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ABSTRACT

The crystal structures of several organometallic host complexes and their
inclusion compounds with small, polar, organic guests have been elucidated.
These compounds form a diverse range of structure types, from hydrogen
bonded networks of Werner-type inciusion compounds to one- and two-
dimensional coordination polymers. Depending on the packing arrangement
of the host molecules in the clathrate, the guest molecules (G) may become
trapped in cages, stacked in one-dimensional channels or sandwiched
between layers of host molecules. Examples of all three clathrate types can
be found in the different inclusion compounds presented here.
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The crystal structures of twelve Werner clathrates and four coordination
polymers were solved using single crystal x-ray diffraction techniques. In
addition, all compounds were characterised by thermal analysis techniques,
including differential scanning calorimetry, thermogravimetry and hot-stage

microscopy.



ABBREVIATIONS AND SYMBOLS

Compounds

NiHost1 Ni(NCS)2(4-NHz-pyridine),

NiEtAc Ni(NCS)2(4-NHz-pyridine)4. EtOH.Acetone
NiDMSO Ni(NCS)2(4-NHz-pyridine)4.2DMSO
NiHost2 Ni(NCS)2(3-CN-pyridine)s

NidiEt Ni(NCS)2(3-CN-pyridine)s.2EtOH
NidiDCM Ni(NCS8)2(3-CN-pyridine)4.2CHCl;
Nitriag Ni(NCS)z(isonicotinamide)s(H20).3H,0
Nipcres Ni(NCS).(isonicotinamide)s.2p-cresol. 4EtOH
Nimcres Ni(NCS)z(isonicotinamide)s.4m-cresol
NiEt Ni(NCS)2(3-NHz-pyridine)s. EtOH

NiMe Ni(NCS)2(3-NHz-pyridine);.MeOH

Niag Ni(NCS)2(3-NHz-pyridine)2(H20).H,0
ZnBropyz, ZnBry(pyrazine);

ZnBropyz ZnBry(pyrazine),

ZnpyzSulf Zn(H20)4(pyrazine).S04.2H0

Cudiaq Cu(H;O)(isonicotinamide),(S04).2H20
pyz pyrazine

Techniques

DSC Differential Scanning Calorimetry

GC Gas chromatography

HSM Hot stage Microscopy

TG or TGA Thermogravimetry or Thermogravimetric Analysis
XRD X-Ray Powder Diffraction
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INTRODUCTION

1.1 What is a Werner Clathrate?

The term clathrate, introduced by H.M.Powell in 1948’ is derived from the
Latin word clathratus, meaning enclosed or protected by the cross-bars of a
trellis or grating. At the time it was used to describe the imprisonment of one
type of molecule (the guest) by another (the host). The history surrounding the
introduction of this term is described in a recent review by J.E.D.Davies?.

Wemer clathrates are formed by host molecules of general formula MXzA4,
where M is a divalent metal ion (typically Ni**, Co?*, Fe?*, Cu®* or Mn?*), X is
an anionic ligand (NCS’, NO3, Br, CI', I, and others) and A is a neutral
pyridine derivative or arylalkylamine (Fig. 1.1). The host complexes pack to
generate a structure containing voids or cavities that are occupied by small

organic guest molecules.

'Fig 1.1: Substituted pyridine ligand, left, and a-arylalkylamine, right (R = H,
phenyl or alkyl group).

The most widely used host complex to date is Ni(NCS)2(4-methylpyridine)s,
although complexes incorporating ethyl-**®, vinyl-**®, pheny®- and butyl®-
substituted pyridine ligands have also been reported. de Radzitzky ef. al.
synthesised a series of 28 Wemer clathrates with racemic a-substituted
benzylamine ligands’, while Nassimbeni et. al. have investigated complexes
formed by the chiral ligands (R)- and (S)-1-phenyl-1-ethylamine®.



1.2 Applications of Werner Clathrates
1.2.1 Separations

An interesting feature of Werner complexes is their ability to selectively
enclathrate a variety of aromatic compounds and, more importantly, the
selectivity they display towards certain isomers. This property was first
exploited by Schaeffer ef. al. in 1957, in the separation of xylenes, cymenes,
methylnaphthalenes and other isomers from mixtures®.

de Radzitzky ef al. investigated the selectivity of a series of Werner
complexes, of general formula Ni(NCS),(a-substituted benzylamine),, for
xylene isomers’, while Davies et. al. investigated the effects of using different
metal centres and pyridine ligands on the separation of isomeric disubstituted
benzenes'®. The host complex Ni(NCS).(4-methylpyridine)s has even been
shown to distinguish between isotopically substituted pairs of p-xylenes,

preferring the more deuterated form in each case'"'2.

1.2.2 The Use of Werner Clathrates in Column Chromatography

The ability of Werner complexes to separate isomers has led to numerous
studies in which clathrate formation is utilised in the resolution of isomeric
mixtures on a chromatographic column (Fig. 1.2). Some of the compounds
separated in this way include isomeric mixtures of nitroaliphatics'?,
mononitroethylbenzenes',  dinitrobenzenes and  nitronaphthalenes®,
nitrobenzoic, nitrocinnamic and naphthoic acids'® as well as
bromonitrobenzenes'’.

The success of these complexes in column chromatography lies in the ability
of certain clathrate phases to exchange their guest component without
disrupting the host structure. This process of guest exchange in Werner
clathrates, first alluded to by Belitskus et. al. in 1963', allows for the



preparation of clathrates of desired chemical composition, and will be
discussed further in the next section.
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Elution Volume (cm’)
Fig 1.2: The |elution curve for dinitrobenzenes wusing a

Ni(NCS)2(4-methylpyridi'ne)4 sorbent at a molar volume of 505cm>. 1 = 0-DNB,
2 = m-DNB, 3 = p-DNB'".

1.3 Structure Types

An important discovery was made in 1962, when Hart and Smith carried out
structural studies of various clathrates formed by the host complex
Ni(NCS)2(4-methylpyridine)s'®. XRD, phase and density studies of the initial
(empty) host structure and the resulting clathrates revealed a definite change
in the structure of the host upon clathration. The two structural forms were
designated a and p respectively, according to the equation:

non-porous a-phase + G (guest) » p-clathrate (complex.nG)




1.3.1 important Werner Clathrate Phases
1.3.1.1 p-phase

A significant number of the clathrates containing 4-substituted pyridine ligands
are found to crystallise in the tetragonal space group l44/a, with a host:.guest
ratio close to 1:1%*%, This structure type, designated the p-phase, is
characterised by a zigzag system of channels in which the guest molecules,
usually pyridine or benzene derivatives, are accommodated (Fig. 1.3).
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Fig 1.3: The p-phase viewed down [001], left, and [100], right (hydrogen and
guest atoms omitted for clarity). Centres of symmetry are represented by * in
the [100] projection.

There are two distinct sorption sites in the p-phase: small centrosymmetric
cavities and larger cavities with four-fold symmetry. In most of the crystal
structures studied to date, the guest molecules occupy the centrosymmetric
cavities. While centrosymmetric guest molecules are located on the centres of
symmetry, a lack of symmetry in the guest is compensated for by disordering
of the guest molecule over two positions*®?*,

Allison and Barrer?® found that the behaviour of the p-phase was analogous to
that of inorganic zeolites, in that they could withstand the reversible sorption



and desorption of guest molecules from the channels without disruption of the
host structure. These clathrates were therefore called organic zeolites, with
the host lattice able to expand and contract according to the amount of guest
present in the crystal®®. The minimum volume of the organic zeolite is attained
by complete desorption of the guest component, to yield the empty host
structure. This empty p-clathrate, which is metastable, is called the po-phase.
The molar volumes for the a, B, and several B-clathrate forms are given in
Table 1.1 below” .

Table 1.1: Molar volumes of a-, Bo- and B-Ni(NCS),(4-methyipyridine)s

Guest component
o Bo benzene  p-xylene m-xylene
Molar volume
(cm®) 431.0 4716 499.9 512.7 535.7

Schaeffer of. al. were the first to recognise that the B-phase, when exposed to
an isomeric mixture of guest molecules, displays a marked preference for the
para isomer, although at the time the structural basis for this apparent
selectivity was not known®. para-Selectivity was also noted in the various
experiments utilising NiI(NCS).(4-methylpyridine)s as a sorbent in column
chromatography. Disubstituted benzenes were almost always eluted in the
order ortho—>meta—para, indicating that the para isomer interacts most
strongly with the host lattice. This selectivity is due to steric repulsion between
the branches of the o- and m-substituted guests and the cages of the host
structure. These cages are much better suited to the shape of the p-isomer,
which more approximates a linear shape than do the other two isomers®.

1.3.1.2 y-phase

Another commonly occurring structure type is the y-phase??*®. The host
molecules are arranged into layers, with the guest molecules being



accommodated in the interlayer spaces. A host.guest ratio of 1.2 is often

observed in the y-phase clathrates. Unlike the B-phase, these clathrates tend
to display ortho-selectivity?.

Y

1.3.2 Packing Modes

From the many Wemer-type inclusion compounds studied, four general
structure types emerge?’.

1. The true clathrate

In the true clathrate the host molecules pack to generate a structure with well-
separated cages (Fig. 1.4). The guest molecules are trapped in the cavities
and are therefore unable to migrate through the crystal, resulting in a high
kinetic stability for the clathrate. The guest molecules are released from the
crystal only on decomposition of the host structure. Studies indicate that a
host:guest ratio of 1:0.67 is common to this structure type? -,
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Fig 14: The cage structure” of
0.67(4-methylpyridine).0.33H20

Cd(NCS)2(4-methylpyridine),.



. The channel structure

The packing of the host molecules in the channel structure is such that the
cavities become interconnected in one dimension, resulting in the formation of
channels through which the guest molecules can easily diffuse (Fig. 1.5)%%.

Fig 1.5: Channel structure of Zn(NO:)x(pyridine)s.2pyridine®, left, and
Ni(NCS),(4-phenylpyridine)s.p-xylene.2DMSO%, right (hydrogen atoms and

guest molecules omitted for clarity).
. The organic zeolite structure

The formation of zeolite-type structures resuits from the interconnection of
cavities to generate a three-dimensional network of cages*®?>?, Depending
on the diameter of the pores, the guest molecules may or may not be able to
diffuse through the host structure. The organic zeolites, to which the g-phase
clathrates belong, display a remarkable ability to contract and expand
according to the quantity of guest absorbed. While in most cases complete
guest desorption leads to the collapse of the host structure and regeneration
of the non-porous a-phase, in some cases the host may retain its structure,

generating the empty, porous Bo-phase®.



IV.  The layer clathrate

In the layer clathrates, the guest molecules occupy the spaces between layers
of host molecules®*>®. In most cases, the isothiocyanate groups project into
the spaces between the layers, thus partitioning the interlayer spaces into
inclusion cavities (Fig. 1.6)*'. As indicated above for the y-clathrates, the
typical host:guest ratio is 1:2. In contrast to the true clathrates, the layer
clathrates are kinetically unstable, with the guest molecules being released on

exposure to air.

Fig 1.6: Layer structure of Ni(NCS)2(4-methylpyridine)s.2(1-
methylnaphthalene)®.

1.4 Kinetic Studies

1.4.1 Guest Sorption

The literature contains numerous kinetic studies of both guest sorption and
desorption processes. Structural studies of the o and B forms reveal that the
a-host structure, which crystallises in the space group P24/c, cannot directly
absorb guest molecules®. Therefore, in the course of the guest absorption



process, either lattice reconstruction in the solid phase, or host dissolution
followed by clathrate crystallisation, must occur.

An investigation into the thermokinetic course of clathration of various
aromatic guests by Ni(NCS).(4-methylpyridine)s, revealed the a—p
transformation to be a two step process?® (Fig. 1.7):

I Fast lattice reconstruction occurs, with simultaneous absorption of
guest molecules (XRD studies show this step to be complete after 3
minutes for the uptake of p-xylene).

i The guest is absorbed until the cavities reach full occupancy. Requiring
diffusion of the guest molecules through the clathrate, this step is found
to be rate-determining for the aromatic guests studied (Complete
reaction times for the clathration process are given in Table 1.2 below).

NAATEAYE Y0 TP AVAYA
AR AR A A
ANANT AN — 8%
AAN " N 0 O

Fig 1.7: Two-step a—p transformation for Ni(NCS)z(4-methylpyridine),

Table 1.2: Reaction times for absorption of aromatic guests by
Ni(NCS),(4-methylpyridine)4?®

Guest component
Benzene Toluene p-xylene m-xylene
Reaction
Time (min.) 2 7 27 50

The thermokinetic plots for the clathration of xylene isomers by Ni(NCS)x(4-
methylpyridine)4 clearly show the two separate stages in the sorption process
(Fig. 1.8)
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Fig 1.8: Thermokinetic course of clathration for p-xylene, left, and a mixture of
p- and o-xylene, right®’.

In a similar study the sorption of xylene isomers by the host
Ni(NCS).(4-vinylpyridine)s was investigated®*. While the uptake of p-xylene
followed the same two-step process outlined above, sorption of the o- and m-
isomers occurred in a single step. No intermediate product displaying partial
occupation of the host cavities was formed, indicating that the o-host
undergoes slow recrystallisation to form the host:guest complex.

1.4.2 Guest Desorption
In the reverse process, guest desorption, three stages can be distinguished:

I Release of guest from cavity. The guest molecule is reorientated in the
cavity in preparation for diffusion (Rate constant, k, is independent of
crystal radius, R)

. Diffusion of guest to crystal surface (k ~ R )

.  Desorption of guest from crystal surface (k~ R ™)

In the desorption of p-xylene from B-Ni(NCS),(4-methylpyridine)s.p-xylene, the

rate determining step was found to be (1), due to the energy barrier that must
be overcome in reorientating the p-xylene molecule in the cavity (Fig. 1.9). |

10
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Fig 1.9: Rate constant, k, vs. reciprocal linear size of crystals for the
desorption of p-xylene from B-Ni(NCS)(4-methylpyridine)s.p-xylene at room

temperature®®,

Isothermal decomposition kinetics of the desorption of benzene from f-
Ni(NCS).(4-methylpyridine)s.CeHg, however, revealed the rate determining
step to be the diffusion of the benzene molecules through the clathrate®.

1.5 Interpretation of Enthalpy Data

There is a general rule in the field of zeolite chemistry that if the sorption
process is non-specific (i.e. there are no host---guest interactions), then a plot
of the enthalpy of sorption (AHs.p) Of various guest components vs. their
respective enthalpies of vapourisation (AHevsp), defines a straight line with a
slope of 2. Analogous studies have revealed the same linear correlation
between AHsop and AHeyp, for the clathration of many aromatic®® and non-
aromatic®® guest species by Ni(NCS)z(4-methylpyridine),.

In certain cases, however, there is a significant negative deviation from this
line. This is due to unfavourable steric (poor fit between cavity and guest) or
chemical (hydrophilic guest in hydrophobic cavity) interactions between the
host and guest components. This is shown in Fig. 1.10, where steric
interactions exist between the B-Ni(NCS).(4-methylpyridine)s host and the
branches of the o- or m-xylene guests.

11
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Fig 1.10: Linear correlation between AHgop and AHewp for benzene (1),
toluene (2) and p-xylene (3). m- (4) and o-xylene (5) deviate significantly from
this line?®. Vertical lines represent the ranges of partial molar enthalpies of
clathration for the respective isomers.

A thermogravimetric and calorimetric study of the mixed guest clathrates
formed by Ni(NCS)(4-methylpyridine)s with methanol/4-methylpyridine and
acetone/4-methylpyridine yielded values of the partial molar enthalpies of
enclathration of the individual guests®®. The enthalpy data, as well as the
stoichiometries of the clathrates, indicate that two different mechanisms of
clathration are at work in the two systems. In the methanol/4-methylpyridine
clathrate, the two types of guest molecules compete for the same sorption
sites, with one 4-methylpyridine guest equivalent to two methanol guests,
while in the aoetone/é—methylpyridine clathrate there is competition for two
different sorption sites.

1.5.1 The induced-Fit Mechanism
Studies show that the partial molar enthalpy of enclathration of a particular
isomer, Huan, depends on the quantity of that isomer present in the clathrate,

y. For temary mixtures of o, m and p-xylene in
B-Ni(NCS).(4-methylpyridine)s, an increase in the concentration of any isomer

12




in the clathrate results in an increase in the enthalpy of clathration for that
isomer, according to?:

(Hoa)o = 10.07 + 9.07y,
(Hetat)m = 13.38 + 5.64y,
(Hoist)p = 25.12 + 6.27y,

This effect is explained by the adaptation of the host structure to the incoming
guest species, such that the occupation of one sorption site by a guest
molecule makes it more favourable for another molecule of the same type to
bind to an adjacent site.

1.6 Intermolecular Interactions

While the B-host is able to expand and contract to accommodate guest
molecules of varying size and shape, in some cases the shape of the guest
molecule can influence the conformation of the host, and hence the type of
structure formed*'*2. This is exemplified by the ability of the host complex
Ni(NCS),(4-methylpyridine)s, to crystallise in different phases depending on
the composition of the mixture of xylene isomers present in the crystal. When
o-xylene is present at a mole fraction of greater than 0.65 in the clathrate, it is

the y-phase rather than the p-phase that crystallises®.

Studies investigating the host-guest interactions within Wemer clathrates
have been carried out®®*®. An excellent review by Lipkowski”’ emphasises the
importance of Werner clathrates as subjects for investigating the process of

hostAguest molecular recognition during clathrate formation, and postulates

the following stepwise mechanism:
L Contact stabilisation of the host structure. The guest selects a

particular host species from those present in solution (tetrahedral,
octahedral, cis or trans etc.) with which to co-crystallise.

i3



. The host-guest combination may select the most appropriate,
thermodynamically-favoured structure type for solvate formation (cage,
layer, channel or zeolite).

ill.  Once the clathrate has formed, the host complexes may adapt their
shape and form to best accommodate the guest molecules.

As a result, Werner clathrates become ideal compounds for studying the
effects of external non-bonded interactions on the molecular structure of the
host complex. Recently the host--host interactions as a function of guest size
and shape have been studied, and the change in the geometry of the host
complex on inclusion of various guest molecules was analysed®®*. In
addition, the influence of guest polarity on the process of clathrate formation
was studied*S.

1.7 New Directions in Werner Clathrates

With most of the work in the area of Werner clathrates having been done on
complexes containing 4-substituted pyridine or arylalkylamine ligands, the
trend recently has been towards exploring other ligand types. The use of
larger, bulkier ligands has been shown to generate large pores or cavities.
This is exemplified by the synthesis and characterisation of a new series of
Wemer clathrates of general formula MX2A3. %A, where X = NO3', A = trans-4-
styrylpridine and M = Co?*, Cd®* or Zn?* (Fig. 1.11a). The styrylpyridine guest
molecules are accommodated in large cavities, resulting in the formation of
kinetically stable clathrates*.

The clathrate Ni(pyridine),(dibenzoyimethanato); and its clathratogenic
properties with guests such as CCly, CHCIl3, THF, CgHg, CeHsCl and CsHsN
have been investigated (Fig. 1.11b). Initial results indicate that this is a most
versatile host complex, forming four different structure types with the above-
mentioned guests®’. The possibilities for guest absorption become even
greater if one considers placing substituents on the pyridine ligands.

14



(a) (b)
Fig 1.11: The structure of the host complexes in
(@) Cd(NOs)(trans-4-styrylpyridine)s. Ys(trans-4-styrylpyridine)*®, and (b)
Ni(pyridine),(dibenzoylmethanato),.2CCl".

While most Wemer clathrates incorporate transition metal centres, clathrates
with main group metals have also been synthesised. Two such examples are
the Mg-based clathrates, Mg(NCS).(4-methyipyridine),. % (4-methylpyridine).
¥ H20 and Mg(NCS)z(4-methylpyridine)s.4-methylpyridine.

1.8 Related Fields

The majority of Werner complexes synthesised to date have incorporated
hydrocarbon-substituted pyridine ligands, with the result that only weak van
der Waals interactions exist between the components of the crystal. If the
pyridine ligand were to carry a hydrogen bonding substituent, however,
numerous host--host and host---guest hydrogen bonding interactions would
become available. Some such substituents include amino (—NH;), hydroxy
(-OH), cyano (-CN), amide (-CONH,), oxime (-C(R)=NOH)*® and carboxylic
acid (-COOH). Introducing these hydrophilic substituents into the Werner
complex could be seen to have important consequences, including:

i The numerous hydrogen bonding opportunities that would arise in the

crystal may lead to the formation of new structure types with novel
physico-chemical properties.

15



. The presence of polar substituents would generate hydrophilic instead
of hydrophobic cavities, thereby making the sorption of hydrophilic
guest molecules more favourable. As a result, these complexes would
display entirely different selectivities from the classical Wermer
complexes. '

lll.  The substituent itself, if it contains an atom with a lone pair, may form a
chemical bond to the metal centre of an adjacent complex, resulting in
the formation of polymeric Werner clathrates.

1.8.1 Polymeric Werner Clathrates

Polymerisation of Werner complexes may occur in two ways. In the first case
the thiocyanate group can act as a bridging ligand, forming a link between two
metal centres, as observed in Ni(NCS)x(2-aminopyridine),.C4H100%,
[Ni(NCS)2(4-methylpyridine)s];®® and others®!. Altemnatively, an appropriately
substituted pyridine ligand can act as a bridging ligand, as in Ni(NCS),(3-
aminopyridine)(H20).H,0, where the amino group of one 3-aminopyridine
ligand coordinates to a neighbouring Ni atom™®®.

1.8.2 Coordination Polymers

Coordination polymers consist of a host framework, built of metal centres
linked by organic ligands, which contains pores or channels that may include
guest molecules. The metal centres are directly linked by bridging ligands, as
shown in Fig. 1.12a, below.

