 3728(1) 13(1)
C(10) 2310(5) 972(3) 4410(1) 13(1)
C(14) 8906(5) -495(4) 2935(1) 19(1)
C(16) 7235(6) 4839(4) 4557(2) 27(1)
C(17) 3441(6) 6343(3) 4779(2) 23(1)
C(9) 3210(6) 1963(3) 3745(1) 15(1)
C(10) 3410(5) 1603(3) 4432(1) 15(1)
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C(14) 8258(6) -1342(4) 2879(1) 22(1)
C(16) 6315(6) 3890(3) 4527(2) 22(1)
c(17) 2633(6) 5638(4) 4766(2) 28(1)
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Table3. Anisotropic displacement parameters (A2x 103) for ab3709. The anisotropic

displacement factor exponent takes the form: -2x7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)13(2) 11(1) 10(1) 4(2) -3(1) -6(1)
O(1)14(1) 15(1) 13(1) 0(1) -2(1) -7(1)
0(2)15(1) 14(1) 13(1) 5(1) -4(1) -7(1)
0(3)18(1) 16(1) 12(1) 1(1) -6(1) -6(1)
0(4)30(1) 17(1) 16(1) 6(1) -11(1) -8(1)
0(5)36(1) 17(1) 16(1) 5(1) -8(1) -16(1)
N(1)12(1) 11(1) 9(1) 2(1) -2(1) -4(1)
N(2)29(1) 14(1) 8(1) 2(1) -5(1) -7(1)
C(1)12(1) 12(1) 10(1) 0(1) -1(1) -4(1)
C(2)12(1) 11(1) 10(1) 1(1) -2(1) -4(1)
C(3)14(1) 12(1) 9(1) 2(1) -3(1) -4(1)
C(4)13(1) 10(1) 9(1) 1(1) -1(1) -3(1)
C(5)14(1) 12(1) 12(1) 2(1) -3(1) -5(1)
C(6)14(1) 13(1) 12(1) 2(1) -5(1) -5(1)
C(7)17(1) 11(1) 10(1) 2(1) -2(1) -4(1)
C(8)31(1) 12(1) 8(1) 2(1) -5(1) -2(1)
C(11)35(1) 17(1) 8(1) 1(1) -2(1) 9(1)
C(12)14(1) 39(1) 11(1) 7(1) -1(1) 4(1)
C(13)14(1) 45(1) 11(1) 7(1) 0(1) 1(1)
C(15)24(1) 28(1) 32(1) -1(1) -6(1) -2(1)
C(18)45(1) 95(2) 35(1) 9(1) -5(1) 9(1)
C(9)15(1) 14(1) 10(1) 2(1) -3(1) -2(1)
C(10)14(1) 16(1) 9(1) 1(1) -1(1) -1(1)
C(14)18(1) 23(1) 13(1) 1(1) 4(2) -1(1)
C(16)22(1) 20(1) 41(2) -7(1) -3(1) -4(1)
C(17)19(1) 15(1) 34(2) -3(1) -3(1) -1(1)
C(9)24(2) 10(1) 11(1) 2(1) -4(1) 0(1)
C(10) 22(1) 13(1) 9(1) 0(1) -2(1)
C(14) 18(1) 34(2) 11(1) -3(1) 0(1)
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C(16) 20(1) 16(1) 31(1) -6(1) -2(1) -4(1)
c(17) 21(1) 16(1) 49(2) -6(1) -13(1) 1(1)
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A.4 Crysta Structure Information for Zn(o-tolidinium)(H20), - nitrobenzene

Table 1. Crystal dataand structure refinement for ab4009.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

100.0870(10)°.

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

b409/It/gah022

Cas H3g N5 O12 Zn

769.02

100(2) K

0.71073 A

Triclinic

P-1

a=5.2035(2) A o= 90.0910(10)°.
b=8.3292(3) A = 94.6460(10)°.
c=19.7543(7) A y=

840.06(5) A3

1

1.520 Mg/m3

0.805 mmr1

398

0.28 x 0.28 x 0.15 mm?3

2.07 to 27.59°.

-6<h<6, -10<k<10, -25<1<25
6322

3842 [R(int) = 0.0192]

99.1 %

Semi-empirical from equivalents
0.8902 and 0.8055

Full-matrix |east-squares on F2
3842/108/ 293

1.050

R1 =0.0362, wR2 = 0.0939
R1 =0.0393, wR2 = 0.0962
0.528 and -0.433 e A3
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab409. U(eq) is defined as onethird of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Zn(1) 0 0 0 14(1)
0(1) 3180(2) 1502(2) 584(1) 16(1)
0(2) -2469(2) 117(2) 769(1) 16(1)
o) -3772(3) -1128(2) 1715(1) 19(1)
O(4) -433(4) -6146(2) 2399(1) 34(1)
0(5) 2168(3) -7184(2) 1753(1) 28(1)
N(1) 590(3) -2085(2) 554(1) 13(1)
N(2) -4432(4) 1380(2) 2557(1) 26(1)
c(1) -2509(3) -1000(2) 1208(1) 14(1)
C(2) -851(3) -2292(2) 1092(1) 13(1)
C@) -844(3) -3591(2) 1525(1) 15(1)
C(4) 748(3) -4731(2) 1409(1) 14(1)
C(5) 2238(4) -4518(2) 855(1) 16(1)
C(6) 2108(3) -3185(2) 440(1) 15(1)
c(7) 826(4) -6139(2) 1894(1) 18(1)
C(8) -4625(5) 943(3) 3272(1) 24(1)
C(9) -6642(5) -163(4) 3459(1) 43(1)
C(10) -6752(5) -517(4) 4146(1) 45(1)
C(11) -4914(4) 198(3) 4633(1) 24(1)
C(12) -3402(16) 1581(8) 4430(3) 41(2)
C(13) -3299(17) 1955(7) 3741(3) 43(2)
C(14) -8974(11) -575(8) 2956(3) 34(1)
c(12) -2451(10) 1037(8) 4413(3) 27(1)
C(13) -2311(10) 1438(7) 3739(3) 25(1)
c(14) -8197(17) -1537(12) 2899(3) 78(3)
c(19) -5030(20) -4993(16) ATTI(4) 124(6)
c(29) -2611(17) -4451(18) 4527(5) 219(12)
C(39) -2468(18) -4099(16) 3842(6) 214(9)

195



C(4S)
C(5S)
C(6S)
o(19)
0(29)
N(1S)

-4740(20)
-7159(19)
-7302(17)
-3570(40)
-7190(30)
-5540(30)

-4288(13)
-4830(16)
-5182(17)
-5241(19)
-6100(20)
-5580(20)

3407(4)
3657(5)
4342(5)
5925(10)
5694(5)
5475(10)

