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ABSTRACT

Crystal engineering methods were used to combine Werner complexes with one or more components
in a single solid form, with well-defined stoichiometry in order to create Werner clathrates and
investigate their selectivity towards similar xylene isomers. Two families of six hosts, zinc tetrahedral
ZnCl;L, [H1 (L=nicotinamide), H2 (L=isonicotinamide) and H3 (L=mixed ligands, nicotinamide and
isonicotinamide)] and cobalt octahedral Co(NCS).L4 [H4 (L=nicotinamide), H5 (L=isonicotinamide)
and H6 (L=mixed ligands nicotinamide and isonicotinamide)], were designed and synthesised. They
were used in the formation of three types of complexes upon the crystallisation process with guests
and/or solvents. These are Werner clathrate and mixed ligand complexes. Three types of complexes
were prepared in the same process of crystallisation with different solvents, giving ten crystal
structures. These produced thereof two complexes made from the zinc tetrahedral complex H2. and
H3c, six Werner clathrates Hlenic, H4*propOH, H4enic*H,O, H5<2isonic, H5+2isonicepropOH and
H6+H,0 from both zinc and cobalt complexes and two mixed ligand cobalt complexes H7 and H8. In
four crystal structures, nicotinamide or isonicotinamide self-included as guests to form Werner
clathrate complexes which contained one or two independent enclathrated nicotinamide or
isonicotinamide molecules. This occurred serendipitously, although this process has previously been

reported.

Werner clathrates and complexes were linked into a three-dimensional network via intermolecular
interactions such as N-H...O, O-H-..S and N-H...Cl. However, an intramolecular interaction was
observed in H4+propOH via N-H..-O which affected the flexibility in the torsion angles of H4+propOH
complexes. The Werner clathrate complexes synthesised from H4 and H5 presented similar
arrangement and channels in their packing diagrams, although they were not isostructural. H7 and H8
crystal structures resulted from the substitution of two nicotinamide ligands by two solvent DMSO and
methanol molecules respectively. This exchange of ligands in H4 and H6 complexes occurred during
the evaporation procedure and was facilitated by the stronger pKa value and dipole moment of the

DMSO or methanol ligands, compared with those of nicotinamide.

All structures were elucidated via single crystal X-ray diffraction (SCXRD), thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). Powder X-ray diffraction (PXRD)

scrutiny was used to compare differences between hosts, starting material and crystal structures.

The study of the zinc complexes (Hlenic, H2. and H3;) indicated the importance of the halide
interactions revealed in the molecular structure and the importance of stabilising frameworks of the
structure. Similarly, the thiocyanato sulfur provided interactions between N-H-..S and O-H-..S in H4,

H5 and H6 which also provided a stabilising effect on the framework of these crystal structures.



Although all six host Werner complexes were exposed to the xylene isomers, H6 differentiated
towards ortho-xylene from a 50:50 ortho/meta-xylene mixture. The selectivity of ortho-xylene was

confirmed by single crystal X-ray analysis and the complex properties were shown by TG, Hirshfeld
surface and fingerprint analysis.
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Chapter I Introduction

This work interrogates the design and synthesis of host materials in order to obtain more structural
information on selected complexes and/or clathrates, and on the nature of host-guest and guest-guest
interactions. This study describes ways to combine a Werner complex with one or more components,

with well-defined stoichiometry in order to create Werner clathrates.

One of the functions of Werner complexes is to include guest/s. Hence the study has broadened the
Werner complexes by altering the combination of metal ions and ligands to produce complexes with
different properties and enclathration abilities.

1.1 Supramolecular chemistry

The aim of supramolecular chemistry is to develop large, highly complex chemical systems formed from
the molecules interacting through intermolecular contacts (Lehn, 2004). The study of supramolecular
chemistry can be traced way back t01894 with Emil Fischer’s (Fischer, 1894) work on the functioning
of enzymes also called ‘the lock and key principle’ [(the enzyme (lock) needs a small molecule (key) to
enable it to work (open the lock)], and this concept was the origin of molecular recognition (Behr, 1994).
Molecular recognition is the linking of a guest to a complementary host molecule forming a host-guest
complex (Figure 1.1).

Lock-key model Host-gest interaction

Figure 1.1 Schematic representation of lock and key interaction in enzymology and host-guest chemistry (adapted
from (Bag, 2012).

In 1978, Jean-Marie Lehn introduced an updated version of supramolecular chemistry through his work
in the area. It was described as ‘chemistry of molecular assemblies and of the intermolecular bond’, and
it was a major step in establishing supramolecular chemistry as a field of study (Lehn, 1995).
Supramolecular chemistry is also defined as “the chemistry beyond the molecule” or “the chemistry of
intermolecular bonds” and it is based on the mutual recognition of molecules as is shown in Figure 1.1.
The main difference between traditional chemistry and supramolecular chemistry is the interaction
between molecules. Traditional chemistry focuses on the covalent bond while supramolecular chemistry
relies on the use of non-covalent interactions between molecules such as hydrogen bonding,

hydrophobic effects, van der Waals interactions, dipole interactions and dispersive forces. Figure 1.2
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illustrates the evolution from molecular chemistry to supramolecular chemistry; molecular chemistry
relies on the molecular information saved in covalent bonds of assembly components, whereas the
supramolecular form is reliant on non-covalent interactions. These non-covalent interactions formed
between hosts and guests include a number of repulsive and attractive forces. However, most common
interactions are hydrogen bonding, CH-..n, dipole-dipole interactions, van der Waals forces, m-n

interactions and halogen bonding (Nagendrappa, 2011).

MOLECULAR CHEMISTRY SUPERMOLECULAR CHEMISTRY

POLYMOLECULAR ASSEMBLIES

SYNTHESIS
e ——
O covALEnT] RECEPTOR

BONDS

RECOGNITION

MOLECULAR
COMPLEXATION | SUPERMOLECULE | TRANSFORMATION _¥ ] AND
INTERMOCULAR SUPRAMOLECULAR
BONDS TRANSLOCATION DEVICES

SUBSTRATE

Figure 1.2 Schematic representations of the evolution from molecular chemistry to supermolecular chemistry.

As a discipline supramolecular chemistry is divided in two main subsets, host-guest chemistry and self-
assembly. The difference between the two is due to the size and shape of the molecules involved. In
self-assembly there is no significant difference in the size of the interacting species; two or more species
are held together by non-covalent bonds. In the case of host-guest chemistry a small molecule called the

guest becomes enveloped by a larger molecule which is called the host in a binding region.

Substrate

L
F 3
Y

) 4

Figure 1.3 Supramolecular chemistry, a) host-guest recognition and b) self-assembly (adapted from (Evans &
Akien, 2018).

Host-guest chemistry is one of the main points of discussion in this research; it consists of host matrices

with large voids in the form of cages, channels or interlayer space where the guest may be enclathrated.
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The design of these compounds is the main interest in the understanding of guest-host interactions, and
the dynamics of the guest molecule in the lattice structures could lead to the possibility of separating

stereoisomers.

1.2. Crystal Engineering

Crystal engineering is a field emerging from supramolecular chemistry and was described by Behr in
the enzyme-substrate interaction using key-lock analogy which anticipated the principles for molecular
recognition and host-guest chemistry (Behr, 1994). However, the concept of crystal engineering was
first addressed by both Pepinsky in 1955 and VVon Hippel in 1962 (von Hippel, 1962), (Pepinsky, 1955).
It is the understanding of intermolecular interaction and molecular architecture in the context of crystal
packing to design new solids with desirable physical and chemical properties (Wolff et al., 2010) . In
simple words the new molecules are generated by the formation of covalent bonds which incorporate
coordinate bonds for metal-organic chemistry. This methodology is a combination of two subjects,
chemistry and crystallography. The relation between the two is the interplay between the structure and
properties of molecules on one hand and those of extended assemblies of molecules on the other
(Gautam R Desiraju, 1989). Bragg showed that certain structural units such as a benzene ring has definite
size and form that might be retained with hardly any change when going from one crystal structure to
another (Bragg, 1921). He therefore showed the correlation between the molecular and crystal forms.
However, recent crystallographic studies of hexamethylbenzene have shown that deviation from
planarity may occur. In the case of aromatic compounds these may be due to electronic, steric, and/or
intermolecular factors resulting in deviations from expected results. Although ring internal angles should
be close to the ideal value of 120°, angular distortions may occur in the plane of the ring. Structure
validation involves checking for internal consistency. X-ray crystallography is a self-checking technique

that allows for accurate structure determination (Clegg, 2021).

Crystal engineering consists of three main operations which are interrelated. The first is determination
of the crystal structure which is the way the molecules are packed. The second is to understand the nature
of intermolecular interactions which determines how the molecules are packed in the crystalline phase.
Lastly, exploitation of the knowledge behind crystal engineering is to construct designer materials to
meet the desired application. Thus, to achieve the required crystal engineering, a method was proposed
by Desiraju and co-workers in which the strategy of using synthons was described. This method uses
the concept of a synthon to represent the identification of molecular precursors in the analysis of a target

crystal network (Desiraju, 1997).
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1.3. Coordination chemistry

Coordination chemistry is the study of compounds that use their nature to become a crystal engineering
subject based on Alfred Werner’s coordination compounds. In 1913 he received the Nobel Prize in
Chemistry for his theory on coordination chemistry. Thus in 1883, Alfred Werner developed the idea of
coordination chemistry which was focused on compounds of organic amines bonded to metal centres.
His study allowed him to define a stable complex formed between cobalt (I1) as a central metal ion and
six bound ammonia molecules surrounding the metal ion with an arrangement as far apart as possible at
six corners of an octahedron. Coordination compounds or complexes are the linking of poly-coordinate
metal ions with polydentate ligands. They consist of central metal ions bonded to a surrounding array
of anions or ligands, while a coordination polymer is an infinite array of coordination complexes in
which metal ions are bridged by multidentate ligands. Werner’s discovery of coordination was based on
the colour of the complexes, in which the cobalt cation occurs in a cis:trans dichloro pair. X-ray
diffraction, not discovered during Werner’s time, now shows that the presence of a third salt of the same
elemental composition powerfully boosts his theoretical discovery of two stereochemically distinct
forms (Bernal & Lalancette, 2020).

1.4. Inclusion compounds

Inclusion compounds are representative of a class of chemistry called supramolecular chemistry (which
is well defined by Lehn as chemistry of molecular assemblies and of the intermolecular bond). It may
be defined as a complex which is formed when one component, the host, interacts with a second
component, the guest. The host can form a cavity or, in the case of a crystal it consists of crystal lattices
containing spaces such as voids, channels or layers in which the molecular entities of the second
chemical species called the guest molecule are located. There is no covalent bonding between the guest
and the host, and the interaction is mainly attributed to the van der Waals forces. The essential criteria
are simply that the enclosed guest be of a suitable size and shape to fit into a cavity within the solid
structure formed by the host molecules. Secondly, the stereochemistry and possibly the polarity of both
the host and the guest molecules determine whether inclusion can occur. The close fit of the two
components produces a combination of significant strength. If the spaces in the host lattices are enclosed
from all sides so that the guest molecule species is trapped inside the cage the compounds are called
clathrates or cage compounds. Powell suggested that the word clathrate indicates the situation where the
molecule is completely enclosed by the host and cannot escape from its surroundings (Palin & Powell,
1948).

The scientist named Mylius observed the first inclusion compound in 1886 as an unusual complexation
occurring between hydroquinone and several volatile compounds. He proposed that the two components

were interacting without chemical bonding and suggested that one molecule was enclosed within the
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other. A few years later these observations were confirmed by X-ray analysis and it was determined that
one molecule of gas or liquid formed an insoluble inclusion compound with three molecules of
hydroquinone (Palin & Powell, 1947). The general title for the class of complexes was given as
“Einshlufverbindung” which is a German name for inclusion compounds. It was first used by Schlenk
(Schlenk, 1949), and seems to be suitable for all inclusion type systems. Other terms were also used to
describe these complexes as occlusion compounds, adducts, host-guest complexes, addition compounds,

supramolecular assemblies and clathrates.

The formation of an inclusion compound is driven by thermodynamics, with a reaction between solid

host (H) and gaseous guest (G):
Hsolig +Ggas= [HG]soIid

Inclusion compounds were classified into many broad categories depending on the concept used to
classify them.

For example the scientist Barrer divided the inclusion compounds into three categories based on the

very context of the host crystals (Barrer, 1986).

e Those that are stable in the presence and in the absence of the guest molecule alike;

e Compounds which have a critical concentration of guest molecules, below which that host
structure becomes metastable and recrystallizes;

e Those in which the host framework continuously readjusts itself as the content of guest

molecules fluctuates.

Inclusion compounds are classified according the topology of cavity space of the host framework

(Dyadin, Y.A. and Terekhova, 2004), and Figure 1.4 illustrates some examples.

o Cryptoclathrates: also called cage-type inclusion compounds, wherein the guest molecules are
included within closed cavities formed by the host molecules;

e Tubulatoclathrates: channel-type inclusion compounds in which the host forms non-intersecting
channels or tunnels which include the guest molecules;

o Intercalatoclathrates: there are layered-type inclusion compounds and guest molecules are

sandwiched between sheets of the host matrix.
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Cage-type Channel-type Layer-type

Figure 1.4 Representation of three types of inclusion compounds, a) cage-type inclusion compounds, b) channel-
type inclusion compounds and c) layered-type inclusion compounds (adapted from (Shigemitsu & Kida, 2018).

These three types of inclusion compounds are also called cryptates, tubulates and intercalates. The

following classification of inclusion compounds is based on their structure and properties (Frank, 1975):

e Polymolecular inclusion compounds: these possess channel-like spaces and cage-like spaces

The polymolecular inclusion compounds are composed of a host structure composed of several
molecules oriented in a loosely arranged lattice. The individual members of the host lattice interact with
each other through hydrogen bonds and other non-covalent interactions to form a channel-like space or

a cage-like space structure by enclosing the guest molecule.

Clathrates are one class of polymolecular inclusion compounds which are one of the earliest documented
inclusion complexes. It has been used to describe the term cage-like structure of hydroquinone inclusion

compounds;

e Monomolecular inclusion compounds

These compounds have only one molecule of the guest and one molecule of the host. This

monomolecular inclusion compound constitutes the second major class of inclusion compounds;
e Product of the blue-iodine reaction

Polymerization of iodine within unique channels formed by starch, cyclodextrins, cellulose and

barbaturic acid gives blue addition compounds (Schoch & Williams, 1944);

e Macromolecular inclusion compounds

Macromolecular inclusion compounds or molecular sieves (zeolites) are very big molecules. The
zeolites are the most common in this category although modified dextrin, silicate gel, agro gel and other

substances are also included under this category.
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Inclusion compound of host organic molecules are among a wide variety including zeolites, Hoffman

and Werner complexes, cyclodextrins and metal organic framework (MOF’s).

Zeolites are robust tetrahedral crystalline frameworks of aluminium-oxygen or silicon-oxygen which
form a three dimensional array with many cavities and interconnecting channels (Grosse-Kunstleve, et
al., 1999). They have large vacant space in their structures that allow ions or small molecules to enter
and be enclosed within the network. Some of them have their vacant spaces connected so that they form
channels which allow the guest molecules easy entrance and exit.

Hoffman inclusion compounds are polymeric or molecular crystalline solids where crystal lattice voids
result from the assembly of metal complexes, with general formula M(NH3)>M(CN)42G, where M is an
octahedrally coordinated metal cation such as Mn(I1), Zn(1l) or Cd(Il), M is a square-planar coordinated
metal cation such as Ni(ll), Pd(1l) or Pt(ll), and G is a small aromatic molecule (Hoffman and Kuspert,
1897).

Cyclodextrins are host molecules used for the construction of small molecule enzyme mimics.

1.5.  The chemistry of clathrates

Clathrates are defined as inclusion compounds with a 3-D frame (Kovnir & Shevelkov, 2004). It is a
lattice formed by several of one type of molecule which traps and contains a second type of molecule.
For instance, clathrate hydrates are clathrates formed by water which may enclose a molecule which is
not normally attracted. The history of clathrates can be traced back to 1810 and 1811, when the scientist
Humphry Davy led (experimented by putting) chlorine gas under high pressure through water cooled to
275-276 K. He discovered the formation of solid structures with unidentified nominal composition and
at this time it was poorly understood. However, in 1823, Faraday revised the data, and determined its
stoichiometry to be Cl>(H20)10and called it a clathrate hydrate (Faraday, 1823). Many authors reported
other observations and variable compositions for their syntheses, which today are recognised as
significant in the field of inclusion compounds. These include the preparation of B-quinol with H,S and
SO2 in 1849, the Hoffman inclusion compound, and nickel cyanide ammonia inclusion compounds in
1859 (Wdhler, 1859). The exact composition and crystal structure of this chlorine hydrate was
determined in 1948 (Palin & Powell, 1948). Additionally, their publication in 1948 revealed the structure
of the B-quinol complex with sulfur dioxide and proposed to call it a clathrate compound (Powell, 1948).
Powell defined this as a kind of inclusion compound in which two or more compounds are enclosed as
a set of molecules in a suitable structure. His work was inspired from the suggestion made by Mylius
60 years earlier in the complex compounds formed by hydroquinone with certain volatile substances.
He suggested that the molecule of one component was able to lock the molecules of the second

component into position, but without chemical bonding.
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Clathrate is the chemical definition for “cage” or “enclosed” and it is derived from the Latin word
clathratus which means enclosed by cross bars or lattice grating. A clathrate is a chemical substance
consisting of a lattice that traps or contains molecules. The trapped molecule is called the guest while
the other molecule is called the host, which provides the structure and space for the formation of a
complex. This inclusion compound is able to include another molecule without affecting the bonding
systems of both components. So, clathrates are host-guest complexes where the guest molecule is in a
suitable cage structure formed by the host molecule or a lattice of host molecules. The cage is held
together by very weak forces like hydrogen bonding, ion pairing, dipole interaction and van der Waals
attraction (Vaidya, 2008). Such caged host-guest complexes are often referred to as extra molecular
assemblies, supramolecular assemblies, inclusion compounds and occlusion compounds. Molecular
recognition describes this kind of inclusion compound and hence the process of inclusion compound
synthesis may be described by the following equation:

H a-phase(s)t nG /(@) —H:n GB-phase(s)

I=liquid phase, s=solid phase, g=gas phase

a = nonporous phase of the pure host H or apohost
B = the phase of the host-guest compound

n = host: guest ratio

where the non-porous a-phase of the host H or apohost is a solid that dissolves in a liquid guest G
yielding a p-phase of host-guest complex H-G controlled by guest-host ratio n, and written H-nG.

The host complex may adopt three different modification phases depending on the structural features,
the alpha-, beta-, and gamma-y-phases. The a-phase is the non-clathrating modification or the empty
phase where the molecular packing of the host molecules is unable to form any suitable voids in the
crystal lattice due to reasons such as steric or electronic interactions (Papanicolaou, 1983). The B-phase
is the clathrating modification where the energies in the system are favorable. Last, the y-phase is where
the cavities formed are of the layer-type (Papanicolaou, 1983).

The general formation and decomposition of an inclusion compound may be summarised in five steps
as illustrated in Figure 1.5.

e Step 1 the apohost is dissolved in the liquid guest: Ho-phases) + NGayig);

e Step 2 the solution is allowed to concentrate until the host-guest complex is formed as p-phase
crystals: H-Gnp-phase(s);

e Step 3 the reformation of the a-phase: H-Gng-phase(s) — Ha-phases)t -NGayig)T;

e Step 4 the introduction of a new y-phase: H-Gmg-phases) — H*Gn-m)y-phaseis) T MG(q);

e Step 5 formation of the Bo phase or empty clathrate, H-Gup-phase(s) — H*Gngp -phase(s)-
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In solution
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Figure 1.5 General scheme of formation and decomposition of an inclusion compound.

Host-guest compounds can be divided into two distinct groups depending on the type of the host
compound and the topological relationship between the host and guest which are clathrands and

cavitands (Groom et al., 2016).

As illustrated in the Figure 1.6 below, a cavitand is a single large molecule containing a central hole and
forms a cavitate host and guest aggregate referred to as molecular inclusion. Examples include

cyclophanes and cryptands (Desiraju, 2013).

Clathrands are large compounds which pack in such a way as to form a clathrate, referred to as a crystal

lattice inclusion. Examples are urea and Macnicol’s hexa-host (Steed & Atwood, 2009).
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a)

LARGE HOST OR CAVITAND SMALL GUEST CAVITAND HOST-GUEST COMPLEX
b)

LARGE HOST (CLATHRAND HOST) SMALL GUEST CRYSTAL LATTICE INCLUSION HOST-

GUEST COMPLEX (CLATHRATE)

Figure 1.6 Schematic illustration of molecular and lattice inclusion, a) Inclusion of guest molecule in the cavity
of the host molecule resulting in the conversion of a cavitand into a cavitate and b) inclusion of the guest in the
lattice formed between the host molecules which results in the conversion of a clathrand into a clathrate.

The use of clathrate chemistry or technique involves selective removal of a specific component from a
mixture by the formation of a molecular compound or clathrate between a complex and the component.
The clathrate is separated from the reaction mixture and the clathrate compound is recovered. This
process of separation or selection can occur by melting, sublimation or dissolution. Since the interaction
between host and guest is weak, the molecular structure and properties of the separated material are not
affected throughout this process of separation. Among different classes of host molecules, Werner
complexes are the type of hosts which present remarkable clathrating ability (Williams, 1957). They are
used for separating compounds and particularly isomers, which are difficult to separate by conventional
methods such as fractional distillation and fractional crystallization. For instance, many investigators
have worked on Werner complexes for separating aromatic hydrocarbon isomers of substituted benzenes
and they have been successful. The use of Werner clathrates to separate isomer compounds were proved
by many articles and this has been successfully achieved. The selectivity of four xylene aromatic
compounds was successfully demonstrated using Werner inclusion compounds as a host to separate a
mixture of isomers (Wicht et al., 2016; Wicht et al., 2015).

1.6.  Werner complexes

Werner complexes were discovered by Schaeffer in 1957. Werner clathrates are coordination complexes

which are able to absorb organic compounds in a reversible manner (Schaeffer et al., 1957a). The
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complex consists of a host and guest species with general formula MX;A4+nG, where M is a divalent
transition metal cation such as Mn?*, Fe?*, Co?*, Cu?*, Zn?", Ni?*, Hg?*, Cr?* or Cd?*; X is the anionic
component such as NCS', NCO-, CN-, NOs', Br, CI', or I'; A represents a neutral amine donor ligand
usually a pyridine or its derivative thereof and G is the guest compound with n giving the ratio of guest:
host. Thus, by varying the host constituents or using different guests we can end up with thousands of
Werner clathrates. In general, the formula, MX;A4 stands for the Werner host complex which has
enclathrating ability of a small or large guest molecule. A good example to illustrate and describe Werner
clathrates are the most common structures called the organic zeolites, with a formula of [Ni(NCS)2(4-
RPy)4] host and 4-Mepy guest, where R is an aryl or alkyl group, Me for methyl and Py is a pyridyl
group (Moore et al., 1987; Soldatov, 2004). Organic zeolites have remarkable physicochemical
behaviour. They are solids that are able to reversibly and selectively absorb large amounts of organic
species while showing poor tendency toward sorption of inorganic compounds.

Indeed, the adaptability of a Werner host structure to the size of the guest molecule is remarkable, as
demonstrated in 1984 by Lipkowski with the tetrakis (4-methyl pyridine) nickel (1)
thiocyanate(TMPNT) Werner complex, one of the most versatile complexes which has been studied and
that can form clathrate inclusion compounds with a variety of guest species (Starzewski et al., 1984).
This is due to the rotational freedom of the pyridine rings about their Ni-N bonds and so the complex is
able to adjust its molecular shape and capture guest molecules of different size, shape and polarity (Bond
et al., 1983). Furthermore, apart from this ability to enclathate a wide variety of guest species, Werner
complexes have another major advantage in that their synthesis is usually simple. In the case of the
TMPNT preparation for example, an addition of an SCN- salt to a nickel hydrate followed by addition
of pyridine is all that is required to precipitate a host powder (Papanicolaou, 1983).

However, two conditions are required for Werner complexes synthesis:

e The central ion is a transition d-series element;
e The ligand prevents close packing of the complex molecules due to steric hindrance in the crystal
lattice (Karunakaran et al., 2000).

Most reported Werner clathrate syntheses were prepared by dissolving the host material in a suitable
solvent and adding the guest, which could then be enclathrated upon crystallization. However, the choice
of components available for the construction of systems is limited by the solubility of the host and the
properties of the Werner clathrates leading to a certain number of general rules regarding guest inclusion

into a host lattice (Papanicolaou, 1983).

For guest molecules:
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e Aromatic guests with electronegative groups must be avoided, since the aromatic nucleus of the
amine of the Werner complex is an acceptor of m-electron density from the aromatic nucleus of the
guest;

e Only compounds containing at least one aromatic ring are clathrated;

e Accumulation of polar group diminishes clathrating ability;

e Very polar or reactive substituents on the ring must be avoided,;

e Accumulation of bulky groups makes the compound less easily clathrated.