1.8.2.1 The Use of Bridging Ligands

Much of the initial work in this field utilised the rod-like, bridging ligands,
pyrazine (1)°%*° and 4,4’-bipyridine (2)**" (Fig 1.12b), as they readily form
stable 1-, 2- and 3-D host frameworks that are able to reversibly include guest
molecules. This series has recently been extended to include 2-(4-pyridyl)-
4,4,5,5-tetramethyl-1,3-dioxaboralone (3), which has been shown to form

16



porous structures with large cavities, that remain intact even after the guest
molecules have been removed®.
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3
() (b)

Fig 1.12: (a) 2-D square grid framework formed by linear, bridging ligands, (b)
Ligands 1 (pyrazine), 2 (4,4-bipyridine), and 3 (2-(4-pyridyl)-4,4,5,5-
tetramethyi-1,3-dioxaboralone).

1.8.3 Hydrogen Bonded Networks

Aakerdy et. al. were the first to explore the characteristics of flexible 3-D
organometallic host frameworks assembled by head-to-head hydrogen bonds
between ligand substituents (Fig. 1.13). They synthesised a series of porous
solids containing Ni** and Pt®* metal centres, linked by 4-pyridinealdoxime,
isonicotinamide or isonicotinic acid ligands, in which the included guest
molecules were either H20 or the ligand molecules themselves®.

As in Werner clathrates, the metal atom is coordinated to four equatorial
substituted-pyridine ligands. The counterions, however, are often displaced by
water, leaving a cationic host framework containing channels in which the
counterions are accommodated. The preparation of Wemer clathrates in
which hydrogen bonding substituents are present on the pyridine ligands
provides the link between the classical Werner clathrates and coordination
polymers. These hydrogen bonded Wemer clathrate compounds would be
closely related to the hydrogen bonded networks described by Aakerdy.
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Fig 1.13 The type of host framework generated by head-lo-head hydrogen
bonds between ligand substituents (A.D = hydrogen band acceptar and donor,

respectively)™
1.9 About this Study

One could imadine the various complexes described above as defining a type
of spectrum. At cone end are the classical Werner clathrates, of general
formula MX;4,. where A is a pyriding ligand with a hydrocarbon substituent.
The guest molecules are located in hydrophobic environments, and only weak
van der Waals interactions exist within the crystal structure. At the other end
of the spectrum are the 1-, 2- and 3-D coordination networks, in which the
metal centres are directly linked by linear, bridging ligands, such as pyrazine

and 4 4'-bipyridine.

In the 'grey area’ between these two extremes, we find the hydrogen-bonded
networks and the polymeric Werner clathrates. In polymeric Werner
clathrates, the substituent on the pyridine ring results in one or more ligands
in the coordination sphere of the metal atom acting as bndaing ligands. The
hiydrogen bonded networks are generated by ligands in which the substituent
on the pyridine ring is not bridging. but rather supports a network of hydrogen

bonding interactions. In both of these cases it is highly likely that any guest




component with hydrogen bonding capabilities would also contribute to the

hydrogen bonded network.

+++ -+
R

+++

& »
i !
i ;
v l + l
Classical Hydrogen Polymeric Coordination
Werner Bonded Werner Polymers
Clathrates Networks clathrates
Metal centres
Weak van Hydrogen Host and rod-like
der Waals bonding molecules bridging
interactions interactions linked inte 1-D ligands
between between polymers by generate 1- 2-
crystal crystal bridging or 3-D porous
components components pyridine networks
ligands

General Formula MX.A,

Relatively ittle work has been done in the area of hydrogen bonded networks,
and even less on polymeric Werner clathrates. The aim of this study is to
investigate the host-guest compounds formed by a variety of pyridine ligands
with hydrogen bonding substituents, and to compare the properties of the
compounds formed with those of the classical Werner clathrates and the

porous solid structures,
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CHAPTER 2

EXPERIMENTAL TECHNIQUES




EXPERIMENTAL

2.1 General Synthetic Procedure
All syntheses invoived the addition of a solution of the organic ligand to a solution
of the metal salt. in metailigand ratios of 1:2 and 1.4, All solvents and reagents

were used as received, without further punfication.

Table 2.1 Metal saits and organic lgands used in syntheses

Metal Salts Organic ligands
Ni(NCS); pyrazine (1)
ZnS0, 7H;0 isonicotinamide (2)
ZnBr; 3-cyanopytidine (3)
Cusy J-aminopyridine (4)

3-hydroxypyridine (5)
A-aminopyridine {8}
4-cyanopyridine {7)

sEoNeWe
N/ | -"/ # el = tH-
[k MNH:
1 2 3
® b
S L
CN
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2.2 Syntheses

2.2.1 NiHost1: Ni{NCS};(4-aminopyridine},

2 211 Singte crystals,

4ml of a 0. 1M methanolic sotution of d-aminopyridine (0.4mmol, 0.038g) was
added to 1ml of a 0.1M ethanoalic solution of NifNCS). (0. 1tmmat, 0.017g). The
solution was allowed to stand at room temperature and purple, needle-like
crystals of NifNC5):(4-aminopyridine)s formed within one week. The same result

was obtained when the ligand was dissolved in either ethanol or water,

2.2.1 2 Powder;

&0ml of a 0.1M methanaolic solution of 4-aminopyndine (8Bmmol, 0.753g) was
added to 20ml of a 0.1M ethanoilic solution of NI(NCS); (2mmal, 0.350g). The
solution was stired at room temperature untii most of the solvent had
evaporated, and the resulting purpte powder of Ni{NCS){4-aminopyridine), was

filtered and dried in air at room temperature.

2.2.2 NikEtAc: Ni(NCS5):(4-aminopyridine);.EtOH.Acetone

2.2.2.1 Single crystals:

4ml of a 0.1M solution of 4-aminopyridine in acetone (0.4mmal, 0.038g) was
added 1o 1ml of a 0.1M ethanalic solution of Mi{NCS); (0. 1mmol. 0.017g). The

solvent was allowed 1o evaporate slowly at room temperature and purple, block-

like crystats of NifNCS}.id-aminopyridine)s. EtOH.Acetone formed overnight,

b
Ll




2.2.3 NiDMSO: Ni{NCS).(4-aminopyridine)s.2DMSO

2.2.3.1 Single crystals:

4m| of a 0.1M methanolic solution of 4-aminopyridine {0 4mmol. 00.038g) was
added to 1Tml of a 0.1M =colution of NI{NCS): in dimethylsulphoxide {DMSO)
(0. 1mmol, D.017g). The sclution was allowed to stand at room temperature and
purple, needle-like crystals of Ni{NCE);(4-aminopyridine}s 2DMSO formed after

several weeks.

2.2.4 NiHost2: Ni{NCS);:(3-cyanopyridine),

2.2.4.1 Singie crystais:

4mt of a 0.1M aguecus solution of 3-cyanopyndine (0.4mmel, .042g) was added
to 1ml of a 0.1M ethanoclic solution of Ni{NCS)» (0. 1mmel, 3.017g}. The solution
was allowed to stand at room temperature and blue needle-like crystals of

NI{NCS)2{ 3-cvanopyriding)ly formed within one week.

2.2.4. 2 Powder

80mi of a 0.1M agueous solution of 3-cyanopyridine (8mmol, 0.833g) was added
to 20mi of a 8.1M ethanclic solution of NifNCS); (2mmaol, 0.350g}). The soluticn
was stirred at room temperature until most of the solvent had evaporated, and
the resulting blue powder of NIINCS).(3-cyanopynidine), was filtered and dried in

air at roQm temperature.
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2.2.5 NidiEt: Ni{NCS).(3-cyanopyridine},.2EtOH

2.2.5.1 Single crystals:

4mi of a 0. 1M ethanolic solution of 3-cyanopyriding (0.4mmol. 0.042g) was
added to 1ml of a ¢.1M ethanolic solution of Ni{NCS). (0.1mmoel, 3.017g). The
solvent was allowed to evaporate slowly at room temperature and purpie crystals
of Ni{NCS)z(3-cyanopyridine). . 2EtOH formed overnight.

2252 Powder:

g80ml of a 0. 1M ethanolic sclution of 3-cyanopyridine (8mmot. 0.8339) was added
to 20ml of a 0.1M ethanolic solution of Ni{lNC3): (2mmol, 0.350g). The solution
was stirred at room temperature until most of the solvent had evaporated, and
the resutting purple powder of Ni{NCS)z(3-cyanopyridine).. 2EtOH was stored

under mother liquor until use.

2.2.6 NidiDCM: Ni{NCS5);(3-cyanapyridine);. 2CH,CI2

2.2 6.1 5ingle crystals:

4mi of a 0.1M solution of 3-cyanopyridine in dichloromethane (0.4mmal, 0.042¢)
was added to 1mt of 2 0.1M ethanolic solution of Ni{NCS): (0. 1mmol, 0.0174g).
The =solvent was allowed to evaporate siowly at room temperature and purple
crystals of Ni{NCS)z(3-cyanopyridine).. 2CH.Cl: formed over several days.

2.28.2 Powder:

80ml of a G.1M solution of 3-cyanopyridine in dichtoromethane (8mmoi, 0.833g)

was added to 20m| of a 0.1M ethanolic solution of NifNCS). {(Zmmaol, G .350g).

The solution was stirred at room temperature untt precipitation of the purple
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powder of Ni{fNCS8):{3-cyanopyridine)s 2CH;Cl; had occurred. The powder was

stored under mother liquor urtil use.

2.2.7 Nitriag: Ni(NCS3){isonicotinamide}s{H,0).3H.0

2271 5ingle crystals:

4ml of a 0.1M aguecus solution of isonicotinamide (0.4mmol, 0.049g) was added
to 1ml of 2 0.1M ethanolic salution of Ni{NCS): (0. 1mmol, 0.017g). The solution
was allowed to stand at room femperature and blue aggregates of
NifNC3).{isonicotinamide)s;(H.0) 3H.0 formed within one week

2.2.7 2 Powder:

80ml of a 0. 1M agueocus solution of isonicotinamide (8mmot, 0.877g) was addead
to 20m! of a 0.1M ethanolic solution of NI{fNCS); {(2mmol, 0.350g). The solution
was stirred at room iemperature untit most of the solvent had evaporated. and
the resulting blue powder of NINCS):(isanicotinamide)s(H0h 2H0 was stored

under mother liguor until use.
2.2.8 Nipcres: Ni{NCS}{isonicotinamide},.4EtOH.2p-cresol
2.2.5.1 Bingle crystals:

0.088g (0.8mmol) isonicotinamide was dissolved it a minimum volume of p-
cresol, and the resulting solution was added to 2ml of 2 0.1M ethanolic solution
of NilNCS)Y: (0.2mmol. 0.035g}). The sclution was allowad to stand at 4°C, and
iregular purple crystals of Ni{NCS)s(isonicotinamide}s.Zp-cresol 4E1OH formed
after several months. When the same solution was allowed to stand at room

temperature green crystals, unsuitable for structure analysis, were formed. All
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further attempts to synthesise crystals of Nipcres yielded only the green crystals,

possibly due to a seeding problem.

2.2.9 Nimcres: Ni{NCS):{isonicotinamide),.4m-cresol

2.2.9.1 Single crystals:

0.0%8g (0.8mmol) isonicotinamide was dissolved in a minimum volume of m-
cresol, and the soiution added to 2ml of a 3.1 ethanclic solution of NifNCS);
{0.2mmaol, 0.035g). The solution was allowed to stand at 4°C, and purple crystals
of Ni(NC8);{isonicotinamide)s 4m-cresol formed after several months. As above,
leaving the same solution fo stand at room temperature resulted in the formation
of green crystals. All further attempts to synthesise pure Nimcres resulied in the

crystallisation of a muidure of purple and green crystals.

2210 NiEt: Ni{NCS);(3-aminopyridineg); EtOH

2.2.13.1 Single crystala:

2mi of a 0.1M agueous solufion of 3-aminopyridine (.2mmaol. 0.0159g) was added
to 1ml of a G.1M ethanolic solution of NHNCS): (0. 1mmol. 0.017g). The solvent
was allowed {c evaperate slowly at roem temperature and dark green crystals of

Ni{NCS)z(3-aminopyriding)s. EtOH formed within a week.

2.2.10.2 Powder:

40ml of a 0.1M agueous solution of 3-aminopyridine (dmmol. 0.377g) was added
to 20mi of a 0.1M ethanolic solution of Ni{NCS): (Zmmel. 0.350g). The solution
was stirred at room temperature untii most of the solvent had evaporated, and
the resulting green powder of NINCS):{3-aminopyridinel; E¥OH was stored

under mother liguor until use.




2.2.11 NiMe: Ni{NCS)(3-aminopyridine);.MeOH

2.2.11.1 Single crystals:

2ml of a 0.1M methanolic solution of 3-aminopyridine (0.2mmol, 0.01%g) was
added to 1ml of 2 0.1M methanolic solution of Mi{NCS)z (0.1mmol, 0.017g). The
solvent was allowed fo evaporate slowly at room temperature and dark green
crystals of Ni{NCS):{3-aminopyridine)s MeOH formed within a few days. XRD
was performed on crushed crystals of NiMe rather than the powder form, which

did not precipitate readily from solution.

2.2.12 Niaq: Ni{NC8):(3-aminopyridine):{H;0}.H,O

2 2.12 .1 Single crystals:

g80ml of a 0 1M agueous solubon of 3-aminopyndine (8mmol, 0.703g) was added
to 20ml of a 0.2M ethanolic solution of Ni{NCS): (4dmmol, 0.699g}. The resulting
miurky solution was fitered and allowed to stand at room temperature. Crystals
started forming immediately. Examining the crystals under a microscope
revealed two different types of crystals to be present in the system, pale blue
single crystals of Ni{NCS):z({3-aminopyridine)»{H:0).H:0, and turquoise clusters.
The turguoise clusters did not yield crystals suitable for diffractometry. but

thermal analysis indicated a formula of Ni{NCS)z(3-aminopyridine)s.

2.213 ZnBrypyz; and ZnBr:pyz: ZnBr:(pyrazine); and ZnBr.(pyrazine},

2 2131 Single crystals:

2ml of a 0.14M ethanolic solution of pyrazine (0.28mmol, 0.022g) was added to

4ml of a 0.018M ethanolic solutign of ZnBr: (0.072mmol, 0.016g). The solution

was allowed to stand at room temperature and pale yellow crystals of
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ZnBra{pyrazine), formed over several weeks. When the same procedure was
followed. but the solution allowed to stand at 4°C, plate-ike colourless crystals of

ZnBraipyrazine) formead avernight.

22132 Powder:

25ml of a 0.2M ethanclic solution of pyrazine (5mmol. 04009} was added to
6.2ml of a 0.2M ethanolic solution of ZnBrz {1 .24mmol. 0 2509) The solution was
stirred at room temperature until most of the solvent had evaporated. and the
resulting white powder was filtered. The powder was analysed and found to be

ZnBry{pyrazine}).

2.2.13.3 Solid State Synthesis of ZnBra{pyrazine), from ZnBr.{pyrazine):

0.03%g (0.49mmol) pyrazine was added to (.150g (0.49mmol) of the
ZnBraipyrazine) powder synthesised in 2.2.132 The mixture was placed in a
glass vial and shaken {without grinding) in a WIG-L-BUG for 30 min at room

temperature.

2.2.1 4 ZnpyzSulf: Zn{H:0)4(pyrazine).50,.2H;0

2.2.14.1 Single crystals,

4ml of a 0.2M ethanolic solution of pyrazine {0.8mmol, 0.0684g) was layered on
1ml of a 0.2M agueous solution of ZnS0,.7H;0 (3.2mmal, 8.0357g). The solution
was allowed to stand at room temperature, and colourless crystals of
Zn(H:0O)ipyrazing).50,.2H,0 formed at the H;O.ethanol boundary after a few
days.
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2 2.14.2 Powder:

20ml of a 0 2M ethanclic solution of pyrazine (4mmaol. 0.32g) was added to aml
of a 0.2M aqueous solution of ZnSQ4 ¥H20 (1mmol, .29g). The resulting cloudy
sofution was stirred overnight at a slightly elevated temperature. A fine white
powder of Zn{H-Opyrazine). S0, 2H.0 formed, which was stored under mother

llguor until use.

2.2.15 Cuodiaqg: Culisonicotinamide)z{H;0){S04).2H;0

2.2.15.1 Single crystals:

4ml of a 0. 1M agueous solution of Isonicotinamide (0 4mmol, 0 049g) was added
to 1ml of a 0. 1M agqueous solution of Cus0, (0 1mmol, 0 0169) The solutton was
allowed to stand at room temperature and blue, needie-like crystals of

Cu(HO)isonicatinamide);{50.).2H:0 formed within one week.

2.2.15.2 Powder;

a0ml of a 0.1M agueocus solution of isonicotinarmide {(8mmol, 0.977g) was added
1o 20ml of a 0.1M agqueous solution of CuS0y (Z2mmel, 0 318g). The solution was
stirred at room femperature until most of the water had evaporated, and the
resulting blue powder of Cu(HO)(isonicotinamide)(S0.).2H:0 was filtered and

dried in air at room temperature.

2.3 Thermal Analysis

Thermal analysis involyes measuring the changes in the physical properties of a
sample as a function of temperature or time, as the sample is subjected to a

controlled temperature program'. Several thermal analysis techniques. namely
Differential Scanning Calorimetry {DSC), Thermogravimetry (TG) and Hot-stage
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Microscopy (HSM), were employed in the characterisation of the above-

menticned compounds.
2.3.1 Differential Scanning Calorimetry

FPowei-compensated Differential Scanning Calorimetry measures the difference
in energy input {heat flow} inte a sample and reference compound as a function
of temperature, while the sample and reference are subjected 1o a controlled
temperature program. DSC can detect any reaction occurring in the sample that
consumeas or releases heat (endothermic and exothermic respectively), and has
the advantage that the enthalpy of reaction, AH, can be determined from the area
under the BSC peak. DSC is commonly applied to the detection of melts, phase
transitions, polymorphic transiticns, recrystallisations and  decomposition

reactions.

The instrument used was a Perkin Elmer DSCY. Vented aluminium pans were
used for both sample and reference materials. All DS scans were run with an
empty pan as the reference, at a heating rate of 20°C.min'". The sample sizes
varied from 1 to Smg, and were weighed on an electronic balance sensitive to
1ug. Nitrogen was used as the purge gas, at a flow rate of 30mlmin'. The
enthalpy of a reaction was calculated in kd per mole of host:guest compeund for
the release of the guest compenent from the host:guest complex, and in kJ per
mele of host compound alone for the decomposition of the host complex. At the
suggestion of Professor M. E. Brown (Professor of Chemistry at Rhodes
University, South Africa. and author of Reference 1} the enthalpy of a guest
rélease reaction was alse calculated in kd per mole of guest alene. This value
was then compared with the enthalpy of vaporisation of the hguid guest. For
reactions where the D50 peak corresponded to the release of more than one
host or guest component. the enthalpy value guoted correspends o that of the

processes combined.
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2.3.2 Thermogravimetry

Thermogravimetry measures lhe mass of a sample as a function of temperature,
as the sample is subiected to a controlled temperature program. This technigue
is extensively employed in the study of host:guest compounds, where the change
in mass of the sample during guest release is used to determine the host.guest
ratip of the complex. The kinetics of desolvation of a host:guest compound can

also be studied by |sothermal Thermogravimetric Analysis.

The instrument used was a Perkin Elmer TGAY. The samples, which varied in
zize from 2 to dmg. were placed in an open platinum pan and weighed on the in-
built electronic balance. Mitrogen was used as the purge gas. at a flow rate of
40ml.min" through the furnace and 60ml.min ' through the batance mechanism.

A heating rate of 20°C.min ' was used for ali samples, unless stated otherwise.

2.3.3 Hot stage Microscopy

Hot stage microscopy involves obsening the outward appearance of a sample
during heating. The observations can be recorded using high-resolution colour
photographic equipment or, more recently, video cameras. HSM is primarily used
to  werify certain events {including melting, crystallisation, solidification,
desclvation and polymorphic transitions) that have been observed using other
thermal techniques such as DSC and TG,

All observations were made on a Nikon microscope fitted with a Linkam
THMSE00 hot stage and Linkam TP22 temperature controller. Images were
captured using a real-fime Sony Digitat Hyper HAD colour video ¢camera, and
analysed using the Soft Imaging System program, analySIS?. One or several
crystals were placed in a drop of silicone oil between two glass coverslips. The
crystals were placed on the hot stage. and the heating program initiated. The

release of a guest compenent from a host:guest compound is observed as the
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evalution of bubbles from the sample into the surrounding oil. A heating rate of
20°C.min | was used for all samples, so that the observations would be

compatible with the data obtained by DSC and TGA,

2.4 X-Ray Photography

X-ray photographs were taken on a Stoe camera using Ni-filtered Cu-K,, radiation
(h = 1.54184) The camera was used in conjunction with & Philips PW1120/00
generator. operated at 20mA and 40kV. Photography was performed on all new

compounds unless the crystals were too unstable or very small.

2.4.1 OCscillation Photography

A single crystal was glued to the tip of a glass fibre and mounted on a
goniometer head. The crystal was centrad in the x-ray heam, such that it was not
precessing. An oscillation photograph was taken, with an exposure time of
approximately one hour. The distance between corresponding layer lines (+1 and
+2y was measured in mm and divided by 2 or 4 The results were averaged over
the two sets of layer lines and converted to a value in A. The photograph was
inspected for elements of symmetry relating the intensities of the diffracted spots,

with mirroring indicating a monochnic or higher crystal system.

2.4.2 Weissenberg Photography

Weissenberg photography allows a one-dimensional layer line in the oscillation

* This is achieved by

photograph tc be expanded into two dimensions
simultaneously rotating the crystal and moving the x-ray film. A screen is used to
ensure that only those diffraction spots corresponding to the selected layer line
reach the film. A single Weissenberg photograph of the zero layer line was taken
for each of the single crystals. The diffraction spots on the photograph were

plotted on graph paper, using a transparent Weissenberg coordinate chart, to




obtain a representation of the reciprocal lattice. From this plot the lengths of the
other two cell axes, as well as one of the angles, could be determined. Mirroring
in the Weissenberyg photograph alone indicates a monociinic crystal system,
whereas mirroring in both photographs indicates an orthoerhombic, or higher,

crystal system.
2.5 Single Crystal X-Ray Diffractometry

A single crystal of suitable size and quality was selected and fixed to the tip of a
glass fibre with Paratong oil.  The intensity data for each crystal were collected
on a Nonius Kappa CCD Single Crystal X-ray Diffractometer, using graphite-
monochromated Mo-K,, radiation (i = 0.7107A) generated by an Enraf Nonius
FR5D0 generator operated at 50kV and 30mA. The crystal-detector distance
varied between 3bmm and 47mm. For those data collectons that were
performed at low temperature, the crystals were cooled on the diffractometer
using an Oxford Cryostream low temperature attachment. The intensity data
were processed using the DENZO-SMN software package®. The space group
was determined by examining the systematic absences and matching the
observed conditions 1o a known space group”. Assignment of the correct space

group was confirmed using the Xprep program®.