144(6)
179(8)
147(8)
251(10)
171(6)
149(6)
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Table3. Anisotropic displacement parameters (A2x 103) for ab409. The anisotropic

displacement factor exponent takes the form: -2n7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)14(2) 14(1) 14(1) 4(2) 3(1) 6(1)
0(1)16(1) 18(1) 16(1) 1(1) 2(1) 8(1)
0(2)16(1) 16(1) 18(1) 4(1) 4(2) 8(1)
0(3)23(1) 20(1) 18(1) 2(1) 8(1) 9(1)
O(4)56(1) 29(1) 25(1) 14(1) 22(1) 21(1)
0(5)50(1) 24(1) 18(1) 7(1) 9(1) 23(1)
N(1)13(1) 15(1) 12(1) 1(1) 1(1) 4(1)
N(2)46(1) 23(1) 13(1) 4(1) 8(1) 17(1)
C(1)14(1) 14(1) 14(1) -2(1) 0(1) 4(1)
C(2)13(1) 14(1) 14(1) -1(1) 0(1) 4(1)
C(3)16(1) 16(1) 12(1) 1(1) 3(1) 3(1)
C(4)18(1) 13(1) 12(1) 2(1) 0(1) 3(1)
C(5)17(1) 15(1) 16(1) 0(1) 2(1) 6(1)
C(6)15(1) 16(1) 15(1) 1(1) 4(2) 4(1)
C(7)28(1) 14(1) 14(1) 2(1) 2(1) 6(1)
C(8)42(1) 22(1) 11(1) 4(1) 7(1) 11(1)
C(9)30(1) 74(2) 16(1) 7(1) -2(1) -11(1)
C(10)33(1) 73(2) 17(1) 9(1) 1(1) -20(1)
C(11)33(1) 24(1) 14(1) 4(1) 5(1) 0(1)
C(12)74(5) 29(3) 10(2) -2(2) 2(3) -17(3)
C(13)83(5) 22(3) 17(2) 6(2) 9(3) -10(3)
C(14)34(3) 48(3) 16(2) -1(2) -6(2) 2(2)
c(12) 23(2) 37(3) 17(2) 3(2) -2(2)
C(13) 26(2) 29(3) 17(2) 5(2) 4(2)
c(14) 75(5) 108(7) 25(3) -7(4) 5(3)
C(15)105(8)  86(7) 199(18) -3(12) 119(11) 20(6)
C(29)161(17) 132(14) 340(30) 29(17) 53(19) -48(13)
C(39)162(14)  190(16) 270(20) 41(17) 104(15) -61(13)
C(4S)128(10)  129(10) 160(12) -63(9) 61(10) -43(9)
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C(59)152(13)
C(65)81(8)
o(19)

0(29)

N(1S)

255(17)
213(16)
266(17)
138(11)
106(9)

97(9)
130(11)
151(12)
305(19)
153(13)

-83(11)
-83(11)
320(20)
85(6)
224(16)

40(9) -70(12)

46(8) -38(9)
-10(13) -196(16) 104(12)
-1(8) 48(6) 60(11)
64(10) 77(10) 92(10)
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A.5 Crysta Structure Information for Zn(o-tolidinium)(H2O), - hexanaol

Tablel. Crystal dataand structure refinement for ab16008.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

b16008/1t/gah014

Cas Hia Ny Oq1 Zn
748.09

100(2) K

0.71073 A

Triclinic

P-1

a=5.2571(8) A

b =8.2727(13) A
c=19.632(4) A

835.9(2) A3

1

1.486 Mg/m3

0.803 mmr1

392

0.41x 0.13 x 0.11 mm?3
3.13t0 27.86°.

-6<h<6, -7<k<10, -25<1<25
5710

3632 [R(int) = 0.053]
94.3 %

Semi-empirical from equivalents
0.9154 and 0.7368

Full-matrix |east-squares on F2
3632/ 79/ 255

1.016

R1 =0.0834, wR2 = 0.2107
R1 =0.1002, wR2 = 0.2266
1.707 and -1.742 e A3

o= 91.072(9)°.
B=96.028(9)°.
v = 99.886(8)°.
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab16008. U(eq) is defined as onethird of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Zn(1) 10000 10000 0 17(1)
0(1) 7632(6) 10163(4) 778(2) 20(1)
0(2) 6368(6) 8933(4) 1715(2) 20(1)
o) 13256(6) 11505(4) 596(2) 19(1)
0(4) 10122(7) 4037(4) 2454(2) 28(1)
0(5) 12647(7) 2988(4) 1787(2) 28(1)
N(1) 10611(6) 7918(4) 550(2) 17(2)
N(2) 6096(7) 11541(5) 2587(2) 21(1)
c(1) 7595(7) 9023(5) 1213(2) 17(2)
C() 9248(7) 7735(5) 1094(2) 16(1)
c@3) 9351(8) 6481(5) 1535(2) 19(1)
C(4) 10995(8) 5350(5) 1430(2) 19(1)
C(5) 12378(8) 5542(5) 865(2) 19(1)
C(6) 12150(8) 6822(5) 440(2) 19(1)
c(7) 11254(8) 4019(5) 1933(2) 21(1)
C(8) 5805(8) 11089(5) 3295(2) 20(1)
C(9) 7714(10) 11691(6) 3815(2) 30(1)
C(10) 7404(9) 11258(6) 4481(2) 28(1)
C(11) 5180(8) 10229(5) 4641(2) 19(1)
C(12) 3321(9) 9622(6) 4094(2) 25(1)
C(13) 3599(9) 10031(6) 3423(2) 24(1)
C(14) 1549(11) 9354(9) 2839(3) 47(2)
C(19) 3900(40) 13930(20) 6512(5) 176(18)
c(2S) 5540(30) 14767(18) 5992(4) 278(19)
C(39) 4270(20) 14595(15) 5262(4) 184(14)
C(49) 5801(17) 15456(12) 4745(4) 41(4)
C(59) 4533(13) 15284(14) 4016(4) 36(3)
C(69) 6169(14) 16120(11) 3495(3) 55(6)
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o(19) 8866(14) 15933(13) 3551(4) 80(4)
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Table3. Anisotropic displacement parameters (A2x 103) for ab16008. The anisotropic

displacement factor exponent takes the form: -2x7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)9(2) 19(1) 26(1) 5(1) 4(2) 7(1)
o(1)12(1) 25(2) 26(2) 5(1) 6(1) 10(1)
0(2)13(1) 23(2) 26(2) 4(1) 6(1) 5(1)
0(3)13(1) 20(2) 26(2) 2(1) 2(1) 7(1)
0(4)29(2) 26(2) 31(2) 9(1) 9(1) 8(2)
0(5)38(2) 23(2) 27(2) 6(1) 4(2) 17(2)
N(1)8(2) 20(2) 25(2) 1(1) 4(2) 5(1)
N(2)21(2) 23(2) 22(2) 5(2) 3(2) 10(2)
C(1)7(2) 22(2) 23(2) 0(2) 2(2) 4(2)
C(2)6(2) 15(2) 28(2) 1(2) -1(2) 2(2)
C(3)7(2) 20(2) 28(2) 2(2) 0(2) 1(2)
C(4)11(2) 17(2) 26(2) 0(2) 0(2) 1(2)
C(5)9(2) 19(2) 28(2) 2(2) 0(2) 5(2)
C(6)11(2) 20(2) 28(2) 2(2) 5(2) 4(2)
C(7)15(2) 16(2) 30(2) 4(2) 3(2) 1(2)
C(8)20(2) 19(2) 24(2) 2(2) 5(2) 8(2)
C(9)23(2) 34(3) 29(2) 9(2) 6(2) -10(2)
C(10)23(2) 34(3) 21(2) 5(2) -3(2) -10(2)
C(11)14(2) 21(2) 23(2) 4(2) 4(2) 5(2)
C(12)13(2) 37(3) 23(2) 2(2) 4(2) -3(2)
C(13)14(2) 34(3) 24(2) 2(2) 1(2) 2(2)
C(14)26(3) 74(5) 31(3) 8(3) -2(2) -18(3)
C(1S)90(20)  39(16) 420(50) -10(20) 90(30) 19(17)
C(25)250(30)  150(30) 430(40) -60(30) -50(30) 100(30)
C(39)170(20)  85(17) 310(30) -50(20) -40(20) 102(16)
C(49)38(7) 41(9) 45(7) 0(6) 28(6) -3(6)
C(59)16(5) 39(7) 53(7) 1(5) 10(5) 1(5)
C(69)49(11)  87(16) 46(8) 26(8) 26(7) 44(11)
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o(19) 73(8) 79(8) 92(9) -21(7) 31(7) 9(6)
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A.6 Crystal Structure Information for Zn(o-tolidinium)(H.0), - pentanol