Barbour reported the use of a simple, economic and environmentally friendly method of synthesis to
obtain two Werner complexes and their solid solution with mechano-chemical synthesis (Barbour et al.,
2012). This synthesis was used for Werner clathrates that could not be obtained by conventional solution
chemistry. Mechano-chemistry is defined as the process in which solids undergo a chemical reaction by
the application of mechanical energy (Fernandez-Bertran, 1999). This process can be achieved by ball

milling or manual grinding with a mortar and pestle.

The structure of most Werner complexes presents a cis or trans-octahedral coordination with the two
anionic ligands in a trans-position. Further recent research discovered a new type with the cobalt cation
having both cis:trans-octahedral geometry (example: cis:trans dichloro pair) (Bernal & Lalancette,
2020). There are two general configurations of the ligands which are ‘centrosymmetric’ and ‘four-blade
propeller’ structures as illustrated in Figure 1.7. The ‘four-blade propeller’ structure presents an
arrangement of ligands around the central cation which minimizes the energy of non-bonded interactions
in the molecule, while the centrosymmetric structure has an arrangement with higher repulsive inter-
ligand interactions due to the close proximity of the anions and two of the four pyridine rings. The most
common structure is a four-blade propeller, because the co-planar arrangement is not suitable for the
pyridine ligands due to the steric hindrance between them and the anions. Nevertheless, the
centrosymmetric structures could be likely if the metal ion was larger and/ or the anion smaller such as
in the Cd*2 and ONO" complexes.

Figure 1.7 A common conformation of the Werner complex Ni(NCS)2(4-methylpyridine), the four-blade propeller
conformation shown in a) and b) showing how the ligand forms a four-blade propeller (adapted from (Starzewski
etal., 1984).
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The structure of Werner clathrates presents in general three basic structural types of inclusion

compounds: the true clathrate, the channel compound or zeolite-type compounds and layered structures.

The true clathrates or the cage-type clathrates are structures in which the host forms cavities available
for the inclusion of the guest molecules separated from one another. They are trigonal with a 1:2/3 host
to guest ratio.

Organic zeolites or the B-phases are the channel-type clathrates in which cavities are interconnected to
give a three-dimensional network of cages. They are tetragonal with a 1:1 host-guest ratio.

The layered-structure or the y-phases are layer-type clathrates which are monoclinic or triclinic with a

1:2 host-guest ratio.

The study of the host [Ni(NCS)2(4-methylpyridine)] by Soldatov revealed that the complex exists in
either of two polymorphic modifications: a microporous B-form or a dense a-form (Soldatov, 2004).
This complex can form two kinds of inclusion compounds with benzene (CsHs), a B-type phase clathrate
and y-type phase clathrate from its pure a-type phase as illustrated in Figure 1.8 and as previously shown

in Figure 1.5.

a-[Ni (NCS), (4-MePy),]
Dense polymorph

air
crystallisation & (fast
from benzene guest
v-[Ni(NCS)2(3-MePy)a]*2(CgH,) release)

Layer type inclusion compound

regrowingin l
benzene )
air
B-[Ni(NCS),(4-MePy),]*(CsHe) (slow
Channel-type inclusion compound guest

release
air l

B-[Ni(NCS),(4-MePy),]
Microporous polymorph

heat

Figure 1.8 Scheme representation of the o, y and f§ phases of the Werner host Ni(NCS)2(4-methylpyridine),
(adapted from Soldatov et al., 2004).

An important point to underline in the study of Werner inclusion compounds is the selective sorption or
inclusion within the host material for a given guest. This involves the selection of suitable hosts which,
when exposed to a mixture of guests, enclathrates selectively a particular guest to form a crystalline
inclusion compound. This interest was stimulated by Schaeffer and Dorsey, who announced a new
method of separating mixtures of aromatic compounds and isomers from petroleum fractions. This
process was called “Union Oil’s New Clathration Process”. Examples of isomers that were separated

are cymenes, xylenes and methylnaphthalenes. The mechanism of selectivity is driven by the process of
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molecular recognition and in the solution can be quantitatively evaluated by measuring the equilibrium

constant of the reaction (Pivovar et al., 2001).

Taking into account the many observations described above, in 1996, Lipkowski created a stepwise
procedure for the host-guest recognition process which takes place upon the clathrate formation.

e The host may choose a given guest from a mixture of guests present in the solution with which to
cocrystallize;

e The host and guest may choose the most appropriate, thermodynamically favoured structure type
for the clathrate to form;

¢ In solid clathrate formation, the molecular structure of the host may adapt its shape and form in

order to attain the best possible steric fit with the guest species present.

1.7. Intermolecular interactions

INTERACTIONS

[ Electrostatic } [ Van der } [ Hydrogen } [Hydrophoblc} ) T

interactions Waals forces bonding interactions interactions
-‘ lon-ion -7 i—
—‘ lon-dipole Cation-nt '—
—‘ Dipole-dipole Anion-nt ‘—

Flow chart 1.1 Different types of interactions.

{SUPRAMOLECULAR}

Desiraju defines crystal engineering as the understanding of intermolecular interactions in the context
of crystal packing and then exploits this knowledge to construct designer materials. Therefore, the proper
understanding of intermolecular interactions lies at the heart of controlling the crystal structure
(Desiraju, 1989). By definition, intermolecular interactions or non-covalent interactions are driving

forces with electrostatic origin found between molecules. They can be divided in two types: isotropic
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medium range forces (non-directional) and anisotropic long-range forces (directional forces). Isotropic
forces (C...C, C-..H, H--.H interaction) are repulsive forces and define the shape, size and close packing,
whereas anisotropic forces (O-H--:N, N-H...O, C-H-..O, C-H---N, O-H-..t, X---X, and X---N), known as

dispersive forces, are electrostatic and include hydrogen bond and heteroatom interactions.

Table 1.1 Different intermolecular interactions of hydrogen bonds and examples (adapted from Nangia, 2002).

Very strong hydrogen bonds O0—H...O", F—H-..F
Coordinative bonds M—N, M—O
Strong hydrogen bonds 0O—H...O, N—H..-O
Weak hydrogen bonds C—H-.-0, O—H---nt
van der Waals interactions CHjs---CH3, CHg3---Ph
Heteroatom interaction N-.-Cl, I---l, Br---Br
n-stacking Ph..-Ph, nucleobases

However, the main common interactions formed between host and guest molecules are hydrogen
bonding, CH--.rt interactions, dipole-dipole interactions, van der Waals forces, n---nt interactions and
halogen bonding. Intermolecular interactions play an important role in supramolecular chemistry which
is associated with the formation of new compounds caused by the bonding of molecules using
supramolecular synthons. In the table below are details of the different types of interactions that relate
the host and guest to their surroundings.

Table 1.2 Summary of intermolecular interactions from the strongest to the weakest strength (adapted from
Atwood & Steed, 2004).

lon-ion 200-300 Sodium chloride

lon-dipole 50-200 15-Crown-5-sodium complex

Dipole-dipole 5-50 Acetone

Hydrogen bonding | 4-120 DNA

Cation-n 5-80 (K*with in benzene ring)

n-m stacking 0-50 Benzene and graphite

van der Waals <5 (variable depending on the Argon, packing in molecular crystals
surface area)

Hydrophobic Related to solvent-solvent Cyclodextrin inclusion compounds
interaction energy

1.7.1 lon-ion interactions

The strength is comparable to covalent bonding, 100-350 kJ/mol and these kinds of attractions refer to
the forces existing between two ions (as illustrated in Figure 1.9) in ionic crystals (Clugston et al., 2002;
Kotz et al., 2009).
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Some characteristics:

e can be a very strong bond

POSITIVE ION

e can be an attractive or repulsive force

e long range (1/r)
H TRANSFER OF
e non-directional FLECTRON NEGATIVE ION
¢ highly dependent on the dielectric constant
of the medium.

Figure 1.9 lon-ion interaction.

1.7.2 lon-dipole interactions

When ions bond with polar molecules, forces of attraction are generated between them and this leads to
an ion-dipole interaction with strength between 50-200 kJ/mol (Clugston et al., 2002). These interactions
are observed in both solid state and solution, e.g. cation-binding hosts and metal complexes or the

bonding of ions with polar molecules such as water. Some characteristics can also be described:

:
'

e these are directional forces Polar molecule
e can be attractive or repulsive

e medium range (1/r?) with r= distance from

charge to centre of dipole .
----- ] ]
e significantly = weaker than  ion-ion
interaction. cation Polar molecule

Figure 1.10 lon-dipole interaction.

1.7.3 Dipole-dipole interactions

These interactions occur when two interaction dipoles are oriented relative to each other, such as the
interaction of dipoles located on adjacent molecules or the opposing alignment of one dipole with the

other (Steed et al., 2000). So, it depends on a specific orientation of both components.
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attractive

A 4

A

o Relatively weak (5-50 kJ/mol)
repulsive

o Useful for bringing species into alignment,
as the interaction requires a specific
orientation of both entities.

attractive

Figure 1.11 Dipole-dipole
interaction.

1.7.4 Hydrogen bonding

Hydrogen bonding is forming a hydrogen bond between atoms, molecules or ions in the gas, liquid,
solid or supercritical phases (Aakerdy & Seddon, 1993). It is a special type of dipole-dipole attraction
when a hydrogen atom covalently bonded to a strongly electronegative atom such as N, O or F exists in
the vicinity of another electronegative atom with a lone pair of electrons. In supramolecular chemistry,
the hydrogen bond is able to control and direct the structures of molecular assemblies because it is

sufficiently strong and directional (Desiraju & Steiner, 1999).

The hydrogen bond is represented as D-H---A where D is a donor and A the acceptor. There are three
common types of hydrogen bonding geometries because D-H can be bonded to more than one acceptor,
simple (involving only one donor and one acceptor), bifurcated (three-centre which means two

acceptors) and trifurcated (four-centre, which means three acceptors) as shown in Figure 1.12.

A
LA .
D—H----"-- A pD——H D——H
A
(a) (b) (c)
4—A
IA -

H-. HZ
D\ A D——H--""-- A D A
H- A \H:_

A

(d) (e) i)

Figure 1.12 Hydrogen bond arrangements, a) linear, b) bent, (c) donating bifurcated; d) accepting bifurcated, €)
trifurcated and f) three-centre bifurcated (adapted from Aakerdy & Seddon, 1993).
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The properties of the donor and acceptor in hydrogen bonding determine the hydrogen bond length d(D-
H) or d(H---A) (Taylor & Kennard, 1984). Depending on the number of acceptors involved in the
hydrogen bond, the distance d will vary. So, the larger the number of acceptors, the shorter the d
distances. The strength of hydrogen bonds is extremely variable (Pimentel & McClellan, 1971). For a
neutral molecule the bond strength lies in the range of 10-65 kd/mol, whereas, when one component of
the hydrogen bond is ionic, the strength lies in the range of 40-190 kJ/mol. According to Jeffrey, the
strength of the hydrogen bond is classified into three categories: very strong, strong and weak hydrogen
bonds as illustrated in Table 1.3 below (Jeffrey, 1997).

Table 1.3 The properties of hydrogen bond interactions (adapted from Desiraju et al., 2011).

Very strong [F-H-FI 2.2-2.5 1.2-15 175-180
O-H-...O-H 2.6-3.0 1.6-2.2 145-180
Strong O-H-..N-H 2.6-3.0 1.7-2.3 140-180
N-H-..0=C 2.8-3.0 1.8-2.3 150-180
N-H...O-H 2.7-3.1 1.9-2.3 150-180
N-H-.-N-H 2.8-3.1 2.0-2.5 135-180
Weak C-H.--0 3.0-4.0 2.0-3.0 110-180

Very strong hydrogen bonds mean hydrogen bonds that can control crystal and supramolecular structure.
They are formed by unusually activated donors and acceptors. They are also formed between an acid
and its conjugate base, X—H---X"or between a base and its conjugate acid X*—H---X.

Strong hydrogen bonds are formed between neutral donor and neutral acceptor groups via dipole

attraction.

Weak hydrogen bonds mean hydrogen bonds whose influence on crystal structure and packing is

variable, and Table 1.4 shows details of the differences between the three types of hydrogen bonds.

Table 1.4 Some properties of strong, moderate and weak hydrogen bonds. (adapted from Desiraju & Steiner,
1999).

Bond energy (Kcal/mol) 15-40 4-15 <4
Bond lengths H—A~ X—H H...A>X—H | H-..A>>X —H
Lengthening of X-H (A) 0.05-0.2 0.01-0.05 <0.01
D(X--A) range (A) 2.2-2.5 2.5-3.2 3.0-4.0
d(H--A) range (A) 1.2-1.5 1.5-2.2 2.0-3.0
0(X-H--A) range (°) 175-180 130-180 90-180
Bonds shorter than vdW 100% Almost 100% 30-80%
at room temperature >25 7-25 <7
Effect on crystal packing Strong Distinctive Variable
Covalency Pronounced Weak Vanishing
Electrostatics Significant Dominant Moderate
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Supramolecular synthons

The concept of supramolecular synthons was elaborated by Desiraju for the profound examination of
structural effects of crystal packing. He defined it as “structural units within supramolecules that can
be formed and/or assembled by known or conceivable synthetic processes involving intermolecular
interactions” (Desiraju, 1995). It is useful not only for characterization but also in the understanding of
the biological recognition or drug-enzyme binding. Supramolecular synthon recognition is termed the
Graph Set theory developed by Etter and Bernstein, which consists of identifying different types of H-
bonds and ranking them by chemical priority and empirical rules for hydrogen bonding (Etter, 1991)
(Bernstein et al., 1995). The Graph Sets or motifs are described by:

G%3(n)
where G is the pattern of hydrogen bonding which can be represented by four different designators:

C —an infinite chain

R—aring

D — a noncyclic dimer

S —an intramolecular ring

The other terms in the graph set refer to:

n — the total number of atoms in the repeat unit
a — the number of acceptors and

d — the number of donors.

Supramolecular synthons were classified by Zaworotko into two (Flow chart 1.2), heterosynthons which
form between different but complementary functional groups and supramolecular homosynthons which

form between the same complementary functional groups (Almarsson & Zaworotko, 2004).

SUPRAMOLECULAR
SYNTHONS

Heterosynthons

Homosynthons

Flow chart 1.2 Different types of synthons
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1.7.5 Cation-m interactions

These types of interactions occur between an adjacent cation and an electron rich n-system. Example
would be when a cation such as potassium ions interacts with benzene to form a complex with a similar
energy to the K*-OH interaction (Ma & Dougherty, 1997).

1.7.6 #-m stacking/interactions

These types of interactions are weak electrostatic interactions and are often called donor-acceptor
interactions because they occur between one aromatic ring that is electron-rich or the donor and another
aromatic ring that is electron-deficient or the acceptor. Two major types of w---wt interactions are usually

observed: the face-to-face and the edge-to-face interactions as illustrated in Figure 1.13.

/—\ @ I 3338A
SO

a) b)

Figure 1.13 The two pi-pi interactions, a) face-to-face interaction b) edge-to-face interaction (adapted from Steed
etal., 2007).

The face-to-face interactions occur when two faces of aromatic rings interact with one another. The
edge-to-face interactions are observed when a weak hydrogen bond is formed between the slightly
electron deficient-hydrogen atom and the electron-rich wn-cloud of aromatic compounds (Steed &
Atwood, 2000). n-n interactions display a wide variety of geometric arrangements or orientations which
are parallel face-centred, parallel offset, perpendicular t-shaped, perpendicular y-shaped and parallel
offset for toluene, (McGaughey et al., 1998; Martinez & lverson, 2012).

1.7.7 van der Waals forces
These arise from fluctuations of the electron distribution between species that are in close proximity to

one another.

e Weak interaction forces (2-20 kJ/mol)
e Mutually induced dipoles

o Dispersive effects: London interaction and the exchange and repulsion interaction
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van der Waals
attraction

Figure 1.14 Schematic diagram of van der Waals force attractive force.

1.7.8 Hydrophobic interactions

Hydrophobic effects arise from the exclusion of non-polar groups or molecules from agueous solute.

1.8.  Separation by selective inclusion

The interaction between the host and the guest can be very selective and seems to give a simple but

promising strategy for the separation of mixtures which are otherwise difficult to separate. If the host

compound has a preference for a particular guest in a mixture of two or more guests, it is said to show

a degree of selectivity towards that guest. The selectivity can be defined as the ability of a host exposed

to a mixture of guests to separate and combine with a particular guest to form a crystalline inclusion

compound. The separation protocols are based on selective inclusion which requires that the host exhibit

some preference for inclusion of one particular guest over another (Pivovar et al., 2001).

4y
w i
q

ik RECRYSTALLISATION
+ &,
W Svan
¥\

w

HOST 50% MIXTURE OF GUESTS SELECTIVE INCLUSION OF GUESTA
GUESTB

GUESTA

MR GuEsTB
Wy

Figure 1.15 Scheme showing selective inclusion (adapted from Bouanga Boudiombo et al., 2018).
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Crystals of the corresponding inclusion compound, grown from a solution containing a mixture of
guests, would thus be enriched in one of the guests. There are many factors that influence the selectivity,
such as co-operativity of the binding groups, pre-organisation of the host conformation and
complementarity of the host and guest binding sites (Steed et al., 2007). There are two types of

selectivity, namely thermodynamic and kinetic selectivity.

Kinetic selectivity is the rate at which competing substrates are transformed, with the enzyme being
selective for the fastest-reacting substrate (Jacobs et al., 2008).

Thermodynamic selectivity can be defined as a ratio of the equilibrium constant when the host is
exposed to two or more guests. The reaction may be formulated as:

H +nG1y— HenG= host:guest ratio
The concept of a selectivity coefficient, Kg:a is defined as (Jacobs, A. et al. 2008):
Keat (Ke:a)'= Za/Zs"Xs/Xa (Xat+Xg)=1

A and B represent the two guests
Xaand Xg= mole fractions of each of the guests in the liquid mixture

Za and Zg= mole fractions of the guest in crystal.

1.9 Mixed ligand complexes

The advent of the use of a set of mixed ligands in a Werner complex is an area relating to new complexes
which may form new architectures in the crystal frameworks. This has been shown by enhanced
selectivity of a nickel (Il) thiocyanato complex by Wicht et al. (Wicht et al., 2016). In this case
isoquinoline and 4-phenylpyridine were the two ligands which promoted discrimination towards ortho-
xylene in equimolar mixtures of the three xylene isomers. Mixed ligand coordination complexes of
transition metal cations containing coumarilate and N,N’-diethylnicotinamide were synthesized by
Dagli et al. (Dagh et al., 2017). In these octahedral complexes the structures formed network lattice
structures via hydrogen bonding. Some of these complexes offered antimicrobial effects towards
pathogenic microorganisms in varying proportions. In a similar manner, Dagli and co-workers studied
mixed ligand complexes of Co(ll), Ni(ll), Cu(ll) and Zn(Il) with coumarilic acid and 1,10-

phenanthroline which gave similar results to the previously mentioned paper (Dagli et al., 2019).
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1.10  Host and guest under study

A host:guest complex is a mixture of host molecules that non-covalently bond (by hydrogen bonding,
ion pairing, metal-to-ligand binding, van der Waals forces, solvent reorganizing and partially made and

broken covalent bonds) to a guest molecule. This then forms the complex.

1.10.1 Host compounds under study

This study reveals the synthesis and characterisation of six coordination compounds. These compounds
have been named Werner complexes, and were synthesised by the Schaeffer method, with a general
formula of MX2A4nG. In this research, the six complexes were divided in two groups (A and B)
according to the metal centre shown in Figure 1.16. The design of group A was made of one zinc (II)
cation, two chloride anions and two nicotinamides H1, two isonicotinamides H2 or both ligands H3.
The asymmetric units of group B consist of one cobalt (I) cation, two thiocyanate anions and four
ligands such as nicotinamides H4, isonicotinamides H5 or both ligands H6.

The study of these complexes reveals that the main structural features of the Werner complexes in the
case of Zn is that it has a symmetry of three two-fold axes which are parallel to the unit cell axes. The
metal central atom has two nicotinamide ligands coordinated to it in the equatorial plane. The ligands
have a symbiotic arrangement with respect to the equatorial plane. The chloride ligand groups
coordinated axially lie on the complex axis. Thus the Zn complexes are all tetrahedral.

a) b)
NH, Oy NH2|| Oy NH.
C
o X Il
‘ | XN NN
_
N ~N ’ N_ .~
| AN V4
N AR
d | N ’ N7
‘ N 2 N | o
o [l
g So w0
H,N H,N
NH, 2 g
Host 1 Host 4

Figure 1.16 Structure of two Werner complexes representing a wireframe configuration, a) host 1 (zinc) and b)
host 4 (cobalt).

Cobalt and zinc are elements of the d-block in the periodic table where cobalt is a d” element and zinc
d¥. Generally, the d-block elements are used because they have rich and interesting chemical properties
such as a variety of oxidation states, an extensive ability to form complexes, can ne involved in
biochemical processes, can form organometallic compounds and useful solid compounds, and they have

the ability to participate in catalysis. Zinc (four, five and six coordinate complexes) and cobalt (four and
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six coordinate complexes) play an important role in the biological function of the metal in metallo-
enzymes such as carbonic anhydrase. In both d” and d*° elements, the absence of any important ligand-
field preference for a particular coordination number or geometry is reflected in the facile
interconversion between coordination types. Zinc has no useful magnetic or spectroscopic properties
whereas cobalt is a d” element with associate para-magnetism and ‘d-d’ spectra. It provides the highest
magneto-crystalline properties and slow relaxation of the magnetization. One of the interesting structural
aspects of working with cobalt in contrast to some other metals is the range of geometries, octahedral,

tetrahedral, square-pyramidal, trigonal-bipyramidal and square-planar that are stable (Griffith, 1964).

The cobalt (Co") complexes formed are six-fold coordinated by two terminal N-bonding thiocyanate
anions and N atoms of four nicotinamide ligands, forming octahedral complexes. Furthermore, cobalt
can have a wide range of colours which makes it easy, in many cases, to identify different geometries
(Lever, 1984). Many colours were observed in this research when using different guests, for example,
pink when mixed with alcohols such as hexanol, ethanol and methanol, purple, orange or light pink with
trimethoxybenzene isomers, orange when H5 was mixed with xylene isomers and green, yellow, brown

and the unusual colourless on mixing H6 with xylenes.

Zinc, on the other hand, did not present a variety of colours; most of the crystals were colourless. Zinc
is one of the most abundant transition metals with functions such as forming active sites of hydrophobic
enzymes; it is a hard-donor coordinator of nitrogen and oxygen (Lipscomb & Stréter, 1996). According
to Vallee and Auld, zinc has long been recognised as a Lewis acid catalyst that can readily adopt four,
five or six-coordinations (Vallee & Auld, 1993).

1.10.2 Guest compounds under study
Guests used to study the behaviour of the two types of hosts include:

1- Alcohols

2- Trimethoxybenzene (TMB) isomers
3- Xylene isomers

4- Methyl benzyl alcohols (MBA)

5- Ketones

6- Benzoic acids (BA)

25



Table 1.5 Guest compounds and properties

Chapter I Introduction

Names Formula | Molar | Boiling | Melting | Abbreviation
mass point point
g/mol (°C) (°C)
Methanol CH20H 32.04 64.7 -97.6 meOH
1-Propanol CsH7/OH 60.09 97 -126 propOH
Alcohols 2-Propanol C3H7OH 60.09 82.3 -87.9 2-propOH
3-Pentanol CsH120H 88.45 116 -63.68 3-pentOH
Hexanol CsH OH 102.16 157 -45 hexOH
Ethanol C>Hs0OH 46.07 78.37 -114.1 ethOH
Benzoic acid C7HsO2 122.13 249.2 122.4 BA
Benzoic acid and meta-Amino BA 352.5 172-180 m-ABA
derivatives para-Amino BA C7H7NO2 137.134 339.9 188.5 p-ABA
4-lodobenzoic acid C7Hs 102 248.02 318.5 270-273 4-1BA
4-Bromoobenzoic acid C7Hs BrO2 201.17 - 252-254 4-BrBA
4-Chlorobenzoic acid C7Hs CIO2 156.57 275 243 4-CIBA
Trimethoxybenzene | 1,2,3-TMB 241 43-47 1,2,3-TMB
isomers 1,3,5-TMB CoH1203 168.16 255 50-53 1,3,5-TMB
1,2,4-TMB 247 19-21 1,24-TMB
Methyl benzyl 2-MBA 224 33-38 2-MBA
alcohols 3-MBA CgH100 122.16 215.5 -20 3-MBA
4-MBA 217 61.5 4-MBA
Water Water H20 18.01 100 0 H20
Nicotinamide 334 128-131 nic
#Ligands Isonicotinamide CsHsN20 122.12 334 155-157 isonic
DMSO Dimethyl sulfoxide C2HsOS 84.166 189 18.5 dmso
2-Butanone C4HsO 72.107 80 -86.67 2-butO
Pentanone CsH100 86.13 102 -78 2-PentO
2-Hexanone CeH120 100.15 127.8 -55.5 2-HexO
Xylene isomers meta-Xylene 139.1 -47.85 mx
para-Xylene CsH1o 106.17 138.3 13.3 pX
ortho-Xylene 144.5 -25.16 0X

# both ligands self-included in some crystal structures

1.11  Objectives

e To synthesise Werner host complexes whose structures produce different physical and chemical

properties.

e To prepare novel Werner clathrates with these hosts and a selection of guest compounds.