The structures were solved using the direct methods option in SHELXS-977,
operated through the X-Seed interface®. In cases where direct methods failed.
the Patterson method was used. The structures were developed using least-
squares refinement and Fourier difference synthesis in SHELXL-87. All non-
hydrogen atoms were located on the electron density map and refined
anisotropically. Hydrogen atoms that were located on the electron density map
were refined isotropically. while those that were not were placed in geometrically
calculated positions. Those hydrogen atoms that had to be placed were assigned

isotropic thermazl parameters 1.2 times that of the parent atom for aromatic,




hydroxyl and amino hydrogens, and 1.5 times that of the parent atom for methy!|

hydrogens.

The Ortep diagrams showing thermal ellipsocids were generated by Ortep-3 for
Windows®, while all packing diagrams were created through POV-Ray for
Windows™® The calculated XRD traces for the crystal structure solutions were
generated by the Lazy-Pulverix software package''. Slices through the unit cell

were viewad using the Section program in A-Seed.
2.6 X-Ray Powder Diffraction

The powder was ground to obtain a uniform particle size and loaded into an
aluminium tray. ihe sample surface was cut to avoid preferred orientation. The
powdered samples weare run on a Philips PYW1752/00 diffractometer using Cuk,,
radiation {» = 1.5418A). The experimental XRD curves obtained in this Way were
compared with the XRD patterns generated from the single crystal structure
solutions. Significant deviations between the calculated and experimental XRD
curves indicate a difference in structure and/or chemical composiion between

the single crystal and powder forms.

2.7 Microanalysis
All microanalyses were performed in duplicate on a Fisons Elemental Analyser

1108. Vacuum technigues were not used in the case of inclusion compounds to

prevent desolvation of the host. The samples were analysed for C. H. N and S,
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CHAPTER 3.1

WERNER CLATHRATES

H = Ni(NCS),(4-aminopyridine),




Table 3.1.1; Crystal data and refinement parameters for NiHost1

“Molecular Formula
M, (g/mol)
Crystal System
Space group
Z
a {(A)
b {A)
c {A)
wERERY
V(A%
D.aic {@/em™)
Crystal dimension {mm)
Temp of data collection (K)
Range scanned {#)
Index Range
F (000}
i A{mm)
No. reflections collected
Mo, unigue reflections
Completanass
Refinement method
Data/restraints/parameters
Goodness of fit on F
Final R indices (|1=2a{l})
R indices (all data)
Largest diff. peak and hale

NiHost1
CooHyaNioS:Ni
556132
Orthorhombic
Pcen
4
17.046(3)
9B827(2)
16.129(3)
90
2646.8(9)
1.384
0.40x 033 x0.24
173
238-3024
142h2-23, 13 =k=-12. 20 =/=-19
1144
092
12674
3517{R . = 0.0356)
89.0%
Full-matrix L.S. on F”
3517404207
1.011
R1=0.0319, wR:=0.0691
R1=0.0584. wR,=0.0773
0.335, -0.365 eA™




Table 3.1.2; Crystal data and refinement parameters for NiEtAc and NiDMSO

Molecular Formula
M. {g/mol)

Crystal System
Space group

a=p=v{)
V(AT

Deatc {g/cm®)

Crystal dimension (mm)
Temp of data collection (K)

Range scanned (0)

Index Range

F (00D)

w (mm’)

Mo. reflections collected
No. unique reflections
Completeness

Refinement method
Datalrestraints/parameters

Goodness of fit on F?
Final R indices {I=2=(i})

R indices (all data)

Flack x parameter {e.s.d}

Largest diff. peak and hole

" NiEtAc

Ca7H3aN100252Ni
55547
Orthorhembic
P2.2:24

4

10.5289(2)
15.8155(3)
21.7001(5)

a0

3613.5(2)

1205

022 x0.37 X033
173

1.59-27.14
102210, 17 2k=-20,
26127

1376

0.69

17030

7031 (R =0.0463)
90 8%

Full-matrix L.S. on F*
7021/0/350

1.011

R,=0.0635,
wR.=0.1708
F,=0.1147,
wR:=0.2001
-0.0064 (0.0246)
0.745, -0.638 eA”

4

NiDMSO
CogHasN1gO:SaNi
707.60
Qrthorhombic
P22y
4
10,2639(2)
15 7895(3)
21 8834(5)
a0
3546.5(2)
1.325
0232070 X015
100
159 -27.10
122h=-13, 172k=-20,
26=1=-28
1480
0.82
15401

7790 (R = 0.0257)
99 7%
Full-matrix L.S. an F*
7790/0/403
1.126
F,=0.0551,
wRo=0.1234
F.=0.062%,
wR-=0.1270
0.0000 (0.0193)
0.780, -0.433 e’




NiHost1 : Ni(NCS):{4-aminopyridine),

MICROANALYSIS:

%G %H %N %S
Calc for Ni(NCS){CsHeNz)s  47.95 4.39 25 42 11.64
Experimental 47.99 4.39 25.60 11.34

X-RAY PHOTOGRAPHY:

QOscillation photography gave a unit cell length of 15 9A, while Weissenberg
photography revealed the remaining two cell lengths to be 17.0A and 9.8A.
with an angle between them of 90°. Together the photographs displayed

mumm Laue symmetry, indicating an orthorhombic unit cell.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell abtained by diffractometry was identical to that obtained by

photography.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed systematic absences indicative of the
orthorhombic space group Poen. The Nioatom was located on a diag at
(Ya, Va. z). at Wyckoff position d. As a result, only half the complex was located
on the electron density map. the other half being generated by the symmetry

operation (4 -x, Va-y, Z).

All non-hydrogen atoms were located on the electron density map and refined
anisotropically, while all hydrogen atoms were localed on the electron density
map and refined isotropically (crystal structure and refinement details are

given in Table 3.1.1).
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STRUCTURE ANALYSIS!

Solving the structure in Peen revealed a central Ni atom coordinated 1o two
axial NC5 counterions and four equaternial 4-aminocpyndineg ligands, resulting
in an irregular octahedral coordination geometry. The pyridine ligands adopt

the energetically-favoured propeller conformation (Fig. 3.1.1).

& o

Fig 3.1.1: Ortep diagram for NiHost1, showing thermal ellipsoids (H atoms

omitted for clarty).

All bond lengths and angles are within the expected range for compounds of
this type. The Ni-Ngz bond length is 2.074(2)A, while both Ni-N, bond
lengths are 2.118(2)A. These correspond well with the literature values of
2.04(8)A and 2.11(8)A respectively’. Full bond lengths and angles are given
in Appendix 1.

WEAK HYDROGEN BONDING INTERACTIONS AND CRYSTAL PACKING:

The host molecules are located in columns stacked in the [001] direction, and
are related by centres of inversion. The molecules are stabilised by weak

intermolecular N-H--N and N-H--5 hydrogen bonds, represented in



Fig. 3.1.2a as blue and red dashed lines respectively. Of the two amino
groups present in the asymmetric unit, one is planar and acts as a hydrogen
bond donor only (N5—H12---51 and N5—-H11---N3). The other is pyramidal, and
acts as a hydrogen bond donor {(N3-HE6---§1) and, via the lone pair on N3,
acceptor (N3---H11-N5). Hydrogen bonding data are given in Table 3.1.3.

(a) {b)

Higl
5 .
nig) 212 i NIl
: Higi = :
Ay : @i

Fig 3.1.2; {3) NiHost1, viewed along [001], showing columns of host
molecules linked by intermolecular hydregen bending interactions, (b) The

three unigue hydrogen bonding interactions in NiHost1 (ring H atoms omitted

for clarity).

Table 3.1.3: Weak hydrogen bonding interactions in NiHost1

~ N-H-—A N-H (A) H--A (A) N---A (A) Angle ()
N5 —H11--N3*"  0.843(25) 2 414(25) 3.244(3) 163 4(2.3)
N5 —H12 -+ S1%  0.854{22) 2.830(21) 3.558(2) 144.1(1.8)
N3 — H6™ - §1 0.820(22) 2 862(23) 3.609(2) 152 4(2.0)

Wﬂes: #1 = Aoy ez #2 =1-x lavy Vo-Zz and #3 = 1 ey, Yz,
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NiEtAc : Ni{NCS),(4-aminopyridine),.EtOH.Acetone

PRELIMINARY X-BAY PHOTOGRAPHY:

Oscillation photography gave a unit cell length of 10.3A, while Weissenberg
photography revealed the remaining two cell lengths to be 156A and 21 1A
with an angle between them of 90°. Together the photographs displayed

mmm Laue symmetry, indicating an orthorhombic unit cell,

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell obtained by diffractometry was identical to that obtained by

photography.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed systematic absences indicative of the chiral,
orthorhombic space group P2:242:. The Ni atom was located in a general
position in the unit cell. The ethanol guest was found o be disordered over
two positions, with a shared -C atom. The two fragments were assigned site

occupancies which refined to 56.5% and 43.5%.

All non-hydrogen atoms were located on the electron density map and refined
anisotropically, with the exception of the acetone and ethancol guest atoms
which were refined isotropically. The aromatic and amino hydrogens were
placed in geometrically calculated positions, while the hydrogen atoms of the
two guest molecules were omitted from the final model (crystal structure and

refinement details are given in Table 3.1.2)

STRUCTURE ANALYSIS:

Solving the structure in P2,242, revealed a central Ni atom coordinated to two
axial NCS™ counterions and four equatorial 4-aminopyridine ligands. The

coordination geometry around the Ni centre is that of an irregular octahedron,
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and the substituted pyridine ligands adopt the propeller conformation (Fig.
3.1.3).

Fig 3.1.3: Ortep plot of NiEtAc showing thermal ellipsoids {H atoms omitted for

clarity; a.b notation refers to atorms of a disordered system).

The Ni-Ncs bond lengths are 2.068(5)A and 2.080(5)A, while the Ni—N,,, bond
lengths lie in the range 2 104(5) to 2 128(4)A. These values correspond well
with the literature values of 2.04{8)A and 2.11(6)A respectively'. Full bond

lengths and angles are given in Appendix 1,

The thermal parameters of the ethanol and acetone guest molecules are high
compared with those of the host complex. This may be due to the volatile
nature of these two liguids, coupled with the potential for excessive thermal

motion of the guest maolecules in this relatively open channel clathrate.

HYDROGEN BONDING INTERACTIONS:

The hydrogen bonding interactions in NiEtAc can be divided into two main
groups: (1) those between two host molecules, and (2) those between a host
and guest molecule. The host--host interactions are of the type N-H--8. Since
each interaction exceeds the sum of the van der Waals radii for the two heavy

atoms (3.35A for N--8). they are classified as weak hydrogen bonds



{Table 3.1.4). Each host molecule s hydrogen bonded to eight neighbouring
host complexes. leading to an intricate 3-D hydrogen bonded host network,
The ethanol and acetone guests form O--H-N hydregen bonds to the amino
groups of two frars-coordinated 4-amincpyriding ligands (Fig. 3.1.4). The
hostaguest interacttons are all shorter than the sum of the van der Waals radii
for the two heawy atoms (3.07A for N-O), falling in the range generally

associated with moderately strong hydrogen bonds.

DA Ns).
- __%m

S Hi24)

ong casagoes

disordered ethanol guest
acetone guest

Fig 3 1.4: Host--guest hydrogen bonding interactions in NiEtAc

Table 3.1.4: Hydrogen Bonding data for NIEtAc

N—H~0O N-H{A)  H-O(A) N-O(A  Angle {°)
HOST--GUEST INTERACTIONS

N10 — H24 - O1 0.880(5) 2.164(6) 3.010(8)  161.0(4)

NG — H12 -+ O2A 0.880(6)  2.037(14) 2.875(15) 158.7(5)

N6 — H12 -+ O2B 0.880(6) 2.073(13) 2877(14) 151.4(5)
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N—H-S N-H (A} H-S{A) N-S(A)  Angle (®)
' HOST--HOST INTERACTIONS -
N8 — H18 - 52" 0.880(7)  2.588(2)  3.398(8) 153.4(5)
N6 — H11 - §2% 0.880(5) 2.742(2) 3502(5)  1454(3)
N10 — H23 - 81% 0.880(5)  2.783(2) 3.479(5)  137.0(3)
N4 — H5 - §2% 0.880(4)  2.793(2)  3.645(5)  183.2(3)
N4 — H6 - 81% 0.880(5)  2.797(2)  3.640(5)

161.0(3)

Syrmmatry codes: #1 = x-14, Y-y, 2z, #2 = ¥ x 2y 2% 83 = Vix, 2y, Ytz #4 - x-Ve V-

v, 2z and #5 = W+x, A -y 22
NIiDMSO : Ni(NCS){4-aminopyridine), 2DMSO

PRELIMINARY X -RAY PHOTOGRAPHY:

Osaillation photography gave a unit cell length of 10.5A, while Weissenberg
photography revealed the remaining two cell lengths to be 15 7A and 221A,
with an angle between them of 90° Together the photographs displayed

mmm Laue symmetry, indicating an orthorhombic unit cell.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell obtained by diffractometry was identical to that obtained by
photography.

STRUCTURE SOLUTION:

The diffraction data revealed systematic absences indicative of the chiral,
orthorhembic space group P2,2:2,. The Ni atom was located in a general

position in the unit cell.
In NiDMSO and NIiEtAc, the arrangement of the 4-aminopyridine ligands in a

propeller conformation confers chirality on the host molecules. In any one

molecule the propeller can define either a clockwise or an amiclockwise
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rotation. The fact that both NiEtAc and NIiDMSO crystallise in a chiral space
group implies that in any one crystal the host molecules all have the same
handedness. or chirality. The optical rotation of the mother liquor is zero,
indicating that an equal number of 'clockwise’ and 'anticlockwise’ crystals are
faormed from solution. As a result, it was foung that the host molecules in the
crystal of NiEtAc chosen for diffractometry were enantiomers of those present
in the crystal of NiDMSO (Fig. 3.1.5a, the Flack parameter for both structures
is given in Table 3.1.2).

0Zb 02a

s4b//

_ 532 “*543  Co7a
‘g;jl ) . \8da G
;‘ C26b \\)

(b) S3h

! CZoa CZ7h
C24a

Fig 3.1.5: {a) The enantiomeric host molecules of NiEtAc, left, and NIDMSO,
right (H atoms omitted for clarity), (b} disorder in the two DMSO guests.

Both DMSO guest molecules were found to be disordered over two positions,
with no shared atoms. The DMS0 fragments refined with site occupancies of
63.6% and 36 4% for the first molecule ang 68.0% and 32.0% for the second
molecule (Fig 3.1.5h).
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While all non-hydrogen guest atoms were located on the electron density map
and refined. only the four S atoms were refined anisotropically. The hydrogen
atoms of the DMS0O guests were omitted as a result of the disorder, All non-
hydrogen host atoms were located on the electron density map and refined
anisotropically. The aromatic and amino hydrogens were placed in

geometrically calculated positions.

STRUCTURE ANALYSIS AND REFINEMENT:

As in NIiEtAc, the Ni atom is coordinated to two axtal NGS ™ counterions and
four equatorial 4-aminopyridine ligands, resulting in an irregular octahedral
coordination environment for the Ni centre, The 4-aminopyridine ligands adopt
the propeller conformation (Fig. 3.1.5). NiEtAc and NIDMSO may be
regarded as isostructural with respect to the host molecules, differing only in

the positions of the guests.

The Ni-N:s bond lengths are 2.068{3)A and 2.081(3)A. while the Ni-N,, bond
lengths lig in the range 2.100(3) to 2.121(3)A. These values are close to the
literature values of 2.04{8)A and 2.11(B)A respectively’. The $=0 and §—C
bond lengths of the four DMSC guest fragments are all acceptable when
compared with the literature values of 1.44{1)A and 1.78(2)A respectively
{Table 3.1.5)2. An investigation of 23 DMSO guest molecules from the CSD
gave mean C-3-C and O=5-C angles of 1006i7.1° and 107 4t4.7"
raspectively. The angles obtained for the four DMSO fragments in this
structure may. therefore, also be considered reasonable. Fuli bond lengths

and angles for NiDMSO are given in Appendix 1.
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Table 3.1.5; Guest bond lengths and angles for the DMSO fragments

DMSO " Bepnt G=5-C

fragment S=0dA) AL Angle (*) Angle (*)

1868(19) 102.7(8)

1A 1480(11) 4 go7017) 97.6(8) 107 6(7)

1.781(8) AT 105 6(5)

1B 1.512(9) 1.770(11) 98.7(3) 105 5(4)

) 1.806(16) 108.5(5)

2A 1.474(8) 1.775(13) L 103.6(6)

- - 1750120 T 108.6(10)

2B 146213) 4 aagiag) 97 6(11)

107.7(9)

HYDROGEN BONDING INTERACTIONS:

The hydragen bonding interactions in NiDMSO are similar to those in NIEtAc.
Host--guest N-H---0=5 hydrogen bonds are formed between the DMSO
fragments and the amino groups of two frans-coordinated 4-aminopyridine
ligands (Fig. 3.1.8). All four interactions are shorter than sum of the van der
Waals radii for the two heavy atoms (3.07A for N--(O), and fall in the range
generally associated with moderately strong hydrogen bonds. In addition,
several weak N-H---S hydragen bonding interactions were identified between

host molecules (Table 3.1.6).

Table 3.1.6: Hydrogen Bonding data for NiDMSO

N—H~-0 N-H (A} H-O(A} N-O(A) Angle (")

i ~ HOST--GUEST INTERACTIONS -

T NB-H12 - 02A 0.880(5) 2.068(6) 2.899(8) 156.9(3)
N6 — H12 - 02B 0.880(5)  1.913(10) 2.769(12)  163.7(4)
N10 — H24* o Q1A 0.880(4) 2.077(10)  2.945(11)  168.6(4)

N10 — H24*' - 018 0.880(4)  1.985(9)  2.791(10) 151.7(4)

Al



N—H S N-H(A)  H-SA)  N-S¢A)  Angle ()

HOST--HOST INTERACTIONS

NG —H11 = 81% 0.880(4) 2.729(1) 3.500(4) 147.0(3)
N4 — H5 - 51% 0.830(3) 2.823(1) 3.660(4) 159.5(2)
N4 - H6 - S2% 0.880(3) 2.713(1) 3 554(4) 160.3(2)
N10 — H23 - 82* 0.880(4) 2.690{1) 3.444(4) 144 4(2)
NG — H18 -+ 51% 0.880(4) 2.610(1) 3.384(5) 147.2{3}

Symimetry codes: #1 = ¥ x. -y, 2% #2 = ¥ X, 1y, 2%, #3 = Vetx, Ve, 2-Z, #4 = X%, Y-

y, 2z, #5= ¥ x, 1oy, Yerz and #6 = Yern, My 2z

Fig 3.1.6: Host:iguest hydrogen bonding interactions in NiDMSO

CRYSTAL PACKING FEATURES OF NiEtAc AND NiDMSO

Assuming that one is considering NiEtAc and NiDMSO structures of the
same polanty, the packing of NiEtAc and NiDMS3O is similar, and the two
structures may be regarded as isostructural with respect to the host
molecules. The packing of NiEtAc, as shown in Fig. 3.1.7a, reveals the guest
maotecules to be located in channels running parallel to the [100] direction. The
minimum channel cross-section is 4.9AX5.3A. Although the aromatic rings of

the host molecules appear tc be stacked along the [100] direction, adjacent



rings are tifted at an angle of approximately 45° relative to each other A

space-filling projection of the channels in NiEtAc, with the guest molecules
omitted, is shown in Fig. 3.1.7b.

(a) (b}
Fig. 3.1.7: The channel structure of NiEtAc, viewed down [100]. {a) Stick

representation with hydregen atoms omitted, {b) space-filling representation

with guest atoms omitted.

THERMAL ANALYSIS

The thermal analyses of all three compounds are shown in Figs 3.1.8 and
3.1.10. The host compound, NiHost1, decomposes in three distinct steps
{Fig. 3.1.8). The first step. b, corresponds to the loss of two 4-aminopyridine
ligands, followed by steps ¢ and d, each corresponding to the loss of one 4-
aminopyndine ligand. The D5C shows two endotherms corresponding to
steps b and ¢, but the trace for step d s complex due to ligand

decomposition. This multi-step decomposition was followed by hot-stage

oz



microscopy {Fig. 3.1.9a). The first change obiserved in the crystals occurs in
the temperature range associated with step b, when the translucent purple
crystals bubble and turn opague blue-green. The bubbling continues during
step ¢, and the crystals turn light green. in the early stages of step d the
crystals melt to a dark black-tbrown liquid. confirming the ligand decomposition

reaction ohserved in the OSC.

The inclusion compounds NIEtAc and NIDMSO undergo an additional,
single-step weight loss reaction, shown as step a in Figs 3.1.10a and b. This
step corresponds to the release of the guest molecules from the channels.
The ohserved weight loss justifies the assignment of a host:guest ratio of 1:2
far both compounds (in the case of NIEtAc the presence of two different
guests in a 1.1 ratio was also confirmed by GC. The sample was run on a
Varian 3400 gas chromatograph with a polar carbowax column 25m in length
and 025mm in diameter, using He as the carrier gas). Following guest
release, the host decomposition reactions, b-d, follow the same pattern
observed for NiHost1. A comparison of the thermal analysis data for NiEtAc
and NiDMSO reveals that the more volatile EtOH/Me.CO guests are released
ca. 90° before the DMSO guests. During step a, in both NiEtAc and NiDMSO,
the translucent purple crystals turn opaque blue. Thereafter, the crystals turn
blue-green, followed by light green, before melting to a brown-black liguid, as
ogbserved in the HSM of NiHost1 (Fig. 3.1.8b). Full TG and DSC data for all

three compounds are given in Tables 3.1.7-3.1.9 below.