Table1. Crystal dataand structure refinement for ab1509.

| dentification code b1509/1t/gah026

Empirical formula Cs3Hio N4 O11 Zn

Formula weight 734.06

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=5.2378(7) A o= 89.975(7)°.
b=8.3282(13) A B=84.587(7)°.
c=20.114(3) A y = 78.483(7)°.

Volume 855.8(2) A3

z 1

Density (calcul ated) 1.424 Mg/m3

Absorption coefficient 0.783 mm1

F(000) 384

Crystal size 0.40 x 0.15 x 0.15 mm?3

Theta range for data collection 2.03to0 39.44°.

Index ranges -8<h<9, -12<k<14, -32<I<35

Reflections collected 17370

Independent reflections 8717 [R(int) = 0.030]

Completeness to theta = 25.00° 96.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8909 and 0.7447

Refinement method Full-matrix |east-squares on F2

Data/ restraints/ parameters 87171721272

Goodness-of-fit on F2 1.028

Final R indices [I>2sigma(l)] R1 =0.0409, wR2 = 0.1049

Rindices (all data) R1=0.0551, wR2 = 0.1125

Largest diff. peak and hole 0.695 and -0.652 e A3
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab1509. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Zn(1) 0 0 0 11(1)
0(1) -3280(2) 1514(1) 597(1) 14(1)
0(2) 2429(2) 94(1) 768(1) 14(1)
o) -2513(2) -7134(1) 1776(1) 23(1)
0(4) 3669(2) -1156(1) 1722(1) 16(1)
0(5) -124(2) -6044(1) 2462(1) 22(1)
N(1) -568(2) -2119(1) 549(1) 11(1)
N(2) 4043(2) -8589(1) 2580(1) 18(1)
c(1) 2440(2) -1031(1) 1212(1) 12(1)
C() 794(2) -2316(1) 1096(1) 11(1)
C@3) 676(2) -3603(1) 1542(1) 12(1)
C(4) -944(2) -4715(1) 1427(1) 12(1)
C(5) -2336(2) -4515(1) 858(1) 13(1)
C(6) -2089(2) -3204(1) 430(1) 12(1)
c(7) -1214(2) -6073(1) 1929(1) 15(1)
C(8) 4311(2) -9045(1) 3285(1) 16(1)
C(9) 2331(3) -8355(2) 3776(1) 37(1)
C(10) 2593(3) -8739(2) 4450(1) 35(1)
C(11) 4835(2) -9801(1) 4640(1) 14(1)
C(12) 6750(3) -10497(2) 4127(1) 28(1)
C(13) 6520(3) -10146(2) 3447(1) 24(1)
C(14) 8329(9) -11272(7) 2894(2) 34(1)
c(14) 8792(8) -10660(5) 2914(2) 24(1)
0(19) -7941(8) -5588(5) 6262(2) 63(1)
c(19) -5323(9) -5176(9) 6194(3) 64(2)
c(29) -4106(8) -5571(5) 5484(2) 43(1)
C(39) -5683(7) -4708(4) 4943(2) 38(1)
C(4s) -4287(8) -5011(7) 4243(2) 54(1)
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C(5S) -5861(12) -4206(10) 3688(3) 79(2)
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Table 3. Anisotropic displacement parameters (A2x 103) for ab1509. The anisotropic

displacement factor exponent takes the form: -2n7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)13(2) 12(1) 10(1) 3(1) -3(1) -6(1)
O(1)14(1) 16(1) 13(1) 1(1) -2(1) -7(1)
0(2)15(1) 16(1) 14(1) 4(1) -4(1) -8(1)
0(3)41(1) 20(1) 14(1) 4(1) -5(1) -18(1)
0(4)19(1) 20(1) 13(1) 1(1) -6(2) -7()
0(5)32(1) 21(1) 15(1) 6(1) -10(1) -9(1)
N(1)12(1) 12(1) 11(1) 2(1) -2(1) -5(1)
N(2)27(1) 19(1) 10(1) 3(1) -4(1) -9(1)
C(1)11(1) 14(1) 11(1) 0(1) -2(1) -4(1)
C(2)11(1) 12(1) 10(1) 1(1) -2(1) -4(1)
C(3)14(1) 13(1) 10(1) 2(1) -2(1) -4(1)
C(4)14(1) 12(1) 10(1) 2(1) -1(1) -4(1)
C(5)15(1) 13(1) 12(1) 2(1) -2(1) -6(1)
C(6)14(1) 13(1) 12(1) 3(1) -4(1) -5(1)
C(7)20(1) 13(1) 11(1) 2(1) -1(1) -5(1)
C(8)22(1) 17(1) 9(1) 2(1) -3(1) -7(1)
C(9)38(1) 48(1) 13(1) 5(1) -2(1) 22(1)
C(10)34(1) 47(2) 11(1) 3(1) 1(1) 20(1)
C(11)18(1) 15(1) 9(1) 1(1) -2(1) -3(1)
C(12)22(1) 44(2) 11(1) 4(1) 0(1) 11(1)
C(13)20(1) 39(1) 10(1) 2(1) 1(1) 4(2)
C(14)29(2) 51(2) 12(1) -4(2) 1(1) 14(2)
c(14) 24(1) 31(2) 13(1) -1(1) 4(2)
o(19) 73(2) 60(2) 50(2) -9(2) 7(2)
C(15)38(2) 83(4) 63(3) -28(3) -6(2) -5(3)
C(25)36(2) 39(2) 52(2) -11(2) 2(2) -8(2)
C(359)26(1) 26(2) 62(2) -4(2) 3(2) -6(1)
C(49)28(2) 67(3) 61(3) 8(2) 3(2) -3(2)
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C(59)41(3) 105(6) 86(5) 40(4) -10(3) -4(3)

208



A.7 Crystal Structure Information for Zn(o-tolidinium)(H20), - 1, 4-
difluorobenzene

Tablel1. Crystal dataand structure refinement for ab9009.

Identification code b909/It/ GAH020

Empirical formula CssHzp Fo, Ny O Zn

Formula weight 760.01

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=5.1635(5) A o= 87.930(3)°.
b=8.3872(8) A B=83.655(3)°.
c=19.771(2) A ¥ =79.924(3)°.

Volume 837.73(14) A3

z 1

Density (calcul ated) 1.506 Mg/m3

Absorption coefficient 0.809 mm1

F(000) 392

Crystal size 0.57 x 0.25 x 0.05 mm?3

Theta range for data collection 2.07 to 25.44°.