To fully characterize compounds through powder X-ray diffraction, thermal analysis techniques as
well as single crystal analysis should suitable crystals be synthesised.

To enhance the selectivity of the host towards one guest from a mixture of guests and to analyse the
resulting complex.

To explore functional groups with the promotion of hydrogen bonding and to characterize the
framework pattern formed in the crystal packing.

To develop mixed ligand structures as a means of forming better inclusion compounds.

To show the importance of ligand binding facilities such as electronegativity, dipole moment and

basicity of the ligands in substitution reactions.
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2.1 HOST AND GUEST
2.1.1 Host compounds

This research was based on the synthesis of Werner complexes of two transition metals, cobalt and zinc.
The complexes were used as hosts in the formation and analysis of inclusion compounds called Werner
clathrates. The hosts were prepared using a specific procedure established by Nassimbeni and co-
workers (Lavelle & Nassimbeni, 1993), which is a revised method of Schaeffer (Schaeffer et al., 1957).
Six hosts were synthesised in this study, three with zinc ion as the host centre and the other three using
cobalt ion as a host centre of the Werner complexes.

Preparation of the powdered Werner complexes (hosts), [ZnX2A2] and [CoX2A4], where X=

NCS/ Cl- and A= nicotinamide or isonicotinamide

The host compound H1, bis(chloride)bis(nicotinamide) zinc(ll), was obtained by adding the ligand
nicotinamide (6.0 x 10 mol plus 10% excess) to ZnCl, (1.5 x 10-*mol) in ethanol. In the case of H2,
bis(chloride)bis(isonicotinamide) zinc (I1), the same amount of ligand isonicotinamide was added, and
for H3, bis(chloride) (nicotinamide) (isonicotinamide) zinc (I1), both nicotinamide and isonicotinamide
were added in an equal ratio. Despite the addition of the ligand as four times the amount of metal, the

resulting compound did not meet this requirement.

In the case of host metal cobalt, Co(NCS). was prepared by adding NH4NCS (3 x10- mol) to CoCl,.H.O
(1.5 x 10 mol) and dissolving in 20 mL of ethanol. The solution was filtered to remove any NH.CI.
The Werner complexes were synthesised with a slow addition of ligand (6 x 10 mol plus a 10% excess)
in an ethanolic solution to the Co(NCS) previously prepared. With constant stirring for 30 min to ensure
complete reaction, the compound precipitated, was filtered and allowed to air dry for 48 h. The three
complexes were H4, bis(isothiocyanato)tetrakisnicotinamide cobalt(ll), H5, bis(isothiocyanato)
tetrakisisonicotinamide cobalt(ll) and H6 bis(isothiocyanato)bisnicotinamidebisisonicotinamide
cobalt(l1).
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Table 2.1 Zinc and cobalt Werner complex properties.

Host Formula Powder colour Molecular mass
[AX2B4] (g/mol)
H1 Zn(Cl)2(CsHsN20)2 White )
Zinc H2 Zn(C|)2(C6HeN20)2 White __ 38053
H3 Zn(Cl)2(CsHsN20)(CsHsN-0) White
H4 CO(NCS)z(C6H5N20)4 Light blue )
Cobalt H5 Co(NCS)2(CsHsN20 Light pink
(NCS)2(CoHeNz0)s gnp —  663.41
H6 CO(NCS)z(CsHeNzO)z(CeH6N20)2. Light pink
H1 H2 H3
NH, H;N 0 NH,
o | S = o | =
N/ NS N/
—an- | |
| -Zn -
N\ |\|| N
| Z ~
NH,
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Figure 2.1: Structures of zinc host compounds from H1 to H3 and cobalt host compounds from H4 to H6.
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The purity of each host was determined and confirmed by using thermogravimetric analysis (TGA).
Thus, after the analysis, the percentage yields were calculated for each complex to determine the purity.
Zinc and cobalt Werner complex TG curves showing theoretical values of the components in each host
versus the experimental values confirm the composition of each. The percentage loss found for each

ligand is indicated by the % loss by TG analysis.
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Figure 2.2: TGA traces for Werner complex H1 to H6, showing the percentage loss.

2.1.2 Solubility studies

The solubility was tested with over 15 solvents, but unfortunately only a few solvents were suitable such
as DMF, DMSO, ethanol and methanol; the complexes were insoluble even in other solvents when
heated to boiling. This factor implies the use of co-solvent. So DMF, DMSO, and methanol were used
as either solvent or co-solvent with the possibility of being included in the clathrate. The solubility here
could be defined as the amount of substance dissolved in a given amount of solvent. We also noticed
that some solvents were not suitable for all hosts. Each host reacted slightly differently depending on
the solvent used. Thus, in Table 2.2, the measure of the solubility of each solvent toward H1 to H6 is

shown.
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solvents

DMF

DMSO

THF

Methanol

Ethanol

1-Propanol

2-Propanol

2-Pentanol

3-Pentanol

1-Hexanol

2-Butanone
3-Methylcyclohexanone
4-Methylcyclohexanone
Isoamyl alcohol
Isobutyl ketone

Table 2.2 Qualitative solubility observations.

H1l
VS
VS
VS
pS
pS

I

I
pS
pS

I
pS
pS

I

I

I

where the solubility is expressed as

vS = very soluble

S =soluble

Sh = soluble only with heat

pS = partially soluble

= insoluble

H2
vS
vS
vS
pS
pS

I

I
pS
pS

H3
VS
VS
vS
pS
pS

I

I
pS
pS

H4
VS
VS
vS

S
Sh

|

|
Sh
pS

H5
VS
VS
VS
Sh
Sh

Sh
pS

H6
VS
VS
VS
Sh
Sh

Sh
pS
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2.1.3 Guest compounds
The guests chosen are listed in Table 2.3, with their formulas and physical properties.

Table 2.3 Guest compounds’ physical properties and structures.

Guests Molecular  Molecular Melting Boiling Density
formula mass point point g/mL
(9/mol) (°C) (°C)

Methanol CH30OH 32.04 -98.0 64.7 0.791
Ethanol C,HsOH 46.07 -114 78.2 0.800
1-propanol CsH,OH 60.09 -126 97.2 0.083
Propan-2-ol CsH,OH 60.10 -89.0 82.5 0.785
1-butanol CsHsOH 74.12 -90.0 117 0.810
2-butanol C4HsOH 7412 -115 100 0.808
1-pentanol CsH1:0H 88.15 -78.0 139 0.811
2-pentanol CsH1.OH 88.15 -73.0 119 0.812
3-pentanol CsH1:OH 88.15 -63.7 115 0.815
1-Hexanol CeH130H 102.2 -45.0 157 0.820
2-butanone C4HsO 102.2 -86.0 79.6 0.805
Butanone C4HsO 72.11 -86.7 79.6 0.805
3-MCH C7/H120 112.2 104 170 0.914
4-MCH Cs/H120 112.2 -125 169 0.914
2-MCH C7/H120 112.2 -14.0 163 0.924
2-MBA CsHsO; 136.2 104 259 1.060
3-MBA CgHsO; 136.2 111 263 1.050
4-MBA CgHsO; 136.2 180 274 1.060
BA C7HsO; 122.1 122 249 1.270
m-ABA C/H/NO, 137.1 178 - 1.510
p-ABA C7HsNO2 137.1 187 340 1.370

ABA= amino benzoic acid - MCH= methyl cyclohexanone — MBA= methylbenzoic acid.

In some complex structures, nicotinamide and isonicotinamide ligands self-included as guests, and this
happened serendipitously without any extra ligand being added to the mixture. After crystallisation, one
or two nicotinamides/isonicotinamides were self-enclathrated forming a Werner clathrate complex. This
was unexpected, but these results happened in other studies published by Tristan Neumann et al.
(Neumann et al., 2016). In this publication two isonicotinamides were self-included after the
crystallisation process to form a cobalt complex the same as H5. Two isonicotinamides and (solvent)
were included in the crystal structure. Aakerdy and co-worker included one isonicotinamide after the
slow evaporation process to form tetra aquabis (pyridine-4-carboxamide-N) zinc(ll) 1,5-
naphthalenedisulfonate-isonicotinamide-water (1:2:4) (Aakerdy & Beatty, 2004). These structures will

be discussed in Chapters 3 and 4.
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2.2 CRYSTALLISATION
2.2.1 Crystal growth

Crystallisation is the solidification of a multitude of atoms or molecules into a highly structured form
called a crystal. It is also a solid-liquid separation technique in which mass transfer from liquid solution
to a pure solid crystalline phase occurs. The main processes of crystallisation are nucleation and crystal
growth. Nucleation is the step where the solute starts to gather into clusters. These molecular aggregates
must be stable; in the case of unstable aggregates they redissolve. In crystal growth, nucleation and
growth continue to occur simultaneously while supersaturation exists. The supersaturation is the driving
force of the crystallisation.

Three different methods of crystallisation growth can be used, namely slow evaporation, crystal growth

at low temperatures and slow cooling.

Slow evaporation: the inclusion compound is formed by dissolving the host compound in excess
guest(s) in the presence of a solvent. The solution is heated to 40-50 °C with stirring for 30 minutes and
allowed to cool before filtering through 0.45 pum nylon syringe membranes. The solvent is allowed to
evaporate slowly at room temperature with the vials left open or covered with pierced parafilm.

Slow cooling: the crystal solutions were prepared as described in the slow evaporation technigue. Once
the solution was prepared, the vials were sealed and placed in the thermo-flask containing hot water and

left to cool overnight.

Crystal growth at low temperatures: the crystal solutions were prepared as described in the slow

evaporation technique, sealed and were placed in the refrigerator at a temperature of 4° C.

2.3 THERMAL ANALYSIS (TA)

Thermal analyses are techniques used to evaluate the physical properties of the compounds. The change
of the weight of the sample as a function of the temperature or time was determined using
thermogravimetric analysis (TGA) (Haines, 1995). The change in heat flow rate between sample and
reference as a function of time or temperature was determined using differential scanning calorimetry
(DSC). Both TG and DSC used Universal Analysis 2000 software (V4.5A, TA Instrument Water LLC)
and were operated under a nitrogen purge gas flow rate of 30 mL.min with a constant scanning rate of
10° C.min. The temperature range was selected according to the nature of the host molecule in the
crystalline compound. In our case the TG temperature run started at 30 °C ending at 400 °C for the Zn
complexes and 600 °C for Co complexes. For DSC, the run ended at 350 °C and the sample size was
varied between 2 to 10 mg. Both TG and DSC results are influenced by the sample size, particle size,
flow rate and heating of the N2 gas (Coats & Redfern, 1963).
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2.3.1 Thermogravimetry analysis (TGA)

Thermogravimetric analysis was performed using a TA instrument Q-500 thermogravimetric analyser
with 50 ml.min dry nitrogen gas flow rate. This instrument measures the change in the mass of the
sample over a range of temperatures. It shows the mass loss of a sample as a result of volatile guest loss
and decomposition of the host complex. It uses a thermo-balance which measures accurate mass changes
of the sample as a function of temperature. The temperature is monitored via a thermocouple. For the
analysis the crystal was removed from the mother liquor, dried using filter paper to remove any surface
solvent and crushed. The mass of the sample powder between 2 to 5 mg was placed in an open platinum
pan for the experiment (Haines, 1995). A TG curve is plotted as percentage of mass loss as a function

of temperature and can be used to calculate the stoichiometry of the inclusion compound being analysed.

2.3.2 Differential scanning calorimetry (DSC)

The thermoanalytical technique of differential scanning calorimetry (DSC) was used to measure changes
of various physical quantities with changing temperature. A DSC experiment results in a curve of heat
flow versus temperature. This can be used to calculated enthalpies of transitions. The main applications
of DSC include phase transition, melting point determination, glass transition, determination of
crystallinity and kinetic studies. The sample to be analysed can undergo an endothermic or exothermic
process, where the endothermic peaks are plotted upwards and the exothermic peaks downwards. The
instrument used was a TA Instrument Q-500 differential scanning calorimeter (in some cases a Perkin-
Elmer Pyris® instrument was also used). For the analysis the crystal was removed from the mother
liquor, dried using filter paper to remove any surface solvent and crushed. The sample powder was
weighed on the balance. The mass of the powder varied between 1 and 3 mg. The sample was analysed
in a crimped and vended aluminium closed pans, against a similarly treated empty aluminium pan. The

temperature of both pans was increased at a constant rate (Brown, 1989).

2.4 X-RAY DIFFRACTION TECHNIQUES (XRD)

In 1912, Max Von Laue discovered that crystalline substances are acting as three-dimensional
diffraction gratings for X-ray wavelengths similar to the spacing of used the planes in a crystal lattice.
The exact nature of X-rays was established, and now X-ray diffraction is a common technique for the
study of crystal structures and atomic spacing. They are used to determine the arrangement of atoms of
a crystalline solid in three-dimensional space. The technique relies on obtaining and analysing the X-

ray diffraction pattern from a crystalline solid and the identification of inclusion compounds. The
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specimen may be in the form of a powder or a single crystal. This technique takes advantage of the
interatomic spacing of most crystalline solids by employing them as a diffraction gradient for X-ray

light, which has wavelengths in the order of 1 Angstrom (108 cm) (Caira & Nassimbeni, 1996).

The diffraction is based on Bragg’s law
nA=2dsin0
which relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing
in a crystalline sample, where:
d= the distance between atomic layers in a crystal
0= angle of incidence
n=an integer

A= the wavelength of the incident X-ray beam.

2.4.1 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction is used for a qualitative identification of the crystalline material and can
provide information on unit cell dimensions. All the analyses were performed using a Bruker® D2 (2010)
Phaser Advance diffractometer equipped with a Lynxeye detector using a graphite-monochromated
CuK, radiation (A=1.5406 A) at room temperature (Rissanen, 2014). This instrumentation consists of
three basic elements which are an X-ray tube, an X-ray detector and a sample holder.

The samples were ground into a fine powder and placed on a zero-background silicon sample holder.
This was loaded onto a reflection transmission spinner. The calculated powder X-ray diffraction patterns
were generated by LAZY PULVERIX from single crystal X-ray data (Yvon et al., 1977).

2.4.2 Single crystal X-ray diffraction (SCXRD)

SCXRD is one of the most defined techniques used to determine the atomic and molecular structure of
a crystal. It determines the packing and configuration of molecules and the intermolecular interactions
within a crystal. In general, it is a non-destructive technique that uses the diffraction of X-rays from a
suitable single crystal providing accurate data of cell parameters and diffraction intensities. The
instrument used was a Bruker® DUO APEX Il diffractometer (2005, version 1.0-27) using MoK,
(A=0.71069 A) at 173 K using an Oxford Cryo stream 700. The cell refinement and data reduction were
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performed using SAINT-PLUS intensities and pre-determined cell parameters as inputs to program
XPREP (Version, 5.1, 1997). Structures were solved using X-Seed, by direct methods using SHELXS
(Sheldrick, 2008) and refined using full-matrix least squares/difference Fourier technique using
SHELXL version 2014/7 (Sheldrick, 2015a) and SHELXT version 2014/5 (Sheldrick, 2015b). Diagrams
and publication material were generated using PLATON (Spek, 2009) and X-Seed (Barbour, 2001). All
the crystal packing diagrams were generated with POV-Ray version 3.6. The crystals were immediately
covered in Paratone oil to prevent loss of included solvent. A suitable single crystal was then selected
under a microscope and attached on a nylon loop connected to a rigid mounting on the goniometer head

under a cold stream of nitrogen gas.

Shelxs-97

This is software that involves minimising the value of the function Zw(F,* — kF:?)?> by employing the
full matrix least number of squares method. The agreement between the observed (F,) and calculated
(F) intensities of reflections is expressed by the residual indices R; and wR; — equations (1) and (2)
based on the structure factor F and F?, respectively. The collective residual index R is an indirect measure
of the structural accuracy and is used to monitor the refinement by achieving the lowest possible value

giving a satisfactory model.

r. = ZIE|~|F|
! 2IF,|

2 _ 2
WR, = ZW(FO—FZC)Z 2)
S w(F3)

The default weighting scheme employed including parameters a and b was refined for each structure

€3]

and is shown in equation (3) where P is defined in equation (4).
1
w =
0%F% + (aP)? + bP

(3)

b max (0, F2) + F2
Bl 3

4)

For each structure the Goodness of Fit (S) was quoted and is based on F2.

2 _ 22%
S=<Z“/(11EJTM> (5
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where n is the number of reflections and p is the total number of parameters refined.
2.5 FOURIER TRANSFORM INFRA-RED SPECTROSCOPY (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is one of the techniques that is used for measuring the
intensity of infrared radiation as a function of frequency or wavelength (Mimoza, 2016). The range of
the infrared region between 12800 to 10 cm™ can be divided into three regions, near-infrared region
(12800-4000 cm™t), mid-infrared region (4000-600 cm), and far-infrared region (1000-50 cm), where
the common region for infrared absorption spectroscopy is the mid infrared region. This instrument was
used to characterise the new solid forms. When sample molecules are exposed to infrared radiation, the
sample absorbs radiation of specific wavelengths which causes the change of dipole moment of sample
molecules. Different functional groups have different vibration modes that correspond to absorption at
characteristic wavelengths and produce bond absorptions at different locations and intensities in the IR
spectrum. Recognizing where the absorptions generated by the common functional groups occur will
help to interpret and confirm the results of the new solids synthesised. Spectra were obtained from a
universal attenuated total reflectance (UATR) infrared spectrometer Perkin Elmer® infrared

spectrometer.

2.6 SELECTIVITY (COMPETITION EXPERIMENTYS)

Competition experiments are used to determine the selectivity of a host towards a particular guest in a

mixture of guests.

The selectivity of the host compound for a particular guest or isomer will be evaluated using two

different steps, the crystals obtained from mother liquor and solid-sorption techniques.

A convenient measure for selectivity is the determination of the selectivity co-efficient. The selectivity

co-efficient is defined by:
Kag= (Kas)'= ZalZg* Xg/Xa

where (XatXg=1), Xaand Xz are mole fractions of the two guests A and B in the mother liquor and Za

and Zg are the mole fractions of the guests entrapped in the resultant crystals.
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2.7 COMPUTER PACKAGES

ConQuest is the primary program used for searching and retrieving information from the CSD (Bruno
et al., 2002). The Cambridge Structural Database (CSD) was used for access and investigation of the
published crystal data for the comparison with the inclusion compounds presented in this thesis (Groom
et al., 2016), (Allen, 2002). This ensured that the experimentation being done was not a repetition. The
program was also accessed to match findings in our crystals with those found in similar documented
compounds, for example, bond lengths and bond angles.

SADABS version 2.03 Siemens Area Detector Absorption Corrections is an application in the APEX
suite used to scale and correct data for absorption collected on a Bruker AXS area detector (Sheldrick
G.M., 2002).

XPREP is a program used to determine the space group, read the raw data file, and write the instruction
file, the parameter file written by the diffractometer control program and reflection data file (version
5.1, 1997).

X-SEED is a graphical program interface for crystallography and graphical programs (Barbour, 2001).
It was used as graphical program for SHELXS-97, SHELXL-97, SHELXT, POV-RAY, LAZY
PULVERIX and SECTION (Yvon et al., 1977).

POV-RAY is a program which generates graphics; it was used to create all molecular packing diagrams.

LAYER is a component of X-seed which displays simulated precision photographs of the reciprocal
lattice levels using intensity data (Barbour, 1999). It was used for determining space group symmetry

and systematic absences.

LAZY PULVERIX is software which calculates theoretical powder X-ray diffraction patterns from
single crystal X-ray diffraction data. It was used for the generation of calculated XRD traces from the
crystal structure solution. Input to this programme included atomic fractional coordinates, thermal

parameters and space group data (Yvon et al., 1977).
POV-LABEL allows the control of the atom labels on an image rendered using Pov-Ray.

PLATON version 2020.4 was used to calculate molecular structure parameters such as torsion angle,

bond lengths, bond angles and parameters defining non-covalent interactions (Spek, 2009).
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3.1 Introduction

The crystallographic investigation of zinc complexes was based on the design and synthesis of three
new complexes with both similar and different ligands linked to a metal centre, to study in detail their
behaviour in host-guest chemistry, structure-property relationships and differences observed in the
functionalities. The three complexes are of the composition ZnX,L, with X representing a chloride anion
and L representing ligands nicotinamide (nic) or isonicotinamide (isonic). Based on the Cambridge
Structural Database (CSD) version 5.41, last update 2020, many articles relating to crystal structures
were published on similar complexes. Fifty-eight structures were found in the CSD in which the
complexes of composition ZnClX, were investigated, of which 28 hits were for ZnXunicz, 9 hits for
ZnX,isonic, (with X#Cl) but none for ZnXxsnic/isonic (where X can be any anion and n = 1 to 5). On
narrowing our research on the CSD it was found that only one publication for ZnClznic, (CSD refcode
WUKZAD) was reported by Ide and co-workers (lde et al., 2002) but no complexes for ZnClzisonic; or
ZnClznic/isonic were previously published.

The selection of the metal ion zinc (1) and these ligands were based on their biological activities. Zinc
is a building block which plays an important role in liver enzyme function and synthesis (Pasaoglu et
al., 2006). Zinc can inhibit electron transport, by binding to DNA, and interacting with the cell
membrane (Sun et al., 2003). Secondly, zinc is the last element in the first row of transition elements.
Transition metals have typical metallic properties such as their silvery metal appearance. Compounds
of transition metals show coloured inorganic materials. However, zinc is one of the few transition
elements which does not exhibit a characteristic colour. For a compound to exhibit colour the central
atom of the compound should have at least an unpaired d electron on it. Although zinc is an element of
the d-block family, showing two oxidation states that involve (n-1) d'°configuration, it has no unpaired
electron in the subshell. Therefore, the unpaired electron d-transition is not possible, and no colour is
observed. In other words, the colours of transition element compounds are due to d-d transitions which
are possible only when the subshell has unpaired electrons. Moreover, the existence of d°-d°
interactions between two closed shells of zinc atoms increases the possibility of formation of
complicated multi-dimensional systems (Du et al., 2004). Examples are compounds of the ligand
pyridylthioacetic acid (pyta) such as [Zn(pyta)(OH)]. and [Zn(pyta):]» which afford a 2-dimensional

homo-chiral helix or 1-dimensional chain patterns of polymeric coordination.

Nicotinamide and isonicotinamide ligand that have meta- or para-amide functional groups are able to
give the capacity for hydrogen bonding and the formation of a host framework. These host frameworks
are similar to those reported by Wicht et al, although the complexes used the metal nickel and were
octahedral (Wicht et al., 2016).

The host complexes are zinc chloride with two neutral ligands which are N-bonded via the nitrogen

atom in the pyridine derivative ligands nicotinamide and isonicotinamide as shown in Figure 3.1.
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Figure 3.1 Zinc complex structures of a) H1, ZnClz(nic)z, b) H2, ZnCly(isonic). and c¢) H3, ZnCly(nic)(isonic).

The DSC curves show two or three endotherms of each host for the two steps of decomposition of the
ligand nicotinamide and isonicotinamide, the first indicating melting and the second showing
vaporisation (boiling).

In H1 and H2 the ligands nicotinamide and isonicotinamide were observed to melt at 125 and 140 °C
respectively with a boiling point of 329 °C. H3 showed two endotherms for the melting of nicotinamide
and isonicotinamide at 97 and 125 °C with one boiling point peak for both at 333 °C.

Host DSC
333-C
97 -C
125-C
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% — Host 3 ¢)
= 140 -C
=
o
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Figure 3.2 DSC curves of zinc complex a) H1, ZnClx(nic)2, b) H2, ZnCly(isonic), and c) H3, ZnClx(nic)(isonic).
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After synthesis, the hosts formed a white powder with fine granular texture. The three complexes, with
zinc (1) cation located in the centre, are ZnClz(nic)2 (H1), ZnClz(isonic)2 (H2) and ZnClz(nic)(isonic)
(H3) and are tetrahedral in geometry (Figure 3.1). After crystallisation with several guests only H1
presented inclusion activity and trapped nicotinamide as a guest in its cavities; H2 and H3 did not
enclathrate any guests. The complex (H1enic) presented in Figure 3.3 is the structure of the molecules
involved in the clathrate obtained after crystallisation.