Table 3.1.7: TG and DSC data for NiHost1

TG " DSC

Reaction i T P o =
Cale % 0
ale % | Exp o | (UC} {DC} . {kJ.moI'“

NINCS){L)s—Ni(NCSk(L),+2L | 34.2 | 33.0 2152 | 2421 1161

T NINCS)o(Lo—> NINCSI(L)*L | 171 : 178 2899 | 3010, 528

%7 3328 | - | -

NINGS)2(L}—> Ni(NCS), +L |




Table 3.1.8: TG data for NiEtAc and NiDMSO

NiEtAc ' NiDMSO
Reaction Calc% | Exp% | Tomset | Calc% . EXp %  Tonse
(-C) (-C)

NifNCS)a(L)s 2G>
NIINCS)s(L), +2G | 158 | 170 = 587 | 221 227 1314

NI{NC S){L ja—s
Ni{NCS)s(L): +21. . 287 280 2115 | 266 252 | 2158

NI{NCS)(L),—
i NIfNCSIs(Ly +L | 14 4 14.3 | 288 6 183 126 288 6

|
14.4 | 13.9 32}261 g M j33 | 3333

NI{NC Sha(L)—
Ni(NCS), +L

Table 3.1.9: DSC data for NIEt&c and NIDMSC

‘ _ NiEtAc NiDMSO
. Reaction N orset AH Tonset AH
(°C) (kJmol™ ' (*C) | (kJ.mol™
 NiNCSkL2G > | 1 w38 79.0
NINC S + 20 88.7 | (EtOH=24) 1485 {8.8)
(Ace=5 4}
TNINCS)(L)s— Ni(NCS){L); +2L | 250.9  107.4 2664 | 669
TNINCS2(L)2 > NI(NCS(L)s +L | 301.8 57.4 3045 532
Ni(NCS)a(L31 > NitNCS), +L - - % -

* values in brackets indicate enthaipies calculated in terms of kJ per mole of guest alone, for
the release of one male of guest per mole of host compound. For MiEtAc the values were

weighted according ta the ratio of the molar mass of EtOH to acetone
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Fig 3.1.8 Thermal analysis of NiHost1

Fig 3.1.9. HSM of {(a} NiHost1 and (b) NiDMSO (Temperatures, in “C, are
given in bottom left hand corner).
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GUEST EXCHANGE BY DSC

The fact that NiEtAc and NIDMSO have the same open channel structure
makes it possible to exchange one guest for anaother, The release of the EtOH
and Me;COQ guests from NiEtAc is observed as an endothermic peak in the
DSC at T,.=107°C. whereas the release of the DMSO guests from NiDMSO
oceurs at Tpaa=198"C. By observing the shift in position of the guest release
peak during the guest exchange process, it s possible to monitor the extent to

which the oniginal guest has been replaced.

A guantity of NiEtAc crystals were removed from the mother liquor and dned
with filter paper The crystals were placed in a small glass beaker, which was
placed inside a larger, sealed glass jar contaning a smalf volume of DMSO. In
this way the crystals were exposed to DMSO wvapour. The system was
maintained at 33°C for the duration of the exchange expenment. Small
quantities of crystals were removed at regular intervals over a 5 day period

and analysed by DSC.

The initial endotherm at T...=107°C, corresponding to the release of the
EtOH/Me,CO guests, migrates to the right until it reaches 198°C,
corresponding to the release of pure DMSQO {(Fig. 3.1.11). A single, moving
endotherm indicates that a continuous sclid solution of the mixed guests is

formed in the channels of the host.

It was found that NIiDMSO or NiEtAc could also be generated by exposing the
single crystal or powder forms of NiHost1 to the vapour of the appropriate
guest in a sealed vessef at 35°C. The inclusion processes were confirmed by
TG and XRD, and the XRD trace of the product of the NiHost1 + 2DMSO —
NiDMSO inclusion reaction is shown in Fig. 3.1.12a (This experimental curve
is sfightly left-shifted when compared to the cafculated pattern for NiDMSO.
This may be due to a slight deformation in the channel structure of the
NIDMSO inclusion product when it loses a small amount of guest on exposure

to air).

&



In addition, the product obtained on heating NiEtAc or NiDMSQ at ca. 70°C
for 30 minutes was found to be the pure host, NiHost1, indicating that the
nclusion  process 18 fully  reversible. These desolvation reactions
(NIDMSO/NIEtAc — NiHeost1) were also confirmed by TG and XRD. The

XRD trace of NiHost1, as well as that of the product obtained on heating
NiEtAc, are shown in Fig. 3.1 12b.

Pure
EtOH/Me,CO

30 min. l_/\
140 min. /¥

380 min. /—\L

27 hours | __ ___ﬂ—-—-f—'——”#’/—\_
Pure DMSO //\
65 2 ) 106 15 s 185 185 a5

Temperature (°C}

Fig 3.1.11: The shifting endotherm chserved as a result of the guest
exchange process: NIEtAc + 2DMSO » NiDMSO + EtOH + Acetone.

ek
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Fig 3.1.12° XRD traces for (a) DMSC inclusion product (1, experimental), and
NIDMSO {2, calculated). {b) NiHost1 (1. calculated and 2, experimental} and

the product obtained upon desolvation of NiEtAc (3, experimeantal).
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DISCUSSION

NiEtAc and NIiDMSO are isostructural, and conform to the classical Werner
clathrate formula, MX:A4. Thase structures belong to the channel clathrates,
and the guest molecules are located in channels with a dome-shaped cross-
section running parallel to the [100] direction. The structure 15 stabilised by
hostAhost and hostaguest hydrogen bonding interactions. These clathrates
can be classified as kinetically unstable, as the guest molecules are released
before the onset of host decomposition. The DMSO guests are released at a
much higher temperature than the EtOH and acetone guests, due to the

higher boiling peint of this solvent.

The difference in temperature between the two guest release processes
allowed us to follow the NiEtAc + 2DMSO » NiDM3O + EtOH + Acetone
exchange process by monitoring the shift in the DSC peak for the guest
release step. In addition, it was found that the w-host complex could be
converted into NIDMSO or NiEtAc by exposing the powder form of NiHost1
to the vapour of the appropriate guest at a suitable temperature. This reaction
was found to be fully reversible, as NiEtAc and NiDMSO both revert to the
NiHost1 structure upon loss of the guest molecules from the channels. Thase

transformations can be represented by:

/NN @@
/’\/\/’\+@@
P WY
AT A"

%

<@>
525

o

‘..._

‘e

e
/\@@

«-HOST 3-CLATHRATE

®>
C

(NiHost1) (NIiEtAc;NIDMS0O)
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CHAPTER 3.2

WERNER CLATHRATES

H = Ni(NCS),(3-cyanopyridine),



Table 3.2.1: Crystal data and refinement parameters for NiHost2

Molecular Formula

M. {gfmaol)

Crystal System

Space group

2

a (A)

b (A]

¢ (A)

o U

V(A%

Deais (glem®)

Crystal dimension {mm)
Temp of data collection {K)
Range scanned (U}

Index Range

F {000

w{mm')

No. reflections collected
No. unigue reflections
Completeness
Refinement method
Datafrestraints/paramesters
Goodness of fit on F2
Final R indices {|=2a(l})
R indices {(all data}

Flack x parameter {e.5.d }

Largest diff. Peak and hole

NiHost2

C2eH1eN10Ss Ni

581 32

Orthorhombic

FPna2Z.

4

20.43H4)

10.413{2)

12.946(3)

4o

2755 3(10)

1.425

047 x0.35 X 0.33

173

199 -2748

28:h=-7, bzk=-13, 162f-186
1208

(.84

7207

8333 (B = 0.0202)
100.0%

Full-matrix L.S. on F*
6333/1/353

1.005

F4=0.0340, wR:=0.075%
R=0.0748. wR,=0.0880
-0.0044(0.0108)

0.349, -0.338 2 A

1



Table 3.2 2: Crystal data and refinemeant parameters for NidiEt and NidiDCM

M, (g/mol)
Crystal System
Space group

i

(A)

(A

(A)

[ (deg )
V(A%

Deatc (g/cm’)

e’

0o o

Crystal dimension {mm)

Temp of data collection {K)

Range scannad {6)

Index Range

F ({000)

u fmm ")

No. reflections collected
No. unique reflections
Completeness

Refinement method

Data’restraints/parameters

Goodness of fit on F?
Final R indices (I>2a(1})

R indices (all data)

Largest diff. peak and hole 1.127" -0.646 e A

* in vicinity of guest molecules

NidiEt

C s0H25N10O232Ni
683 4
Monoclinic

C2/c

4

17.737(4)
11.527({2)

17 120(3)
96.648(2)
3478.7(2)

1.306
030x0.25 X018
150

236 -2745

16=h=-22, 13zk=-14,

22120
1416
072
8683
3923 (R, = 0.0392)
Q8.7
Full-matrix L.S. on F?
J923/3124
1.065
R=0.0562,
wRz=0.1386
Ry=0.1050,
wRz=0.1584

NidiDCM
CasH20N1gCliS:Ni
7612

Monoclinic

Clic

4

17.813({1)

11.553(1)

17.112(1)

97 668(2)

3490.1(2)

1.449

0.20 x 0.27 x 0.23
150

2.11-27.00
222h2-13, 12=k>-13,
18242-21

1544

1.02

6867

3598 (Rin, = 0.0356)
94.3

Full-matrix L.S. on F?
3598141233

1.031

R;=0.0550,

wR.=0. 1453
R4=0.0737,
wR»=0.1584

1.220°, -0.864 e A™
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NiHost2 : Ni{NC3)z{3cyanopyridine),

MICROANALYSIS:

e %H %N %S
Calc for Ni{NCS),(CsHaN2)s 52 81 273 2369 10.85
Experimental 52.36 2:23 23.54 10.45

PRELIMINARY X-RAY PHOTOGRAPHY:

Oscillation photography gave a unit cell length of 12 4A, while Weissenberg
photography revealed the remaining two unit cell lengths to be 10 3A and
206A. with an angle between them of 80°. Together the photographs

displayed mmm Laue symmetry, indicating an orthorhombic unit cell.

SINGLE CRYSTAL X-BAY DIFFRACTOMETRY":

Th unit cell obtained by diffractometry was identical to that obtained by
photography.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed systematic absences indicative of the
orthorhombic space groups Pra2, or Pnma. Xprep gave an |E*-1| value of
0.856, indicating neither the centrosymmetric nor the non-centrosymmetric
arrangement. An attempt was made to solve the structure in Pnma, and the
metal atom was located on a mirror plane at (x. %, z). The rest of the
molecule, however, could not be located on the electron density map. The
correct space group was therefore taken to be PnaZ;, a choice that was
vindicated by the eventual successful refinement of the structure in this space
group. This is a classic example of the metal atoms. which dominate the
scattering of x-rays, forcing the structure towards a centrosymmetric

arrangement when the rest of the metal complex is non-centrosymmetric.
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Adl non-hydrogen atoms were located on the electron density map and refined
anisctropically. The aromatic hydrogen atoms were placed in geometrically
calculated positions. The Ni atom was located in a general position in the unit

cell {crystal structure and refinement details are given in Tabie 3.2.1}.

STRUCTURE ANALYSIS:

Solving the structure in Pna2, revealed a central Ni atom coordinated to two
axial NCS™ counterions and four equatorial 3-cyancpyndine ligands. The
coordination geometry around the Ni centre is that of an irregular octahedron,
with the four substituted-pyridine ligands adopting the propeller conformation
(Fig. 3.2.1). If the plane hisecting the central Ni atom and four equatorial N
atoms is viewed edge on (ie. parallel to the [010] direction), three of the

cyano substiuents project above this plane, and one projects below it.

Fig 3.2.1: Ortep diagram of NiHost2 showing thermal ellipsoids (H atoms

ocmitted for clarity}.
All bond lengths and angles are within the expected range for compounds of

this type. The two Ni-Ngs bonds are 2.01 1(2)!5. and 2.030(3)A in length, while
the four Ni-N.,, bonds lie in the range 2.145(234 to 2.191(23A. The literature

B4



values are given as 2.04{8A and 2.11(8)A respectivelf. Full bond lengths

and angles are given in Appendix 2.

WEAK HYDROGEN BONDING INTERACTIONS AND CRYSTAL PACKING:

The host molecules pack toc generate layers which run perpendicular to the
[001] direction. The layers, which cut the ¢ axis at 0.09 and 0.59, are related
by rotation through 1807, followed by transtation of half a unit cell length along
¢ {Fig. 3.2.2).

{a) {b)
Fig 3.2.2: NiHost2 viewed along the [001] direction. (a) single layer, (b)

multiple layers {ring H atoms omitted for clarity).

Intermolecular C-H-N=C hydrogen bonds connect adjacent layers (Fig.
3.2.3). All interactions exceed the sum of the van der Waals radii of the two
heavy atoms (3.25A for C-~-N}, and lie in the range generally associated with
weak hydrogen bonds {Table 3.2 .3).
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Table 3.2.3; Weak Hydrogen Bonding Data for NiHost2

C—H-N C—H{A) H-N{A) C-NA) Angle{)

C7 —H4* - N7 0.630(4)  2.824{(4)  3618(5)  144.0(2)
C25 — H16% - N8 0.930(3) 2.696(3) 3.547(5) 162 6(2)
C3— H1* - NG 0.930(4) 2 629(4) 3.487(5) 153.9(2)
C13 — H8™ - N10 0.930(4)  2.769(4)  3.531(5}  139.9(2)

Symmetry cades: #1 = ¥ .x, Wy, Wtz B2 =201y, Wtz #3=2-x 1y, z-¥iand #4 = '*/ X,
Y-, vz

Fig 3.2.3; (a) Hydrogen bonding environment of a single host moleculs, (b}
Layers of host molecules are stacked along the [001] direction. and are linked
by intermolecular C—H---N=C hydrogen honds, shown as broken red lines

(hydrogen bond donor and acceptor groups are shown in ball-and-stick form}.

MidiEt : Ni(NCS):{3-cyanopyridine),.2EtOH

PRELIMINARY X-RAY PHOTOGRAPHY:

The single crystals of NidiEt were unsuitable for photography due to the small

crystal size and unstable nature of the clathrate.
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SINGLE CRYSTAL X-RAY DIFFRACTOMETRY

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed 2/m Laue symmetry. indicating a monoclinic unit
cell. Systematic absences were indicative of the monoclinic space groups
C2/c ar Cc. The structure could be solved and refined to R,<6% in both of
these space groups. Xprep, however, calcufated a mean |E2—1 Iualue of

1.030, indicating that the centrosymmetric space group, C2/c, is correct.

In C2fc, the Ni atom is located on a diad at (U2, y, %), and the asymmetric unit
comprises one half of the Ni{NCSR{3-cyanopyridine)y 2E1OH complex. The
other half of the molecule and the second ethanol guest are generated by the
symmetry operation (1-x, y, %-z). The oxygen atom of the ethanol guest
molecule is disordered over two positions, which refined with site occupancies
of 36.3% and 63.7%. Owing to excessive thermal motion within the ethanol
guest, the C-0 and C-C bond lengths were fixed at 143A and 1.53A

respactively,

All non-hydrogen host atoms were located on the electron density map and
refined anisotropically, while the non-hydrogen atoms of the ethanol guest
were refined isotropically. The aromatic hydrogen atoms were placed in
geometrically calculated positions, while the guest hydrogen atoms were
omitted fram the final model {crystal structure and refinement details are given
in Table 3.2.2).

STRUCTURE ANALY SIS

Solving the structure in C2/c revealed the Ni atom, in an irreguiar cctahedral
coordination environment, to be coordinated to two axial NCS™ counterions
and four equatorial 3-cyanopyridine ligands {Fig. 3.2.4). The four cyano-

substituted pyridine ligands adopt the prapelier conformation.



The Ni-Nes bond is 2.034(33A in length, while the two Mi—Npyr bonds are
2 1M19(DA and 2.135(3)A. These correspond well with the literature values of
2.04(8)A and 2.11(6)A respectively’ All bond lengths and angles within the
pyridine ring systems also correspond well with their respective literature
values (Appendix 2). The thermal parameters of the guest atoms are large
compared with those of the host complex, due to the volatile nature of this

liquid.

Fig 3.2.4: Ortep diagram of NidiE!, showing thermal eliipsoids for host atoms
and spheres for guest atoms (H atoms omitted for ciarity). The complete host
molecule, with the Ni atom iocated on a diad, is shown. The asymmetric unit

(half the host complex and one ethanol guest) is labelled.

HYDROGEN BONDING INTERACTIONS:

Weak intermolecular C—H--N=C hydrogen bonds exist between the cyano
moieties and ring hydrogen atoms of the 3-cyanopyridine ligands. in addition,
two host---guest hydrogen bonding interactions were found between one of
the oxygen atoms (O1B) of the disorderad ethanol guest and the
isothiocyanato S and ring H atoms of a single nearby host complex (Table

3.24) All interactions lie in the range generally associated with weak

hydrogen bonds.
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Table 3.2 4. Weak Hydrogen Bonding Data for NidiEt

D —H-A D-H{A) H-AA) D—AR Angle()
HOST--HOST INTERACTIONS -
C6-H8* -+ N4 0.830(4) 25134}  3.412(5) 162.8(2)
C2-H3* -.- N5 0.930(3)  2.472(4)  3.358(5) 159.4(2)
HOST--GUEST INTERACTIONS
C8-HB™ - O1B 0.930{(4)  2.396(9)  3.288(10) 160.7(3)
O1B - 81* < . 3.331(8) A

Symmetry codes: #1 = x. 1-y, z-% #2 = 1-x, -y, -z and #3 = x-%4, Y+y, z.

NidiDCM : Ni{NCS)(3-cyanopyridine)s.2CHCl:

PRELIMINARY X-RAY PHOTOGRAPHY:

The single crystals of NidiEt were unsuitable for photography due to the small

crystal size and unstabie nature of the clathrate.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed 2/ Laue symmetry, indicating a monoclinic unit
cell. Systematic absences were indicative of the monoclinic space groups
C2/c or Cec. Again the attempt was made to solve the structure in both space
groups. In this case, however, the structure only refined to Ry=15% in Cc.
whereas a refinement to R,<6% was obtained in C2/c. In addition, Xprep
calculated a mean E1|value of 1.022. indicating that the centrosymmetric

space group, C2/c, is correct.

As in NidiEt. the Ni atem lies on a 2-fold axis of rotation at (2, y. *4), with the
result that only half the metal complex and one dichloromethane guest
molecule were located on the electron density map. This dichloromethane

guest was found to be disordered over two sites, with siteé occupancies which
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refined to 57.9% and 42.1% for the two fragments. The four C-Cl bond

lengths were fixed at 1 79A, while the CI-C—C| angles were allowed to refine.

All non-hydrogen host and guest atoms were located on the electron density
map angd refined anisctropically. The aromatic and guest hydrogen atoms
were placed in geometrically calculated positions (crystal structure and

refinement details are given in Tahle 3.2.2).

STRUCTURE ANALYSI|S:

NidiDCM and NidiEt are isostructural with respect to the host molecules, and
differ only in the positions of the guest molecules. The asymmetric unit is
labelled in Fig. 325

i\ 1% Disordered
! CIQa CH:Cl; guest

Fig 2.2.5. Ortep diagram of NidiDCM, showing thermal ellipsoids (H atoms
omitted for clarity). The complete host molecule, with the Ni atom located on a
diad, is shown. The asymmetric unit (half the host complex and one

disorderad dichloromethane guest) is labelled.
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The Ni-Ngs bond is 2.039(3)A in length, while the two Ni-N,, bonds are
2 116(3)A and 2 146{3)A These correspond well with the literature values of
2.04(8)A and 2 11(6)A respectively’. The CI-C-Cl angles refined to 104.4(5)°
and 112.1(3)°. A study of 15 dichloromethane guests on the CSD gave a
mean angle of 111.5+1.9° Full bond lengths and angles are given in

Appendix 2.

The thermal parameters for the two dichloromethane fragments are large
compared with those of the metal complex (Fig. 3.2.5) However
dichloromethane is a highly volatile liquid (b p. = 40°C}. and cne would expect
to observe a significant increase in the thermal motion of these atoms

compared with those of the metal complex.

HYDROGEN BONDING INTERACTIONS:

As in NidiEt, weak C—H--Nz=C hydrogen bonds were ideniified between the
cyano moieties and ring hydrogens of the 3-cyanopyridine ligands. Weak
intermeclecular C~HN=C hydrogen bonds were also identified between the
cyano moieties of 3-cyanopyridine ligands and the C—H groups of both

dichloromethane guest fragments (Fig. 3.2.6, Table 3.2.5).

Table 3.2.5: Weak Hydrogen Bonding Data for NidiDCM

C—H:N C-H (A) H-N(A)  C-N{A)  Angle (9
HOST--HOST INTERACTIONS

C6-—H4¥'--N4 0.930(3) 2.515(3) 3.408(5) 161.0{2)

C2-H1%--N5 0.830(3)  2471(4)  3.363(5)  160.8(2)
HOST--GUEST INTERACTIONS

C14A-HIAT N4 0.970(14) 2.488(4)  3.350(13) 147.9(7)

C14B-H9B™.--N5 0.970(10) 2.364(4)  3.285(10) 158.4(5)

Symmetry codes: #1 = x, 1-y. -4, #2 = 1-x, -y, -2, #3 = Wx. Yoy, -z and #d = Vet y-Yh z
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Fig 3.2.6. Hydrogen bonding interactions in NidiDCM

CRYSTAL PACKING FEATURES OF NidiEt AND NidiDCM

The packing of NidiEt and NidiDCM is similar, and the two compounds may
be regarded as isostructural with respect to the host moelecules. The host
molecules pack to form layers, which run perpendicular to the [101] direction,
and are related by centres of inversion (Fig. 3.2.7). The isothiocyanato and
cyano moieties project into the spaces between the layers. The layers are
staggered. such that the iscthiccyanate groups of one layer project into

cavities generated by the two adjacent layers.