Index ranges -6<h<3, -10<k<10, -23<I<23

Reflections collected 5468

Independent reflections 3046 [R(int) = 0.020]

Completeness to theta = 25.00° 99.2 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9576 and 0.6538

Refinement method Full-matrix least-squares on F2

Data/ restraints/ parameters 3046/ 302/ 342

Goodness-of-fit on F2 1.076

Final R indices [I>2sigma(l)] R1=0.0421, wR2 = 0.1151

Rindices (all data) R1=0.0450, wR2 = 0.1175

Largest diff. peak and hole 0.748 and -0.485 e A3
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Table 2. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters

(A2x 109)

for ab909. U(eq) is defined as onethird of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Zn(1) 0 0 0 16(1)
0(1) 2385(7) 64(4) 773(2) 17(1)
0(2) 3583(8) -1224(5) 1727(2) 21(1)
o) -3244(8) 1460(5) 579(2) 17(1)
O(4) -2370(10) -7264(5) 1741(2) 31(1)
0(5) 44(10) -6270(5) 2422(2) 35(1)
N(1) -651(8) -2111(5) 559(2) 15(1)
c(1) 2379(10) -1074(6) 1217(3) 16(1)
C() 721(10) -2350(6) 1102(3) 15(1)
C@3) 645(10) -3663(6) 1540(3) 16(1)
C(4) -926(10) -4786(6) 1418(3) 17(1)
C(5) -2343(10) -4544(6) 855(3) 17(1)
C(6) -2151(10) -3199(6) 440(3) 16(1)
c(7) -1086(11) -6223(7) 1901(3) 21(1)
C(8) 4411(13) -9155(7) 3266(3) 26(1)
C(11) 4875(13) -9829(8) 4633(3) 28(1)
N(2) 4000(40) -8680(30) 2564(14) 26(1)
C(9) 6470(70) -10040(30) 3461(17) 16(4)
C(10) 6730(70) -10360(30) 4140(20) 20(5)
C(12) 3540(40) -8412(18) 4413(7) 37(3)
C(13) 3340(40) -8074(18) 3724(7) 39(4)
C(14) 8730(30) -10640(20) 2926(8) 37(3)
N(2) 4310(50) -8810(30) 2536(14) 28(1)
C(9) 6300(80) -10570(30) 3439(19) 34(7)
C(10) 6420(70) -10840(40) 4136(19) 31(6)
c(12) 2270(30) -9020(20) 4430(7) 34(3)
C(13) 2060(30) -8660(20) 3753(7) 32(3)
c(14) 7830(50) -11670(30) 2901(9) 74(8)
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F(1)
C(1S)
c(29)
C(39)
C(4S)
C(59)
C(6S)
F(1)
c(79)
C(8S)
C(9S)
C(10S)
C(11S)
C(129)

3620(70)
3410(60)
2120(50)
3290(70)
4930(80)
6320(50)
4240(50)
2460(50)
4740(60)
7210(40)
6610(50)
5790(40)
3620(30)
2580(40)

-4530(50)
-3430(30)
-4010(40)
-3660(50)
-5180(40)
-4750(40)
-4630(30)
-4430(30)
-3730(30)
-4240(30)
-5740(30)
-5690(20)
-4281(17)
-3540(30)

3202(15)
3794(17)
4380(17)
5065(17)
4990(16)
4392(18)
3939(15)
5117(11)
3265(11)
3541(13)
3995(13)
4407(13)
4403(11)
4001(13)

307(17)
96(15)
100(15)
109(15)
143(16)
88(12)
121(14)
252(17)
137(17)
61(10)
106(15)
106(14)
50(8)
38(8)
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Table3. Anisotropic displacement parameters (A2x 103) for ab909. The anisotropic

displacement factor exponent takes the form: -2n7[ h2 a*2U1l + ... + 2 hka* b* U12]

Ull U22 U33 U23 U13 U12
Zn(1)16(2) 17(1) 16(1) 5(1) -5(1) -9(1)
0(1)18(2) 18(2) 20(2) 5(2) -6(2) -10(2)
0(2)25(2) 21(2) 19(2) 2(2) -9(2) -9(2)
0(3)17(2) 19(2) 18(2) 1(2) -5(2) -9(2)
O(4)56(3) 24(2) 22(2) 6(2) -13(2) -25(2)
0(5)57(3) 29(2) 26(2) 12(2) -22(2) -22(2)
N(1)14(2) 16(2) 15(2) 1(2) -2(2) -5(2)
C(1)14(2) 17(3) 16(3) -1(2) -2(2) -4(2)
C(2)13(2) 17(3) 16(3) 0(2) -1(2) -3(2)
C(3)16(2) 17(3) 15(3) 0(2) -3(2) -3(2)
C(4)16(2) 16(3) 17(3) 0(2) -1(2) -4(2)
C(5)17(2) 17(3) 19(3) -1(2) -3(2) 7(2)
C(6)15(2) 18(3) 16(3) 0(2) -4(2) -6(2)
C(7)28(3) 18(3) 17(3) 0(2) -3(2) 7(2)
C(8)47(4) 21(3) 15(3) 3(2) -10(2) -15(3)
C(11)42(3) 26(3) 16(3) 2(2) -7(2) -1(2)
N(2)47(4) 21(3) 15(3) 3(2) -10(2) -15(3)
C(9)21(7) 16(12) 14(7) -4(9) 0(5) -9(10)
C(10)19(8) 16(12) 27(9) 3(9) -4(6) -9(8)
C(12)65(11)  25(7) 18(7) -5(5) -8(7) 7(7)
C(13)73(12)  21(7) 22(7) 7(5) -16(7) 3(8)
C(14)34(8) 44(9) 28(7) -1(7) 3(6) -1(7)
N(2)42(3) 26(3) 16(3) 2(2) 7(2) -1(2)
C(9)36(13)  35(18) 25(9) -1(13) -5(8) 6(13)
C(10) 33(14) 38(18) 20(9) 4(13) -8(8)
c(12) 25(7) 51(10) 21(7) -3(6) -1(5)
C(13) 29(7) 36(8) 27(7) 1(6) -9(6)
c(14) 74(14) 93(17) 32(9) -12(10) -13(9)
F(1)240(30)  320(40) 360(40) 40(30) -30(30) -50(30)
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4(12)
A7)
4(6)
57(13)



C(1S)120(30)
C(25)90(30)
C(3S)70(30)
C(4S)140(30)
C(55)110(30)
C(65)120(30)
F(1')180(30)
C(7S)150(30)
C(8S)60(20)
C(9S)90(30)
C(10S)
C(11S)
C(12S)

50(20)
50(20)
70(30)
90(30)
33(18)
110(30)
97(18)
80(30)
46(18)
110(30)
100(30)
58(18)
38(15)

130(30)
160(30)
210(40)
220(40)
130(30)
150(30)
500(50)
210(40)
70(20)
120(30)
100(30)
16(13)
8(12)

-20(20)
-30(30)
0(30)
-50(30)
-41(19)
-20(30)
-90(30)
-40(30)
-29(17)
-40(30)
120(30)
80(20)
70(20)

-50(30)
-30(30)
-70(30)

70(30)
30(20)

-30(30)
-140(30)
-40(30)
-28(18)
-10(30)
-70(30)
-13(14)

13(13)

-40(20)
-10(20)
-20(20)
-90(30)
-43(19)
-30(20)

18(17)

-80(20)

3(16)
0(30)
10(30)
13(18)

-21(15)
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Appendix B

Thermal Analysis Data for Chapter 3
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Figure B.1 TGA of the Ni(4m-BA) layered material
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Figure B.2 DSC of the Ni(4m-BA) layered material
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FigureB.3 TGA of the Ni(4m-BA) sonicated with pyridine
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FigureB.4 DSC of the Ni(4m-BA) sonicated with pyridine
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FigureB.5 TGA of the Ni(4m-BA) sonicated with 2-picoline

219



SWBUNASU] YL V5 A [ESIBAUN (2.) anjesedwa) dnox3
05t 03¢ 05 051 05

2.08°60C

) .