NH,

NH,

Figure 3.3 Scheme showing the structure of H1enic.

3.2 Syntheses and geometric structure characterisation of Hlenic, H2; and H3; crystals.

Compounds H1, H2 and H3 underwent a process of crystallisation by separately dissolving 50 mg of
each host powder in 3 mL of hot hexanol and a few drops of DMSO (solvent) to dissolve the hosts with
constant stirring at 50 °C for 30 min. Small colourless crystals were formed within two weeks after slow
evaporation at room temperature. After crystallisation, the host did not include hexanol but self-included
the ligand nicotinamide as guest in H1 and no inclusion in H2 and H3 was observed. The analysis of the
crystals was done using thermal gravimetry (TGA), powder X-ray diffraction (PXRD) and single crystal
X-ray diffraction (SCXRD). Crystallographic data and hydrogen bonds for the product complexes of
inclusion compound H1enic, and host crystals H2. and H3; are listed in Table 3.1. The same process
was applied using other potential guests 1-pentanol, butanol, ethanol and methanol, but no inclusion

potential guest occurred.

For all new compounds mentioned in this chapter, the Zn(Il) complexes consist of four coordinated
atoms around Zn in a near tetrahedral. The zinc atom is surrounded by two chloride atoms and two
nitrogen atoms, and the length between Zn-N bond is shorter than the Zn-Cl bond of the anion. For

example, in complex Hlenic, the distances between Zn-N are 2.057 A which are shorter than Zn-Cl
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distances of 2.229 A. The average bond distances of Zn-N and Zn-Cl for all three compounds is 2.049
A and 2.227 A respectively. The average for N-Zn-N and CI-Zn-Cl bond angles is 109.79° and 118.25°

respectively.

In H3 specifically, the Zn-N distance for nicotinamide (2.036 A) was slightly different from the
isonicotinamide ligands (2.050 A). zZn-N distances are in agreement with those where Zn(ll) is
coordinated to two nicotinamide/isonicotinamide in a tetrahedral geometry in bis(4-ethylbenzoato-
kO)bis(nicotinamide-kN1)zinc(Il) and (Zn(SCN).CsHsN20),) (Necefoglu et al., 2011) (Neumann et al.,
2016). The Zn-Cl average bond distance (2.227 A) is comparable for reported Zn-Cl,(X), complexes
Zn(4-CHjs Py).Cl; reported in the CSD (version 5.41) latest with the CSD refcode CMPYZN (Lynton &
Sears, 1971), and is also coordinated to two chloride and two nicotinamide ligands (ZnClz(nic),) in a
tetrahedral geometry with the CSD refcode WUKZAD (lde et al., 2002). In 1971, Baenziger and Schultz
summarised the bond lengths in a number of complexes where zinc is in a tetrahedral conformation with
the distances falling in a range of 1.99-2.10 A and 2.18-2.30 A for Zn-N and Zn-Cl respectively
(Baenziger & Schultz, 1971). This work gives the structure of each compound which is discussed
individually in more detail with the aid of packing diagrams and orientation of the cavities in which the

guest molecules are situated, including shape and size description.

Table 3.1 Crystallographic data and structure refinement for H1enic, H2; and H3..

Hlenic H2c H3c
Chemical formula C24 H24 Cl2 Ng O4 Zn C12 H12 CI2N4 O2 Zn C12 H12 Cl2N4 O2 Zn
H:G ratio -1 - -
Formula Weight 624.80 380.55 380.55
Temperature/K 173(2) 173(2) 173(2)
Crystal system orthorhombic orthorhombic monoclinic
Space Group (no.) Pccn (No.56) Pbcn (No.60) P2i/c (No.14)
alA 27.225(2) 7.3591(12) 8.3948(6)
b/A 7.5495(6) 10.4514(17) 7.4015(5)
c/lA 12.7553(11) 19.678(8) 24.734(17)
a/° 90 90 90
B/° 90 90 93.1430(13)
y/° 90 90 90
V/AS 2621.7(4) 1513.5(4) 1536.34(3)
Z 4 4 4
Dcaic/g.cm® 1.583 1.67 1.645
Radiation type MoKa MoKa MoKa
F(000) 1280 768 768
Crystal size/mm? 0.09 x 0.12 x 0.24 0.05 x0.08 x 0.12 0.20 x 0.25x 0.29
Colour, crystal form colourless colourless colourless
No. of total reflections 57058 24140 33207
No. of unique reflections 3277 1884 3833
O min-max” 1.496/28.355 2.07/28.30 1.65/28.37
R [F?>26(F?)] 0.0376 0.032 0.0251
wR2(F?) 0.0806 0.076 0.063
S 1.082 1.015 1.040
No. of parameters/ data 17713277 120/1884 190/3833
Res.peak(max/min)/eA- 0.349/-0.394 0.378/-0.410 0.557/-0.533
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3.3 Thermogravimetric analysis of Hlenic, H2. and H3; crystals.

The thermal analysis data for the three hosts and crystals Hlenic, H2. and H3 are given in Table 3.2
and thermogravimetric and derivative curves are shown in Figure 3.4 with the temperature range
between 0 to 400 °C. The thermal analysis results show one step in the three complexes, corresponding
to the decomposition of the guest and/or ligands for the three hosts (H1, H2 and H3) and three crystal
structures. All results from the TG graphs were compared to the host structure and the calculated
theoretical weight loss values (Figure 3.4). The H1enic experimental data showed a similar temperature
of decomposition between host and inclusion compound; as the mass loss was lower than the calculated
mass loss of the crystal, our explanation for this difference was based on the fact that nicotinamide and
isonicotinamide are ‘sticky’ ligands and therefore the analysis should have been continued to a higher
temperature to allow for further decomposition of the crystal. In the case of H2; and H3,, the release of
the ligands occurred at a decomposition point higher in temperature in the crystal complexes compared
with those in the host. The TG analyses of all complexes presented some differences from the theoretical
values, more than likely due to the ligands’ stronger interaction with the zinc metal, therefore requiring

a higher temperature of decomposition.

Table 3.2 Thermo-analytical results for the metal complexes H1enic, H2; and H3..

Steps  Temperature of  Crystal mass loss  Host only mass Crystal groups
decomposition (%) loss (%0) removed
Crystal( © Host Found Calc. Found Calc.
H1lenic

1 261 260 62 73 62 64 3 X Nic (2g+11)
H2.

1 276 234 44 64 66 64 2 X isonic (1
H3c

1 286 260 49 64 62 64 1 x nic/1 x isonic ()

g=guest; I=ligand.
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Figure 3.4 TGA and DTG curves for the mass loss (bold curves) and derivative (dotted curves) vs temperature of
the crystal (orange curve) and host (green curve) of a) H1enic crystal and H1 host, b) H2. crystal and H2 host
and ¢) H3, crystal and H3 host.

3.4 Crystal structure analysis of H1enic

Hlenic crystallises in the orthorhombic space group Pccn (No:56) with Z=4. The zinc ion is located on
a diad (two-fold rotation) at Wykoff position d. The unit cell of the structure consists of the host
ZnCly(nic)zand two guest nicotinamides. The Zn(1l) atom is bound to the nitrogen atoms of nicotinamide
ligands and two chloride ligands in a tetrahedral conformation. The asymmetric unit contains half a host
and one guest molecule with molecular formula ZnosCI(C3sH3N20)+(CsHsN2O) (Figure 3.5).

01G

C5G N1G

Figure 3.5 a) Numbering scheme for the asymmetric unit of H1+nic (some hydrogen atoms are omitted for clarity)
and b) molecular structure of HI*nic.

The H1enic shows a distorted tetrahedral with the angles around the metal centre falling in the range of
104.18° to 110.31°.

The packing diagram of H1enic is dominated by supramolecular heterosynthons. Nicotinamide has two

acceptor sites, the pyridine ring nitrogen and amide oxygen. As a monodentate ligand, the covalent
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bonding takes place through the pyridine ring nitrogen when the molecule coordinates with the metal
atom. However, hydrogen bonding interactions of guest nicotinamide may take place through the
pyridine ring or through the amide group. Therefore, from the structural analysis, it was observed that

the H1enic structure presented two major hydrogen bonding interactions shown in Figure 3.6 and 3.7.

Figure 3.6 Hydrogen bonds numbering schemes showing amide dimers of H1<nic between two hosts and
between two guests.

These interactions consist of an intermolecular amide dimer hydrogen bond between guest-guest and
host-host described by R2(8) motif of supramolecular synthons. The synthons were observed between
two guests via N2G-H2G1...01G and between two hosts via N2-H2A...04. The N2...04 and
N2G.-01G bond distances are 2.067A and 2.022A respectively with N2-H2A...04 and N2G-
H2G1..-01G angles of 173.70° and 175.50°. As the secondary interaction, Figure 3.7 shows two
intermolecular interactions, one through the pyridine ring nitrogen and formed between two guests via
N2G-H2G2--N1G [2.156A, 148.78°] and the other between host-guest via N2-H2B...01G [2.128A,
159.81°] (D1 (3) motif). Table 3.3 summarises the different hydrogen bond metrics for this structure.

Table 3.3 Geometry of the hydrogen bonds and hydrogen bonding interactions for H1enic.

D-H | d(D-H) (&) | d(H-+A) (A) | <DHA (A) | d(D-A) A | Symmetry operator
H1enic

N2-H2A.--04 0.880 2.067 173.70 2.943 [-x+1, -y, -z+1]

N2-H2B---01G 0.880 2.128 159.81 2.970 [-x+1, y-1/2, -z+3/2]

N2G-H2G1.--01G 0.880 2.022 175.50 2.901 [-x+1, -y+1, -z+1]

N2G-H2G2---N1G 0.880 2.156 148.78 2.944 [X, -y+3/2, z-1/2]
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Figure 3.7 Structure HIe<nic showing the secondary hydrogen bonds between host and guest and between two
guests, with numbering scheme illustrated.

The packing diagram along the b-axis is arranged in rows/columns with packing of face-to-face n-n
interactions (shown in Figure 3.8) between the aromatic rings of the nicotinamides of the guest and host,
with a centroid distance of 3.67A.

Centroid susEEEa,
1 N1GC1GC2GC3GC4GC5G 358 A o*® "
N1C5C4C3C2C1 3.76 A
3 Mean value (12 atoms) 367A

Figure 3.8 Centroid representation of the unit between host and guest molecules with the packing viewed down
the b-axis and table with centroid measurements in A of the z-z interactions.
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The packing of the structure along the c-axis is arranged in a zig-zag or herringbone pattern of guests
(orange space fill) (Figure 3.9a). The void analysis gave a high volume of 1098.40 A% with a percentage
unit cell of 41.9% which is also shown in Figure 3.9b and ¢ which shows free space in the packing
diagrams in two types of channels along the b and c-axis. The larger channels along the b-axis are
occupied by nicotinamide guests as presented in Figure 3.9b, whereas the smaller channels along the b-

axis are occupied by chloride atoms (Figure 3.9c¢).

a)

Figure 3.9 Packing diagram of H1<nic a) viewed along a-axis showing a herringbone pattern of the guest (orange)
in space fill configuration and the host (red) in capped stick configuration with alternating guest and host, b)
channel view along the a-axis with voids showing guest occupation and c) the void analysis showing channels
along the b-axis occupied by chloride atoms.

3.4.1 Powder X-ray diffraction of Hlenic

The powder X-ray diffraction (PXRD) spectrum of H1enic was compared to that of the host H1, and
these spectra were run between 26 from 5° to 50°. The analysis was conducted to show the enclathration
of nicotinamide as guest and how the two patterns differ from each other. The PXRD pattern of H1
(Figure 3.10, green H1) has a number of peaks which are absent in the crystal H1enic (Figure 3.10,
brown HZ1enic) pattern, between 10° and 12° and at 23.5° and 32.5°.
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Figure 3.10 PXRD patterns of H1(green) and H1enic (brown).

3.5 Crystal structure analyses of H2.and H3; crystals.

The compounds H2; and H3; crystallise in the orthorhombic Pbcn (H2:) and monoclinic P2:/c (H3)
space group respectively with Z=4. The asymmetric structural unit consists of ZnCl(isonic), and
ZnCly(nic)(isonic), with the Zn(ll) cation coordinated with two chloride ligand anions and two nitrogen
atoms from the isonicotinamide ligands for H2. and nicotinamide and isonicotinamide ligands for H3.
in a slightly distorted tetrahedral coordination environment. The average bond distance for H2. and H3;
are Zn-N: 2.053 A, Zn-Cl: 2.226 A and Zn-N: 2.043 A, Zn-Cl: 2.227 A respectively. The asymmetric
unit contains half a host with a molecular formula ZnosCI(CsHsN2O) for H2. and a full molecule with
molecular formula of ZnCl»(CsHsN-0). for H3. (Figure 3.11).

a)

Figure 3.11 Asymmetric unit of @) H2; and b) H3. (hydrogens are omitted for clarity).
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Isonicotinamide or nicotinamide molecules give three sites for bonding or interactions. These are the
pyridine ring nitrogen, the carbonyl oxygen and amide nitrogen. As a monodentate ligand, the
isonicotinamide/nicotinamide is covalently bonded to the metal atom via the pyridine ring nitrogen,

hence any hydrogen bonding takes place through the amide functional group.

The crystal structure of H2. is stabilized by two intermolecular interactions N-H-..Cl and N-H---O. Both
hydrogens of the isonicotinamide NH> group are involved in the intermolecular interactions, the first H
forming the N7-H17B..-O1 bond between the amide group and the carbonyl group of the neighbouring
complex. The second H atom interacts in a hydrogen bond between the amide group and the chloride
atom (N7-H7A-..CI1) (Figure 3.12). The details of hydrogen bonding geometry are listed in Table 3.4.

Figure 3.12 Hydrogen bonding in H2, described by motif D1(3).

Table 3.4 Geometry of the hydrogen bonds and hydrogen bonding interactions of H2. crystal.

D-H | dD-H)(A) | d(H--A)(A) | <DHA(A) | d(D--A)A | Symmetry operator
H2c
N7-H7Ae+<Cl1 0.820 2.536 165.02 3.334 [x+1/2,y+1/2, -z+1/2]
N7-H7Be++O1 0.816 2.132 153.37 2.884 [x+1/2, -y+3/2, 2]

The two isonicotinamide ligands of H2. are connected with the two neighbouring molecules through
their amides. The isonicotinamide ligands of the adjacent molecule are connected to the neighbouring
molecules via N-H-..Cl interactions through the chloride of the adjacent molecule and via N-H-..O
interactions through the isonicotinamide NH. which is not part of the adjacent molecule (red) as
illustrated in Figure 3.13 by (1). When the isonicotinamide of the adjacent molecule is linked to the

neighbouring molecule via both N-H-..Cl and N-H---O as illustrated in blue dashed lines in Figure 3.13
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(2), the isonicotinamide not in the adjacent molecule (red) links the neighbouring molecule via the N-

H...O only as illustrated in Figure 3.13 by the red dashed lines.

Figure 3.13 Difference between the hydrogen bonding of the ligands not in the adjacent molecule (red) and ligands
in the adjacent molecule of the intermolecular interactions of N-H«-Cl and N-H-«-O represented by blue and red

dashed lines.

N-H-.-O hydrogen bonding is the main interaction responsible for the packing, as illustrated in Figure
3.14 which views the crystal structure down the a- and b-axis and shows a herringbone pattern when
viewed along the a-axis. The interactions shown in the blue dotted circle is a labelled representation of
the hydrogen bonding present in the packing diagrams which looks like a dimer linking two molecules
when viewed in 2 dimensions. In the packing diagrams, the molecules which appear to be in the same

plane are actually one on top of the other hence three molecules are linked as shown in the circle.
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Figure 3.14 Packing diagram of H2. showing the hydrogen bonding N-H--O: a) viewed along the b-axis with
zigzag motifs of the zinc chloride (ZnCl,) aligned in columns and b) viewed along the a-axis forming two sets of
zigzags coloured accordingly (some hydrogens are omitted for clarity), with a 3 dimensional diagram of the

hydrogen bonding shown in the dotted blue circle.

The crystal structure of H3. is sustained by N-H-.-Cl and N-H-.-O main intermolecular interactions. The
N-H-..Cl interactions are located between the amide group of the isonicotinamide and the chloride group
presented as N27-H27B---CI1 with NH-.-Cl distance of 2.449 A. The intermolecular N-H---O interactions
occur between the carbonyl and amide groups of the isonicotinamide and nicotinamide ligands of the
neighbouring complex represented as N17-H17B-..027 with an N-H-..O distance of 2.085 A (Figure
3.15). These interactions observed can be described as C1(9) and C1(13) graph set motifs respectively
(Etter et al., 1990).

' C%(9) ‘ C%(l?’)

Figure 3.15 Hydrogen bonding between the host molecules with the capped stick style showing the chains.
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The second chloride CI2 atom of the ASU is involved in two interactions, one forming a weak hydrogen
bond between one aromatic C-H group of the pyridine ring and the chloride of the neighbouring
molecule forming C-H---Cl interactions (C15-H15---Cl2, 3.615 A). The second interaction between the
amide and the chloride group via N27-H27A.--CI2 with an N-H---Cl distance of 3.424 A is listed in Table
3.5 with the geometries of the other hydrogen bonds.

Discrete assemblies form heterodimer and homodimer synthons, the former constructed via N27-
H27...CI2 and N17-H17B...027 described as a R3(22) graph set as shown in Figure 3.16a. The
homodimers are constructed by C15-H15..-CI2 and N17-H17A...O17 hydrogen bonds classified as
R3(12) (Figure 3.16b) and R3(8) (Figure 3.17) graph sets respectively.

a)

Figure 3.16 Synthons representation of: a) heterodimer graph set and b) homodimer graph sets between two
neighbouring molecules in H3..

Table 3.5 Geometry and interactions of the hydrogen bonds for H3; crystal.

D-H [ d(D-H) (A) [ d(H-A) (A) | <DHA (A) [ d(D:*A) A | Symmetry operator
H3c

N17-H17A==*017 0.880 1.997 174.29 2.874 [-X, -y+3, -7]

N17-H17Be*+027 0.880 2.085 153.96 2.901 [-x, y+1/2, -z+1/2]

N27-H27A~++CI2 0.880 2.659 145.99 3.424 [-x, y+1/2, -z+1/2]

N27-H27Be>-Cl1 0.880 2.449 160.88 3.293 [x-1,Y, 7]

*C15-H15+-CI2 0.950 2.727 155.88 3.615

*Weak hydrogen bond
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The packing is shown along the b-axis of the H3. crystal. This is sustained by hydrogen bonds as
discussed previously and the homodimer (amide dimer) of the N-H---O hydrogen bonds is shown in
Figure 3.17.

R2(8)

Figure 3.17 Packing diagram of H3. viewed along b-axis displaying the amide dimer hydrogen bonding and
graph set R%(8).

3.5.1 Powder X-ray analysis of H2; and H3; crystals.

The Powder X-ray diffraction analyses was conducted to show the similarities between the host and the
crystal and how they differ from each other. All PXRD analyses were run from 3 to 48 °C two theta and
the patterns are illustrated in Figure 3.18. According to SCXRD the host compound and the crystal have
the same tetrahedral structure with four ligands, although several peaks have shifted slightly on
comparing the crystal patterns with that of the host. Differences are due to the synthetic process of the
crystal formation which were different from the hosts. Crystals were made by slow evaporation of the
mixture (host and solvent) which differed from the synthesis of the hosts and this modified the PXRD
pattern of the crystals.
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Figure 3.18 Comparison analysis of PXRD patterns of H2. crystal (orange) with host 2 (green) and H3; crystal
(orange) with host 3 (green).

3.6 Analysis of hydrogen bonds N-HeeeCl in zinc Werner complexes published in CSD

The Cambridge Structural Database (CSD, version 5.4, last update November 2019) was searched for
N-H-..Cl contacts in the range of 1.6 < H-..Cl (d:1/A) <3.0, 1.7 < N-..Cl (d2/A) < 3.4 and 140° < N-H-.Cl
(6/°) <180°. The research was focused on contacts between amide groups and chloride bonded to the
transition metal zinc. This investigation was used to compare the results obtained during this study with
published results on the CSD; the mean value of the search on the CSD was compared to the mean value
of our research. 703 hits were found for N-H-..Cl with a mean value of 2.373 A and 3.244 A for H...Cl
and N-..Cl respectively. All distribution distances are shown in Fig 3.19 with the total number of hits
(Thallapally & Nangia, 2001).

Table 3.6 Hydrogen-bond geometry of H2c and H3c, with <=<Cl bonds highlighted in yellow.

D-H | d(D-H)(A) | dH--A)(R) | <DHA(A) | d(D---A) A

H2c

N7-H7Aee+Cl1° 0.820 2.536 165.02 3.334

N7-H7Be++O1 0.816 2.132 153.37 2.884
H3c

N17-H17A+017 0.880 1.997 174.29 2.874

N17-H17Be++027 0.880 2.085 153.96 2.901

N27-H27A~++CI2% 0.880 2.659 145.99 3.424

N27-H27Bee*Cl1% 0.880 2.449 160.88 3.293

Mean value® 0.860 2.548 157.30 3.350

$This mean value if for N-H-.-Cl interactions found in the crystals.

In our two structures (H2.and H3c) where N-H---Cl was observed, the mean values were found to be d.:
2.548 (H---Cl) A and d,: 3.350 (N---Cl) A, shown in Table 3.6. In comparison with the mean CSD results

for each interaction in Figure 3.19a and b, our interactions fell in the same range.
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Figure 3.19 Histogram of the distributions of contact distances of N-He+Cl hydrogen bonds analysed on the
CSD for a) di (H++=Cl) and b) d, (N=<Cl).
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4.1 Introduction

In this chapter a comprehensive analysis of some metal-organic complexes or Werner complexes
containing cobalt as the metal centre with nicotinamide and / or isonicotinamide as main ligands is
given. A detailed analysis of each structure demonstrating their properties of enclathration, packing and
hydrogen bonding ligands is discussed. The use of ligands with hydrogen bonding functionalities,
although not extensively considered in many Werner clathrates, may lead to the production of a
framework with versatility in their host structures, offering improved opportunities for inclusion or
separation (Aakerdy et al., 1999). The structures in this chapter deal with complexes with cobalt as the
central metal. Cobalt metal can exist in different oxidation states which allows variation of two important
parameters, spin quantum number and magnetic anisotropy. The main point of oxidation states is that,
for every metal, its chemistry in different oxidation states is distinctly different. Cobalt presents two
main oxidation states, Co(ll) and Co(ll1). The common oxidation state for simple compounds containing
Co?* is slow in its ligand substitution reaction whereas the Co®" is rapid, and each has preferences for
ligand types and stereochemistry. Cobalt is attractive for scientists interested in structural chemistry and
magnetism (Kurmoo, 2009). It is a critical metal for a variety of technologies and an essential constituent
of material used in high technology industries such as the manufacture of rechargeable batteries. Cobalt
may be used to create alloys and catalysts and it is also widely used in cancer treatment as a tracer and
for radiotherapy (Pourret & Faucon, 2017). One of the interesting structural aspects of cobalt in contrast
to some other transition metals is the range of geometries, such as octahedral, square-planar, tetrahedral,
square-pyramidal, trigonal-bipyramidal and square-planar, that are stable (Griffith, 1964). Another
aspect which makes cobalt a very interesting transition metal is the wide range of colours when in
solution. This is useful to identify different phases. The common colours are pink, blue, purple, green

and orange depending on the solutions they are in and the type and shape of the complex.

Nicotinamide is an important pharmaceutical molecule, it is the amide form of vitamin B3 (niacin)
obtained via synthesis in the body or as a dietary source supplement (DiPalma & Thayer, 1991).
Nicotinamide (niacinamide) is a pyridine carboxamide with great properties and uses for the organism.
Nicotinamide is found in blood and can easily penetrate the blood-brain barrier (Gulati et al., 2016). It
is used to treat arthritis, pellagra and used as a vitamin supplement. A study on health and disease in the
central nervous system shows the importance of nicotinamide with neural development. Nicotinamide
plays a role in protecting neurons from traumatic injury, ischaemia, stroke and even further it is
implicated in neurodegenerative conditions such as Alzheimer’s, Huntington’s and Parkinson’s diseases
(Fricker et al., 2018). The ligand isonicotinamide is the isomer of nicotinamide with IUPAC name of
4-pyridine-4-carboxamide and is one of the most effectively used co-crystallizing compounds. This
molecule is also used in medicine particularly as an anti-inflammatory and in the treatment of

Huntington’s disease.
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Octahedral Werner complexes are one of the most common coordination shapes for transition metal
complexes reported. This results in minimal steric clashing between donors, promotes good metal-ligand
orbital overlap and leads to favourable ligand field stabilization energies. Among the great benefit of
the six-coordinate complex, it presents a diverse set of ligand combinations around the metal centre
depending on the number and type of ligand. For example, MAs and MAsB are common and present
only one possible form compared to the others MA4B; or MA2B,C, which present two and five
diastereomers respectively (Lawrance, 2010). However, MA4B; and MA:B,C, complexes are well
illustrated in this chapter. MA4B; presents two geometric isomers, cis and trans, and MA2B,C; presents
five diastereomers. Cobalt hosts H4 (Co(NCS)z(nicotinamide)s) and H5 (Co(NCS),(isonicotinamide)s
are the type MA4B; and host H6 (Co(NCS)z(nicotinamide)z(isonicotinamide),) and complexes
Co(NCS),(nicotinamide)>(MeOH), (H8), and Co(NCS),(nicotinamide), (DMSO), (H7) are the type
MA:B,C,. The latter two crystal structures will be dealt with in Chapter 5.