A single layer of host molecules is shown in Fig. 3.2.8a, where site y
represents the positions of the isothiocyanato counterions of the two adjacent
layers and site X represents the positions of the guest molecules (Fig. 2.2 .8b).
The layers of host molecules pack to generate channels, sinuscidal in shape,
which run parallel to the [1 l.‘_ﬁ] direction. The guest molecules are located in

these channels (Fig. 3.2.8).
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Fig 3.2.7. The packing of NidiDCM, wviewed along the [010] direction Host
molecules are shown in stick form and guest molecules in ball-and-stick form

(broken lines represent layers of host molecules. H atoms omitted for clanty),

(a) (b)

Fig 3.2.8: Space-filling representation of NidiDCM {a) a single layer of host
malecules (y = position of NCS groups of adjacent layers, x = position of
guest molecules in channels), viewed along the [1(]?] direction, and (b} the

packing arrangement of the dichloromethane guests.



Fig. 3.2.9: Space filling representation of NidiDCM at b=025, viewed along
the [010] direction. (a} host moleculas only, showing sinusoidal channels, (b)

host and guest molecules, showing positions of CH,CI; guests in channels.

THERMAL ANALYSIS

The thermal analyses of all three compounds are shown in Figs. 3.2.10a-c.
The host compound, NiHost2, decomposes in two steps, shown as b and ¢ in
Fig. 3.2.10a. Each step corresponds to the loss of two 3-cyanopyridine
ligands. The DSC shows two distinct endotharms corresponding to steps b
and ¢. In the TG, however, the two weight-loss processes overlap. During
step b the translucent blue crystals bubble and turn opaque green. Bubbling

continues during step ¢, and the crystals turn orange-brown (Fig. 3.2.11a).

NidiEt and NidiDCM undergo an additional singie-step weight i0ss process.
shown as step a in Figs 3.2.10b and c, corresponding to the release of the
guest molecules from the host channels. The observed weight loss justifies
the assignment of a host.guest ratic of 1:2 for both compounds. The DSC
scans show a broad endotherm corresponding to step a, which occurs in the
same position for NidiEt and NidiDCM. Following the guest release process,
the host decomposition reactions, b and ¢, follow the same pattern cbserved
for NiHost2. The decomposition of NidiEt was followed by HSM (similar
results were obtained for NidiDCM). During step a the translucent purple
crystals bubble and turn opaque blue. The bubbling is resumed in steps b and

¢, and the crystals turn light yellow-green and orange-brown in turn, in
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accordance with the colour changes observed for NiHost2 (Fig. 3.2.11b). The

relevant TG and DSC data are given below in Tables 3.2.6-3.2.8.

Tahle 3.2.6: TG and DSC data for NiHost2

TG DSC
Reaction Calc % | Exp % [ Tonset ("C) | Tonset (°C) | AH (kd.mol™
e | | e R
NN ESHLs oL 35.0 | 344 179.4 174.5 130.2
Ni{(NCSJa(L 2> ! -
A 350 | 344 | 217.8 i 2165 1279
Table 3.2.7: T(5 data for NidiEt and NidiDCM
~ NidiEt ! NidiDCM
Reaction " Calc™ | Exp%  Tasr  Calc% | Exp % | Tanset |
| e (“C)
Ni(NCS)s(L)4.2G —» |
NEsEae | B || 127 574 223 | 220 | 468
Ni{NCS)2(L)s—> \ i
NINCSLiy ezl | 208 292 | 1792 274 | 277 | 1795
Ni{NCS)z(L):— I
NI, oL 305 | 299 | 2305 274 | 277 | 2302
Table 3.2.8: DSC data for NidiEt and NidiDCM
NidiEt | NidiDCM
Reaction Tureot C) | AH IO Tomeat °C) | AH (kd.mol)
UNNCS)AL)42G > | 50.6 | e
ONINCS)Ly 426 | °2P (3.4)° L (2.4y
Ni{NCS)s(L)a-> !
 NiNGEiy 0l | 1588 117.3 169.2 | 981
 NIINCS)s(L)s—
Koo 2247 113.5 220.8 105.9

the releaze of one mole of guest per mole of host compaund.

* values in brackets indicate entﬁalﬁiéé calculated in terms of kJ per mole of guest alone, for



100 (a)
b
80
b
T 60
R=y
4] c
< 40
20 | N Y .
b c
0
30 BO 130 180 230 280 330
W= o o
| R S (b)
: e =
80 '
\h
52
= 60 i
D _
EE 40 c
5 // \I,/\ ‘
= -r"f‘d_\___..-f"'f "]
u -
30 B0 130 180 230 280 330

30 80 130 180 230 280 330

Temperature (°C)

Endo

Heat

Flow

Exo

Endo

Heat

Flow

Exo

Endo

Heat

Flow

Exo

Fig 3.2.10: Thermal analyses of {a) NiHost2, (b) NidiEt and {¢) NidiDCM
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INTERCONVERSION REACTIONS

it was found that the pure host, NiHost2, could be converied into the inclusion
compound NidiDCM, by exposing the single crystal or powder form of
NiHost2 toc CH.Cl: vapour in a sealed vessel at room temperature. Single
crystals of NiHost2 were placed in a small beaker, which was then placed in a
sealed jar containing a small volume of CH:CL vapour. The system was
maintained at room temperature. A few single crystals were removed at
regular time intervals over a 24 hour period and analysed by TG. XRD and
microscopy technigues were also used to monitor this reaction. The
corresponding  sorption process NiHost2 + 2EtOH —  NidiEt was

unsuccessful.

-d
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Reaction Progress by TG and Microscopy:

Microscopy shows crystals of NiHost2 to change from a clear blue to an
opaque light purple colour, as the dichloremethane guest is included in the
crystal structure (Fig. 3.2.12). The crystals were totally opague after 24 hours,
Similarly, TG of the single crystals, taken at t = 40, 160, 240, 330, 380, 420
and 1380 minutes, show an increase in the % mass [0ss over the temperature
range associated with the release of the dichioromethane guests. The %
mass loss increases from 0% (pure NiHost2) to 21.9% (pure NidiDCM) over

the 23 hour period.

N

=3 i "_T_ e " r -.
t=10 hours t =24 heurs

Fig. 3.2.12: Microscope pictures of the crystals during the inclusion process:
NiHostz +2CH;Cl; » NidiDCM

XRD:

The XRD traces of NidiEt and NidiDCM show them to be isostructural, the
subtle differences between the two scans being attributable to the effect of the
guest molecutes (Fig. 3.2.13}). The XRD trace of the crystals of NiHost2 that
had been exposed to CH:Cl; vapour (7} is superimposable on the XRD trace
for NidiDCM {6), proving that the inclusion process NiHest2 +2CH;CI; —
NidiDCM had been successful. Some of the XRD tfraces for the clathrate
compounds are slightly shifted compared with their calculated traces. This can
be attributed to a small amount of desolvation, resulting in a slight deformation
in the channel structure, when the clathrate is exposed to air. In addition, both
NidiEt and NidiDCM revert to the empty a-host structure, NiHost2, when

allowed to desolvate at room temperature in air.
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Fig 3.2.13. NiHostz {1, experimental and 2. calculated) NidiEt (3,
experimental and 4. calculated), NidiDCM {5, experimental and 6, calculated),

ang {7} the product obtained on exposure of NiHost2 to CH.Chk vapour for 23

hours.

Atternpts were alsc made to exchange one guest for another in the channel
structure. TG was again used to confirm the success of the exchange

process, The exchange reaction NidiEt + 2CH:Clz — NidiDCM + ZEtOH was
found to be complete after only 30 minutas at 4°C. The reverse reaction,
NidiDCM + 2EtOH —»> NidiEt + 2CH:Cl;, however, took several days at 35°C

to reach complstion.

DISCUSSION

NidiEt and NidiDCM are isostructural, and both display the classical Werner
clathrate formuta, MX:A4nG. Host--host and host-guest hydrogen bonding
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interactions, however, result in the generatien of a 3-D hydregen bended
network. The guest molecules are located in sinusoidal channels, which run
parallel to the [1G1_] direction. The relatively opan channel structure results in a
clathrate with low kinetic stability, as the guest molecules can easily diffuse
through the channels to the crystal surface. This s cenfirmed by TG, which
reveals the guest molecules 1o be released at least 50°C before the onget of

host decomposition.

XRD and thermal analysis results show that NidiEt and NidiDCM both revert
to the NiHost2 structure upon loss of the guest molecules from the channel
structure. In addition. the guest molecules in NidiEt and NidiDCM are
interchangeable. The guest exchange process occurs when crystals of one
clathrate are exposed to the vapour of the second guest. TGA shows the
exchange process NidiEt + 2CH,Cl; » NidiDCM + 2EtOH to be much more
rapid than the reverse reaction. In addition, powdered NiHost2 is converted
into NidiDCM upon exposure to CH;Cl; vapour, whereas the correspending

guest sorption process with EtOH is unsuccessful. We can summarise:

NiHost2

Et(H
'ﬁHzlEf.:I2
EOH CH,CI,
NIGIDCM]——=——=""—"(NidiEt

o AP o,

The evidence suggests that CH-Cl as a guest is better able to suppoert the
channel structure than EtOH. As the shape of these twe guests is similar, it
may be a hostguest hydrogen bonding effect that appears to give the

clathrate structure an increased affinity for CHzCls.
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CHAPTER 3.3

WERNER CLATHRATES

H = Ni(NCS),(isonicotinamide),(H,0),.«



Table 3.3.1: Crystal data and refinement parameters for Nitriag

~ Nitriaq
Maolecular Formula CaoHzsNgO7SoNi
M, {g/mol) 613.29
Crystal System Moneoclinic
Space group C2ic
Z 8
a (A) 19.216(2)
b (A) 13.052(1)
c (A) 20.639(2)
[} (deg.) 97.029(3)
V(A% 5137 5(7)
Deae {(g/cm®) 1.586
Crystal dimension (mm) 0D.20x0.25x 016
Temp of data collection (K) 173
Range scanned {8) 1.89— 2531

Index Range

F {000)

wmm’)

No. reflections collected
Na. unique reflections
Completeness
Refinement method
Data/restraints/parameters
Goodness of fit an F*
Fimal R indices {I>2c(1})
R indices (all data)

Largest diff. Peak and hole

20:h2-23, 184:2k=-13, 132f2-23

2544
0.98

7668

3782 (R = 0.0314)
80.8%

Full-matrix L.S. on F*
3782/0/419

1.044

R.=0.0470, wR>=0.1038
R,=0.0697, wR:=0.1135
0.741, -0.344 eA™

#1



Table 3.3 2: Crystal data and refinement parameters for Nipcres and Nimcres

Molecular Formula
M {g/mal)
Crystal System
Space group

7z

a (A)

b (A)

¢ (A

i (deg.)

b (deg.)

v {deg )

V(A7)

Deai; (gfem™)

Crystal dimension (mm)

Temp of data collection (K}

Range scanned ()

Index Range

F {000)

i {mm’)

No. reflections collected
No. unigue reflections
Completenass

Refinement method

Datafrestraints/parameters

Goodness of fit on F*
Final R indices {|=2a(1))

R indices {all data)

Flack x parameter (e s.d.)

Nipcres o Nimcres
CasHaaN-0010S:Ni CasHesN100sS:Ni
1063.9 1096.6
Trichnic Monoclinic
Pt P2,

2 2
14.3563(3) 12.8232(2)
14.8709(3) 16.2155(3)
15.0563(3) 13.1266(2)
74.463(1) 90
73.784(1) 98.762(1)
61.488(1) 90
2677.46(9) 2718 .66(8)
1,320 1,339

0.55 x 0.47 x 0.39
173

1,64 — 27 .48
142h2-17, 182k=-18,
195118

1124

0.50

15476

10960 (Rt = 0.0176)
89.1%

Full-matrix L.S. on F*
10960/0/874

1.01¢

R,=0.03865.
wR;=0.0817
R=01.0523,
wR;=0.0895

Largest diff. peak and hole  0.436, -0.321 eA”

0.30x 0.33 X 0.34
173

2.01—27.48
16:h=-16, 21=k>-21,
1624217

1148

0.50

28537

11880 (R = 0.0232)
99.6%

Full-matrix L.S_ on F?
11880/1/789

1.022

R=0.0384,
wR,=0.0934
Ry=0.0481.
wR,=0.0980
0.0000(0.02480)
0.948, -0.350 EA™
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Nitriag : Ni{NCS):{isenicotinamide);(H20).3H:0

PRELIMINARY X-RAY PHOTOGRAPHY:

Single crystals of Nitriag were unsuitable for photography due to their small

size.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY"

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed 2/ Laue symmetry, indicating a monoclinic unit
cell. Systematic absences were indicative of the monoclinic space groups
C2/c or Ce. Xprep calculated a mean | E%-1 | value of 0.959, indicating that the
centrosymmetric space group, C2/c, is correct. The structure was solved and
fully refined in this space group, with the Ni atom cccupying a general position

in the unit cell.

All non-hydrogen atoms were located on the electron density map and refined
anisotropically. All host hydrogen atoms were alsc located on the electron
density map, but refined isotropically. The hydrogen atoms of the three water
guest molecules could not be located, and were consequently omitted from
the final model {(crystal structure and refinement details are given in Table
.21

STRUCTURE ANALYSIS:

Solving the structure in C2/c revealed a central Ni atom coordinated to two
axial NCS™ counterions, three isonicotinamide ligands and one water molecule
(Fig.3.3.13. The coordination geometry around the Ni centre is that of an

irregular octahedron.
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The Ni-Ncs and Ni-Np,, bond lengths correspond well with the literature
values of 2.04(8)A and 2. 11(6)A respectively (Table 3.3.3)'. The Ni—-OH: bond
is slightly longer than the literature value of E,DBH],&‘, possibly due to the

hydrogen bonding interactions of this water ligand. Full bond lengths and

angles are given in Appendix 3.

Fig 3.3.1: Ortep diagram of Nitriag showing thermal ellipsoids

Table 3.3.3: Selected bond {engths and angles around the Ni centre

~ Bond

Ni1 — N1
Ni1 — N2
Ni1 — N3
Ni1 — N4
Ni1 — N5
Ni1 —O1

Length (A) Angle

2 045(4) RN
2.034(4) N1—Ni1— N3
2.118(3) N3 — Ni1 - N5
2.152({4) NZ — Ni1 - N4
2.120(3) N3 — Ni1 - O1

2.130(3)

&1

01— Ni1 - N4

Angle {"J_
88.2(2)
89.1(1)
177.9(1)
91.7(1)
88.4(1)
177.0(2)




HYDROGEN BONDING INTERACTIONS AND CRYSTAL PACKING:

The water ligand, water guests and amide moieties form an intricate web of
host---hast, host---guest and guest--guest hydrogen bonding interactions. The
eight contacts where the distance between the two heavy atoms was less
than the sum of their van der Waals radii (3.04A for O--0Q and 3.07A for Q+N}

were examined {Table 3 3.4}

Table 3.3.4; Hydrogen Bonding Data for Nitriag

BoH A D-H@A) H=A(A) D-AR Ange()

N8—H17 - 02¥ 0.858(55) 2.079(55)  2.916(6)  164.7(5.3)
01-H19% - O3 0.821(53}  2.007(51}  2.795(5}  160.5(52)
01-H20™ - O3 0.735(66)  2.128(65)  2.819(5)  157.0(6.5)

' HOST--GUEST INTERACTIONS -

" N7-H12 - 057 1095(68) 1.817(68)  2.872(6)  160.2(5.4)

04" ... 07 : S 2 B58(5) .
02 - 0% - - 2.964(5) -
' GUEST--GUEST INTERACTIONS T
- 05 -- 06 ¢ - 2 681(6) -
08 - O7" - - 2 891(5) -

Symmetry codes: #1 = Y. ¥y, 2-, #2 = Vex, %y, 1z, #3 = Vo-x, Vaty, Y-z #4 = tx,
Vory, 2 #5 = Mot y-e oz R0 = Ve, y-1E 1oz and #7 = k0 - 2

The host molecules are arranged into layers, which run perpendicular to the
[101] direction. Host---host N—H---0Q hydrogen bonds link the host molecules
into layers, while host--—-host O—-H--Q hydrogen bonds fink the fayers into
bilayers. as well as connecting adjacent bilayers (Fig. 3.3.2a}. The water
guest molecules also contribute to the linking of adjacent bilayers, as shown in
Fig. 3.3.2b. The isothiocyanato moteties project into the spaces between the

layers and bilayers.
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Fig 3.3.2: Nitriag viewed along [010] {a) Stick representation of host molecules
showing intermolecular hydrogen bonding interactions within and between
bilayers {shown as red and biue broken lines respectively, ring H atoms
amitted for clarity), (b} Stick representation of host malecules, with guest
oxygen atoms shown as red circles {Host--guest and guest---guest hydrogen

bonds shown as blue broken lines, ring H atoms omitted for clarity).

The water guest molecules are located in V-shaped cavities, each cavity
enciosing five water guests (Fig. 3.3.3). The five water guests are hydrogen
bonded to each other, and the walls of the cavities. as shown in Fig. 3.3.2b

above,

s
n
L

=
n
L

distance alang b axs {ﬁ]

[10-1]

tn

Fig 3.3.3: Dhagrammatic represaentation of the V-shaped cavities in Nitriag

{guest water molecules are shown as solig grey spheres).
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Nipcres: NifNCS) {isonicotinamide}s. 2p-cresol. 4EtOH

PRELIMINARY %-RAY PHOTOGRAPHY:

Single crystals of Nipecres were unsuitable for photography, as they

decompose at room temperaiure, as well as being highly unstable in air.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed f Laus symmetry, indicating the triclinic unit cells
P1 or P1, Xprep calculated a mean ‘ E%-1 | value of 0.977, indicating that the
centrosymmetric space group, P1, is correct. The structure was solved and

fully refined in this space group.

All non-hydrogen atoms were located on the electron density map and refined
anisotropically. All hydrogen atoms were located on the electron density map
and refined isotropically, with the exception of the methyl hydrogens of p-
cresol, which were placed in geometrically calculated positions (crystal

structure and refinement details are given in Table 3.3 2).

STRUCTURE ANALYSIS!

Solving the structure in P1 revealed a central Ni atom coordinated to two axial
NCS counterions and four equatorial isonicotinamide ligands. The
coordination geometry around the Nicentre is that of an irregular octahedron,
with the isonicotinamide ligands adopting the propeller conformaticn (Fig.
334)

The Ni-Ngs bonds are 2.040(2)A and 2.058(2)A in length, while the Ni-Np,,
bonds lie in the range 2 128(2) to 2.135(2)A. These values correspond well
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with the literature values of 2.04(8)A and 2.11(8)A respectively'. Full bond

lengths and angles are given in Appendix 3.
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Fig 3.34: Ortep diagram of Nipcres, showing thermal ellipsoids (H atoms

amitted for clarity).

HYDROGEN BONDING INTERACTIONS AND CRYSTAL PACKING:

Ten unigue hydrogen bonds, where the distance between the two heavy
atoms was less than the sum of their van der Waals radii, couid be identified
within the crystal structure. All are host--guest imteractions. Each ethanol
guest forms an O-H--0=C and an O+H-N hydrogen bond to the amide
groups of two adjacent isonicotinamide ligands (Fig. 3.3.5). In additian, the S
atom of cone isothiocyanate counterion is weakly hydrogen bonded to the

hydroxyl group of both p-cresal guests (Table 3.3.5).
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Table 3.3.5 Hydrogen bonding Data for Nipcres

D—H-+A D-H (A) HeA (A) DA (A) Angle (°)
'HOST - ETHANOL INTERAGTI{)NS
N7-H5:+-010" 0.899(26)  1.910(23) 2783(2) 163.3(2.7)
N8—H11--08% 0885(24)  1.973(25) 2 839(3) 166.1(2.4)
N9—H18---Q7* 0 872(21) 1.978(21) 2.837(2) 168.2(2.3)
N10-H23--08%  0.847(31)  2.002(28) 2 835(3) 167.2(2.5)
07-H46--02 0.803(41) 1.976(39) 2.772(3) 171.1(3.2)
08-H52--01 0.875(34)  1.876(35) 2.751(2) 177.5(3.4)
09-H58--03 0.827(30)  1.930(27) 2. 749(2) 170.3(3.3)
O10-HB4--04 0.841(30)  1.893(30) 2.731(2) 174.4(3.0)
~ HOST - p-CRESOL INTERACTIONS -
05-H29-82 0.811(30)  2.532(31) 3.340(2) 174.0(2.8)
06-H37--52 0.851(28)  2.535(28) 3.383(2) 175.7{2.8)
Symmetry codes #1 = x y, 1+7, #2 = 1+x, y-1,z, #3 =%, y, z-1, and #4 = x-1, 1+y z. -
o
(52 J Hmd]ﬁm
U‘W] ﬁ%ﬁﬂ]

o

o gﬁisu'}

SH{1B) o

\ﬁf{%__l __"‘H{EB}

&0 N(10)
i

Fig 3.3.5: Hydrogen bending interactions of the four unique ethanol guest

molecules {(aromatic and methyl hydrogen atoms omitted for clarity).

The host complexes and ethanol guests form layers, which run perpendicular

ta the [110] direction. The layers are stabilised by host--ethanol hydrogen
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bonds, as shown in Fig. 3.3 6a. The layers stack to form bilayers, in which the
iIsothiocyanato moieties of one layer project into the cavities generated by the
adjacent layer (Fig. 3.3.6h).

The bilayers are stacked along the [110] direction. Layers of p-cresol guest
molecules {Fig. 3.2.7) occupy the spaces between the bilayers. If sections of
the unit cell are viewed along the [001] direction, it is found that in the range
0.27<c<0.73, isothiocyanate moieties project into the spaces between the
bilayers, partitioning them into inclusion channels (Fig. 3.3.8a). In the range
Q=¢=0.27 and 0.73<c<1, however, no groups project infc the interlayer

spaces, and the channels widen out into layers (Fig. 3.3 .8b).