- 80

g0

(B/M) mo|4 1EBH

-v0-

Biry vz -c0-
0.6£'061

oo

9LL PIINg ¥ #CA 00020 DSQ Juswnysu) aujond-z + Emeu_z Juawwon

220

Figure B.6 DSC of the Ni(4m-BA) sonicated with 2-picoline
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FigureB.7 TGA of the Ni(4m-BA) sonicated with 4- picoline
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Figure B.8 DSC of the Ni(4m-BA) sonicated with 4- picoline
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Figure B.9 TGA of the Ni(4m-BA) sonicated with 4-ethylpyridine
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FigureB.10 DSC of the Ni(4m-BA) sonicated with 4-ethylpyridine

224



(%) Wb

SUBINASU] Y1 WG PA BSIBAUN (2.) ainjeladwia L
055 0S¥ 05t 05z 05k 05
DQ L 1 1 1 Q
1 %EL6L
2./0€EF s 96
1 %LTOS 0.V LLL
0.66'92€ Loz
1 %ZGEL
o 0.51°EFT
2 zo4
<
o
=
9] p
5
=
w
(1]
—_ 09
ES
o ¥0-
o8
90 e
9€ PING 0L0ZA 0SSO YO L Juawnysu| auipukdouein-¢ M pajealuos ‘1ake| (YEWE)IN Juawwon

e U DR S

225

FigureB.11 TGA of the Ni(4m-BA) sonicated with 4-cyanopyridine
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Figure B.12 DSC of the Ni(4m-BA) sonicated with 4-cyanopyridine
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Figure B.13 TGA of the Ni(4m-BA) sonicated with 4,4’ -bipyridine
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Figure B.14 DSC of the Ni(4m-BA) sonicated with 4,4’ -bipyridine
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FigureB.15 TGA of the Ni(4m-BA) sonicated with 4-t-butylpyridine
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Figure B.16 DSC of the Ni(4m-BA) sonicated with 4-t-butylpyridine
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FigureB 17 TGA of the Ni(4m-BA) sonicated with 4-

dimethylaminopyridine
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Figure B 18 DSCA of the Ni(4m-BA) sonicated with 4-

dimethylaminopyridine
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FigureB.19 TGA of the Ni(4m-BA) sonicated with 4-chloropyridine
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Figure B.20 DSC of the Ni(4m-BA) sonicated with 4-chloropyridine
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FigureB.21 TGA of the Ni(4m-BA) sonicated with ethyl acetate
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FigureB.22 DSC of the Ni(4m-BA) sonicated with ethyl acetate
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Figure B.23 TGA of the Ni(4m-BA) sonicated with pentanol
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Figure B.24 DSC of the Ni(4m-BA) sonicated with pentanol
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Figure B.25 TGA of the Ni(4m-BA) sonicated with hexanol
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FigureB.26 DSC of the Ni(4m-BA) sonicated with hexanol
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Figure B.27 TGA of the Ni(4m-BA) sonicated with toluene
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Figure B.28 DSC of the Ni(4m-BA) sonicated with toluene
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29 TGA of the Ni(4m-BA) sonicated with p-xylene

FigureB.
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Figure B.30 DSC of the Ni(4m-BA) sonicated with p-xylene

244



SUBSWINIISU| W1 WG A [ESIBAIUN

(/%) 9bueyg yybisp “AueQ

(D.) mnjesadwa |

0Ss osh 0ce 05z oSt 8
00 i _ _ , o
: %605 ]
] ove 8y 2.91°52¢ wraze w05 .
1 %18YL .86 211
0.79°577 | oz
z0 .
L ov
z
0 . :
| ‘ =
L 09
90 ‘
| - 08
* oot
9 PIiNg 01°02ZA 05D VOL UaWnisy| 310SIUE + [BL21EW pa1aAR] (VAWEF)IN JO SISBUIUAS UBLIWOD

Figure B.31 TGA of the Ni(4m-BA) sonicated with anisole
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Figure B.32 DSC of the Ni(4m-BA) sonicated with anisole
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Figure B.33 TGA of the Ni(4m-BA) sonicated with hydroquinone

247



SJUBWNISU] W1 W5 A [ESISAUN

0sv cmm

(D.) aameladws |
052

dn ox3g
S

G

T
(B//) mord yeeH

9LL PINg ¥ FZA 00020 DSA uawngsuj
J0ZL OLOZ-uUnr-1.0 291eq unyd

auouinbolpAy yum pa1eaiuos (YgwpiN -

G0

JUSWWoD

Figure B.34 DSC of the Ni(4m-BA) sonicated with hydroquinone
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Figure B.35 TGA of the Ni(4m-BA) sonicated with nitrobenzene
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FigureB.36 DSC of the Ni(4m-BA) sonicated with nitrobenzene
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Figure C.1 TGA of the Zn(o-tolidine) pillar plus acetone
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Figure C.2 TGA of the Zn(o-tolidine) pillar plus hexanaol
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Figure C.3 TGA of the Zn(o-tolidine) pillar plus pentanol
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Figure C.4 TGA of the Zn(o-tolidine) pillar plus p-xylene

255



SIUBWINISU| W1 WG FA [BSIBAIUN

(D./%) ®bueyg ybiap “AueQq

(D.) imesadws |

ovs oby ove ove ovL or
Oo 1 L L L 1 L L L 1 1 L L L 1 L L L DV
%be 66
%85 79 ] 0.51'87, L
: 2:6LT1E %IC 38
| escy %8681 205951 |
0.91°0£5 e
%0L 15 L
0.£2T1F
10 - 09
0V LYY i
0.296L1 i
>
f.a
z0 Los T
I =
2.28°19€ |
€0 L 0oL
0:£6°69C |
v 0cL
g9¢ pINg 0L 02A 050D Yo 1 uawninsu)| ﬁmm_\._m 2UIZUa00o4IU ‘uonnjos waody w_ﬁﬁmao JJU2WIWoD

Figure C.5 TGA of the Zn(o-tolidine) pillar plus nitrobenzene
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Figure C.6 TGA of the Zn(o-tolidine) pillar plus p-difluorobenzene

257



SJUBLINISU| 1 WG PA [BSIDAIUN

(Da/%) 8BUBYD JYBIBAA "AlIBQ

(D,) 2injeladwa |

0ss ost 0se 052 0st 0s
N.Dn 1 1 " 1 L 2 2 1 1 1 n 1 " 1 1 1 L D?
1 %yolp ) L
0.62°625 %298 %8.'66
X a7
00+ - 09
%06'8.
) %00°0S 2,221 |
2.52°9LF
0./8'161
04 08
0.61°29€
i 0.89'992 |
0 - 001
. 0.1Z0€l L
90 0zl