The single crystal structures of the three novel Werner complexes with four guests have been elucidated.
The octahedral Werner complexes H4, H5 and H6 with ligands in the trans position, as illustrated in
Figure 4.1, were synthesised and used as hosts. They are very soluble in DMF and DMSO, and sparingly
soluble in warm methanol and ethanol. Four complexes were obtained from H4
Co(NCS),(nicotinamide)s, two from H5 Co(NCS)2(isonicotinamide)., and three were synthesised from
H6 Co(NCS)2(nicotinamide).(isonicotinamide),. The study of the nine complexes have been divided in
three parts according to the host. The single crystals of four complexes from H4 and H6 yield two types
of complexes, Werner clathrates and Werner complexes with the displacement of two ligands. The

enclathration results with analysis performed are summarised in Table 4.1.

a) b) c)
] S o S
0. _NH;|| Oy _NH, 0 [| o} RN NH| 0
I i I |
| ~ N ~ H,N | = N ‘ ~ NH, | ~ N | ~ NH,
~N ‘ N = ~N ’ N = ~N ‘ N =
NP4 NS N
| \N/‘ \N = \N/| \N = | \N/‘ \N SN
=~ N L H,N | ~Z N l_ NH, HyN ~Z N l_
I I [l
N, G N c o c
HN™ 70 [[HNT ™0 © | ° [l N \o
S s S

Figure 4.1 Scheme of three Werner complex hosts, a) H4, b) H5 and ¢) H6.
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Table 4.1 Enclathration resulting from H4, H5 and H6 with meOH, propOH, maba (m-aminobenzoic acid), (mx.
0x, and px) xylenes and (123, 124 and 135) trimethoxybenzenes.

Host Guest Resulting crystal Single  PXRD TG DSC
crystal
H4 meOH H4meOH (H7) X X - -
1-propOH H4+propOH X X X X
123/124/135 H4eniceH20 X X X -
mx/ox/px - - - - -
H5 meOH - - - - -
1-propOH H5<2isonicepropOH X X X -
3-pentOH H5+2isonic X X X -
Mx/ox/px H5-2isonic X X X -
123/124/135 H5<2isonic X X X -
H6 meOH H6°H20 X X X -
1-propOH - - X X X
DMSO H6DMSO (H8) X X X -
ox/px H6+0x (H9) X X X X
123/124/135 - - X X -

+ x: successful analysis
4+ -2 unsuccessful analysis
4+ DMSO solvent was added to assist with solubility.

4.2 Werner complexes H4 under study

The four structures obtained from host H4 gave rise to two distinct types of complexes, Werner
clathrates and Werner complexes with displacement of ligands. The crystallography details and
hydrogen bond data for two H4 clathrates are summarized in Table 4.2 and 4.3 respectively, and
diagrams of the guests and/or ligand replacers are shown in Figure 4.2. The main difference between

H4 and the other hosts H5 and H6 is the four bidentate ligands: in H4 they are nicotinamides.

OH H,N o N |
H3C N
HaC N X
X N Yo
methanol Propanol nicotinamide isonicotinamide
(meOH) (propOH) (nic) (isonic)

Figure 4.2 Guest and ligand structures.
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4.2.1 Crystal structure analysis of Werner clathrates H4eniceH,O (1) and H4spropOH (2).

The pink block-shaped crystals of (1) and (2) were selected for single crystal X-ray diffraction analysis.
These H4+nic*H->O (1) crystals were obtained after seven days by slow evaporation after dissolving H4
powder in a mixture of the trimethoxybenzene (TMB) isomers plus methanol and heating at 50 °C with
constant stirring. The purpose of this mixture was to attempt to discriminate between one of the two
isomers (1,2,3 or 1,5,3). After crystallisation, it was found that H4 had self-included one nicotinamide
ligand as well as water into the clathrate H4+nic*H,O. The asymmetric unit of the structure comprises
half a host and one guest molecule with Co (I1) located on a diad at Wyckoff position d. The structure

crystallises in the triclinic system, with the space group P1 (No.2) and Z=1 with a host:guest;:guest,
ratio of %: 1: 1. Crystal data and refinement details are summarised in Table 4.2. The asymmetric unit

consists of half metal Co (1) cation, one thiocyanate ligand, two nicotinamides in the trans position with
nicotinamide and water as guests as illustrated in Figure 4.3a. The Co (1) cation is coordinated by two
terminal N-bonded thiocyanate anions and four N-coordinating nicotinamide ligands forming a trans
octahedral complex.

Table 4.2 Crystal data for H4enic*H,0 (1) and H4*propOH (2).

H4enic*H20 (1) H4+propOH (2)
Chemical formula Coos(NCS) Coo5(NCS)
(CeHsN20)2 (CsHsN20)2

*(CeHsN20)+(H20) +(C3Hs0)
H:G ratio 511 1
Formula Weight 471.95 391.90
Temperature/K 173(2) 173(2)
Crystal system Triclinic Triclinic
Space Group(no.) P1 (No.2) P1 (No.2)
a/A 9.3836(10) 8.7135 (17)
b/A 9.5523(9) 9.2826 (19)
c/A 13.8210(14) 13.487 (3)
a/° 104.838(2) 70.74 (3)
B/ 95.768(2) 72.74 (3)
/P 115.374(2) 62.71 (3)
VIA3 1050.19(18) 899.2 (3)
z 1 1
D(:allc/g.CfTT3 1.492 1.447
Radiation type MoKa MoKa.
F(000) 489 409
Crystal size/mm? 0.21 x 0.23 x0.28 0.08 x0.19x0.31
Colour, crystal form Pink, block Pink, block
No. of total reflections 26151 30992
No. of unique reflections 5289 4144
® min-max’” 1.57/28.46 1.67/27.55
R [F>>26(F?)] 0.0396 0.0239
wR2(F?) 0.0913 0.0607
S 1.058 1.026
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No. of parameters/ data 294/5289 238/4144
Res.peak(max/min)/eA 0.313/-0.507 0.460/-0.306

Table 4.3 Hydrogen-bond geometry (A, °) with compounds made from H4.

d(D-H)(A) d(He+A) (A) <DHA (A) d(DesA) A  Symmetry operator

H4enic°H20
N2-H2A.--O1 0.880 2.051 153.49 2.865 [-x+2, -y+1, -z+1]
N2-H2B---0O1G 0.880 2.307 152.12 3.112
N4-H4A.--01G 0.880 2.172 172.53 3.047 [-x+2, -y+1, -z+1]
N4-H4B«--02G 0.880 2.061 162.18 2911 [-x+2, -y+1, -z+1]
N1G-H1G1.--02 0.880 2.032 167.33 2.897 [-x+2, -y+1, -z+1]
N1G-H1G2.--O1 0.880 2.166 159.11 3.004 [x, y+1, 7]
02G-H2G1.--S1 0.795 2.661 170.82 3.448 [-x+2, -y+1, -z+1]
02G-H2G2-+sN2G 0.910 1.897 161.05 2.773 [-x+1, -y+1, -z+1]
H4+propOH
0O1G-H1G-.-S1 0.772 2.536 172.62 3.303 [x-1, y+1, Z]
N17-H17A«-027 0.880 2.033 172.10 2.907 [-x+1, -y, -z+1]
N17-H17Be.-027 0.880 2.191 141.32 2.930
N27-H27A---017 0.880 2.049 166.20 2911 [-x-1, -y, -z+1]
N27-H27B+--01G 0.880 2.131 159.26 2.970 [x, y-1, 7]

Figure 4.3 The asymmetric unit and numbering scheme (above) and the full crystal structure for, a) H4niceH,O
and b) H4-propOH (some atom labels and hydrogens are omitted for clarity).

Crystal H4+propOH (2) crystallised after slow evaporation of H4 powder in a solution of methanol:1-
propanol (1:2). The triclinic structure in space group P1 (No.2) has a asymmetric unit comprising half

a host with one guest molecule. The Co (I1) is located on a diad at Wyckoff position a and host:guest

ratio % -1. The asymmetric unit of this octahedral coordination clathrate is shown in Figure 4.3b.

The Co (Il) ion in both complexes is coordinated by six nitrogen atoms, four from the monodentate

nicotinamide ligands in the equatorial position and two from the thiocyanate atoms. The coordination
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geometry around the metal can be described with Co-N(nicotinamide) distances for (1) and (2) ranging
between 2.017 A - 2.208 A and 2.052 A - 2.221 A with the angles N-Co-N between 88.31° - 90.87° and
89.54° - 105.98° respectively and Co-N(thiocyanate) 2.052 A for (1) and 2.060 A for (2) with N-Co-N=
180° respectively, indicating a slightly distorted octahedral. The numbering scheme is written in
accordance with the rules for labelling the atoms of the international union of crystallography. The
analyses of the crystal packing indicate intermolecular hydrogen bonds in both complexes and
intramolecular interactions in the complex (1). The crystal structure of H4+nic*H-O is characterised by
two guests, nicotinamide (guest 1) and water (guest 2). The three molecules are linked together via
homosynthon interactions where the molecule of water plays a bridging role connecting guest 2 and the
host, N4-H4B...O2G; (host-guest 2) and 02G,-H2G22..-N2G1 (guest 2-guest 1). The third interaction,
N4-H4A..-01G1 (host-guest 1) allows the molecule to extend to form a RE(20) ring (Fig.4.4), (Etter et
al., 1990).

Figure 4.4 Extended 2D structure of H4<nic*H->O with guests nic in orange showing hydrogen bonding graph
sets.

From the structural analysis, three main strong hydrogen interactions were observed. Interactions O-
H-..N, N-H...O and O-H--.S, are observed between guests, within host molecules or between guest and
host. Host-host and host-guest were either linked by homosynthons / heterosynthons described by a

R (r) graph set and monocyclic dimer D (r) graph set only for the host-guest interactions.

Amide dimers coordinated molecule H4 and nicotinamide (guest). As illustrated in Figure 4.5a the host-
guest interactions are forming infinite C3(32) chains alternating dimer interactions of R3(8) ring (N4-
H4A...O1G and N1G-H1G1..-02) followed by a discrete assembly, D1(3) graph set (N1G-H1G2...01).
Additionally, face to face n---1 interactions occur between the aromatic rings of the nicotinamide guest

and one of the ligands of H4 with a centroid distance of 3.683 A.

In this structure, water (guest 2) coordinates with two molecules in three hydrogen bonds, the first (N4-
H4B-.-02G2) to the host and the second (02G2-H2G2,--N2G2;) to the guest 1. The third interaction is

between the thiocyanate sulfur (02G-H2G;.--S1). These interactions are shown in Figure 4.5b.
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The host-host interactions are built by N2-H2...01 hydrogen bonds in the form of an amide dimer
illustrated by homosynthons R3(8) graph set. These host-host interactions form wave like chains

alternating via amide dimer interactions to form infinite chains (Fig. 4.5c¢).

Figure 4.5 Intermolecular interactions in H4<nic*H,0, a) chains of host-guest interaction and n-r interactions,
b) interactions between water, host and nicotinamide and c¢) wave-like infinite chains (yellow) of homosynthons
between host and host.

Interesting architectures were found in the complex H4+propOH, similar to those researched by Wicht
et al. in the thiocyanato nicotinamide nickel clathrates with alcohol guests (Wicht et al., 2019). The
structural analysis of H4epropOH (2) presented two major interactions, intermolecular and
intramolecular. Hydrogen bonds were observed between the two nicotinamide ligands of neighbouring
host molecules forming an amide tetramer (Fig. 4.6). The middle ring has four interactions, two
intermolecular bonds (N17-H17B-.-027) and (N17-H17A...027) forming homosynthon R%(8) graph
set with the intramolecular bonds completing this structure. The amide tetramer is completed by the two

N27-H27A...017 bonds shown in the synthon R3(8) graph sets (Figure 4.6).
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Figure 4.6 H4-propOH structure, showing all intermolecular and intramolecular interactions occurring in the
crystal between host and host and host and guest (in violet).

Two intermolecular hydrogen bonds, interacting between the guest and host via a hydroxyl group (guest)
01G-H1G-..S1 sulfur (host) and amine group (host) N27-H27B---01G oxygen (guest) both forming
discrete bonds with motif D] (3) (Fig. 4.6). The weak hydrogen bonds which involve sulfur are
discussed later in this chapter.

The crystal packing and voids for both Werner clathrates (1) and (2) which crystallise in the same space
group are shown in Figure 4.7 presenting different packing frameworks, shapes and characteristics
viewed down the a-axis. Figure 4.7a, b and c display the packing diagrams of clathrate (1) showing the
compound in oblique alignment with the host forming a sheet. The packing arrangements were stabilized
by m---w interactions between the guest nicotinamide (light violet) and nicotinamide ligand of the host as
shown in Figure 4.7b.

In Figure 4.7d, e and f the host of clathrate (2) is packed in wave like columns with the guest in between
them. The packing is stabilized by heterosynthon / homosynthon interactions between the hosts and
hydrogen bonding between the host-guest as shown in Figure 4.7e with the guest in violet capped stick
model. The packing in Figure 4.7f shows the arrangement of layers of guest in space fill model between
the host columns. Once the guests are removed from the structure, channels were observed showing the
free space within the crystal architecture as illustrated in Table 4.4. The voids were analysed using the
probe size of 1.2 A and the grid spacing of 0.7 A in Mercury 4.0. The volume and percentage void space

were calculated and are listed in Table 4.4 with the void analysis diagrams presented along the a-axis.
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Figure 4.7 Crystal packing of H4+nic*H-O viewed down the a-axis, a) packing of the host alone, b) the interactions
occurring in the packing diagram with the guest in light violet and black; c) guest in space fill and host in green
capped stick model and H4+propOH, d) the wave like column shape of the host alone, e) interactions occurring in
the packing diagram with the guest in violet and f) guest and host in violet space fill and green capped stick model,

respectively (some hydrogens atoms were removed for clarity).
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Table 4.4 Void analysis diagrams of H4nic*H>O and H4*propOH.

Crystal H4enic°H20 H4propOH
Percentage void% 8.7 5.5
Volume A 91.62 49.90
No of guest 2

H:G ratio 1:1:1

structure

4.2.2 Thermal analysis of H4eniceH,O (1) and H4+propOH (2)

The thermal analysis experiments were run on the thermogravimetric analyser (TGA) under a nitrogen
purge with heating mode of 20 °C/min. The decomposition of the complex (1) and (2) show two steps,
firstly the release of the guest/s followed by step 2 the decomposition of the ligands, from the complex.

In the complex (1), whose ASU consists of half the host, one water and one nicotinamide as guests, step
1 corresponds to release of water with the corresponding exothermic DTG peak at 125 °C (exp. 4.9 %)
and one mole of nicotinamide with the corresponding DTG at 169.8 °C, followed by the slow loss of
the nicotinamide ligands between 170 and 220 °C (Figure 4.8a).

The complex (2) has one propanol guest, which is released with an exothermic DTG peak at 148.9°C

(exp. 15.6%). The next step is attributed to the loss of two ligands as shown in Figure 4.8b.
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Figure 4.8 TGA curves of, a) H4+nic*H->0O and b) H4*propOH plotted as mass loss (%) (red curve) and
derivative weight (green dot curve) vs temperature (°C), purge gas: N (40 mL/min), heating rate: 20 ‘C/min.

Table 4.5 shows the thermal analysis data of (1) and (2). The temperature range for the compound (1)
was from 0 to 300° with the release of the guests water and nicotinamide. The decomposition of the two
ligands should be run to a higher temperature to allow for their full release due to the compound’s
incomplete breakdown, as can be seen from Table 4.5. The experimental and the calculated data for the
complex (2) was found to be slightly different. In the complex (2) the mass loss of propanol and the two
nicotinamide ligands for the calculated were found to be 15.3 % and 62.3 % and the experimental results

of 15.6 % and 54.9 %. Again, longer heating should’ve enabled more ‘sticky’ nicotinamide to be

released.
Table 4.5 Thermal analysis data (TG and DTG) of H4+*nic*H-0O and H4*propOH.
Complex Temp.range DTG Mass loss Removed group  Crystal
O O Am(%) colour
Found Calc.

C005(NCS)(CsHsN20)2¢(CsHsN20)*H20 90-135 123 4.9 3.8 H20
141-185 170 19.9 25.9 CsHsN20 Pink
186-285 261 37.0 51.8 2 x CsHsN20

C00.5(NCS)(CsHsN20)22C3HsgO 90-155 149 15.6 15.3 CsHsO Pink
156-320 229 54.9 62.3 2 X CéHeN20

4.2.3 Powder X-ray Diffraction

The powder X-ray diffraction analysis was carried out on Bruker D8 diffractometer using the Cu K,
radiation. The spectrum was run between 260 from 6° to 40°. This analysis was used to confirm the
enclathration of the guest by using one single crystal and showing how the crystal pattern differs from
the host and how the two crystal structures differ from each other (Fig 4.9). The PXRD patterns showed
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some acceptable matches between H4eniceH>O (1) (green), H4+propOH (2) (yellow) and the H4 host
(blue) in Figure 4.9. For compound (1) new peaks appear at two theta values of 14° and 27°. In the case

of compound (2) new peaks appear at 7°, 29°, 34° and 35°.

H4.propOH —H4.nic.H20 —H4 'host’
12000 -

10000

8000 -

6000

0 n — I T T T T T T T 1

5 10 15 20 25 30 35 40 45 50
260 ()
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Figure 4.9 PXRD analyses of H4+ niceH,O and H4*propOH and H4.

4.3 Werner complexes H5 under study

Many of the enclathration experiments of H5 with several potential guests (1-propOH, 1-butOH, meOH,
3-pentOH, m/o/p-xylenes, 123/124/135 TBM and m/p-ABA) were not successful: only propanol was
included as a guest, while the addition of other prospective guests gave rise to the self-inclusion of the
isonicotinamide ligand. H5 was less reactive in comparison to the H4 and H6 hosts in respect of
inclusivity, with only two different clathrates being formed. These two Werner clathrates
H5<2isonicepropOH (3) and H5<2isonic (4) are reported here. Both (3) and (4) were synthesized by
dissolving about 6 mg of H5 in 2 mL of propanol and 3-pentanol respectively with a few drops of
methanol (used as a solvent to dissolve the mixture of host and guest). The crystals were obtained three
weeks after slow evaporation. The crystallography details for (3) and (4) are summarized in Table 4.6.

The complex H5 compared with H4 has four isonicotinamide ligands.
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Table 4.6: Crystal data with compound made from H5.

H5e2isonicepropOH (3)

H5¢<2isonic (4)

Chemical formula Co(NCS)2(CsHeN20)4 Co(NCS):
+2(CsHsN20) (CsHeN20)4
+(C3HgO) * 2(CsHsN20)
H:G ratio 1:2:1 1:2
Formula Weight 967.95 907.86
Temperature/K 173(2) 173(2)
Crystal system Triclinic Triclinic
Space Group (no.) P1 (No.2) P1(No.2)
alA 9.18 (7) 9.1652(7)
b/A 13.72(10) 13.6148(11)
c/A 20.33(15) 20.323(16)
a/° 104.20(2) 70.886(2)
pre 97.44(2) 82.649(2)
y/° 109.25(2) 70.669(10)
V/AS 2281.5(3) 2260.37(3)
VA 2 2
Deaic/g.cm™ 1.409 1.334
Radiation type MoKa MoK
F(000) 1006 938
Crystal size/mm? 0.18x0.20x0.25 0.15x0.19x0.23
Colour, crystal form Pink, block Pink, block
No. of total reflections 43573 54066
No. of unique reflections 11265 11392
©® min-max’® 1.06/28.28 1.66/28.43
R [F?>20(F?)] 0.0538 0.0369
wR2(F?) 0.1284 0.0857
S 1.070 1.042
No. of parameters/ data 635/11265 550/11392
Res.peak(max/min)/eA 0.953/-0.990 0.342/-0.350

For this section of study, the work done by Neumann (Neumann et al., 2016) was used as a reference
and comparison for the analysis of structure (3) and (4) as it is the most recent article in the Cambridge
Structural Database (Version 5.40 last update 2019). The authors discussed the crystal structure and
properties of tetrakis (isonicotinamide)bis (thiocyanato) cobalt (11)«2(isonicotinamide)+ethanol in ratio
1:2:1.

The crystal structure of (3) and (4) were solved in the triclinic P1 (No.2) space group. The asymmetric
units consist of H5, two isonicotinamides and one propanol guests in (3), and in (4) two isonicotinamide
guests with molecular formula of CoCs1H43N1407S; and CoCssH3sN1406S; respectively (Fig. 4.10). The
two Werner clathrates present some similarity between each other such as the structure, the crystal size,
and others which will be presented later. However, the angles a,  and y differ somewhat and therefore

the two structures are not isostructural.

The structure of (3) presents an incomplete guest, 1-propanol, with a missing hydrogen in the hydroxyl
group which could not be found when resolving the structure. The four main atoms of the propanol were
about 0.990 A distant from each other, making it difficult to identify the oxygen atom on the propanol.
To assign the oxygen atom the distance between the nitrogen atom of H5 and atom on either side of the

1-propanol was measured to conclude the position of the oxygen atom. The distances were found to be
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3.183 A (01G-N22) and 3.836 A (C3G-N15). The position of the oxygen was assigned to the lower
distance according to the properties of hydrogen bonds, with the average distance of N-H..-O-H between
2.8-3.1A (Desiraju et al., 2011). However, due to this finding, the final chemical formula of the Werner
clathrate is Co(NCS)2(CsHsN20)42(CsHsN20)+(C3H7O), one hydrogen less than expected. This is

shown in Figure 4.10a.

a) b)

Figures 4.10 Asymmetric unit of a) H5+2isonicepropOH (3) and b) H5<2isonic (4) (some hydrogens were
omitted for clarity, except in the case of propanol).

The preparation of (4) was made from the mixture of H5 powder (6 mg), 3 mL of 3-pentanol and a few
drops of methanol to clarify the solution, as H5 was not soluble in 3-pentanol. The mixture was heated
for 30 min at 40 to 50 °C until the solution was clear. After a few days of slow evaporation pink crystals
were collected for analysis. The structure of (4) is shown in Figure 4.10b.

The TGA analysis of (4) was performed over a temperature range of 30 — 400 °C at a heating rate of 20
°C min? under dry nitrogen with a flow rate of 40 mL/min. It revealed the presence of solvents which
we could not conclude between methanol or 3-pentanol. The TGA showed loss of weight at two
temperatures, around 33.3 °C and 160.2 °C, all with a percentage weight of 7.1% (Fig 4.11) which
complicated the determination of the solvent. The calculated percentage weight loss of methanol and 3-
pentanol was found to be 4.6 % and 11.7 % respectively which differed from the values obtained from
the TGA. So, further analysis was used such as PXRD and SCXRD to determine the solvent observed
on the TGA. The PXRD as well shows some differences between the host and the crystal which will be
discussed later. The single X-ray analysis presented a disordered solvent which could be attributed to
either methanol or 3-pentanol. The structure was solved by direct methods using SHELX-97 and refined
using full-matrix least squares methods in SHELX. As we could not model the guest from the structure,

we used an alternative method to solve the disorder issue. To address the disorder issue we used a
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SQUEEZE method which is a PLATON SQUEEZE tool to calculate the solvent contribution to the
structure factors by back-Fourier transformation of the electron density found in the solvent-accessible
region of a phase-optimized differences electron-density map (Spek, 2015). According to the SQUEEZE
calculation with the guest(s) removed from structure model, the volume of void per unit and the number
of electrons per void of solvent recovered from the structure were found to be 210 A3 and

45e " respectively.

The results obtained from the SQUEEZE were used to determine the nature of the disordered guests.
The number of electrons from the SQUEEZE CIF file was slightly different from that of the number
electrons in 3-pentanol (for one 3-pentanol = 50e°) and equal for methanol (for one 3-pentanol and half
methanol = 43e’). After the SQUEEZE calculation the structure was refined by SHELXL refinement
and all the disorder peaks disappeared, leaving a structure with only two isonicotinamides as guests and
one host.

On reconsidering the total mass percentage loss found in the thermogram, it was concluded that the total
percentage loss of six isonicotinamides (guests and ligands) in the compound theoretically is 80.7 %,
which matches well with the experimentally determined value of 79.1 %. This is an indication that the
isonicotinamides began to decompose at the temperature of 160 °C.