(a) (b)

Fig 3.3.6: Stick representation of (a) a single layer of host (black} and ethanol
(blue} molecules viewed along [110] (hydrogen bonds shown as broken lines).
and (b) the stacking of bilayers to accommodate p-cresol guest molecules
{red}.
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{b)

b, . &p

0
Fig3.3.7: (a) The stacking of host bilayers in Nipcres generates cavities
runring parallel te the [001] direction {guest p-cresol molecules omitted for

clarity), (b} the positicns of the layers of p-cresol guest molecules.

Fig 3.3.8: Space-filling representation of the host and ethanol molecules in
Nipcres, viewed along the [001] directicn, at {3) ¢ = 0.39, showing channel
arrangement and (b} ¢ = 0, showing layer arrangement {p-cresol guest

molecules cmitted for clarity).
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Nimcres: Ni(NCS).{isonicotinamide},.4m-cresol

PRELIMINARY X-RAY PHOTOGRAPHY:

Single crystals of Nimeres were unsuitable for photography as they

decompose at roam temperature and are unstable in air.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed 2/m Laue symmetry, indicating a monoclinic unit
cell. Systematic absences were indicative of the chiral monoclinic space group
P2,. The structure was solved and fully refined in this space group, with the Ni

atom occupying a general position in the unit cell.

All non-hydrogen atoms were located an the electron density map and refined
anisotropically. The aromatic and amide hydrogens of the host were all
located on the electron density map and refined isotropically. Three of the four
guest hydroxyl hydrogens could be located, and were refined isotropically.
The other hydroxyl hydrogen could not be located and was omitted from the
final model. The guest aromatic and methyl hydrogens were placed in
geometrically calculated positions (crystal structure and refinement details are
given in Table 3.3.2).

STRUCTURE ANALYSIS:

As in Nipcres. the Ni centre is coordinated te two axial NCS counterions and
four equatorial isonicotinamide ligands, resulting in an irregular octahedral
coardination geometry for the Ni atom (Fig. 3.3.9). The iscnicotinamide

ligands adopt the propeller conformation.
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Fig 3.3.9. Onep diagram of Nimeres, showing thermal ellipsoids (H atoms

omitted for clarty).

The Ni-Ncs bonds are 2.044(2)A and 2.045(2)A in length, while the Ni—Np,
bonds lie in the range 2.126{2) to 2.148{2)A These values correspond well
with the literature values of 2.04(8}4A and 2.11(6)}A respectively'. Full bond

lengths and angles are given in Appendix 3.

HYDROGEN BONDING INTERACTIONS AND CRYSTAL PACKING:

Each host complex is hydrogen bonded to four m-cresol guest molecules, Ten
unique hydrogen bonding interactions, where the distance between the two
heavy atoms was less than, or close to, the sum of the van der Waals radii for
the two heavy atoms, could be identified (Table 3.3.6). These interactions can
be divided into three main groups, those between two host molecules, those
tetween a host and a guest molecule (Fig. 3.3.10), and those between two

guest molecules.



Table 3.3.6. Hydrogen tonding Data for Nimcres

D—H---A " D-H{) H-AA) DA} Angle )
HOST -~ HOST INTERACTIONS
~ N7-H5 - 02% 0.790(36)  2.168(35) 2.919(3) 168.9(3.2)
N8—H11 - 03"  0.833(20)  2.215(29) 3.024(3) 163.9(2.9)
N7—HE™ - 04 0.812(32) 2,239(31) 3.102(3) 157 6(3.0)
NG-H17* - O 0.815(36)  2.184(36) 2.945(3} 173.7(3.4)
N10-H24 - 02¥  0.800(30)  1.968(30) 2.836(2) 164.3(3.0
N10-H23 - 03%  0.794(34)  2.280(33} 2.963(3) 144.7(3.0)
HOST -~ GUEST INTERACTIONS
08-H49 - 04  0.815(44) 1.859(43) 2 665(3) 169.9(4.2)
N8—H12 - 06 0.809(35)  2.173(35) 2.963(3) 165.7(3.3)
O7-H41 -+ §1%  1.048(42)  2.126(41) 3.168(4) 171.9(3.2)
05 - gp*d - ; 3.214(4) -
' GUEST - GUEST INTERAGCTIONS
O6-H33% .- 08B 0936(35)  1.822(34) 2732(3)  163.3(3.4)

Symmetry codes: #1 = x v, z-1, #2 = 1+x, Yy o, #3 =y 2=y 21 #5 =0y 2,
HE=w -1 87 == y-Ye, 1-2 BB = 1% Mty -2 and #9 = -1, % 2

Fig 3.3.10: Hostguest hydrogen bonds in Nimcres
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The host molecules pack to generate layers. running perpendicular to the
[010] direction, and cutting the b axis at 0.25 and 0.75 (Fig. 3.3.11a). The
layers are stabilised by intermolecular host---host hydrogen bonding
interactions. Adjacent layers are related by rotation through 1807, followed by
translation of half a unit cell length along b. The NCS™ counterions project into
the spaces between layers. partitioning them into inclusion channels (Fig.

3.3 11b).

Fig. 3.3.11: (a) Stick representation of the layers of host molecules in

Mimecres, viewead along [101] {guest molecules in ball-and-stick form:; H atoms
omitted for clarity), (b) Space-filling representation of the host complexes in

Mimcres, showing the major channels {guest molecules omitted for clarity).

If sections of the unit cell are viewed perpendicular to the layers of host
molecules. the geometry of the cavities in which the guest molecules are
accommodated can be examined. The host layers are centered at b = 0.25
and 0.75 (Fig. 3.3.12a). The layers of guest molecules are therefore situated
midway between these layers, at £ = 0 and 0.5 Fig. 3.3.12b shows the
positions of the iscthiocyanate moietias at b = 0, while Fig. 3.3.12¢c shows the
same view but with the m-cresol guests inserted. These diagrams reveal the
m-cresol guest melecules to be situated in cross-channels in the [101] (major

channels) and {101] (minor channels) direction. The major channels have a
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minimurm cross-section of 5 4X2 54, while for the minor channels this cross-

section measures 3.3X2 5A.

{a) {b) {c)
Fig 3.3.12: Space-filling representation, viewed along the [010] direction, of {(a)
host molecules, at b = 0.23, (b) host molecules at 6 = 0 and (¢} host and guest

molecules at b= 0.

THERMAL ANALYSIS

The thermal analyses of all three compounds are shown in Figs 3.3.13 and
3.3.15. In the TG of Nitriag, three distinct weight loss processes are
observed, labelled a-€ in Fig. 3.3.13. Step a corresponds to the loss of the
three water guests and one water ligand from the hydrate, while steps b and ¢
correspond to the loss of one and two isonicotinamide ligands respectively.
Steps a and b are accompanied by complex endotherms in the DSC. Between
these two steps there is a small, broad exotherm, possibly due to a phase
change in the host complex upon water loss. Step b is immediately followed

by exothermic decompaosition.

The decompaosition of Nitriaq was followed by HSM (Fig. 3.3.14a). During
step a the translucent blue crystals bubbie and turn opague blue. During step
b the crystals turn from blue to green, while step c is accompanied by
bubbling, and a gradual lightening of the crystals to an orange colour, which

darkens until the crysials are completely black. The colour changes observed
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in step ¢ are consistent with the excthermic decomposition observed in the
DsC,

The TG of Nipcres reveals six distinet weight loss steps. labelled a-f in Fig.
3.3.16a. Steps a and b each corraspond 1o the release of two ethano! guests,
while step ¢ corresponds to the loss of the two p-cresol guests. Stepsd and e
each correspend to the loss of one isonicotinamide ligand, and step f to the
simultaneous |loss of two isonicetinamide ligands. Due to a seeding problem.
single crystals of Nipcres could nat be remade, with the result that the DSC

could not be measured.

The TG of Nimcres shows five distinct weight loss steps, labelled a-e in Fig.
3.3.15b. Steps a and b each correspend to the release of two m-cresol
guests, per formula unit, from the clathrate. Thereafter, the decomposition
pracess follows the same pattern described above, with steps ¢. d and e
corresponding to the loss of one, one and two isonicetinamide ligands
respectively. The DSC shows a single endotherm corresponding to steps a
and b (Tose = 97.4°C, AH = 80.7kJ.mol'}. The remaining steps, however, are

accompanied by exothermic decompaosition.

The transiucent purple crystals of Nimeres undergo severa! cclour changes
when observed by HSM. During steps a and b the crystals gradually turn
opaque, going from purple to blue, and finally turquoise. At the onset of the
ligand release steps. the crystals turn opague green before melting to a dark
green liguid, which bubbles until a black residue remains {Fig. 3.3.14b}. These
observations are consistent with the ligand decomposition observed in the
DSC during steps e-e. Full TG data for all three compounds are given in Table
I3
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Table 3.3.7: TG data for Niaq, Nipcres and Nimcres

g

Compound ! Reaction Toneet | EXp % Calc%
(°C)
o NI{NCS)a(L)2(H20).3H,0 —
Nitriag I 69.0 | 124 | 117
Ni(NCS}z(L}s — NiftNCS){L}.+ L | 2242 | 183 | 199
Ni(NCSh(L) — NI{NCS) + 2L 2898 | 382 398
Ni{NCS)z(L})a. 2p-cresol 4EtOH—
Ni{NCS)z{L )4 2p-cresol 2EtOH + 347 Fire: 8.6
2FtOH
Nipcres — NiNCS)(L)s.2p-cresol. 2E1OH— i
| NI(NCS)(L) 2p-cresol + 28t0H | o2 84 | 88
MI{NCS)a(L}s.2p-cresol »
NINCS)a(L: + 2p-cresol 1466 193 | 203
Ni(NCSJza(L)s » Ni{NCS}a(L)s + L 1985 110 | 115
NiNCS)a(l)s — N(NCSh{l)o+L 2468 | 120 ' 115
T NINCS){L)z » NiNCS)+2L 2805 ' 238 | 230
NitNCS)a(L)s dm-cresol » '
MNI{NCS}(L)s.2m-cresol + 2m-creseol Lo L
Nimcres Ni{NCS)2(l )4.2m-cresol—
NI(NCS)s(l )4 + 2m-cresol 1k w2abis | 188
NINCS)hilis » NNCSR(L+L | 1865 | 94 | 111
Ni(NCS)(L)s > NNCS{L)+L | 2415 | 108 | 111
 Ni(NCS)2(1 )2 — Ni{NCS)s + 2L o742 | 218 | 223
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Fig 3.3.13 Thermal analysis of Nitriag.

Fig 3.3.14: HSM of (a) Nitriag and {b)} Nimcres (Temperatures. in “C, are
shown in top right hand comer)
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Fig 3.3.15: Thermal analyses of (a) Nipcres and (b) Nimcres.

DISCUSSION

Nipcres and Nimcres both adhere to the classical Werner clathrate formula,
MX.As. The Nitriag host molecules, however, have the general formula,
MX-As(H20). Despite being crystallised under virtually identical conditions,
Nipcres includes ethanol and p-cresol, whereas Nimcres includes m-cresol
only. This difference can only be attributed to the difference in shape between
the cresol isomers. |n all three structures, the amide substituents on the

pyridine ligands form an intricate web of hydrogen bonding interactions.

| (W}




All three compounds are examples of layer clathrates. In Nipcres the host
complexes and ethancl guests form bilayers, stabilised by intermolecular
hydrogen bonds. Layers of p-cresol guest molecules are located in the spaces
between the bilayers. This clathrate 15 highly unstable, and decomposes

within minutes when removed from the mother liquor.

Nimcres consists of layers of host molecules. with the m-cresol guest
molecules located in cross-channels generated by projection of the
isothiocyanate groups into the interlayer spaces. This structure, too, is
kinetically unstable. with the guest molecules being released before the onset

of host decomposition.

In Nitriaq the host molecules are arranged into bilayers. The spaces between
the bilayers are partitioned inte discrete V-shaped cavities, which enclose the
water guests. This results in a kinetically stable clathrate, with the guest
molecules only being released at the onset of host decompesition (i.e. as the

water ligands are lost).
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CHAPTER 3.4

POLYMERIC WERNER CLATHRATES

H = Ni(NCS),(3-aminopyridine),{H,0),.,



Table 3.4.1: Crystal Data and Refinement Parameters for NiEt and NiMe

NiEt
Molecular Formula C1oH5aNsOS8:Ni
M: (g/mol) 503 27
Crystal System Monoclinic
Space group C2ic
z 8
a (A) 24 7020{4)
b {(A) 10.9545(2)
c (A) 16.8574(3)
[} (deg.) 90.585(1)
V (A% 4561.3(2)
Dear: {g/om’) 1.465

Crystal dimension {mmj)

Temp of data collection {K}

Range scanned ((3)

Index Rangs

F (000)

i (mmy

No. reflections collected

No. unigue reflections
Completenass

Refinement method

Data/restraints/parameters

Goodness of fit on F*

Final R indices {I1=2a(l1)}

R indices {(all data)

Largest diff. peak and hole

0.47 x 0.38 X 0.35

172

2.36 - 27.63

21zh2-30, 14zk=-12,
212515

2096

1.06

9202

4585 (R = 0.0273)

86.4%

Full-matrix L.S. on F*

4585/2/354

1.095

R=0.0377.

wR,=0.0866

R=0.0561,

wR5=0.0931

0.554, -0.565 e A

Lz

NiMe

C1aHzaNzOS,Ni
48927
Monoclinic

C2ic

8

23.981(1)
10.9301(3)
16.8867(3)
92.851(2)
4420.8(2)

1.470

0.51 x 0.40 x 0.40
173

1.70 — 27 .50
31zhz0, 14zk=0,
21=f>-21

2032

1.09

23802

5030 (R = 0.0)
99.2%

Full-matrix L.S. on F’
5030/0/359

1.009

R.=0.0252,
wR,=0.0605
R.=0.0319,
wR,=0.0644
0.425, -0.447 e A3



Table 3.4.2; Crystal Data and Refinement Parameters for Niag

Niag
Molecular Formula C1aH1sNgOsSNi-
M, (g/mol) 399 14
Crystal System Monoclinic
Space group F2./n
Z 4
a (A) 12.000(1}
b (A) 9.771(1)
c (A) 14 465(1}
[ (deg.) 94 478(2)
V(A% 1690.9(3)
Deae (gfom) 1.568
Crystal dimension (mm) 020x015 X010
Temp of data collection (K) H EFn
Range scanned {0) 2132561
Index Range 14=hz-12, 9zk=-11, 122f=-17
F {000) a24
1 (mm} 1.41
No. reflections collected 7458
No. unique reflections 3138 (R = 0.0493)
Completeness 93.8%
Refinement method Full-matrix L.S. on F?
Datafrestrainta/parameters 3138/4/232
Goodness of fit on F* 1.003

Final R indices (1=2a(l})
R indices (all data)
Largest diff. peak and hole

R1=0.0383, wR,=0.0755
R,=0.0713, wR,=0.0852
0.460, -0.429 e A



NiEt : Ni{NCS),{3-aminopyridine);.EtOH

PRELIMINARY X-RAY PHOTOGRAPHY:

Oscillation photography gave a unit cell length of 1064, while Weissenberg
photography revealed the remaining two cell lengths to be 16.8. A and 25 4A,
with an angle between them of close to 90°. Of the two photographs, only the
oscillation photograph was mirrored. The resulting 2/m Laue symmetry

ndicates a monochnic umit cell.

The unit cell obtained by diffractometry was identical to that obtained by

photography.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed systematic absences indicative of the monoclinic
space groups C2/c or Ce. Xprep calculated a mean E*1|value of 0.946,
indicating that the centrosymmetric space group, C2/c. is correct. This choice
was vindicated by the successful refinement of the structure in this space

group.

The Ni atom was located in a general position in the unit cell. In the course of
the structure solution it became apparent that two cis 3-aminopyridine ligands
were present as incomplete fragments on the electron density map. In one
case only the pyridine ring was found, and in the other cnly an aming group
was found. However, by applying a simple symmetry operation, each ring
fragment was found fo complete the other. So, while the Nj centre is
goordinated to four 3-aminopyriding ligands, only three complete ligands are

present in the asymmetric unit.
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lhe B-C of the ethanol guest molecule is disordered over two positions, which
refined with site ocoupancy factors of 48.9% and 51.1%. The two C—C bond

lengths did not refine well, and were fixed at the literature value of 1.51(2}A.

All non-hydrogen atoms were located on the electron density map and refined
anisotropically. The aromatic ring hydrogens as well as the amino hydrogens
were all located and refined isotropically, with the exception of two amino
hydrogens, H11 and H12, which were placed in geometrically calculated
positions. The guest hydrogen atoms were omitted from the final model, due
to the disorder (crystal structure and refinement details are given in Table
3.4.1).

STRUCTURE ANALYSIS:

Solving the structure in C2/c revealed a central Ni atom with an irregular
octahedral coordination geometry (Table 34.3) Two NCS  counterions
occupy the axial positions, while the equatonal pasitions are occupied by four
3-aminopyridine ligands. Thiee of these ligands are coordinated through the
ring N atom, while the fourth is coordinated through the amino group (Fig.
341a).

Table 3.4.3: Selected bond lengths and angles around the Mi centre

Bond Length (A} Angle Angle {°)
Ni1 - N1 2.051(2) N2 — Ni1 — N1 178.31(8)
Ni1 — N2 2 .059(2) N1 —Ni1— N3 90.32(8)
Ni1 — N3 2.194(2) N2 — Ni1 — N6 85.79(8)
Ni1 — N4 2.093(2) N3 - Ni1 ~ N5 177.00(8)
Ni1 — N5 2.183(2) NG — Ni1 — N3 90.62(8)
Ni1 — N6 2.162(2) N4 — Ni1 — N5 89.88(8)

The Ni-Nes and Ni-Ng,, bond lengths correspond well with the literature
values of 2.04(8) and 2.11(61A respectively’. The Ni-N.wno bond is not
significantly longer than the Ni—-N,,. bonds. The C-O bond of the ethanol




guest measures 1.434(5)A, which is close to the literature value of 1.43{1},&2_

Full bond fengths and angles are given in Appendix 4.
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Fig 3.4.1: (a) Ortep diagram of NIEt, showing thermal ellipsoids (a.b notation

refers to atoms of a disordered system), (b) the polymeric structure of NIEt.

As shown in Fig. 3.4.1b, two of the 3-aminopyridine ligands acts as bridging
ligands, linking two Ni centres via the ring N and aming N atoms. The other
two 3-aminopyriding ligands are terminal. The presence of two bridging
ligands in the asymmetric unit leads to the formation of 1-D polymeric chains
of alternating Ni centres and 3-aminopyridine ligands. These chains form a
spiral, or helical. pelymer which runs parallel to the [G10] direction (Fig.
3.4.2a). There are two asymmietric units per turn of the helix, resulting in a
pitch of 10.95A per helix turn.

HYDROGEN BONDING INTERACTIONS:

The oxygen atem of the ethanol guest forms hydrogen bonds to the amino
groups of two terminal 3-aminopyridine ligands. Furthermore. the hydroxyl

hydrogen may be hydrogen bonded to the 5 atom of a nearby iscthiocyanato
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counterion (Fig. 3.4.2b). However. since this hydrogen atom could not be
located on the electron density map. this interaction can only be inferred from
the O--S distance.

While the two N-H--OQ hydrogen bonds are intrachain interactions {Fig.
3.4.2a). the postulated O-H--S hydrogen bond is directed towards an
adjacent chain. All three hydrogen bonds are relatively weak, being close to
the sum of the van der Waals radii for the heavy atoms (Table 3.4.4) In
addition, there are several weak interchain and infrachain N-H-5 and

N-H---N interactions between host moieties.

#

g
1) Pops)
9

(a) {b)
Fig 3.4.2: {a) Intrachain N-H-O hydrogen bonds (H atoms omitted for clarity).

{b} hydrogen bonding environment of the ethanol guest.




Table 3.4.4; Hydrogen Bonding Data for NiEt

D-H+=A  D-H@A) H=A{A D+-AH)  Angle()

' HOST - GUEST INTERACTIONS

N7 - H5" O 0.833(34)  2.227(34)  3.059(4) 176.3(3.2)
N8 —H11% - O1 0.880(3) 2.286(2) 3.105(4) 154 8(2)

01— (H} - 81 - - 3.416(d) i

— HOST - HOST INTERACTIONS "

N8 -H12-- 817 0.880(4) 26311  3494(4)  167.2(2)
NG — H18 - N7* 0.857(28)  2467(26)  3.232(4)  149.0{2.3)
NG — H17 - 2™ 0.850(27)  2625(27)  3.443(2)  1617(2.4)

N7 — HE™ - 51 0.883(30)  2625(30)  3.481(3)  163.43(2 6)
Symmelry codes: #1 = x 1y %, B2 = X-y.Z-%, #3 = 1%, y, %z, #4 = Yx, y-15 "%z #5=x

-1, Z.

NiMe : Ni{NCS):(3-aminopyridine);.MeOH

PRELIMINARY X-BAY PHOTOGRAPHY:

Oscillation photography gave a unit cell length of 10.8A, while YWeissenberg
photography revealed the remaining two cell lengths to be 16.6A and 24.6A,
with an angle between them of 92.3° Of the two photographs only the
oscillation photograph was mirrored. The resulting 2/m Laue symmetry

indicates a monoclinic unit cell.

SINGLE CRYSTAL X-BRAY DIFFRACTOMETRY:

The unit cell obtained by diffractometry was identical to that obtained by
photography.
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STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed systematic absences indicative of the monoclinic
space groups CZ/c or Ce. Xprep calculated a mean | E%-1 | value of 0.955,
indicating that the centrosymmetric space group, C2ic, 18 correct. The

structure was solved and fully refined in this space group.

The Ni atom occupies a general position in the unit cell. During the structure
solution, two of the 3-aminopyridine ligands were found to be partially

complete, in a manner identical to that of NiEt.