9€ PIing O1°0ZA 0SD YOL usinasu

auazuaqonuip-d

(%) 1yBIepA

Figure C.7 TGA of the Zn(o-tolidine) pillar plus p-dinitrobenzene
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Figure C.8 TGA of the Zn(o-tolidine) pillar plus p-dichlorobenzene
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Figure C.9 TGA of the Zn(o-tolidine) pillar plus ethyl acetate
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Figure C.10 TGA of the Zn(o-tolidine) pillar plus bromobenzene
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Figure C.11 TGA of the Zn(o-tolidine) pillar plus octanol
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Appendix D

Thermal Analysis Data for Chapter 5
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Figure D.1 TGA of porous Zn(o-tolidine) material
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Figure D.2 DSC spectra of Zn(o-tolidine) starting material
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Figure D.3 TGA of porous Zn(o-tolidine) sonication with benzene
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Figure D.4 DSC of porous Zn(o-tolidine) sonication with benzene
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Figure D.5 TGA of the porous Zn(o-tolidine) sonicated with toluene
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Figure D.6 DSC of the porous Zn(o-tolidine) sonicated with toluene
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Figure D.7 TGA of the porous Zn(o-tolidine) sonicated with p-xylene
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Figure D.8 DSC of the porous Zn(o-tolidine) sonicated with p-xylene
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Figure D.9TGA of the porous Zn(o-tolidine) sonicated with m-xylene
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Figure D.10TGA of the porous Zn(o-tolidine) sonicated with o-xylene
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Figure D.11TGA of the porous Zn(o-tolidine) sonicated with p-diethylbenzene
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Figure D.12TGA of the porous Zn(o-tolidine) sonicated with m-diethylbenzene
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Figure D.13TGA of the porous Zn(o-tolidine) sonicated with o-diethylbenzene
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Figure D.14TGA of the porous Zn(o-tolidine) sonicated with ethylbenzene
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Figure D.15 DSC of the porous Zn(o-tolidine) sonicated with ethylbenzene
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Figure D.16 TGA of the porous Zn(o-tolidine) sonicated with cumene
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Figure D.17 DSC of the porous Zn(o-tolidine) sonicated with cumene

281



SUBWINISU] W1 WS PA [ESIBAILN (D) aameladws |
055 0s¥ 0se 0se 0sL 0s
00 — ov
%9166 I
DJ:¥6'C6
%l0EY I
3:0L%05
L0 i
%Ch 68 09
2:80F%1Z
o L
@
3.
<
S zo-
ﬁwl M
Es )
Q - o8 m
fi] —_—
3 s >
)
= €04
..AWI-“.!“ -
Q L
- 00L
0 |
S0 o0zl

9€ PIing 01°02A 05D VOL Juswnisul

auazuaqolony /m pajediuos Jeqid snolod JJuawiwoD

SR SO

Figure D.18 TGA of the porous Zn(o-tolidine) sonicated with fluorobenzene
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Figure D.19 DSC of the porous Zn(o-tolidine) sonicated with fluorobenzene
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Figure D.20 TGA of the porous Zn(o-tolidine) sonicated with chlorobenzene
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Figure D.21 DSC of the porous Zn(o-tolidine) sonicated with chlorobenzene
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Figure D.22 TGA of the porous Zn(o-tolidine) sonicated with bromobenzene
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Figure D.23 DSC of the porous Zn(o-tolidine) sonicated with bromobenzene
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Figure D.24 TGA of the porous Zn(o-tolidine) sonicated with iodobenzene
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Figure D.25 DSC of the porous Zn(o-tolidine) sonicated with iodobenzene
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Figure D.26 TGA of the porous Zn(o-tolidine) sonicated with p-difluorobenzene
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Figure D.27 TGA of the porous Zn(o-tolidine) sonicated with m-difluorobenzene
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Figure D.28 TGA of the porous Zn(o-tolidine) sonicated with o-difluorobenzene
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Figure D.29 TGA of the porous Zn(o-tolidine) sonicated with p-dichlorobenzene
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Figure D.30 DSC of the porous Zn(o-tolidine) sonicated with p-dichlorobenzene
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Figure D.31 TGA of the porous Zn(o-tolidine) sonicated with hexafluorobenzene
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Figure D.32 DSC of the porous Zn(o-tolidine) sonicated with hexafluorobenzene
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Figure D.33 TGA of the porous Zn(o-tolidine) sonicated with phenol
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Figure D.34 DSC of the porous Zn(o-tolidine) sonicated with phenol
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Figure D.35 TGA of the porous Zn(o-tolidine) sonicated with 2-phenylethanol
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Figure D.36 DSC of the porous Zn(o-tolidine) sonicated with 2-phenylethanol
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Figure D.37 TGA of the porous Zn(o-tolidine) sonicated with hydroguinone

301



SjUBUNASU| YL Y5 pA [ESIBaun

(9.) ainjesadwa dnoxg
05¥ 05¢ 052 05t 05
X . . .
0.98°GPL
- m|
T
m
B
I
=]
H
2
=

9LL PINg ¥ ¥ZA 00020 2SJ Juswnisul

0

auouinboipAH + [EuaIEW JEJId SNOJOY JUBWIWOD

Figure D.38 DSC of the porous Zn(o-tolidine) sonicated with hydroquinone
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Figure D.39 TGA of the porous Zn(o-tolidine) sonicated with nitrobenzene
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Figure D.40 DSC of the porous Zn(o-tolidine) sonicated with nitrobenzene
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Figure D.41 TGA of the porous Zn(o-tolidine) sonicated with anisole
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Figure D.42 DSC of the porous Zn(o-tolidine) sonicated with anisole
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Figure D.43 TGA of the porous Zn(o-tolidine) sonicated with N,N-dimethylaniline
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Figure D.44 DSC of the porous Zn(o-tolidine) sonicated with N,N-dimethylaniline
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Figure D.45 DSC of the porous Zn(o-tolidine) sonicated with butanol
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Figure D.46 TGA of the porous Zn(o-tolidine) sonicated with pentanol
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Figure D.47 DSC of the porous Zn(o-tolidine) sonicated with pentanol
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Figure D.48 TGA of the porous Zn(o-tolidine) sonicated with hexanol
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Figure D.49 DSC of the porous Zn(o-tolidine) sonicated with hexanol
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Figure D.50 DSC of the porous Zn(o-tolidine) sonicated with heptanol
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Figure D.51 DSC of the porous Zn(o-tolidine) sonicated with octanol
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Figure D.52 DSC of the porous Zn(o-tolidine) sonicated with nonanol
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Figure D.53 DSC of the porous Zn(o-tolidine) sonicated with decanol
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Figure D.54 DSC of the porous Zn(o-tolidine) sonicated with pentane
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Figure D.55 DSC of the porous Zn(o-tolidine) sonicated with hexane
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Figure D.56 DSC of the porous Zn(o-tolidine) sonicated with heptane
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Figure D.57 DSC of the porous Zn(o-tolidine) sonicated with octane
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Figure D.58 DSC of the porous Zn(o-tolidine) sonicated with nonane
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Figure D.59 DSC of the porous Zn(o-tolidine) sonicated with decane
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Figure D.60 TGA of the porous Zn(o-tolidine) sonicated with ethyl acetate
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Figure D.61 DSC of the porous Zn(o-tolidine) sonicated with ethyl acetate
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Figure D.62 TGA of the porous Zn(o-tolidine) sonicated with tetrahydrofuran
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Figure D.63 DSC of the porous Zn(o-tolidine) sonicated with tetrahydrofuran
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Figure D.64 TGA of the porous Zn(o-tolidine) sonicated with 1,4-dioxane