H5+2isonic

— H5¢<2isonic --- Deriv

120 r 12
100 F1
80 - 08
S //og
5 60 - 062
2 g
&
(@)
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0 0
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Figure 4.11 TG (red) and derivative (green) curves of H5+2isonic.

The interactions between the H5 structure (3) and (4) and the two guest isonicotinamides is similar in

both complexes. Both H5 hosts are bonded to isonicotinamide via the carbonyl and the amide through

79



Chapter IV: Octahedral cobalt Werner complexes with hydrogen bonding functionalities

N4G-H4GA..-02 and N8-H8A...O2G interactions classified as a D1(3) graph set (Fig. 4.12). H5 and

isonicotinamide are further interacting in discrete assemblies forming heterosynthons described by

R%(16) graph sets, with all hydrogen bonds listed in Table 4.7.

Figures 4.12 Intermolecular interactions between H5 and guest (isonic in orange and 1-propOH in violet) for

N5G-H5GA:-+-02G
N4G-H4B-+-03G
N1-H1A-N8G
N15-H15A..-02G
N1-H1Be+.-O4
N15-H15B.++S2
N4G-H4GA---02
N8-H8A«--02G
N8-H8B+--S1
N5G-H5GB--03
N22-H22B--sN15G
N22-H22A.--01

complex (3).

Table 4.7 Hydrogen-bond geometry (A, °) of (3).

d(D-H) (A)

0.885
0.895
1.012
0.730
0.782
0.927
0.974
0.888
0.800
0.801
0.892
0.883

d(He+A) (A)  <DHA (A)
H5¢<2isoniceproOH
2.046 158.17
1.900 166.14
1.980 161.14
2.367 169.31
2.206 153.94
2.627 164.67
1.937 156.42
2.250 141.85
2.678 160,19
2.146 164.74
2.062 170.12
2.056 157.04

d(DA) A

2.886
2.777
2.959
3.087
2.929
3.529
2.856
3.000
3.441
2.927
2.945
2.889

Symmetry operator

[X'lv Y Z]

[-x+2, -y+1, -z+2]
[-x+1, -y+1, -z+1]
[-x+1, -y+1, -z+1]
[-x+1, -y+2, -z+1]

[-z+2, -y+1, -z+1]
[-x+1, -y+1, -z+1]
[x+1,y-1, 7]

[-x+2, -y+2, -z+2]
[-X+2, -y+2, -z+2]
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As well as the above interactions, one of the isonicotinamide guests of H5<2isonic has a four-centre

bond via the oxygen atom (O2G). The oxygen atom interacts with two H5 molecules and there is another

interaction with isonicotinamide guest 2 via their amide groups as illustrated in Figure 4.13.

Hydrogen bond distances

D(D...A) A
02Ge+*H-N1 2.882
02Ge+*N-H22 3.058
02G++*H-N1G 2.981

Figures 4.13 Three intermolecular interactions a) between guest (02G) with 2 molecules of H5 and the other
isonic guest shown in the dotted circle and b) full representation of the interactions in the complex (isonic guests

in orange).

81



Chapter IV: Octahedral cobalt Werner complexes with hydrogen bonding functionalities

Table 4.8 Hydrogen-bond geometry (A, °) of (4).
- doH@A)  dH-A)(R) <DHA(R)  d(D--A) A Symmetryoperator

H5e2isonic
N1-H1AeS1 0.880 2.603 160.35 3.444 [-x+1, -y+2, -z+1]
N1-H1B+02G 0.880 2.237 142.11 2.981 [-x, -y+2, -z+1]
N8-H8A-+N12G 0.880 2.100 158.07 2.934 [-x, -y+2, -z+2]
N-8-H8B+++03 0.880 2.096 155.71 2.921 [-x+2, -y+1, -z+2]
N22-H22B¢++S2 0.880 2.670 161.83 3.517 [-x+2, -y+1, -z+1]
N22-H22A«-02G 0.880 2.218 159.47 3.058 [-x+1, -y+2, -z+1]
N15-H15B«+«N5G 0.880 2.082 162.55 2.933 [-x+2, -y+1, -z+2]
N8G-H8G1++-02 0.880 2.104 147.29 2.884 [-x+1, -y+1, -z+2]
N8G-H8G2:++-01 0.880 2.027 154.95 2.849
N8G-H8G2+--01G 0.880 1.938 157.82 2.773
NG-H1G2.+-04 0.880 2.082 157.50 2.915 [x-1, y+1, 7]
N1G-H1G2+--02G 0.880 2.065 153.88 2.882 [x+1,y. 7]

Structure (3) shows bonding of the host to 1-propOH via the carbonyl group through a weak hydrogen
bond C22-04-.-01G (note, the hydrogen is not seen in this interaction).

The host molecules in both complexes are linked together in chains by alternating intermolecular N-
H...O interactions between the amide and the carbonyl group followed by N-H-..S interactions between
the thiocyanate anions and the amide H atoms of neighbouring host molecules forming infinite chains
(Fig. 4.14).

Figure 4.14 Host/host extended hydrogen bonding.

The crystal packing in (3) and (4) is stabilized by hydrogen interactions between H5...propOH (C=0---0)
and H5---isonic (N-H---O) respectively connecting both guests to the host along the a- and b-axis. Similar
to Neumann’s article, H5 also has two types of channels along the a-axis in both complexes, with (3)
shown in Figure 4.15a and b. In compound (4) (Figure 4.15c and d), a larger channels where the

isonicotinamide molecules are located, leaving the small channels empty (Fig. 4.15d) and in (3) the

82



Chapter IV: Octahedral cobalt Werner complexes with hydrogen bonding functionalities

smaller spaces were occupied by propanol solvent molecules (Fig. 4.15a). Once the guests were removed
and the void spaces mapped, the bigger and smaller channels for isonicotinamide and propanol
respectively (Fig. 4.15b & Fig. 4.15d) were seen in both complexes. The percentage and volume of void
spaces for isonicotinamide and propanol were 13% and 296.65 A3 for (3) and 12.16% and 284.16A3 for
(4) respectively. In (4), the smaller spaces were more than likely filled with solvent molecules not yet

determined in our study.

It was noticed that the void percentage obtained from Mercury for HS<2isonic once the guest was
removed was 284.16 A® which was different from the voids value from the SQUEEZE of 210 A3. The
difference observed between the two values was because the value obtained from Mercury was only for
one guest isonicotinamide whereas the value obtained from the SQUEEZE included the isonicotinamide

and the other solvent(s).

It was noticed that the voids representation in both complexes (3) and (4) are the same (Fig. 4.15b &
Fig. 4.15d). It was noted that the small channels which were empty before removing the guest in
H5-<2isonic are filled with a void on performing the void analysis. The voids present in the small channels

in (4) can be one of the two solvents used either methanol or 3-pentanol, or a mixture of both.

Figure 4.15 Crystal structure in a viewed along the a-axis, a and c) packing diagram of (3) and (4) respectively;
b and d) void channels showing the location of isonicotinamide (orange) and propanol (purple) guests.
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4.3.1 Thermal analysis of H5+2isonicepropOH

The TGA curve of the crystals in Figure 4.16 shows the decomposition of H5 (H5<2isonicepropOH) in
two steps. First, the release of propanol (exp.3.42 %, calc.6.5 %) followed by isonicotinamides
(exp.74.46 %,; calc.77 %). According to the TGA analysis only half of propanol was decomposed during
the first step instead of the whole molecule as in the ASU. The DSC was run to confirm the presence of
the propanol in the first step. The DSC curve shows one endotherm corresponding to the boiling point
of propanol (Ten= 63.58 °C, Tpeak= 95.80 °C) of 97 °C, followed by two endotherms which relate to the
decomposition of six molecules of isonicotinamide, two guests (Ton= 203.22 °C, Tpea= 203.38 °C), and
four ligands (Ton= 293.75 °C, Tpeak= 293.98 °C).

120 H5<2isonicepropOH ——TG - - - Deivative —DSC  _ 10

100

6 x isonic=74.46%

Onset=203.38 °C
80 Peak= 203.22 °C

Peak height= 0.1165 W/g ’;‘
Area= 0.05452 W/(g.”C) - 6E
Delta H= 145.4 J/g =
Co(NCS)2= 22% 5
— o
(=)
S 60 Onset= 293.75°C F5E
g Peak= 293.98 °C e
- Peak height= 0.2937 W/g 2
f,, Area= 0.004687 W/(g.”C) F a4
2 Delta H= 434.6 J/G £
40
-3
1-propOH= 3.42% !
Onset= 63.58 °C , L2
20 Peak= 95.80 °C !
Peak height= 0.0344W/rg
Area= 0.0008082 W/(g. °C) K -
—— Delta H= 38.82 J/g ,
, N
0 0
0 50 100 150 200 250 300 350 400

TEMPERATURE °C

Figure 4.16 DSC (blue), TG (red) and derivative (green) curves of H5+2isonicepropOH.

4.3.2 Powder X-ray diffraction of H5¢2isonicepropOH and H5e2isonic

The PXRD pattern of the host (blue, H5) was compared to that of the crystals [(orange (3), green (4)]
obtained from LAZYPULVERIX. X-ray powder data were collected in a Bruker D2 PHASER Desktop
X-ray diffractometer with copper radiation (CuKa, A=1.54406 A) at 30 kV and 10 mA. The spectra for

84



Chapter IV: Octahedral cobalt Werner complexes with hydrogen bonding functionalities

the crystals and the host were obtained between 26 values of 6 to 40° (Fig. 4.17). The three spectra
present many similarities, with the crystals most abundant peaks at 15°, 17°, 18°, 24° and 25° also
observed in the host pattern. New peaks were observed at 7° in the crystal patterns, and the peak at

32.5° observed in the host was absent in the crystal patterns.

H5.2isonic.propOH —H5.2 isonic  —H5 (host)

12000

10000
& 8000
S 6000

- " " 'mv
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0 EAN
6 11 16 21 26 31 36
20 ()

Figure 4.17 PXRD curve of the crystal H5+2isonicepropOH (3) orange, H5<2isonic (4) green and the host H5
(blue).

4.4 Werner complexes H6 under study

Host 6 [Co(NCS).(nicotinamide).(isonicotinamide),] formed a Werner clathrate with water as guest in
a 1:1 ratio [Co(NCS)z(nicotinamide).(isonicotinamide),*H.0] (5). H6 was dissolved in methanol with
gentle heating on a hot plate for about 30 min and allowed for slow evaporation at room temperature
until the formation of pink block crystals with H6 enclathrating a molecule of water from the methanol
solvent were observed. This was a serendipitous inclusion as methanol was not dried. The ASU structure
is illustrated in Figure 4.18. The structure of H6 is an octahedral complex with mixed ligands of type
MA:B,C, where M is the metal Co (II) cation with three different ligands A, B and C around the
coordination sphere in trans positions. The mixed ligands, two isomers nicotinamide/isonicotinamide
and two thiocyanato anions, are N-coordinating to the metal cation. The CoNs octahedral is slightly

distorted with Co-N average distance and angle of 2.138 A and 178.58° respectively.
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Figure 4.18 Numbering of the asymmetric unit of H6°H,0.

H6+H,0 (5) crystallized in the monoclinic space group P21/n with one molecule of water and one
molecule of H6 in the asymmetric unit and molecular formula of CoC2sH2sNsOsS2. The crystal with
dimensions of 0.06 x 0.13 x 0.22 mm?® was selected for the single crystal X-ray diffraction analysis. The
resulting structure was refined to R;= 0.0333 and wR2= 0.0712 with six formula units in the unit cell.
The crystal data and details of the structure refinement are presented in Table 4.9 and hydrogen bond
parameters in Table 4.10.
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Table 4.9 Crystal data H6+H20 (5).

H6°H20 (5)

Chemical formula Co(NCS):
(CeHsN20)4+(H20)

H:G ratio 1:1
Formula Weight 681.62
Temperature/K 173(2)
Crystal system Monoclinic
Space Group (no.) P21/n (14)
a/A 11.643(2)
b/A 20.509(4)
c/A 13.426(3)
a/° 90.00
[ 96.21
y/° 90.00
VIA3 3187.1(11)
Z 4
Dcalc/g.Cm'3 1.421
Radiation type MoKa,
F(000) 1404
Crystal size/mm? 0.06x0.13x0.22
Colour, crystal form Pink, block
No. of total reflections 33440
No. of unique reflections 7329
© min-max” 1.82/27.50
R [F?>26(F?)] 0.033
wR2(F?) 0.072
S 1.038
No. of parameters/ data 437/7329
Res.peak(max/min)/eA- 0.397/-0.291

Table 4.10 Hydrogen-bond geometry (A, °) with compound made from H6.

D-H d(D-H) (A) d(He+A) (A) <DHA (A) d(D--A) A  Symmetry operator
H6°H:0 (5)
N3-H3B+--02 0.821 2.071 158.60 2.850 [-x+2, -y+1, -z+1]
N3-H3A---03 0.889 1.961 178.02 2.849 [-x+312, y+1/2, -2+3/2]
N5-H5AS2 0.858 2.744 159.65 3.561 [x+2, -y+1, z+1]
N5-H5B+--01G 0.848 2.013 176.59 2.861 [-x+1, -y+1, -z+1]
N7-H7A--01 0.814 2.151 173.69 2.962 [-x+3/2, x+1/2, -z+3/2]
N7-H7B+--0O4 0.859 2.037 155.79 2.843 [x+1,y, 7]
N10-H10B---03 0.865 2.095 161.28 2.927 [-x+1, -y, -z+1]
01G-H1GB-+S1 0.813 2.521 167.56 3.319 [X-1/2, -y+1/2, z+1/2]
01G-H1GA-.-01 0.889 1.876 172.83 2.761

The crystal framework is stabilised by strong and weak hydrogen bonds throughout the complex
between water molecule and host. H6 has three donor sites, two from isonicotinamide and nicotinamide
isomers and one from the thiocyanato group, all bonded to the water molecule via the amine nitrogen,
carbonyl oxygen and sulfur atoms. The water molecule acts as a bridge linking three hosts from three
donor sites via three different interactions, N-H...O, O-H..-O and O-H--.S, connecting the crystal into a
3-D supramolecular network (Fig.4.19a). Additional intermolecular interactions between host-host via
amide dimer N4-H19B..03 and NB8-H7A..02 (carbonyl) and N4-H19A...01 depicted

by RZ(8) and D1(3) graph sets are illustrated in Figure 4.19a. A m---m interaction is observed between
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the isonicotinamides of neighbouring hosts. The centroid distance is 5.033A, with this interaction shown
in Figure 4.19a.

Figure 4.19 View of H6°H,0 packing diagram a) molecular interactions in H6+H;O between host and guest and
host-host with graph set motif representations and b) hydrogen bond representation between guest and host (light
green) packed along the c-axis.

The crystal structure presents several ring formations of hydrogen bonding between the host-host and
between host-guest as illustrated in Figure 4.20. The motifs observed in host-host presented in Figure
4.20 are R3(14), R3(22), R3(24), R%(26) and between host-guest are R$(30) in Figure 4.20e. The
ring motifs in host-host interactions involve two hosts via either N-H---O or N-H---S or both. The ring
motifs are either homo or heterosynthons, involving different hydrogen bonding, N-H-.-O and N-H-..S
(Fig. 4.20a), or only one type of hydrogen bonding, N-H-.--S (Fig. 4.20b) or N-H-.-O (Fig.4.20d). Both
interactions are found in Figure 4.20c. The ring motif in host-guest is between two waters and two H6
(Fig. 4.20e).
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Figure 4.20 Graph set representations between host-host and host-guest interactions recorded for
H6'H20.

The hydrogen bonds in the two isomers isonicotinamide (light green) and nicotinamide (green) are very
different. The nicotinamide ligand has four donor/acceptor sites whereas isonicotinamide has two
(Figure 4.21).

Each nic (green) has four hydrogen bonds, two from the amine group and two from the carbonyl group.
One nic is bonded to H6 (nic) via N-H-.-O, water via O-H-..O and H6 (nic) via the amide dimer, a
homosynthon R3(8) represented with (A-1) in Fig. 4.21. The second nic is bonded to three H6 molecules
via N-H...O and the graph set R3(8). The oxygens of the carbonyl groups are bifurcated acceptor bonded

to two different molecules water/nic and nic/isonic, represented with (B-1) in Fig. 4.21.

The two isonic (light green) on the other hand each have two hydrogen bonds from the amide group.
One of the isonic is bonded to two H6 (nic) via N-H---O, represented with (C-2) in Fig. 4.21. The second

isonic is bonded to H6 (nic) and water molecule, represented with (D-2) in Fig. 4.21.
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Figure 4.21 Hydrogen bonding comparison between nicotinamide (green) and isonicotinamide (light green)
ligands of H6+H>0 crystal.

4.4.1 Thermal Analysis of H6¢H-O (5)

The TG results for compound H6+H-O is illustrated in Figure 4.22. The decomposition of the crystal is
shown in two stages, first the release of one ligand at 159.8 °C followed by the other three ligands
between 200 and 300 °C. The release of water was not observed through the stage. The experimental

loss of 76.5 % agrees well with the calculated figure of 73.61 %.
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Figure 4.22 TG and derivative curves of H6°H;0.

4.4.2 Powder X-ray Diffraction of H6eH-O (5)

The PXRD pattern of the host (blue, H6) was compared to that of the crystal (orange, H6¢H,0) obtained
from LAZYPULVERIX. The spectra for both the crystal and the host were obtained out between 5 to
50 ° (2 theta) (Fig 4.23). The host 6 pattern shown in Figure 4.23 also appeared noisy as did H4 and H5
in comparison to their crystal patterns. The pattern revealed two new large peaks which were observed
around 13 ° and 26 °.
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Figure 4.23 PXRD patterns of H6°H>0 in orange and H6 (host) in blue.

4.5 Bulk analysis of hydrogen bonds N-H-..S and O-H---S in cobalt Werner complexes

Both O-H-...S and N-H-..S are hydrogen interactions occurring in the interaction system between the
guest-host, host-host or guest-guest and can be compared to the N-H-...O interactions in this research.
Even though the hydrogen bond involving sulfur as the acceptor is weaker than one with an oxygen
acceptor, the effect of two bonds may lead to a stronger enclathration of the guest or between guest-
guest and host-host. O-H---S was observed in H4*H,0, H4*propOH and H6*H-O complexes (see Table
4.11, pink highlight), linking guest H,O and the host and two hosts. N-H---S was observed in H5¢2isonic,
H35<2isonicepropOH and H6*H,O complexes (see Table 4.11, violet highlight), linking guest-host and
host-host. The Cambridge Structural Database (CSD, version 5.4, last update November 2019) was
searched for N-H-.S and O-H---S contacts in the range of 2.1 < H-S (di/A) < 3.0, 3.1 < N-..S/0---S
(d2/A) < 3.9 and 110 < N-H---S/O-H---S (6/°) <180. The research was focused on contacts between amide
or hydroxy groups and thiocyanato bonded to a transition metal. This investigation was used to compare
the results obtained during this study from published results residing in the CSD, and the mean value of
the search on the CSD was compared to the mean value of our research. 208 hits were found for N-H--.S
with a mean value of 2.592 A and 3.504 A for H-..S and N--.S respectively, and 181 hits for O-H---S
with a mean value of 2.423 A and 3.329 A for H.--S and O---S respectively. All distribution distances
are shown in Figure 4.25 and Figure 4.26, and all refcodes were counted (including duplicates)
(Thallapally & Nangia, 2001).
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In our three structures (3, 4 and 5) where N-H-.-S was present the mean values were found to be du:
(H---S) 2.664 A and d: (N---S) 3.498 A (Table 4.11), which were consistent with CSD mean values in

Figure 4.24a and b.

In the three structures (1, 2 and 5) where O-H-.-S was observed the mean values were found to be da:
(H--S) 2.548 A and d: (O---S) 3.355 A (Table 4.11) and the histogram of the CSD values for the two

distances are shown in Figure 4.25a and b.

Table 4.11 Hydrogen-bond geometry of H4, H5 and H6.

D-H d(D-H)(A)  d(H:-A) (A)
1)
02G-H2G1-+-S1% 0.795 2.661
(2)
03-H19..-S1% 0.840 2.461
3)
N15-H15B¢++S2# 0.927 2.627
N8-H8B«++S1# 0.800 2.678
4)
N1-H1A..-S1# 0.880 2.603
N22-H22B+++S2# 0.880 2.670
)
N5-H5A..-S2# 0.858 2.744
01G-H1GB-+-S1*% 0.813 2.521
Mean values
Mean value of N-HseeS* 0.869 2.664
Mean value of O-HeesS? 0.816 2.548
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Figure 4.24 Histogram of the distributions of contact distances of N-He*S hydrogen bonds analysed on the CSD
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Figure 4.25 Histogram of the distributions of contact distances of O-He*S hydrogen bonds analysed from the
CSD for a) di (He=S) and b) dz (Oe+=S).

4.6 Torsion angles

Co(Il) is surrounded by six nitrogen atoms in each host, with two thiocyanate anions are in the trans
position and four coordinated ligands either nicotinamide in H4, isonicotinamide in H5 and both
isonicotinamide and nicotinamide in H6 in an equatorial fashion. The bond distances between Co-Nncs
were found to be shorter than Co-Niigangs With @ mean value of 2.076 A and 2.175 A respectively, which
allowed considerable torsional flexibility of the ligands toward the thiocyanato groups. It is clearly
indicating a four-blade propeller conformation of host H5 and H6. The conformation of the nicotinamide
of H6 demonstrates some deviation from the true propeller arrangement and the behaviour of host H4 is
different from the other two. Host H4 was found to adopt a different conformation between the
nicotinamide and the thiocyanato ligands after crystallisation, representing a linear conformation as
illustrated in Figure 4.27 (H4). This behaviour shows the considerable torsional flexibility in the ligands,
which is based on the four main atoms (N-Co-N-C) in the torsion. The position of the amide group on
nic (meta) is different from isonic (para). To describe the conformations of the hosts, the following
torsion angles were considered, T,,T. T, and T, as represented in Figure 4.26. The four torsion angles
were carried out cyclically to yield the minimum in the sum of the square of their differences (Table
4.12). 1t should be noted that the negative and the positive signs observed with the angle measurement

were not considered during the analysis.

When considering H4 versus H5 and H6, it can be seen that the torsion angles for H4 are less than those
for H5 and H6. This confirms the difference in the positioning of the nicotinamide ligands (H4)

compared with the ligands in H5 and H6.

94



Chapter IV: Octahedral cobalt Werner complexes with hydrogen bonding functionalities

Figure 4.26 Schematic representation of torsion angles of H6.

Table 4.12 Torsions angles between the five structures and between same host and different guests.

| Host ] T2°
H4+propOH -35.54 32.67 35.54 -32.67
H4enic-H.0 -28.50 43.29 28.50 -43.29
H4 Mean 32.02 37.98 32.02 37.98
H5+2isonicspropOH -37.07 -47.70 -44.24 -48.16
H5+2isonic -34.84 -46.82 -43.53 -45.07
H5 Mean 35.96 47.26 43.89 46.62
H6+H,0 35.37 51.00 39.98 41.28

The most common shape of a Werner complex is presented as a propeller conformation as shown in H5
and H6, but it can swap to a linear conformation (as presented in H4) due to certain conditions. The
“pedal” conformation (with aromatic ligand rings aligned at 180 °C to each other) on the H4 structure
can be explained by the presence of intramolecular interactions N-H-..O between nitrogen and oxygen
of two opposite nicotinamide molecules (Fig 4.6). This causes the two nicotinamides to twist in an
opposite direction to each other as shown in H5 and H6. The two nicotinamides present an attractive
interaction between the amide group on one side and carbonyl group on the other side with a distance
of 2.923 A between the nitrogen and the oxygen (N-H---O). In H5 and H6, the ligands are further from
each other with a repulsive interaction between two amide groups which allow more flexibility of the
ligands around the metal centre (Figure 4.27). This is of interest when considering the molecules from
the side and leads to the observation that there is also flexibility in the bond between the carbon atom at

the centre of the amide functional group and the aromatic carbon on the pyridine ring of the ligand.
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Figure 4.27 Conformation behaviour of H4, H5 and H6, showing “pedal” in H4, but “propeller” conformation
in H5 and H6.

Based on the values obtained from the torsion angle calculations and the overlay of H4 structures and
H5 structures using Mercury (version, 4.0, 2019) with the RMSD values of 0.4963 and 0.0894
respectively, it was concluded that H5 has more freedom of rotation when combined with a guest than
H4. The overlay of H4 structures show a difference between the two hosts compared to the similarity of
the H5 overlay structures shown in Figure 4.28 (H5).