All non-hydrogen atoms were |located on the electron density map and refined
anisgtropically. All host and guest hydrogen atoms were located on the
electron density map ang refined isotrepically  {(crystal structure  andg

refinement details are given in Table 3.4.1).

STRUCTURE ANALYSIS:

NiMe and NiEt are isostructural with respect to the host molecules, differing
ocnly in the positions of the guest atoms (Fig. 3.4.3a). The bond lengths
around the Ni centre correspond well with the literature values' The Ni—Ncs
bonds measure 2.045{ 1A and 2.056(13A. The Ni-Nanme bond is 2. 177( 1A in
length. while the Ni-N,,, bonds lie in the range 2. 108{1)A to 2.185(13A The
methanal guest molecule refined well, with a C-O bongd length of 1.419(4)A.

This value corresponds well with the literature value of 1.43{1)A2_
The helical polymers in NiMe have a pitch of 10.93A per turn of the helix,

compared with 10.95A for NiEt, Full bond lengths and angles are given in
Appendix 4.
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(a) (b)
Fig 3.4 3. (a) Ortep diagram of NiMe. showing thermal ellipsoids. (b} hydrogen

bonding environment of methanol guest.

HYDRQGEN BONDING INTERACTIONS:

As in NIEt, the oxygen atom of the methanol guest forms two intrachain N—
HAQ hydrogen bends to the amino groups of two terminal 3-aminopyridine
ligands. The hydroxyl hydrogen of the methanol guest was found to be
approximately halfway between two isothiocyanate sulphur atoms (in NiEt, 52
is more than 0.17A further away than S1) All four interactions exceed the
sum of the van der Waals radii for the two heavy atoms, and fall in the range

generally associated with weak hydrogen bonds (Table 3.4 5. Fig. 3.4 3b).

I addition. the interchain and intrachain host--kost interactions that were

examined in NiEt were also found to be present in NiMe.
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Table 3.4.5: Hydrogen Bonding Data for NiMe

D-H-A D-H{A} H-—-AA) D-AR)  Ange ()
) HOST -- GUEST INTERACTIONS S
N7 —H5"" - 01 0.837 2.230 3.062 173.26
N8 - H11% - O1 0.849 2.249 3.080 166.39
01 —H19 - S1 0.748 2.909 3.448 131.16
01 —-H19 - 52* 0.748 2.849 3.473 142.63
HOST - HOST INTERACTIONS N
N8 — H12% - 51 0.839(31) 2678(31)  3487(3) 162.5(2.7)
NG — H18 - N7 0.833(20)  2.531{19) 3.260(2) 146.8(1.8)
NG — H17 »- §2* 0.876(19)  2.632(19) 3.480(1) 163.4(1.6)
N7 -- HB - §1% 0.848(23)  2665(24)  3.493(2)  1657(2.1)

_E@mmetr:,r codes: #1 = ¥, Ty, FoVE B2 = o 2oy oz #3 = -x, y. Yz, #d = Ve V;-Pf, ez #5=
Ve-w, Veby, ez #E = w1, 7

Niaqg : Ni(NCS)z{3-aminopyridine};(H>0).H:0

PRELIMINARY X-RAY PHOTOGRAPHY:

The single crystals of Niaq were unsuitable for photography due to their small

size.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

STRUCTURE SCLUTION AND REFINEMENT:

The diffraction data revealed 2/m Laue symmetry, and systematic absences
indicative of the monoclinic space group P2:/n. From the unit cell parameters
and space group, it was found that this structure had been published some

years ago". Nevertheless, data were recollected and the structure re-solved.

When the literature values for the atomic coordinates of the Mi atom and

isothiocyanate groups were inserted the structure was solved and fully refined.
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Two cis 3-aminopyridine ligands were located on the electron density map

and refined as incomplete fragments, in @ manner similar to NiEt and NiMe.

The Ni occupies a general position in the unit cell. All non-hydrogen atoms
were located on the electron density map and refined anisotropically. The
amino hydrogens, HS and HE. as well as all aromatic ring hydrogens, were
placed in geometrically calculated positions. Amino hydrogens, H11 and H12,
and aqua hydrogens, H13-16. were located on the electron density map and
refined isotropically. The O-H bends of the water ligand and guest were fixed
at 0.9010.02A (crystal structure and refinement parameters are given in Table
3.4.2}.

STRUCTURE ANALYSIS:

Salving the structure in P2:/n revealed a central Ni atem in an irregular
octahedral coordination environment. The Ni centre is coordinated to two axial
NCS  counterions, twe bridging 3-aminopyridine ligands (one coordinated
through the ring N atom and the other through the amino N atom). one
terminal 3-aminopyridine ligand and one water molecule (Fig. 3.4.4a). The
bond lengths around the Ni cenire correspond well with the literature values

(Table 3.4.6)". Full bond lengths and angles are given in Appendix 4.

The coordination environment of the Ni centre is similar to that of NiEt and
NiMe, the only difference being that a water ligand has replaced one of the
terminal 3-aminopyridine ligands. In the literature, this structure is described
as consisting of Ni{NCS),({3-NH-pyridine)»(H-Q). HoO dimers, in which two N
centres are linked by twa bridging 3-aminopyridine ligands. However, careful
examination of the extended structure revealed a polymeric arrangement (Fig.
3.4 4b).

Infinite 1-D chains of altermating Ni centres and bridging 3-aminaopyridine
ligands extend alang the [010] direction (Fig. 3.4.5a). As in NiEt and NiMe,
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the chains have a helical conformation. There are two asymmetric units per

turn of the helix, resulting in a pitch of 9.77A per helix turn.

Table 3.4.6; Selected bond lengths and angles around the Ni centre

" Bord  Length (A) Angle  Angle (%)
Ni1- N1 2.032(2) TNZ-NiT-N1 173.87(9)
Ni1 - N2 2.024(2) N2 - Ni1 - N3 90.83(9)
Ni1 - N3 2. 098(2) N2 - Ni1 - 01 89.52(9)
Ni1 - N4 2 119(2) N2 - Ni1 - N4 92.84(9)
Ni1 - N5 2 178(3) N3 - Ni1 - 01 90.81(9)

Ni1 - O1 2.116(2) O1 - Ni1 - N4 177 25(9)

—_—In
=
i &
[

%

Fig 3.4.4: {a) Ortep diagram of Niag, showing thermal ellipsoids, (b) the
polymeric structure of Niaqg.




HYDROGEN BONDING INTERACTIONS:

An extensive hydrogen-bonded network is formed between the water, amino
and ispthiocyanato moieties. The water guest may be involved in up to four
different hydrogen bonds {Table 3.4.7), all of which lie in the range generally
associated with moderately strong hydrogen bonds. The oxygen atom of the
water guest forms hydrogen bonds to the water ligand and bndging amino

group of adjacent units within a chain (Fig. 3.4.5a).

{b}

Polymer 1

Polymer 2

Fig 3.4.5: (a) Intrachain hydrogen bonding interactions between water guest
{ball-and-stick form} and host polymer (stick form; ring H atorms omitted for
clarity), (b} hydrogen bonding envirgnment of water guest, showing its role in

linking adjacent polymers.

The two hydrogen atoms of the water guest form hydrogen bonds to the
isothiocyanato sulphur atom and terminal amino group of a single unit in a
nearby chain (Fig. 3.4.50). In this way the water guest is responsible for the

linking of polymers wia interchain hydrogen bonds, to generate a 3-D
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hydrogen bonded network. In addition, three weak N—H---& interactions were

identified both within and between host polymers.

Table 3.4.7. Hydrogen Bonding Data for Niag

~  D-H-A D-H(A} H-AR D-~A(A}  Angle(®
HOST - GUEST INTERACTIONS

01 -H13 - 02 0.869(24)  1.957(23)  2.822(3) 1731(2.1)
N5 — H12*' - 02 0.862(37)  2.130(37)  2.989(4)  174.1(3.5)
02 — H15 - N6% 0.861(31)  2.229(30) 3.076(4)  167.5(2.7)
02 — H16 ~- 81" 0.867(22)  2.476(22) 3.298(3) 158.6(1.9)

HOST - HOST INTERACTIONS

N5 —=H11 - §2% 0.812(26)  2.744(26)  3.542(3)  168.1(2.4)
NB — H5 - §1* 0.880(3) 2 738(1) 3.539(3) 151.8(2)
NG — HE -- 52 0.880(3) 2 745(1) 3.615(3) 169.7(2)

= %V, Y+, T,

CRYSTAL PACKING FEATURES OF NiEt, NiMe AND Niaqg

NiEt and NiMe may be regarded as isostructural with respect to the host
molecules, differing only in the positions of the guest molecules. The direction
of growth of the helical polymers is along the [010] direction, coincident with
the twofold screw axis (Fig. 3.4.6a-b}).

The ethanol and methanol guest molecules are located in sealed cavities,
which run 3.4A along b. Each cavity contains fwo guest molecules. Viewed
along [010]. the cavity cross-section is roughly elliptical, with a slight central
constriction, resulting in a dumb-bell-like shape. The two guest molecules lie
adjacent to each other in the cavity. at oppeosite ends of the centrally

constricted region (Fig. 3.4.7a-b).
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(a) (b)
Fig 3.4.6: (a) Stick representation of NiEt, viewed aleng [010], with ethanol
guests in ball and stick form (H atoms omitted for clarity), (b) Ball and stick
representation of NIEt. viewed along [100] (H atoms omitted for clarity).

P ET T
&

(a) {b)
Fig 3.4.7: Space-filling representation of (a) host molecules in NiEt, at b =
0.25. showing cavity cross-section and (b) host and guest molecules in NiEt,
at b = 0.25, showing the position of the ethanol guests In the cavities. (each
black outline encompasses the two entrapped ethanol guests per cavily).

1i6




The direction of polymer growth for Niaq is, similarly. along the [010] direction.
Figs 3.4.8a and b describe end-on and side-on views of the polymers
respectively. The water guests are located in cages, irregular in shape, which
run 3.7A along b, and have a cross-section of approximately 2.7X3.4A. Each

cavity encloses a single water guest.

(a)
Fig 3.4.8: {(a) Stick representation of Niag, showing guest water atoms as solid
red spheres (H atoms omitted for clarity}. {b) Ball-and-stick representation of

Miag (H atoms omitted for clarity).

THERMAL ANALYSIS

The thermal analyses of all three compounds are shown in Fig. 3.4.9, Both
TG and DSC reveal that NiEt and NiMe decompose in four distinct steps,
labelled a—d in Figs. 3.4.9a and b. Step a corresponds to the loss of the guest
malecules, while steps b—d each correspond to the loss of one 3-
aminopyridine ligand. Each weight loss step in the TG is accompanied by a

single endotherm in the DSC.
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The TG and DSC data for Niaq reveal that this compound, too, undergoes a
four-step decomposition process, fabelled a-d in Fig. 3.4.9c. Step a
corresponds to the simultaneous release of the water ligands and guest
molecules. Steps b and ¢ each correspond to the loss of one half of a 3-
aminopyridine ligand {In a polymeric chain, step b would correspond to the
loss of alternate bridging ligands in the chain, resulting in the formation of
dimers. Step ¢ would correspond to the loss of the remaining. shared bridging
igands, to generate monomers). Finally, siep d corresponds to the loss of the
terminal 3-aminopyridine ligand. Each weight loss process in the TG s
accompanied by a single endotherm in the DSC, with the exception of step b,
for which the trace is complex. All four steps are accompanied by bubbling
and colour changes, as observed by HSM. Dunng step a the pale blue,
transiucent crystals turn opaque green. Steps b and ¢ correspond to a
gradual lightening of the crystals to a pale yellow-green, while in step d the
crystals darken to a black residue. Full TG and DSC data are given for afl

three compounds in Tables 3.4 8-3.4.10.

Table 3.4 8: TG data for NiEt and NiMe

NiEt “NiMe
Reaction i F—— g -
Calc % : Exp % -C) Calc % | Exp % C)
Ni(NCS)(L):.G — ' o ;
NINCS)0L, +8 9.2 9.2 1000 « 65 6.1 1020
Ni(NCS)z(L):— - )
NNES LI L 187 183 1640 | 19.2 17.9 | 174.3
I Ni(NCS)s(Ll— | -
NS, B 187 200 2220 | 192 186 | 2456
 NIi(NCS)x{L)— i
NiKESiL 187 21.0 2900 | 19.2 215 | 3006
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Table 3.4.9: DSC data for NiEt and NilMe

" NIEt

| NiMe
e b Tanset (°C) | AH(kJmol)  Tonser (°C)  AH (kdmol™)
‘ Ni(NCS):(L)s.G > B ) ' 2%
NI(NCS)al )s +G e (2.5 16 (1.4
NitNCS ) (L)
NI{NCS)a(Ls +L 197.1 66.8 197.0 17.3
NItNCS)z(L Jz—
NINCSHIL), +L . 480 78.2 236.9 85.5
NINCS)(L)—> | e
Ni(NCS), +L 322.0 791 335.7 44.3

* walues in brackets indicate enthalpies calculatad in terms of kJ per mole of guesfalone, for

the release of one mole of guest per mole of hast campound.

Table 3.4 10: TG and DSC data for Niag

TG DSC
Reaction AH
Gale% Exp% | Tonset ("C)  Tome:("C) kd.mol)
NI{NCS)(L)o(H20).Ha0 o
s NINCS)L)s 42H0 9.0 | 9.0 92 5 | 91.3 94 4
Ni(NCS)(D)z » | | | T
NNCSJA(L]1 5 +0.5L 18 » 918 209.8 . - .
NI{NCS)2(L); 5~ N
NINCS)L); +0.5L “d || 228 2450 | 2253 | 55.7
NCNGS)(Li> | |
NINCS), 4L 236 | 2286 291.0 3253 756
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Fig 3.4.9: Thermal analysis of (a} NiEt, (b} NiMe and (c) Niag.

[20

ETndﬂ

Heat
Flow

Exo




XRD:

There is a good correlation between the calcuiated and experimental XRD
traces for NiEt and NiMe (Fig. 3410} The XRD of Niag could not be
measured as this compound couid only be crystalised from solution as a
mixture, from which the crystals of Niag had to be separated by hand (see
section 2.2.12)

4500

:
:

2

g

Relative Intensity
=l = [ =]
g & 8

L]

g

g 11 16 21 26 3| 36
2Theta (deg.)

Fig 3.4.10: XRD traces of NiEt, calculated (1} and experimental {2} and NiMe.

calculated (3) and experimental (4)



DISCUSSION

The three structures described in this chapter are examples of polymeric
Werner clathrates. The presence of an amino substituent on the pyridine ring
system allows two of the ligands in the coordination sphere of the Ni atom to
act as brndging ligands. This generates 1-D helical polymers, comprising two
asymmetric units per turn of the helix. Instead of the classical Wermer formula,
MX.A4, these complexes have the general formulae MX-A: (NIEt and NiMe)
and MX,A:(H.O) (Niag).

Interchain and intrachain host---guest hydrogen bonding interactions generate
a 3-D hydrogen bonded network. The guest molecules are trapped in cavities,
and are therefore unable to diffuse through the crystal structure, resulting in a
high kinetic stability for these clathrates. This is reflected in the thermal
analysis of the compounds, where the guest release process coincides with
the onset of host decomposition. In NiEt and NiMe the release of the guest is
observed as a distinct process, which is immediately followed by host
decomposition. This implies that, while the host molecules may need to shift
their position in the crystal structure in erder for the guest molecules to be
released from the cages, the host complexes do not actually break up until the
guest molecules have been released. In Niag, however, the release of the
water guests and water ligands occur as a single process. Thus the water
guests cannoct be released from the host cages until the host complexes

themselves start to decompose.
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CHAPTER 3.5

COORDINATION POLYMERS



COORDINATION POLYMERS

The compounds described in this chapter are all examples of coardination
polymers rather than VWerner clathrates. This class of compounds encompasses
a diverse range of structure types. which cannot be fully explored in this project.
Instead, this chapter highlights some of the more important aspects of
coordination polymers, as well as those features that distinguish them from, for

example, the polymearic Werner-type complexes.

Metal salts other than Ni{NCS); were used, namely ZnBrz, ZnS0, and CuS0,,
This adds a new dimension to the formation of inclusion complexas, both in
terms of the preferred geometry of the metal centre and the behaviour of the
counterion. Whereas Wemer complexes display octahedral coordination

geometry, coordination polymers in which the metal centre adopts a linear®,

|4.E§.1l.'.l I‘I1.12

trigonal*®, trigonal bipyramidai®, T-shaped®, tetrahedra , octahedra and

1*1 coordination geometry have all been reported.

heptacoordinate
In addiion to the geometry of the metal centre, the choice of counterion is an
important factor. In Werner clathrates the counterions remain coordinated to the
metal centre. In coordination polymers, however, it is common for the counterion
to be displaced, either by an incoming ligand*®'? or by a water molecule' """
These displaced counterions are accommodated in channels or pores formed by
the host polymers. One must also consider the possibility of polymerisation
gccurring via bridging bidentate countenions, as observed in cerain polymers

containing the hexafluorosilicate ion (SiF< )%,



Table 3 5.1: Crystal data and refinement parameters for ZnBropyz; and ZnBropyz

Molecular Formula
M, (g/maol)

Crystal System
Space group

Z

a(A)

b (A)

c (A)

fi (deg.)

V (AY)

Deye (glem®)
Crystal dimension {(mm)}

Temp of data coilection (K)

Range scanned (i)
index Range

F (000)

u (mm')

No. reflections collected
No. unigue reflections
Completeness
Refinement method

Data/restraints/parameters

Goodness of fit on F?
Final R indices {I=2{l}))
R indices (all data)

Largest diff. peak and hole

 ZnBripyz;

mr;GgHaNd

3856.37

Orthorhombic

Ccea

4

10.1804(4)
10.1981(6)
11.1516(7)

90

1158 .8(1)

2208

040x 040 x028
173

337-2748
10zhz2-13, 10=2k=-13.
13z21>-14

736

8.99

3623

675 (R = 0.0619)
100.0%

Full-matrix L.S. on F?
675/0/56

1.071

R=0.0301, wR;=0.0737
R=0.0451, wR>=0.0841
0.598, -1.095 eA®

ZnBripyz

ZnBroCaHsN;

305.28

Monoclinic

P2i/m

2

6.0068(4)

9.9518(8)

6.9936(6)

110.472(5)

391.66(5)

2.589

0.14 x 0.40 x 0.28

298

372-2828

62h>-8. 13=k=-12.
9=/>-6

284

13.25

2012

987 (R = 0.07236)

96.7%

Full-matrix L.S. on F?

987/0/46

1.068

R=0.0677, wR>=0.1739

R,=0.0758, wR,=0.1864

2.126, -1.325 eA™




Table 3.5.2; Crystal data and refinement parameters for ZnpyzSulf and Cudiag

Znpyz3ulf Cudiaq
Molecular Formula " C4HaNz0108Zn CuC12H1sN4O5S
M, {g/mol) 337.52 457.90
Crystal System Monoclinic Monoclinic
Space group P2/ P2.c
Z 4 4
a (A) 7.7052(8) 4.9125(7)
b (A) 12 497{1) 24 103(4)
c (A) 13.077{1) 15.115{1)
[ (deg.) 88.533(6) 97.775(8)
V(A% 1245.2(2) 1773.6(4)
Deaic (gfiem®) 1.800 1.715

Crystal dimension (mm) 027 x025x0.23 030x020x015

Temp of data coliection (K) 173 298

Range scanned {0} 3.30-2852 1.69 - 24487

Index Range Tehz-10, 152k=-146, Szh=-5, 19zk=0,
17 #4213 172f2-2

F {000} 672 940

i (mm’) 2.19 1.41

No. reflections collected 5612 2800

No. unigue reflections 2639 (R = 0.0404) 2649 (R = 0.0456)
Completeness 83 3% 85.2%

Refinement method Full-matrix L.S. on F? Fuli-matrix L.S. on F*
Datafrestraints/parameters  2639/8/193 2645/0/118

Goodness of fit an F? 1128 0.927

Final R indices (1=2a(i)) R.=0.0724, wR,=01878 R,=00523 wR.=0.1632
R indices (all data) R=0.0833, wR-=0.1939 R,=0.1990, wR.=0 2189
Largest diff. peak and hole ~ 3.087"", -0.682 eA™ 0.949% -0.501 eA™

#1 = very close to Zn centre. #2 = in vicinity of sulphate counterion



The ZnBrapyz; AND ZnBrypyz COORDINATION POLYMERS

MICROANALYSIS:

Table 3 53 Microanalysis results for ZnBropyz: and ZnBr:pyz

Compound 5% C %H LN
Calc : ZnBripyz; 2493 209 14.54
Exp : ZnBropyzs crystals 25.21 163 13.83
Calc : ZnBrzpyz 1574 1.32 918
Exp : ZnBrzpyz crystals 16.39 1.13 918

Exp : ZnBrpyz powder 15.84 1.21 9.02

ZnBr;pyz;: ZnBry{pyrazine};

X-RAY PHOTOGRAPHY;

Oscillation photography gave a unit cell length of 7.1A. while Weissenberg
photography revealed the remaining two unit cell lengths to be 7.0A and 11.0A,

with an angle between them of 90", Together, the photographs appeared to
indicate: 4/mmm Laue symmetry.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY"

The unit cell obtained by diffractometry can be transformed into that obtained by

photography by applying the matrix [Y2 -2 0, 2 % 0, 0 0 1] to the unit cell.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed mmm Laue symmetry, and systematic absences

indicative of the ortharhombic space group Ccca, with a=b. The reflections of the



hk2 and hk3 layers, which exhibit mm symmetry, confirm the orthorhombic rather
than the tetragonal symmetry of this structure. These results are consistent with
the literature, in which the isomorphous structures of FeClx{pyrazine); and

CoCl(pyrazine), were similarly solved and fully refined in Ccca®®?!.

The Zn atom occupies a special position at (32, 4, 04), with 222 symmetry, in
Whyckoff position . The Br counterion occupies a special position at (%, Y, z),
with two-fold symmetry, in Wyckoff position g. The C and H atoms of the pyrazine
ring are disordered over two positions, with site occupancy factors which refined

ta 52% and 48%. The mean planes of the two disordered rings are orthogenal.