SIUBLUTLISU| L V5 P, [ESISmun
05y cmm

(9.) ainyesadwa ]
052

dpnox3

0g

Dul6°V8L

Birzez
.82 791

00

911 PIING #'¥ZA 00020 OS5Q Auswnysu|

XA

Foe

FGL-

FS0-

(B/p) mo)4 JeaH

auexoiq + [euajew Jejid SNoJod JUBWWOD

Figure D.65 DSC of the porous Zn(o-tolidine) sonicated with 1,4-dioxane
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Figure D.66 TGA of the porous Zn(o-tolidine) sonicated with cyclohexane
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Figure D.67 DSC of the porous Zn(o-tolidine) sonicated with cyclohexane
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Figure D.68 TGA of the porous Zn(o-tolidine) sonicated with pyridine
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Figure D.69 DSC of the porous Zn(o-tolidine) sonicated with pyridine
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Figure D.70 TGAof the porous Zn(o-tolidine) sonicated with 2-picoline
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Figure D.71 DSCof the porous Zn(o-tolidine) sonicated with 2-picoline
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Figure D.72 TGAof the porous Zn(o-tolidine) sonicated with 4-picoline
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Figure D.73 DSCof the porous Zn(o-tolidine) sonicated with 4-picoline
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Figure D.74 TGAof the porous Zn(o-tolidine) sonicated with 4-ethylpyridine
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Figure D.75 DSCof the porous Zn(o-tolidine) sonicated with 4-ethylpyridine
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Figure D.76 TGAof the porous Zn(o-tolidine) sonicated with 4-cyanopyridine
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Figure D.77 DSCof the porous Zn(o-tolidine) sonicated with 4-cyanopyridine
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Figure D.78 TGAof the porous Zn(o-tolidine) sonicated with 4,4’ -bipyridine
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Figure D.79 DSCof the porous Zn(o-tolidine) sonicated with 4,4 -bipyridine

343



Sjusinsu] W1 WS FA [ESIBAUN

(D./%) ®Bueyd ybispy ‘Ausg

00

0S5 @mw

(D.) eimeladws |

Dmm

D_mN

(A

£0

vo

1 2-05°025

%EE LY

%C9L8
¥V LI

%5916
D:£8°€91

%¥0 66
2.06'64

iy

9€ PIing 01°02A 050D VOL1 Juswnisul

sauexay + auipuAdiAing-1-¥ %01 ul payeaiuos Jejid snolod :

09
3
&
=
=
08
0ol
JUBWWoD

Figure D.80 TGAof the porous Zn(o-tolidine) sonicated with 4-t-butylpyridine
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Figure D.81 DSCof the porous Zn(o-tolidine) sonicated with 4-t-butylpyridine
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Figure D.82 TGA of the porous Zn(o-tolidine) sonicated with 4-(dimethylamino)pyridine
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Figure D.83 DSC of the porous Zn(o-tolidine) sonicated with 4-(dimethylamino)pyridine
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Figure D.84 TGA of the porous Zn(o-tolidine) sonicated with 4-chloropyridine
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Figure D.85 DSC of the porous Zn(o-tolidine) sonicated with 4-chloropyridine
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Figure D.86 TGA of the porous Zn(o-tolidine) sonicated with isonicotinic acid
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Figure D.87 TGA of the porous Zn(o-tolidine) sonicated with isonicotinamide
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Figure E.1 Powder pattern of Ni(4mBA) starting material

353



{(Bap) e1ay-om L
Sl
1

Ab\/ P RTHAESE

%5 UrazEE
ST LT

Sl BRI =P

2&3@. 6L L=

' )ﬁx\\/ L s e
mﬁ.mqhﬁ.méfm\

Wl 0 IWFET g |oergs=p

SO00LEET =P

FO0s

ook

- 05k

- oo

auIpUAd (el vz Lz | Hyol

(sUnoo MsuEL

Figure E.2 Powder pattern of Ni(4mBA) sonicated with pyridine
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Figure E.3 Powder pattern of Ni(4mBA) sonicated with 2-picoline
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Figure E.4 Powder pattern of Ni(4mBA) sonicated with 4-picoline
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Figure E.5 Powder pattern of Ni(4mBA) sonicated with 4-ethylpyridine
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Figure E.6 Powder pattern of Ni(4mBA) sonicated with 4-cyanopyridine
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Figure E.7 Powder pattern of Ni(4mBA) sonicated with 4,4’ -bipyridine
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Figure E.8 Powder pattern of Ni(4mBA) sonicated with 4-t-butylpyridine
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Figure E.9 Powder pattern of Ni(4mBA) sonicated with 4-(dimethylamino)pyridine
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Figure E.10 Powder pattern of Ni(4mBA) sonicated with 4-chloropyridine
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Figure E.11 Powder pattern of Ni(4mBA) sonicated with ethyl acetate
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Figure E.12 Powder pattern of Ni(4mBA) sonicated with pentanol
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Figure E.13 Powder pattern of Ni(4mBA) sonicated with hexanol
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Figure E.14 Powder pattern of Ni(4mBA) sonicated with toluene
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Figure E.15 Powder pattern of Ni(4mBA) sonicated with p-xylene

367



{Bap) elayl-omL

Yl TISEEE

HFBHEEEEEP ¢

HETEBIE T

m__‘ 1 1 1 D_‘ J 1 1 m

| stenOLL L=

N

| os Iziprp

folapaslioaiy

% 098 186
6 E9EEE G

%000LE0EL=P

=]

- ook

- O0s

- 0002

- 002

- 000

- 00

3|05 IUy [MEJEDZ L HYD]

{sunoo)Asuau)

Figure E.16 Powder pattern of Ni(4mBA) sonicated with anisole
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Figure E.17 Powder pattern of Ni(4mBA) sonicated with hydroguinone

369



{Hap) e1@y L -om ]
Sl

: ”m.m_ LBGFEE =P
W

Wl BE0GTEP

P
%G GERIEED |

b R0 =P

%/ BERE ST |

g

Y F B FE =R

WEHaZEaG =

n

WA BZRGF I

| RORETL =P

%l BS0FEE=R

W00LIDEL=P

- 0%

- ool

- 0002

I 0052

- 000e

- O0&E

JuazZuan N MEIHEDZ LHYO]

(sIno)As UL

Figure E.18 Powder pattern of Ni(4mBA) sonicated with nitrobenzene
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tolidine) pillar starting material

Figure E.19 Powder pattern of Zn(o
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tolidine) crystallized with nitrobenzene
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Figure E.20 Powder pattern of Zn(o
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-tolidine) crystallized with p-xylene

Figure E.21 Powder pattern of Zn(o
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-tolidine) crystallized with pentanol

Figure E.22 Powder pattern of Zn(o
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-tolidine) crystallized with hexanol