HS

Figure 4.28 Overlay of H4 (blue H4+propOH and pink H4+nic*H,0) and H5 (blue H5<2isonicepropOH and pink
H5+2isonic).
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5.1 Introduction

In this chapter, the impact of substitution reactions, replacement of ligands and mixed ligands are
examined, for a full detailed analysis of the two new complexes H7 [Co(NCS).(isonicotinamide)
(DMSO0);] and H8 [Co(NCS),(nicotinamide). (MeOH),] (Figure 5.1). The new complex structures are
constructed of a central metal ion and mixed organic ligands (methanol, nicotinamide, isonicotinamide,
dimethyl sulfoxide, and thiocyanate) all connected to the metal centre via coordination interactions with
a general formula of MX;A2B., where M is a divalent metal ion Co (11), X is an anionic ligand NCS", A
is a neutral base (isonicotinamide or nicotinamide) and B a solvent or (guest) liquid used for the

crystallisation process.
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Figure 5.1 Numbering scheme of the asymmetric unit structure of, a) H7, b) H8 (some hydrogens are omitted for

clarity).

The organic ligands are connected to the metal centre via O-donor atoms, which act as bridging linkers
and play an essential role. Organic mixed ligands give the opportunity to construct new structures with
higher complexity due to the distinct donor which can coordinate with metal centres through different
coordination modes (Zhao & Sun, 2014). Many factors such as pH values, temperatures, ligands and
reactant ratios can affect the structural function of the analysis. The nature of the organic ligands and
the metal dominate the final structures as well as physical properties (Lin et al., 2014). Thus, increasing
the number of ligands (mixed ligands) required more studies into the nature of the final structure as

each ligand has different physical properties and applications.

Nevertheless, studies showed that mixed ligand MOFs (metal organic frameworks) compared to single
ligand MOFs have reached a new level of rational design and construction, which involves the
synergetic coordination of different ligands with metal and subsequent networking (Yin et al., 2015).
The Zhao article reported that the use of organic mixed ligand MOFs possess great advantages of

tuneable structure and pores, large surface areas and high stabilities (Zhao & Sun, 2014).
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The new complexes were obtained upon crystallisation of Werner complexes H4
[Co(NCS)2(nicotinamide)s] and H6 [Co(NCS)2(nicotinamide)(isonicotinamide),] with guests which
were to be enclathrated within the host cavities. The host-guest products obtained after crystallisation
presented complexes where the guest or the solvent used in the process substituted two of the ligands
in the host structure. This substitution was only observed with some of the H4 and H6 crystallisations,
however, the H5 structure remained unchanged upon crystallisation. The synthesis of the hosts were
made using the Schaeffer and co-workers method (Schaeffer et al., 1957), which is based on the direct
reaction of host in a specific solvent system. The new complex structures were synthesised from the
host powders (H4, H5 or H6). Thus, the substitution of ligands should be due to other factors such as
the solvent used, reaction temperature in the crystallisation process, reactant concentration and others,
in order to produce the new outcome complexes. The availability of the oxygen lone pair, in the
hydroxide of the methanol or sulfoxide in DMSO, on these ligands is not reduced by steric hindrance.
The basicity of each “guest” relative to the ligands already covalently bonded to the metal need to be
considered. In the formation of the new complex H7, nicotinamide (pKa 3.54) in H6 was displaced by
DMSO (pKa 35.15) and methanol (pKa 15.5) substituted two of the nicotinamides (pKa 3.54) in H4 to
form complex H8 (Figures 5.2).

dimethyl sulfoxide b) methanol

a)

Figure 5.2 Structural schematic of exchange ligands, a) DMSO and b) methanol.

It is difficult to find a suitable procedure and condition to control the outcome of some crystallisation
processes (Han et al., 2014). So, the process of crystallisation can be subject to many factors which may
alter the final product. A substitution reaction, in which any atom or group in a molecule is replaced or
exchanged by another atom or group, is usually used to improve the function of the complex (Han et
al., 2014). This type of substitution is also known as solvent assister linker exchange (SALE) (Son et
al., 2020) or post synthetic ligand exchange (ligand-based PSE) (Jeong et al., 2013). The overall

substitution reaction is represented as:
R-X+S -5R-S+ X

where R-X is the reactant, substrate S the attacking reagent and R-S and X the substituted product and

the leaving product respectively (Langford, Cooper H., Gray, 1966).
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The substitution can be divided in three types 1) solid-solid substitution, where two types of solid are
mixed together and suspended in a specific solvent for a given period to achieve the reaction; 2) solid-
liquid substitution, one solid is soaked in a solution containing the attacking metal complex or guest
molecule to get substituted and 3) liquid-liquid substitution, a soluble guest is reacted with metal
complex in given solvents to get a new complex, which is exactly the process our Werner complexes

underwent.

The substitution reaction can be partial or complete; in partial substitution the framework is often
maintained, while in a complete substitution, structural transformation such as structural
interpenetration, framework dimensionality and changes in the coordination environment can be
caused. The substitution of the organic ligand can tune pore size for example. Recent research has
shown that the substitution reaction can be used as a new strategy in the synthesis and modification of
MOFs (molecular organic frameworks) and MOPs (molecular organic polyhedra), particularly for pre-
designed structures and functions. Manos and co-workers reported a successful substitution of organic
ligands in order to create a new structure, with the substitution of the ligand DMF by a series of guest
solvent molecules methanol, ethanol, THF, pyridine and acetone in the MOF structure
[Nd2(CIP)2(DMF)2.5(H20)12]n via single-crystal to single-crystal transformation (SC-SC) (Manos et al.,
2012).

Nevertheless, substitution in some highly stable crystals is quite difficult due to the strong bonds
between metal ions and organic ligands. For example, MIL-101 (Cr)® is a chemically stable MOF

whose attempts to exchange the metal ion or the organic ligand failed (Kim et al., 2012).

The first of the new complexes H7 is the result of crystallisation of host H6 with hexanol plus 4 drops
of DMSO solvent to increase the solubility of H6. The ligands nicotinamide ligands were substituted
with the solvent DMSQ, in the H6 Werner complex (Fig. 5.2a).

H8 was straight forward, it resulted after crystallisation of the host H4 with methanol, Fig. 5.2b. Two

nicotinamide ligands were substituted with methanol molecules.
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SUBSTITUTION REACTIONS

meOH || 50°C
( A\ N\
Mea”

H8 H7

Figure 5.3 Summary of the substitution reactions between the host and guest resulting in the exchange of
nicotinamide ligands by, a) meOH within H4 complex and b) DMSO within H6 complex (hydrogens were

omitted for clarity).

These results were confirmed by TGA, DSC, PXRD and SXCRD, presenting two new complexes with
mixed ligands coordinated to metal centre Co?*. The complexes after crystallisation were H7
Co(NCS),(isonicotinamide)2(DMSO), and H8: Co(NCS)z(nicotinamide).(meOH),, and all crystal data
are summarised in Table 5.1. The structural properties and a comparison of their behaviour with the
original host complexes and other similar Wener complexes/ clathrates with the same central metal ion

will be discussed here.
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Table 5.1 Crystal data of H7 and H8.

Co(NCS)2(isonic)2

Coos(NCS)(nic)

Chemical formula Co(NCS): Coos(NCS)
(CsHsN20)2(C2Hs0S)z (CsHsN20) (CH40)
Host in ASU 1 VA
Formula Weight 575.60 483.43
Temperature/K 173(2) 173(2)
Crystal system Triclinic Triclinic
Space Group (no.) P1 (No.2) P1 (No.2)
alA 7.2767(2) 6.9209(5)
b/A 13.6020(15) 8.3007(6)
c/A 14.0390(15) 10.1794(8)
a/° 75.986(2) 84.802(2)
[ 75.386(2) 72.708(2)
y/° 75.631(2) 71.030(2)
VIA3 1278.4(2) 528.02(7)
z 2 2
Dcalc/g.CrTT3 1.495 1.520
Radiation type MoKa MoKa
F(000) 594 249
Crystal size/mm?3 0.09x0.11x0.16 0.15x0.29x0.39
Colour, crystal form Pink, block Pink, block
No. of total reflections 27518 12142
No. of unique reflections 6402 2618
© min-max” 1.527/25.42 2.10/28.30
R [F?>26(F?)] 0.0395 0.0278
wR2(F?) 0.0841 0.0743
S 1.022 1.096
No. of parameters/ data 397/6402 138/2618
Res.peak(max/min)/eA- 0.354/-0.438 0.295/-0.458

5.2 Structure analysis of H7
5.2.1 Thermogravimetric analysis

The crystal of the complex H7 was first analysed by TG, showing the decomposition of H7 in steps of
the crystal structure stoichiometry (Figure 5.4). The release of 2 mol of DMSO ligand followed by 2
mol of isonic ligands is shown in the combination of the TGA, DTA and DSC data. According to the
DSC, the first two peaks can be attributed to the endothermic phase change of 2 mol of DMSO (131.76
and 143.93 °C) (literature value of 189°C), followed by the last peak for 2 mol isonic (315.23 °C)
(literature, 334 °C). The decomposition of these ligands can also be seen in the derivative curve,
showing losses in mass at 139.72 °C and a combination of peaks later at 248.58 °C. Theoretical

calculation suggests a loss of 27.25 % for DMSO and 42.43 % for isonicotinamide.
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Figure 5.4 Thermal analysis curves of complexes H7 as mass loss percentage (red curve), the derivative weight
(green curve) and heat flow (blue curve) vs temperature (°C), purge gas: N2 (40 mL/min) heating rate: 20
°C/min.

5.2.2 Single crystal analysis of H7

A suitable crystal of H7 complex with dimensions 0.09 x 0.11 x 0.16 mm? was selected for data
collection for the single crystal analysis using a Bruker AEX Il DUO diffractometer. H7 crystallizes in
a triclinic system in the space group P"1 with two identical half molecules in the asymmetric unit as
illustrated in Figure 5.1a. The asymmetric unit contains two half metal ions Co?* located on a centre of
symmetry and coordinated by four nitrogen atoms of thiocyanate and isonicotinamide ligands and two
oxygen atoms from DMSO ligands. The coordination geometry around the metal can be described as
octahedral. The two complexes of the ASU present two identical structures | and 1l (Figure 5.5) with
the Co-O bond distances falling in the range of 2.107 A and 2.108 A [light blue (1) and dark blue (I1)
structure respectively] and Co-N bond distances are 2.147 A and 2.127 A (1 and 1, respectively) and
the Coes+Co distance is 9.222 A. In comparison to H6, H7 adopts a pedal-type conformation where the
H6 is a propeller-type conformation as illustrated in Chapter 4. This behaviour can be due to the

intermolecular interactions N-HeesS (between the nitrogen of the isonicotinamide and nitrogen
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thiocyanato sulfur and weak hydrogen bonds such as C-HeeeN, and C-Hee+O, stopping the
isonicotinamides from twisting in an opposite direction to each other.

Table 5.2 Distance measurement in H7

DISTANCES (4)
Co(NCS)2(isonic)2(dmso)2 Dark blue Il Light blue | \ o1

C0-Ofimss) 2.107 2,108
Co-Npvcs) 2.105 2.097 \ o
Co-Niisonic) 2.189 2.157 Nz e
8,00 s ( \
'01 \\
/ -y

Figure 5.5 Bond distances and angle measurements in H7

When investigating the two hosts | and Il, differences are seen in the angles and distances between
ligands and thiocyanato as shown in Table 5.2 (Figure 5.5). The two structures differed in the direction
of the thiocyanato and the ligands. The overlay of the two structures in Figure 5.6a illustrates these
differences and in Figure 5.6b planes between DMSO and thiocyanate are illustrated. From this diagram
it can be seen that the planes are not parallel (mean: N3 O2 N3/ N12 013 N12) and angles between the
green plane (N12 O13 N12) and the pink plane (N1 O1 N1) are perpendicular (differing by less than 1°
from 90°).

a) b)

mean: N3 02 N3

mean: N1 01 N1

7\()\( mean: N12 013 N12

Figure 5.6 Structure of H7, a) overlay of structures | and Il and b) dihedral angle between the planar grouping
of structure | in red and structure 1l in green (some hydrogen atoms were omitted for clarity).
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The two compound assemblies in H8 are linked together into a sheet by a combination of the two major
hydrogen bonds N-HeeeS and N-HeesO. N-Hee«O hydrogen bonds are formed between the
isonicotinamides (amide group) and N8-H8A-++08 (carbonyl group) forming amide dimer synthons,
classified as R3(8) graph set (Figure 5.7). N-He«sS on the other hand links the two complexes of the
ASU via (amine group) N8-H8B«++S3 (thiocyanato group) hydrogen bonds forming C2(22) chains as
illustrated in Figure 5.7 in ball stick style.

Table 5.3 Hydrogen-bond geometry (A, °) of H7

d(D-H) (A) d(H..A) (A) <DHA (A) d(D..A) A Symmetry operator
Co(NCS)2(isonic)2(DMSO)2 (H7)

N8-H8As-08 0.876 2.093 170.10 2.960 [X, y-1, z+1]
N8-H8BeeeS3 0.787 2.621 15152 3.332 [-x+1, -y, -z+1]
C20-H20A++08 0.999 2.363 147.33 3.249 [-x+2, -y, -Z]
C16-H16¢+02 0.960 2.444 145.61 3.281 [x-1, -y, 7]
C9-H9A#+018 0.975 2.508 167.57 3.466 [-x+1, -y, -Z]
C6-H6°-O1 0.901 2.603 137.80 3.326 [-x, -y, -z+1]
N18-H18AsO18 0.825 2.035 170.79 2.852 [-x+1, -y, -Z]
N18-H18BeesS1 0.866 2.699 147.79 3.462 [-x+1, -y, -z+1]

Figure 5.7 Packing diagram viewed along the a-axis showing the molecular hydrogen bonds forming a sheet
with labelled contact atoms of the graph sets and chains within the complex (some hydrogen atoms are omitted
for clarity).

Weak interactions were observed between the DMSO and isonic ligands linking the two molecules and
are characterised by CHe<++O hydrogen bonds. Four weak main interactions were formed, two in each

complex. Two weak interactions shown in I (light blue) in Figure 5.8b, one linking the two different
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complexes [I (light) and Il (dark blue) molecules] via (DMSO methyl group) C20-H20A+++08 (carbonyl
group) with a distance of 3.249 A and angle of 147.33 °C and the other linking the same complexes
(complex 1) via (isonicotinamide aromatic) C16-H16++02 (sulfoxide group) with a distance 3.281 A
and angle of 145.61 °C (Figure 5.8b). The interactions and assemblies were observed with the second
complex in H7 (complex I1) by C9-H9A<++018 and C6-H6+++O1 as illustrated in Figured 5.8¢c. Table
5.3 provides the different hydrogen bond data for H7.

Furthermore, the two complexes of H7 are packed along the a-axis into sheets with alternating
horizontal chains of complex with the molecules linked by R%(8) graph sets (Figure 5.7 and 5.8a).

These chains are inter-linked by the synthons indicated by the D1(3) graph set (shown in Figure 5.7).

Figure 5.8 Packing diagram, a) viewed along the a-axis with the two complexes of H7 in light (1) and dark blue
(11) showing their diverse positions in the crystal structure, b) weak intra- and intermolecular hydrogen bonding
in H7 in complex | (light blue) and c) weak intra- and intermolecular hydrogen bonding in H7 for the complex 11
(coloured in dark blue), (some hydrogen atoms were omitted for clarity).
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5.3 Structure analysis of H8

The analysis of H8 was done using SCXRD and PXRD, while TGA and DSC were not carried out due
to the lack of sufficient crystals and unsuccessful recrystallization experiments. After crystallisation, a
few pink crystals formed after two weeks of slow evaporation. A crystal with dimensions 0.15 x 0.29 x
0.39 mm? was selected for single crystal analysis. H8 crystallizes in the triclinic system in space group
P1 (No. 2) with the asymmetric unit containing half a molecule (Figure 5.1b). The structure of H8 is
constituted of a metal centre Co (Il) coordinated to six ligand nitrogen and oxygen atoms, two
coordinated by O of the methanol ligands and four N-coordinated by two thiocyanato and two
nicotinamide ligands forming an octahedral complex as illustrated in Figure 5.9a.

In this complex, hydrogen bonding scaffolds the framework. The nicotinamide ligands are hydrogen
bonded to other ligands methanol and thiocyanate via O-Hss+O or N-He++S interactions. The O-Hee+O
hydrogen bonds involve methanol and nicotinamide ligands interacting via the (methanol hydroxy) O1-
H1e+«O7 (amide). N-Hee+S forms between the thiocyanate and nicotinamide characterised by (amide)
N7-H7Bee+S1 (thiocyanate). The N-He++O interactions involve the two nicotinamides connecting via
amide dimers N7-H7As++Q7 forming a R%(8) graph set. All hydrogen bond data of H8 are summarised
in Table 5.4.

Table 5.4 Hydrogen-bond geometry (A, °) of H8

. operator
Co(NCS)2(nic)2(meOH)2 (H8)

O1-H1ee-O7 0.980 1.786 163.42 2.739 [-x, -y+1, -z+1]
N7-H7AeeeO7 0.880 2.096 166.20 2.958 [-x-1, -y+1, -z+2]
N7-H7BeeS1 0.880 2.673 164.26 3.528 [-x, -y+1, -z+2]

The oxygen (O7) of the nicotinamide ligands is acting as a bifurcated acceptor as it is bonded to the
amine group and at the same time to the methanol hydroxy group.

The crystal structure is stabilized by this combination of two hydrogen bonds N-Hes+O and O-Hs<O
between nicotinamide and methanol represented in the packing diagram in Figure 5.9b showing the
arrangement in columns. The structure arrangement was also stabilized by meeert interactions between

the six membered rings of the nicotinamides with centroid distance of 3.460A (Fig. 5.9¢).
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Figure 5.9 Crystal structure of complex H8, a) molecular octahedral structure, b) sheet arrangement in the
projection along the b-axis showing the hydrogen bonds in network lattice with labelled contact atoms of the
graph sets and c) zee*x interactions between aromatic rings of nicotinamide in crystal packing in the projection
along the a-axis (some hydrogen atoms were omitted for clarity).

There is a ring formation of hydrogen bonding interactions between the nicotinamide and the methanol
described by the R%(16) ring motif (Figure 5.9b) and between the nicotinamide and the thiocyanate
described by R3(20) ring motifs (Figure 5.10).

R3(20)
Wi

@

Y

e\

Figure 5.10 Representation of the ring graph set between two nicotinamides linked by N-He<eS interactions
(some hydrogen atoms were omitted for clarity).
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5.4 Powder X-ray diffraction analysis of H7 and H8.

The PXRD analyses were used to compare the host starting materials and the new complexes obtained
after crystallisation. The spectra of all materials were carried out between 26 of 5° to 50° (Fig. 5.11).
After crystallisation new complexes were obtained where the guest or the solvent used replaced the
nicotinamide ligands in host 4 (Fig.5.11b, blue curve) and host 6 (Fig.5.11a, blue curve). So, the PXRD
was used to confirm the absence of nicotinamide in H7 and its presence in H8. As the host 4 and host 6
patterns appeared noisy in comparison to the new complexes, we used the PXRD patterns of the starting

materials directly to make the comparison.

The H7 spectrum (Fig.5.11a, orange curve) in comparison to the isonicotinamide spectrum showed the
presence of isonicotinamide ligands (brown curve) with relevant peaks 17.68° and 23.40° in the new
complex. The nicotinamide spectrum (green curve) most relevant peaks 11.39°, 14.93° and 19.94° are

absent in the H7 spectrum but present in the H8 spectrum (Fig. 5.11b, orange curve).

nic

H7 ———H6 —isonic — nic H8 ——H4

17{1.93“’

AAL-—JL_.L‘MA_AM“A_,_,.L._A_»_..__._

< A+ = » 35 ® e+ 35 —

20() 200)
a) b)

Figure 5.11 PXRD patterns of a) H7 and the starting materials nic, isonic and host 6 and b) H8 and the starting
materials nic and host 4. Note that Label nic = nicotinamide and isonic = isonicotinamide.

5.5 Elucidation of ligand substitution

It was noticed that in each host only nicotinamide ligands were substituted and replaced by a guest or a
solvent. As explained previously, the substitution reaction is one of the frequently exhibited reactions
by metal ion complexes. The substitution may be the same ligands or a different ligand, the ligands
which may be chemically similar or different. In our cases it was the replacement of two nicotinamides
from the four present in H4 and two in H6, which also contained two isonicotinamides. According to
Carrel and co-worker a coordination position is considered free if it is occupied by a water molecule,
which is a weak ligand that can be easily replaced (J. Carrell et al., 2002). So, the substituted ligand

may be considered as a weak ligand or at least it is weaker than the ligand which replaces it.
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As both nicotinamide and isonicotinamide are derivatives of pyridine, which is a strong ligand, they
may be considered as strong ligands. Therefore, their pKa values were used to see which one is weaker
and easy to replace. The higher the pKa value the stronger the bond strength between the ligand and the
metal ion with all pKa values are listed in Table 5.5. As nicotinamide had a lower pKa value than the
isonicotinamide and the guest methanol and dimethyl sulfoxide, the nicotinamide was acting as a weak

ligand in comparison to its isomer isonicotinamide and the guests.

Table 5.5 pKa and dipole moment values of all ligands

| pKaanddipole momentvalues

Ligand Nicotinamide  Isonicotinamide = Methanol = DMSO
pKa 3.30 3.61 15.5 35.1
Dipole moment (Daltons) 2.19* 2.19* 1.70 3.96

* Dipole moment of pyridine

*In this discussion, the dipole moment of pyridine [2.19D, (Ralph D. N., et al., 1967)] was used as
reference as the nicotinamide and isonicotinamide are derivatives of the pyridine.

The substitution reaction affected the bond strength between the metal and the ligands in the complexes
leading to a stronger bond via a new ligand. In solution the metal complexes were subject to chemical
factors which affect the stability of the complex such as the presence of guest or solvent having high
affinity toward the metal ion than some of its ligands. According to Kettle, a stable metal complex exists
under favourable conditions without undergoing decomposition and has a considerable shelf life period
(Kettle & Kettle, 1996). Once the metal complex is in solution, there are many factors that can influence
the stability such as the nature of the guest or solvent, nature of the ligand, resonance effect, bonding
between metal ions and ligands and hindrance effect, as well as others (Muthaiah et al., 2020). So, the
metal complex will become unstable in a new mixture due to the presence of guest and/or solvent with
high affinity toward the metal ion. To give a completely stable structure after the evaporation process,
the ligands must be substituted and in our case two trans ligands were removed. All the guest, solvent

and ligands are shown in Figure 5.12.

N
H,N_ O _
’ CH,
= X /
H.C H,C— S
NS HN ~ 0 @]
methanol nicotinamide isonicotinamide dimethyl sulfoxide
(meOH) (nic) (isonic) (DMSO)
155 3.54 3.54 35.15

Figure 5.12 Ligand, guest and solvent structures with their pKa values.
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The bond strength between the metal ion and a ligand depends, in addition to the electronic
characteristics of the cation itself such as size, ion potential and polarizability, on the permanent dipole
moment and polarizability of the neutral ligand (Tsintsadze et al., 1986). This mean that the affinity
depends on the polarity, the bond strength and/or the dipole moment of the neutral ligand or guest in
the mixture affecting its attraction toward the metal cation. The substitution occurs because the guest
or solvent has a higher dipole moment [for example DMSO: 3.96 D and methanol: 1.70 D, (Ralph D.
N., et al, 1967)] or the guest is more polar than the ligand substituted.

The dipole moment gives extremely valuable information on the geometry of the compound, spatial
arrangement of ligands and nature of the chemical bond produced on complex formation (Osipov et al.,
1967). The larger dipole moment, the greater the polarity and the greater the bond strength. The solvent
DMSO (3.96 D) has a greater dipole moment than nicotinamide (2.19 D), therefore it is more polar and
the bond strength Co-O is stronger than Co-N for nicotinamide. So, the metal ion has a better stability

and affinity toward the DMSO as a ligand than nicotinamide.

Methanol (1.70D) has a lower dipole moment than nicotinamide but greater polarity and bond strength,
so the metal complex has better stability bonded to methanol than nicotinamide.

Table 5.6 Electronegativity values of bonding atoms

Electronegativity values

Hydrogen Carbon Sulphur Nitrogen = Oxygen
2.2 2.55 2.58 3.04 3.44
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6.1 Introduction

Should structural isomers have similar physical properties, the separation of a mixture of these isomers
into their individual components using traditional methods is often not feasible. para-Xylene, an
important commodity of the petrochemical industry, is one of the three xylene isomers, ortho (0x), meta
(mx) and para (px) xylenes. They have respective boiling points of 144.4 °C, 139.1 °C and 138.4 °C,
hence distillation is an ineffective undertaking for differentiation, especially in terms of the latter two
aromatics. para-Xylene is one of the most valuable products obtained from crude oil and is used as raw
material for the production of polyethylene terephthalate (PET), fibres, and polyester films (Silva et al.,
2012). Inclusion within a host material has been broadly studied and significant success has been
achieved. Metal-organic hosts (Zaworotko, 2001 and Braga, 2000) demonstrate the ability for selective
inclusion and prediction of crystal structures and their properties. If one of the guest isomers is
preferentially selected from a mixture of the isomers, the crystalline material can be filtered and
retrieved from the solution. This procedure will promote the extraction of the isomer and allow for the
recycling of the host material. Alterations in the ‘tunability’ of Werner hosts arise on transformation of
the nature and size of the inclusion cavities formed by the packing in square-planar or octahedral
geometries (Aakerdy et al., 1999). The Werner compounds under study, and specifically complexes
with cobalt as the central transition metal, demonstrate ‘sticky’ or attractive (such as hydrogen bonding)
functionality, and rely on different architectures of the host suitable for the set of guest isomers (Pivovar
et al., 2001a). Two new three-dimensional porous structures of cadmium and cobalt demonstrated
selective gas adsorption of CO; rather than N, and H, (Shi et al., 2014).

The main objective of this chapter is to demonstrate that cobalt thiocyanate Werner complexes with
nicotinamide and/or isonicotinamide ligands may be used to differentiate between molecules of
substantially identical physical properties via host-guest chemistry as a tool of separation, where the

method relied on the recognition by inclusion cavities of the host.

This  chapter shows the selectivity ability of the Werner complex HB,
Co(NSC)z(nicotinamide),(isonicotinamide),, toward the three xylene isomers with similar boiling

points, ortho-, meta- and para-xylene (ox, mx and px: Figure 6.1).

CHj CHs CH;
©/CH3 : i
CHj
CHjy
(1), mx px

Figure 6.1 Skeletal structures of the xylene isomers.
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The world demand for xylene is fast increasing, therefore their separation is a fundamental requirement.
Some compounds are difficult to separate with conventional methods, such as distillation, when they
have similar boiling points and molecular structures. The physical properties of xylene compounds
differ slightly from isomer to isomer, with similar boiling points and densities but different melting
points, as shown with orange highlights in Table 6.1. The separation of isomer mixtures into their
individual components involves exploiting the differences specific to physical properties. ortho-Xylene
is more readily separated from meta- and para-xylene because of a 5 °C difference in boiling points.
Should a method involving melting point be used, the difference between the melting points of para-
xylene (13.263 °C) from the other two isomers, makes it more easily separable from the other isomers
with values of -25.182 (ox) and -47.872 °C (mx). These differences are large enough should a suitable
method be found (Daramola, 2013).

Table 6.1 Some useful physical properties of xylene compounds, (adapted from Daramola, 2013).

Property 0-xylene \ m-xylene p-xylene
Molecular formula CsHio CsHio CsHio
Molecular weight 106.167 106.167 106.167
Colour Colourless Colourless Colourless
Physical state Liquid Liquid Liquid
Density (g/cm?®) 0.8802 0.8642 0.8610
Boiling point (°C) 144.41 139.12 138.37
melting point (°C) -25.182 -47.872 13.263
Refractive index @ 25°C 1.5054 1.4971 1.4958

Previously, the use of Werner complexes has demonstrated enhancement of the selectivity of the host
towards one guest from a mixture of physically similar guests, such as structural isomers. The process
of enclathration with a suitable host complex is one of the usual methods. This type of separation of
xylenes has been reported by Nath, who discusses the separation of xylene isomers through selective
inclusion using coordination polymers of Cu(ll) bis (pyridylcarboxamide) (Nath & Biradha, 2016). The
selective enclathration of methyl-and dimethylpiperidines by fluorenol hosts has been shown by Sykes
etal., (Sykes etal., 2017) and the enhanced selectivity towards xylene isomers of a mixed ligand Ni(Il)
thiocyanato complex was recently discussed by Wicht and co-workers (Wicht et al., 2016). The
separation protocols were based upon selective inclusion and require that the host exhibits some
preference for inclusion of one particular guest over another (Pivovar et al., 2001b). This separation
technique was attempted with H4 and H5 but only H6 presented positive results. Unfortunately, H4 and

H5 did not enclathrate any isomers through the crystallisation of xylene isomer mixtures.
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6.2 Structural analysis of H9eox

Experiments to determine the selectivity profile of a host were carried out using the method of
dissolving the host in liquid mixtures of the guests with known proportions. Crystals of inclusion
compounds formed were harvested, dried and lightly crushed for analysis. These competition
experiments between pairs of xylene isomers (ox/px, ox/mx and mx/px) were performed at molar ratios
of 50:50 in solvent dimethylsulphoxide (DMSO). Due to extremely low solubility of the hosts in the
xylene guests, solubility was increased using DMSO as solvent. The outcome of the experiment was
successful in the case of Co(NCS)2(nicotinamide).(isonicotinamide),, H6, although replacement of the
nicotinamide ligands with DMSO occurred.

The selectivity of H6 for one of the xylene isomers showed a preference towards ortho-xylene from a
50:50 mixture of om-xylene, but no enclathration occurred for a mixture of mp-xylene, op-xylene
(50:50) and omp-xylene (33:33:33). As single crystal X-ray diffraction was the only method of
selectivity determination in our case, refinement of the crystal structure did not show methyl electron
density in any other position of the xylene isomer.

The crystallisation of H6 with a mixture of om-xylene guest was done by first combining a 50:50
mixture of ortho- and meta-xylenes in a vial. 60 mg of H6 was dissolved in a few drops of DMSO prior
to the addition of the mixture of om-xylene. The mixture was heated to 45 °C for 30 min with constant
stirring then cooled and sealed with pierced para-film. After slow evaporation at room temperature for
a few days, pink crystals appeared at the bottom of the vial. The analysis of the crystals was done using
thermal gravimetry (TGA), powder X-ray diffraction (PXRD) and single crystal X-ray diffraction
(SCXRD). The same procedure was followed with op-xylene, mp-xylene and omp-xylene mixtures, all
equivalent mixtures of the isomers, in all cases, the crystallisation were successful but no enclathration

resulted.

As presented in Chapter 5, on crystallisation the two ligands nicotinamide were replaced by the two
DMSO ligands, forming Co-O bonds trans to each other in the new host which enclathrated ortho-
xylene as guest. Although this host is the same as H7, as reported in Chapter 5, we have named it H9+0x
because the starting material was not host H7. The Werner clathrate obtained after crystallisation was
Co(NCS),(isonic)2(dmso).e0x, (H9+0x), where H9 is the new host with mixed ligands, two

isonicotinamides and two dimethylsulfoxides.

6.2.1 Thermogravimetric analysis

The TG trace of H9+0x is presented in Figure 6.2, showing three distinct decomposition steps which

confirmed the crystal structure stoichiometry. Step 1 indicates the loss of the guest, ox, with a loss of
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26.4 %, followed by Step 2 representing the decomposition of the host by a loss of one DMSO ligand
with a mass loss of 17.3 %. Step 3 corresponds to the decomposition of one isonic ligand with a mass
loss of 27 %. The observed and calculated TG results are summarised in Table 6.2. As isonicotinamide
is a sticky ligand, the full mass loss is slightly lower than the calculated values and a TGA to a higher
temperature may have allowed all the ligands to be fully released.

Weight loss (%)

120 4

100 A

80 -

60

40 +

20 A

H9-0x

114.35°C

——TG = = -Derivative

1 x dmso
=17.30%

1 x isonic
=27%
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Figure 6.2 TGA curve of H9+ox plotted as mass loss percentage (red curve) and the derivative weight (green

curve) vs temperature (°C), purge gas.: Na (40mol/min) heating rate: 20°C/min.

Table 6.2 Thermal analysis results for H9«ox.

H9e0x |
compound T
pou Experimental data | Calculated data | Co 05(NCS)(isonic)(dmso)+0x
Mass loss % %

Step 1 26.37 26.97 Coo5(NCS)(isonic)(dmso)

Step 2 17.30 19.80 Coo5(NCS)(isonic)

Step 3 27.00 31.00 Coo5(NCS)
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6.2.2 Single crystal analysis of H9e0x

A pink H9+0x crystal with a dimension of 0.15 x 0.19 x 0.19 mm? was selected for single crystal X-ray
diffraction analysis using a Bruker APEX Il DUO diffractometer. The structure was solved in a triclinic

space group P1 (No.2) and refined to R;= 0.0688 and wR,= 0.0486. The asymmetric unit contains one
half host and one guest with the molecular formula of Ci7H22N30,S,Coos (Fig. 6.3a) with a %: 1

host:guest ratio. As explained previously, two of the ligands of H6 (H9 was obtained by the
crystallisation of H6 and ox) particularly nicotinamide ligands were replaced by the solvent DMSO
during crystallisation. The presence of the new ligands did not affect the distance of Co-N (average
distance is 2.138 A, H6 Chapter 4). However, the angle N-Co-N was altered from 178.5° (H6 Chapter
4) to 90°. The average distance and angle of the DMSO ligands were determined to be 2.122 A and 90°
for Co-O and O-Co-O respectively. The structure of H9 host comprises one Co (lI) cation, two
thiocyanate anions and four coordinating ligands two isonicotinamides (isonic) and two dimethyl

sulfoxides (DMSO) forming an octahedral complex. The crystal data are listed in Table 6.3.

T H2 HaC

\ca

H208

Figure 6.3 a) Numbering scheme of the asymmetric unit of H9+0x, b) schematic representation of the full host
and guest.
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Table 6.3 Crystal data of H9<0x.

\ H9e0x
Chemical formula C00.5(NCS)(CsHsN20)(C2Hs0S)(CsH10)
H:G ratio %:1
Formula Weight 393.96
Temperature/K 173(2)
Crystal system Triclinic
Space Group (no.) P1 (No2)
a/A 8.0066(10)
b/A 10.5155(14)
c/A 12.1839(16)
al° 81.505(3)
[ 73.186(3)
y/° 88.227(3)
VIA3 971.1(2)
Z 1
Dcalc/g.CrTT3 1.347
Radiation type MoKa
F(000) 413
Crystal size/mm? 0.15x0.19x0.19
Colour, crystal form Pink block
No. of total reflections 23218
No. of unique reflections 4857
© min-max’ 1.96/28.35
R [F2>26(F?)] 0.0486
wR2(F?) 0.1105
S 1.083
No. of parameters/ data 235/485
Res.peak(max/min)/eA- 0.616/-0.472

The crystal structure presented two main interactions identified as C-H...t interactions and
intermolecular hydrogen bonds. The structure displays a lot of C-H...tt interactions (edge-to-face)
between H9 and ox between the aromatic pyridine rings of the isonicotinamide and the xylene (Figure
6.4 a). The intermolecular hydrogen bonds were observed in the extended 2D structure of H9 between
two isonicotinamides (N-H---O) showing an amide dimer, and between one isonicotinamide and
dimethyl sulfoxide (N-H---O). The intermolecular hydrogen bond N-H-.-O is described by the R3(8)
graph set as an amide N8-H1--02 (carbonyl) as illustrated in Figure 6.4b. The DMSO interaction is
described by the D1(3) graph set and the hydrogen bonds is N8-H2...O1 (sulfoxide) (Figure 6.4b). The
hydrogen bonds are listed in Table 6.4.

Table 6.4 Hydrogen-bond geometry (A, °) for H9+ox.

d(D-H) (A) d(H..A) (A) <DHA (°) | d(D..A) (A) Symmetry operator
H9e0x
N8-H1++-02 0.859 2.055 171.76 2.907 [x-1, -y, -2+2]
N8-H2¢-O1 0.911 2.278 166.02 3.170 [-X, -y, -z+1]
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Chapter VI: Separation of isomers by enclathration

Figure 6.4 Intermolecular interactions, a) C-Heeen interactions between ox (pink) and H9, b) extended 2D
structure of host molecules showing hydrogen bond interactions and graph sets.

The packing diagrams of the crystal in Figure 6.5a show how the xylene molecules (spacefill model)
are aligned in beween the host vertically and horizontally, looking down the a-axis. In Figure 6.5b, both
the amide dimers and the C-H-..xt interactions can be seen. Furthermore, the void of the xylene forms
channels when the packing is viewed along the a-axis with a volume of 373.14 A®and percentage void
of 38.4 % (Figure 6.5c).
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Figure 6.5 Packing diagrams, a) view along the a-axis with ox presented in spacefill model, violet b) view along
the b-axis showing the C-He<*7 interactions between the host and guest and amide dimers in blue; ¢) channels
along the a-axis showing the voids in location of ox guests.

The selectivity preference of H6 between xylene isomers was toward the ortho-xylene in a mixture of
ox/mx. After crystallisation from both mixtures, ortho-xylene was chosen above the other two isomers
para- or meta-xylene. This outcome was confirmed by single X-ray crystal diffraction SXCRD. The
mixture ox/px, mx/px and ox/mx/px were not successful in terms of differentiating one of the isomers,

in fact during crystallisation no enclathration was observed.

6.3 Hirshfeld Surface and Fingerprint analysis

Intermolecular interactions between the ortho-xylene (0x) guest and the host framework were analysed
using the program Crystal Explorer (Turner et al., 2017) which calculates the Hirshfeld surface of a
target molecule in a crystal structure and depicts all its interactions with the neighbouring molecules.
The property mapped onto the surface is the distance from the surface to the nearest external nucleus
and is called de. The nature of intermolecular contacts in the crystal are described by this property. di
is defined as the distance from the surface to the nearest nucleus inside the surface as shown in Fig.
6.6b and, when used in conjunction with d., the normalised contact value dnorm represents the sum of di
and de.

Fig. 6.6a shows the ox guest surrounded by its Hirshfeld surface when enclosed by host molecules and
the generated fingerprint plot, the 2D representation of the 3D surface. The red areas on the surface
indicate close contacts which are shorter than the van der Waals contact, and it represents the C-H*-O
contacts between the ox and the host sulfoxide ligand. The distance of this contact shown by lobe (1)

on the fingerprint plot Fig. 6.6¢ is 2.35 A and comprises ca. 5% of the interactions. The outer lobes,
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labelled (2), represent C-H-*'m contacts between the ox hydrogens to the aromatic system of the host,
and the reverse interaction between the hydrogens of the ligands and the aromatic region of the ox, and
this accounts for 22% of the interactions. On the Hirshfeld surface in Fig 6.6a, these interactions are
shown by the white colouration on the left surface of the ox molecule indicating that the distance is the
same as the sum of the van der Waals radii. Interestingly, the observed hydrogen bonding (ox) C-H---S
(host thiocyanate) with (di+d.) of 4.1 A has previously been identified by Dakovié et al. in Ni(II)
complexes (Pakovié et al., 2011).

a) /L b) ;f} c) N d.
1.8

¢ Ge

1.4

1.0

0.6 l_d:_

o 2101941618 HI
[ \6.‘ < ng 0608101 2141.61.82.0227z=

Figure 6.6 Hirshfeld surfaces of H9+ox showing (a) the dnorm Surface and (b) the di surface of the guest towards
the host. The fingerprint plot (c) indicates close C-H*-O contacts between ox and the host sulfoxide ligand (1),
and between hydrogens and the aromatic system (2), both internally and externally

As no clathrate was formed with the other xylene isomers no comparative Hirshfeld surfaces could be
discussed. This Hirshfeld surface study, however, illustrates the contacts achieved between ortho-

xylene and the host, HO.
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Chapter VII: Conclusion

Two families, zinc (I1) chloride and cobalt (11) thiocyanato, Werner complexes with nicotinamide and
isonicotinamide have been successfully designed and used as a starting material or host for the synthesis
and characterisation of new compounds to understand their properties, architecture of the structure and
the mechanism of selectivity of Werner complexes toward a given isomer. The latter process was one
of the main goals of this research and one of the difficult procedures in the chemical industry. During
this study new assignments were added to the research focus with the formation of new families of
mixed ligand complexes via the crystallisation process. The crystal complexes made were characterised
using analytical techniques such as powder X-ray diffraction (PXRD), differential scanning calorimetry
(DSC), thermogravimetry (TGA) and infrared spectroscopy (IR). The structure elucidation and
refinement were done using single crystal X-ray diffractometry. The two families were subject to the

same crystallisation process with solvent used as guest.

The crystallisation of the cobalt and zinc host complexes with guest presented eight and three new
complexes respectively. Although the two host complexes are different in geometry (tetrahedral and
octahedral) and composition [Zn(Cl), and Co(NSC).] no similarity was observed; they reacted totally
differently. In comparison to the cobalt host and their crystal complexes, the zinc complex study
presented few crystal complexes, long slow evaporation (two to three weeks) for the formation of a
crystal with very tiny colourless crystals in needle shape. However, the experimental results of the
cobalt complexes were successful. All the TG, PXRD and DSC graphical analyses were clear and close
to the expected results compared to the cobalt structures. In the three crystalline products, careful
elucidation of the interactivity between the functional groups in the form of hydrogen bonding and 7«1t

interactions was taken.

Werner crystal complex | Mixed ligand complex |

H3c

w
-

H4+propOH

-~

Zinc complex

Werner clathrate

Mixed ligand complex
Werner clathrate

Werner clathrate

Host

Figure 7.1 Schematic comparison of cobalt and zinc crystal structures
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On the other hand, cobalt host complexes achieved better expectations from the primary objectives of
this work than zinc host complexes, i.e. the enclathration of a guest to form a Werner clathrate, analysis
and characterisation of new complexes and selectivity toward a xylene isomer were all achieved and
presented in Chapter 4 and 6. Furthermore, the formation of mixed ligand complexes by crystallisation
and by substitution of two nicotinamide ligands were well presented in Chapter 5.

The crystallisation of the six hosts with different guests gave rise to four types of complexes, all
summarised in Table 7.1, Werner crystal complex (wcc), Werner clathrate complex (wc), mixed ligand

complex (mlc) and mixed ligand Werner clathrate (mlwc).

In the Werner crystal complex (wcc), the crystal structure was obtained after the host-guest
crystallisation process. This was identical to their host starting material of general formula and structure
(MX:L,) from which it was made. These are H2; and H3.. This type of crystal was only observed in
zinc complexes with H2 and H3 host. The packing was sustained by N-H-.-Cl and N-H---O interactions.
Chloride forms the acceptor in a number of hydrogen bonding interactions. The importance of halide
interactions is demonstrated in these molecular structures and the importance of the formation of

frameworks to stabilise the structure is an important quality of the crystal structures.

Table 7.1 Crystal complex characteristics summary

Num | Complex .~ Host | Guest Complex ratio Space group Family
Zinc
1 Hlenic H1 nic 1:1 Pccn wc
2 H2c H2 - 1 Pcen wce
3 H3c H3 - P2(1)/C wce
Cobalt

4 H4+propOH H4 propOH 1:1 P1 wc
5 H4eniceH20 H4 water - nic 1:1:1 P1 we
6 H8 H4 - 1 P1 mic
7 | H5¢2-isonic H5 isonic 1:2 P1 we
8 | H5¢2-isonicspropOH H5 propOH - isonic 1:2:1 P1 we
9 H6.H20 H6 water 1 P21/n wc
10 H7 H6 - 2 P1 mlc
11 H9e0x H6 0X 1:1 P-1 mlwc

wc = Werner clathrate; wece = Werner crystal complex; mic = mixed ligand complex; mlwc = mixed ligand Werner clathrate

In the Werner clathrate (wc) crystal structures, the guest is enclathrated in their metal host cavities to
form the following inclusion compounds H1¢nic, H4¢propOH (1), H4enic*H,O (2), H5<2isonic (3),
H5<2isonicepropOH (4) and H6°H,O (5). In overall, six inclusion compounds were obtained with either
a new guest or a self-inclusion of the ligand nicotinamide / isonicotinamide as guest were observed, one
crystal structure with zinc complex (H1) and five with cobalt complexes (H4, H5 and H6). The zinc

family did not enclathrate a new guest but preferred to self-include the ligand nicotinamide with Host
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1. The two structures guest and host were sustained by face-to-face n---m interactions and the void
analysis once the nicotinamide guest was removed from the structure resulted in large channels with a
volume of 1098.40 A3, All cobalt crystal complexes were stabilised by O-H---N, N-H---O and O-H--.S,
linking either between guest-guest, host-host or host-guest. The behaviour of H4 and H5 toward the
presence of the guest was analysed by giving the torsion flexibility and behaviour conformation of the
host. This was achieved by overlaying the two same hosts from the complexes, each with a different
guest. Thus, the presence of the intramolecular interactions in one of the H4 crystal structure affected
the conformation by twisting two thiocyanato molecules which shows their flexibility. H5 crystal
structures kept their propeller conformation to a perfect overlay of the host of the two structures. The
packing arrangement in the two H5 crystal structures are almost identical, although not isostructural. In
both, H5 presented a small and a large channel for the position of two guests. The same observation
occurred in H4, where the same column arrangement was presented in H4+propOH (1) and H4enic*H,O
(2) complexes with voids between the columns. The presence of a mixed ligand nicotinamide and
isonicotinamide in H6 demonstrated high ring formation of hydrogen interactions. In both complexes
where water was included H4enic*H,0 (2) and H6*H,O (5), water acts as a bridge between the guest
and the host in (2) and in (5) linking three hosts or a mixture of host and guest in the same interactions
O-H-.:N, O-H---O and O-H---S. The importance of chalcogen bonding was highlighted in a number of
the H5 complexes illustrating the strength of a sulfur bond in the stabilisation of these complexes. The
bond lengths of these interactions were compared with a selection of similar bonds published in the
CSD.

Mixed ligand complex (mic) crystal structures were presented in Chapter 5, whereby two ligands were
substituted from the mother host and replaced by two guests to form a new structure with a chemical
formula of MX,A;B- are named H7 and H8. As the overall packing structure of these complexes was
too dense to allow enclathration to occur, the guest was substituted in a replacement of two nicotinamide
ligands in H4 and H6 host complexes. In H8, two methanols replaced the nicotinamides and H7 had
two DMSO molecules also replacing the nicotinamides. The crystal H7 displayed strong intermolecular
interactions of N-Hee«S forming a dimer of R3(8) and N-Hes+O forming C3%(22) described as a chain.
H7 also presented weak interactions of C-He++O linking the two ASU’s of H7. The crystal H8 displayed
strong interactions O-Hee*O, N-He+sS and N-He++O. The packing is stabilised by meesn interactions
between the six membered rings of the nicotinamides. The formation of mixed ligand complexes
required an understanding of the strength of interaction between the ligand and the metal ion. The
investigation of pKa and dipole moment values for these components enabled clarification on this

process.

A mixed ligand Werner clathrate (mlwc) crystal with both characteristics of a mixed ligand and Werner
clathrate included in the same structure was H9+0x. In this study, only H6 produced selectivity activity

compared to all the other hosts, either zinc or cobalt centred. This host’s selectivity showed a preference
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towards ortho-xylene from a 50:50 mixture of om-xylene. The single crystal structures and detailed

thermal behaviour as well as a discussion on the Hirshfeld surfaces for this confirmation were discussed.

This thesis has provided detail in the comparison of zinc and cobalt complexes and has given an
understanding of the mixed ligand complexes and their properties. The halide and chalcogen
interactions have verified the strength and stabilising effect these have on the complexes with chloride
or thiocyanate as ligands.

As a recommendation, further comparative studies between different transition metals and a range of
ligands will provide knowledge on the geometry and architecture of these metal complexes, specifically
Werner complexes. Whilst this thesis dealt only with ligands containing amide functional groups which
resulted in a combination of hydrogen bonding, other pyridine derivative ligands which rely on mesen

interactions would be an interesting exercise to continue with this research.
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ZINC COMPLEXES TG AND DSC GRAPHS

CHAPTER 3
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Figure 2.2 TGA and DTG curves for the mass loss and derivative vs temperature of H1 host.
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COBALT COMPLEXES TG AND DSC GRAPHS
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Figure 2.2 TGA curves of H4 plotted as mass-loss (%) and derivative weight vs temperature (°C), purge gas: N

(40 mol/min) heating rate: 20°C/min
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Figure 4.8 TGA curves of H4e NiceH-0 plotted as mass-loss (%) and derivative weight vs temperature (°C),

purge gas: N2 (40 mol/min) heating rate: 20°C/min
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Figure 4.8 TGA curves of H4+1-propOH plotted as mass-loss (%) and derivative weight vs temperature (°C),
purge gas: N2 (40 mol/min) heating rate: 20 °C/min
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Figure 2.2 TG and derivative curves of H5.
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Figure 4.16 TG and derivative curves of H5+1-propOH
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Figure 4.16 DSC curve of H5+1-propOH
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Figure 2.2 TG and derivative curves of H6
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Figure 4.22 TG and derivative curves of H6*W
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Figure 5.4 Thermal analysis curves of complexes H8 as mass loss percentage and the derivative weight curves,

purge gas: N2 (40mol/min) heating rate: 20°C/min
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Figure 5.4 Thermal analysis curves of complexes H8 heat flow vs temperature (°C), purge gas: N» (40mol/min)

heating rate: 20°C/min.
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Figure 6.2 TGA curve of H10%0x plotted as mass loss percentage and the derivative weight vs temperature (°C),

purge gas: N2 (40mol/min) heating rate: 20°C/min.
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