Figure E.23 Powder pattern of Zn(o
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tolidine) crystallized with 1,4-difluorobenzene

Figure E.24 Powder pattern of Zn(o
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tolidine) sonicated with benzene

Figure E.25 Powder pattern of porous Zn(o
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-tolidine) sonicated with toluene

Figure E.26 Powder pattern of porous Zn(o
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Figure E.27 Powder pattern of porous Zn(o-tolidine) sonicated with p-xylene
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Figure E.28 Powder pattern of porous Zn(o-tolidine) sonicated with m-xylene
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Figure E.29 Powder pattern of porous Zn(o-tolidine) sonicated with o-xylene
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Figure E.30 Powder pattern of porous Zn(o-tolidine) sonicated with p-diethylbenzene
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Figure E.31 Powder pattern of porous Zn(o-tolidine) sonicated with m-diethylbenzene
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Figure E.32 Powder pattern of porous Zn(o-tolidine) sonicated with o-diethylbenzene
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Figure E.33 Powder pattern of porous Zn(o-tolidine) sonicated with ethylbenzene
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Figure E.34 Powder pattern of porous Zn(o-tolidine) sonicated with cumene
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Figure E.35 Powder pattern of porous Zn(o-tolidine) sonicated with fluorobenzene
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Figure E.36 Powder pattern of porous Zn(o-tolidine) sonicated with chlorobenzene
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Figure E.37 Powder pattern of porous Zn(o-tolidine) sonicated with bromobenzene
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Figure E.38 Powder pattern of porous Zn(o-tolidine) sonicated with iodobenzene
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Figure E.39 Powder pattern of porous Zn(o-tolidine) sonicated with p-difluorbenzene
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Figure E.40 Powder pattern of porous Zn(o-tolidine) sonicated with m-difluorobenzene
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Figure E.41 Powder pattern of porous Zn(o-tolidine) sonicated with o-difluorobenzene
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Figure E.42 Powder pattern of porous Zn(o-tolidine) sonicated with p-dichlorobenzene
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Figure E.43 Powder pattern of porous Zn(o-tolidine) sonicated with hexafluorobenzene
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Figure E.44 Powder pattern of porous Zn(o-tolidine) sonicated with phenol
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tolidine) sonicated with 2-phenylethanol

Figure E.45 Powder pattern of porous Zn(o
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Figure E.46 Powder pattern of porous Zn(o-tolidine) sonicated with hydroguinone

398



{Bap) e1ay | -om )

o 5 5 0
1 1 1 1 1 1 1 1 __ 1 ! 1 1 1 1 1 J 1 1 1
LAY g L 33 L AR LR
oy L agyEz I AN ST elaemg= ¥
L IBPEESE [ ] o LA L T g epmeasp b _q L E LR
il LErT e 1| [lesgiaosee= ¥ [ RN %EBLINSE 3P

LR W wgmie 0ol el

|| WOECELED | wesrmrive ! HOSTERLL=
[ < " é.wm_mmm.huu

UETERTEOED ! _

: BETHTE

m S TR TR :

%6 EGTT 15 EP

: %6 0LEDL 5D

i PEBHS P
%000LBOEE EP

%E

BFiLEL=R

%LiBnLeL=p

- 0oalk

0o

- 000

- 000w

- 0005

SUSZUSO0AIU| DB0HWD el alazuanmiil | 0§ 0Hwo]

{sIunoo JAasUa

Figure E.47 Powder pattern of porous Zn(o-tolidine) sonicated with nitrobenzene
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Figure E.48 Powder pattern of porous Zn(o-tolidine) sonicated with anisole
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Figure E.49 Powder pattern of porous Zn(o-tolidine) sonicated with N,N-dimethylaniline
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Figure E.50 Powder pattern of porous Zn(o-tolidine) sonicated with butanol
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Figure E.51 Powder pattern of porous Zn(o-tolidine) sonicated with pentanol
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Figure E.52 Powder pattern of porous Zn(o-tolidine) sonicated with hexanol
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Figure E.53 Powder pattern of porous Zn(o-tolidine) sonicated with heptanol
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Figure E.54 Powder pattern of porous Zn(o-tolidine) sonicated with octanol
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Figure E.55 Powder pattern of porous Zn(o-tolidine) sonicated with nonanol
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Figure E.56 Powder pattern of porous Zn(o-tolidine) sonicated with decanol
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Figure E.57 Powder pattern of porous Zn(o-tolidine) sonicated with pentane
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Figure E.58 Powder pattern of porous Zn(o-tolidine) sonicated with hexane
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Figure E.59 Powder pattern of porous Zn(o-tolidine) sonicated with heptane
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FigureE.60 Powder pattern of porous Zn(o-tolidine) sonicated with octane
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Figure E.61 Powder pattern of porous Zn(o-tolidine) sonicated with nonane
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Figure E.62 Powder pattern of porous Zn(o-tolidine) sonicated with decane
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Figure E.63 Powder pattern of porous Zn(o-tolidine) sonicated with ethyl acetate
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tolidine) sonicated with tetrahydrofuran

Figure E.64 Powder pattern of porous Zn(o
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Figure E.65 Powder pattern of porous Zn(o-tolidine) sonicated with 1,4-dioxane
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Figure E.66 Powder pattern of porous Zn(o-tolidine) sonicated with cyclohexane

418



0

{fap) elayl-omL
5l
1

§>>

Nim_%mué

mmhm.ﬂmm_‘mu.ﬂl

%l BRELLEEP

?m P _‘___.__mmmm“ﬂ_
%0 _‘m._,wmmw U

mmhm?mwm mnﬂ_ m% m_,mmw wuﬂ_

{.mmmm_:mmm wuﬂ_

ammww.ﬁ_m_‘ P
SABZITHI =P

YoF FEREa L

%L 0Bl 15E=D

WL BERZE G

o4 18/ =R

%6 FLEES G

WATENEL G

[ E T
%ET LPSLB=R
%A B £ =

S FRO0E B mm.w.g.ﬁ_w_m_‘uﬂ_

%O00LEBL

- 005

- 000k

- O0& L

- 0002

- O00&2

- 000

I 00

- 00o¥

- O0&¥

aupuAd-w0 1 B0aY [Mel wo 1808w

JAisuau

(suno g

Figure E.67 Powder pattern of porous Zn(o-tolidine) sonicated with pyridine
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Figure E.68 Powder pattern of porous Zn(o-tolidine) sonicated with 2-picoline
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Figure E.69 Powder pattern of porous Zn(o-tolidine) sonicated with 4-picoline
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Figure E.70 Powder pattern of porous Zn(o-tolidine) sonicated with 4-ethylpyridine
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Figure E.71 Powder pattern of porous Zn(o-tolidine) sonicated with 4-cyanopyridine
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Figure E.72 Powder pattern of porous Zn(o-tolidine) sonicated with 4,4’ -bipyridine
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Figure E.73 Powder pattern of porous Zn(o-tolidine) sonicated with 4-t-butylpyridine
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Figure E.74 Powder pattern of porous Zn(o-tolidine) sonicated with 4-chloropyridine
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Figure E.75 Powder pattern of porous Zn(o-tolidine) sonicated with isonicotinic acid
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Figure E.76 Powder pattern of porous Zn(o-tolidine) sonicated with isonicotinamide
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