The Patterson method was used to solve this structure, as direct methods proved
unsuccessful. This was carried cut by a subroutine in X-Seed, which solves the
Patterson function, expands the structure, and immediately yields an electron
density map. The latter showed the position of all the non-hydrogen atoms
unambiguously. All non-hydrogen atoms were refined anisotropically. The
aromatic ring hydrogen atoms were placed in geometrically calculated positions

{crystal structure and refinement parameters are given in Table 3.5.1}.

STRUCTURE ANALYSIS:

Solving the structure in Ceca revealed a central Zn atom coordinated to two axial
Br™ anions and four equaterial pyrazine ligands {Fig. 3.5.1). The coordination

geometry around the metal centre is that of an irregular octahedren (Table 3.5.4).

Table 2.5 4: Selected bond lengths and angles around the Zn centre

Bond Leﬁgth {ﬁ} Angle Degrees (%)
Zn1 — N1 2210{(2)  Ni-—-2Zn1-Br 90.3 (2)
Zn1 - Bri 2,582 (1) N1—Zn1—N1* 89.9 (1)

N1*-Zn1 - Br1 B9.7 (2)

Symmetry codes: # = T-x, ¥, 142



Fig 3 3.1: The coordination gecmetry of the metal atoms in ZnBrpyz; (only the

asymmetric unit is labelled, H atoms omitted for clarity)

The Zn-N and Zn-Br bond lengths are slightly longer than the fiterature values of
2 10(6)A and 2.39(3)A respectively . The pyrazine rings refined satisfactorily. The
C-C bond lengths are 1.35(1}A and 1.42{1)A, while the aromatic C-N bonds lig in
the range 1.33(1)A to 1.36{1)A The lierature values are 1.38( 1A and 1.34(1)A

respectively’. Full bond lengths and angles are given in Appendix 5.

CRYSTAL PACKING FEATURES:

Each pyrazine ligand forms a bridge between two Zn centres through the ring N
atoms. The linking of metal centres In this way lgads to the formation of 2-D
polymeric square grids (Fig. 3.5.2a). These sguare grids are neutral frameworks,
as the Br anions remain coordinated to the metal centres. These grids are
stacked along the [001] direction, with an interlayer spacing of ca. 56A (Fig.
3.5.3a). The coordination networks have Zn—(pyz)—Zn distances of 7.2A,
resulting in inner cavities with effective dimensions ca. 2 4A by 2 4A (Fig. 3.5.3b).
Adjacent layers are staggered such that the Br” counterions of ane layer project

into the square cavities generated by the adjacent layers, thereby minimising
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untavourable steric interactions (Fig. 3.5.2b) So, while the structure appears

in 2-D. the 3-D packing arrangement of the layers along the ¢ axis

Nl N
~
Stacking of layers Vi My ]
along ¢ axis }

porous

precludes guest inciusion.

B

\Q/
# "
KA

N/
AN A

(a) (b)

Fig 3.5.2: Stick representation of ZnBrapyz;, viewed along the [001] direction: (a)

CLET =T

single layer, (b) double laver (H atoms omitted for clarity)

C \ \
___)Lz,___);..a‘vjk

X SRS

f"\' f_)plql\&)l-.

e AP
) \ I' ‘..y"_,__‘), _..1‘ j_f)

C - k

(a} {b)
Fig 3.5.3: (a) Stick representation of ZnBr:pyz:, viewed along the [100] direction,
showing the stacking of the layers along the ¢ axis, (b) Space-filling

representation of a single polymeric layer, viewed along the [001] direction,

showing the cavity dimensians.




ZnBrapyz: ZnBra{pyrazine)y

X-RAY PHOTOGRAPHY"

Oscillation photography gave one unit celf length as 9.7A, while Weissenberg
photography revealed the remaining two cell lengths to be 5. 7A and 7.0A, with an
angle between them of 111.0°. Of the two photographs, only the oscillation
photograph was mirrored. The resulting 2/m Laue symmetry indicates a

monoclinic unit cefl,

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell oblained by diffractometry was identical to that obtained by

photography.

STRUCTURE SOLUTION AND REFINEMENT:

The diffraction data revealed 2/n Laue symmetry, and systematic absences
indicative of the monoclinic space groups, P2,/m or P2,. An |E%1| value of 0.957
indicated that the centrosymmetric space group, P2+/m. was correct. a choice
that was vindicated by the eventual successful refinement of the structure in this
space group. The Zn atom and both Br atoms were located on a mirror plane at

(x. Ya. z), in Wyckoff position e,

The structure was solved using direct methods. All non-hydrogen atoms were
located on the eiectron density map and refined anisotropically. The aromatic
ring hydrogen atoms were placed in geometrically calculated positions {(crystal

struciure and refinement details are given in Table 3.5.1}.
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Solving the structure in P2,/m revealed a central Zn atom coordinated to two Br
anions and two pyrazine ligands (Fig. 3.5.4). The coordination geometry arcund

the metal centre is that of an irreqular tetrahedran {Table 3.5 5)

Fig 3.5.4: Orep diagram of ZnBrpyz, showing thermal ellipsoids (only tha

asymmetric unii is labelled).

Table 3.5.5: Selected bond lengths and angles around the Zn centre

Bond Length (A) Angle Angle (%)
 Zn1—=N1  2.084 (4 N1 —Zn1— Br1 108.2 (1)
Zn1 - Br1 2330 {1) N1 —Zn1—Br2 109.7 (1)

7n1—Br2 FRERIH) Br2 — Zn1 — Br1 1221 ¢1)

The Zn-N and Zn-Br bond lengths are consistent with the literature values of
2 10(6)A and 2.39(3)A respectively . The Br—N-Br angle deviates significantly
from that of a tetrahedron, due to the steric repulsion between these two large

anions. Full bond lengths and angles are given in Appendix 3.



CRYSTAL PACKING FEATURES:

Each Zn centre is coordinated to two bridging pyrazine ligands which, due to the
tetrahedral arrangement of ligands arcund the /n centre, leads to the formation
of infinite 1-D zig-zag chains of alternating Zn centres and pyrazine ligands (Fig.
3.5.5a). The direction of polymer growth is along the b axis {Fig. 3.5.5b}

P
m%

(a)

e

A

(b}

ReHHRy
ReHHRit

4
5
x

Fig 3.5.5: (a) Stick representation of ZnBr:pyz. viewed along (a) [001], and {b)
[100].



SOLID STATE SYNTHESIS OF ZnBrpyz; FROM ZnBr.pyz

The product of the solid state reaction shown below, between ZnBrapyz powder

and solid pyrazine, was characterised by XED and thermal analysis.

ZnBripyz i) + pyz sy — ZnBr:pyz; s

THERMAL ANALYSIS:

The TG of single crystalts of ZnBrzpyz, as well as the powdered starting material,
show a continuous weight loss above 260°C, with 41% of the initial mass having
been lost by 400°C. If the TG is run at an elevated heating rate of 45°C min™,
however, then an inflection in the curve is observed at 351.6°C. This inflecticn
occurs after 25 5% of the mass has been lost {i pyz = 26.2%) {Fig. 3.5.6a). The
DSC shows a corresponding broad endotherm followed by exothermic
decomposition. The TG of single crystals of ZnBrazpyzz, as well as the solid state
reaction product, show an additional weight loss step between 100°C and 160°C,
corresponding to the foss of one pyrazine ligand per formuta unit (Fig. 3.5.6b).
This step is accompanied by a broad endotherm in the DSC. Thereafter, both
compounds decompose, Even at a heating rate of 45°C.min”', the loss of one
pyrazine ligand per formula unit could not be distinguished. An inflection simifar
to the one described above does occur in ZnBraopyzs, at 331.5°C for the crystals
and 339.9°C for the solid state reaction product. The mass loss, however, |s non-
stoichiometric {14.7% for the crystals and 14 0% for the powder; 1 pyz = 20.8%).
In addition, the corresponding broad endetherm in the DSC overlaps with
exothermic decomposition, in both cases. Fult TG and D5C data are given in
Table 3.5.6.

The decomposition of a single crystal of ZnBrzpyz; was followed by HSM.
Between 102°C and 200°C, the transiucent yellow crystal bubbles and turns

opaque white, corresponding te the release of the volatile pyrazine ligand. Above
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300°C, discolouration of the crystal is observed, and it melts to a sticky mass with

bubbling (Fig. 3.5.7).
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Fig 3.5.6: Thermal analysis of (a) ZnBr:pyz powder and (b) the ZnBrzpyz: solid

state reaction product.
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Table 3.5 6 TG and DSC data for ZnBrapyz: and ZnBrapyz

* immediately followed by furthe: dﬁt‘ﬂmpﬂsﬂ;ﬂn

TG DSC
Compound Reaction Toicet \H
) Exp % | Calc % ) | (kd.mol")
ZnBrzpyz ZnBrapyz » -
crystals ZnBr; + pyz * 2766 | 254 262 |281.0 -
Powdered ZnBrpyz —
starting material ZnBr, + pyz * 2576 25.5 262 |271.5 -
B ZnBrpyz: » i - =
ZnBpyz: | 5o ovzipyz 1008 | 197 | 208 | 965 665
iysinia " Decomposition | 252.9 - 275.0 -
_ ZnBrpyz; — -
| Solidstale | zngrpyzepyz | 1002 | 196 | 208 | 965 608
jiEEaction prodc " Decomposition | 264.3 277.0 -

Fig 3.5.7: HSM of ZnBrspyz, (Temperatures, in °C, are given in top right hand

comer),



XRD:

The product of the solid state reaction {(ZnBr:pyz o + pyz & > ZnBropyzs o)
gives an ARD pattern (3) that is superimposable on the pattern calculated for
ZnBropyz; (4). with the exception of two extra peaks in the experimental trace
that are found to correspond to unreacted pyrazine (Fig. 3.5.8). This solid state
reaction product was heated at 60°C for 120min, The resulting XRD trace (5) is
superimposable on that of ZnBrpyz (2). confirming that the uptake of one

pyrazine ligand per formula unit by ZnBr:pyz is a fully reversible process.

6000

5000
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oon

Ralative Intensity

2000

1000
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Fig 3.5.8: XRD traces of ZnBr:pyz (1, calculated and 2, experimental), Solid state
reaction product (3) {peaks marked * correspond to unreacted pyrazine);
ZnBr;pyz: (4. calculated), and product obtained on heating solid state reaction
product (5).

These data indicate that the powder form of ZnBr:pyz, can be generated from

the powdered starting material, ZnBrzpyz, via a simple solid state reaction. The



reverse reaction, a decomposition process, can be effected by heating the
sample to release the volatile pyrazine ligand, thereby regeneraling ZnBrzpyz.
The kinetics of decomposition of this reverse reacfion was studied using

Isothermal Thermogravimetry.

ISOTHERMAL DECOMPOSITION KINETICS OF ZnBr:pyz;

The isothermal decomposition kinetics of the reaction
ZnBr:pyz: s — ZnBrpyz 5 + pyz (g was investigated. Isothermal
thermogravimetric analysis was used to determine the most probable
decomposition mechanism of ZnBrypyz; The decomposition reactions were
carried out under isothermal conditions, over a temperature range of 85°C to

110°C. The resulting % weight loss vs time curves are shown in Fig. 3.5.9,
below.
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Fig 359 % Weight loss wvs. time curves for the reaction

ZnBr:pyz: ) — ZNBrpyz o) + pyz ig;



Each % weight loss vs time curve was converted into an extent of reaction, o,
vs. time curve, using the program TGISODAT. The extent of reaction, o, is
described by equation 1 below, where my; is the final mass of the compound, m,

the initial mass and m; the mass at any time, t, during the mass lpss process.

17— #
— (1)
"1 — g

£ =

Various kinetic models, of the form f{o) = ki, were fitted to the «lime data using
the program KINETIC. The kinetic model for which the function. f{i), was linear
over the fargest range of o was chosen as the best fit model, where the
goodness of fit i5 reflected in the correlation coefficient, r {Table 3.5.7) The rate
constant, & is the slope of the resuitant plot. For the release of one pyrazing
ligand from ZnBrypyz,. the best kinetic model| was found to be the contracting
area deceleratory a-time equation, flo) = 1-{1-a0)" (R2Y® The data were found

to be isokinetic, in that the same rate law could be applied to all four isothermals

Table 3.5.7: Kinetic data for the reaction: ZnBropyz: ;i — ZnBrpyz o + pyz g

Temperature Correlation Slope. &
o Range o -5 Y-Intercept
k) coefficient, r {rin™)
358 0.01-085 0.9934 0.0286 00787
363 0.03-0.80 08973 00802 -0.08156
373 0.01-0.80 {1.8832 01142 -0.1165
383 0.03-0.85 (3.9843 0.2526 -0.1766

Given that the data were isokinetic, the Arrhenius equation (2) could be used to
determine the activation energy, £, and pre-exponential factor, A, for this
reaction. The activation energy and pre-exponential factor are measures of the
energy barrier that must be overcome to enable the reaction to occur and the
frequency of occurrence of the reaction respectively. Since the Arrhenius

equation was derived for homogeneous systems, the validity of its application to
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heterogeneous systems has been guestionad. It has been shown, however, that
the activation energy and pre-exponential parameters do have practical value,
and the Arrhenius equation is widely accepted and has been successfully applied

to many reactions involving solids™.

2

Inft=InA4- {2}

Plofting the semilogarithmic graph of In k vs. T" gives a straight line of slope
—1.20x10% and y-intercept 2594, resulting in an activation energy for the
reaction of 99.8kJ.mol’ and a pre-exponential factor of 1 8x10''s™ (Fig. 3.5.10).
This wvalue compares well with activation energies calculaied for the

decomposition reactions of various metal-ligand complexes™.

y = -12025x + 25.941

In(k/ko)

26 265 27 275 28
1T {(x1000K™"}

Fig 3.5.10: Arrhenius plot for the reaction ZnBropyzz iy — ZNBrzpyz i, + pyz i
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ZnpyzSulf: Zn(H,O)s{pyrazine).50,.2H;0

MICROANALYSIS:

%C %M %N S
Calculated for Zn{HzO)(pyz) S04 2H) 1403 426 8.09 941

Experimental 1375 4 61 B.02 9.18

X-BAY PHOTOGRAPHY:

These crystals proved to be unstable when exposed to air for any length of time,
with the result that a single crystal was mounted in a sealed glass capillary
containing a drop of mother liguor. The oscillation photograph gave the length of
one unit cell as 13.94, while the Weissenberg photograph revealed the remaining
two cell lengths to be 7.0A and 12 BA, with an angle between them of 90°. Of the
two photographs only the Weissenberg photograph displayed mirror symmetry.

The resulting 2/m Laue symmelry indicates a monoclinic unit cell.

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell obtained by diffractometry was identical to that obtained by

photography.

The diffraction data revealed 2/m Laue symmetry. and systematic absences
indicative of the monoclinic space group PZ2-/n. The Zn atom was located in a
general position in the unit cell. During the structure solution it becarme apparent
that the two axial positions in the coordination environment of the Zn centre were

each occupied by half a pyrazine ligand. The two halves were subseqguently

L4



refined as two separate fragments, with each half compieting the other through

application of the symmetry operations (x- ¥, ¥ -y, z- /) and (x+ %, -y, z+ 4 }.

All non-hydrogen atoms were located on the electron density map and refined
anisotropically, The hydrogen atoms of the pyrazine ring were placed in
geometrically calculated positions. Six of the eight hydrogen atoms belonging to
the water ligands were located on the electron density map and refined
isotropically. The remaining two hydregens were placed in positions that were
calculated by examining the most probable hydregen bonding interactions. The
hydrogen atoms of the two water guests could not be located and were omitted
from the final model (crystal structure and refinement parameters are given in
Table 3.5.2).

STRUCTURE ANALYSIS:

The coordination geometry around the Zn centre is that of an irregular
octahedron. Each Zn atom is coordinated to twe trans pyrazine ligands and four

equaterial H:O molecules (Fig. 3.5.11).

The Zn-0O and Zn-N bond lengths are close to the literature values of 2.09(6)A
and 2.10{8)A respectively’ (Table 358} The Zn-02 bond is significantly longer
than the other three Zn-O bends, possibly due to the hydrogen bonding
interactions unigue to the Q2 atom. The pyrazine ring refined well, as illustrated
by the bond and torsion angles given in Appendix 5. The C-C bends lengths are
1.37(1)A and 1.38(1)A. while the C-N bonds lie in the range 1.34(1}A to 1.35(1)A.
These correspond well with the literature values of 1.38(1)A and 1.34{1)A
res pe{‘.tiuelf .
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Fig 3.5.11: Ortep diagram of ZnpyzSulf, showing thermal ellipscids (ring H atoms

omitted: only the asymmetric unit is labelied).

Table 3.5.8; Selected bond lengths and angles around the Zn centre

Bond Length (std.dev.) Angle Degrees (std.dev.)
Zn1 - Of 2.092 (4) O1—Zn1—02 906 (2)
Zn1—02 2.198 (5) 03— Zn1 — N1 90.4 (2)
Zn1-03 2,035 (5) O1—2Zn1 — N1 90.2 (2)
Zn1—04 2.077 (5) O1-2Zn1-04 907 (2)
Zn1 - N1 2.127 (6) O1-2n1-03 178.9 (2)
Znl — N2 2163 (6) M1—27Zn1 — N2 176.2 (2)

This structure was found to be polymeric. Each pyrazine molecule acts as a
bridging ligand, linking two Zn centres through the two ring N atoms. This leads
to the formation of 1-D, linear, cationic chains of alternating Zn and pyrazine
moieties (fig 3.5.12). The mean planes of adjacent pyrazine rings within a chain

are orthogonal.
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Fig 3.5.12: The linear, 1-D polymers in ZnpyzSulf.

HYDROGEN BONDING INTERACTIONS:

Extensive hydrogen bonding interactions exist between the water ligands, water
guests and sulphate counterions. The four water ligands are hydrogen bonded to
the oxygen atoms of the water guests and sulphate anions. The water guests in
turn are hydrogen bonded o each other as well as the sulphate counternons {Fig.
3.5 030

Since no hydrogen atoms could be located for the two water guests, the
hydrogen bonding interactions were inferred from the GO contacts. All twelve
unique O--0 contacts examined below are shorter than the sum of the van der
Waals radii for two oxygen atoms {3.04A), putting them in the range generally

associated with moderately strong hydrogen bonds (Table 3.5.9).
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Fig 3.5.13: The 12 unigue hydrogen bonding interactions in ZnpyzSulf (pelymer

viewed end-on).

Table 3 5.9 Hydrogen Bonding Data for ZnpyzSulf

O-H~0O O-H (A) H+0 (A) 0-+0 (A}
HOST -~ GUEST (H-0) INTERACTIONS

~ Q1-H5--09 (0.844(79) 1.932(77) 2 765(7)

02— H7 -~ 09 0.732(89) 2.083(89) 2.774(7)

04 —H12 - 010 0.830(85) 1.740(84) 2.661(8)
~ HOST -~ GUEST (S0,) INTERACTIONS

O1—HE -~ 07" 0.934(83) 1,772(82) 2.705(6)

02— H8 -+ Q8 0.850(80) 1.862(80) 2.708(7)

03— HY -+ 05 0.909(74) 1.726(75) 2 633(7)

03~ H10 - 07" 0.848(76) 1.832(76) 2 B76(6)

04— H11 - OB™ 0.869(79) 1.862(83) 2 685(8)

Angle ()

166.6(7.4)
156.1(8.7)
170.0(7.6)

176.4(8.1)
173.8(7.8)
175.3(7.0)
173.8(7.8)
157.3(7.3)
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O-H-0O O-H(A) H-0@) O-0(A) Angle (°)

GUEST --- GUEST INTERACTIONS

010 - 07" 2 : 2.933(7)

010 - 08" . - 2 779(7) =
09 --- D8™ - - 2 813(6) _
0g -0 9" - = 2.741(7) -

Symmetry codes: #1 = Mex, Wty Yz, #2 = —x-]é,ulfzw. VeZ, WI= Vv, Moy 2V WA= x 1y -
z, and #5 = 1-x, 1-y, -Z.

CRYSTAL PACKING FEATURES:

The 1-D host polymers pack to form channels in the crystal (Fig. 3.5.14a,b).
These channels, which run paraliel to the [101] direction, contain the water
guests and sulphate anions (Fig 3.5.14c¢). The channels are tubular in shape.

with a minimum pore diameter of approximately 3.14,

The packing of the polymers is such that each chain has four nearest
neighbours. The Zn—pyrazine chains are staggered. such that the Zn centre of
any particular chain lies approximately halfway between the two Zn centres of an

adjacent chain. This applies to all four of the nearest neighbouring chains.

While the backbones of the channels are formed by the 1-D chains of alternating
Zn centres and pyrazine ligands, the walis of the channels are formed by the
water ligands, which project from the Zn centres towards the four nearest
neighbouring chains. Since there are no hostAhost hydragen bands. the channel
structure is stabilised by host{H.O})-guest(H;0/S04%) hydrogen bonding

interactions.



{a) (b)

Fig 3.5.14: {a} Ball-and-stick representation of the channel structure in ZnpyzSulf,
viewed along the [101] direction (guest molecules omitted for clarity). (b) Space-
filling representation of channels. showing guest molecules in ball-and-stick form,

(c) Space-filling representation of host polymers only, viewed along {010], at 5=0.
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THERMAL ANALYSIS

The thermal analysis of ZnpyzSulf is shown in Fig. 3.5 15 The crystals were
finely crushed prior to analysis, due to their tendency to jump dunng the vigorous
bubbiing that occurs upon loss of the water ligands. The TG shows two distinet
weight loss processes, corresponding to the loss of the two water guests (step a)
and four water ligands (step bj). Above 1680°C, there Is a gradual mass loss,
corresponding to the loss of the pyrazine ligand (step c). Step a produces two
small, broad endotherms in the DSC, while step b results in a large, broad
endotherm. Step ¢ produces a small, very broad endotherm. Full TG and DSC

data are given in Table 3.5.10.

Single crystals were observed using HSM (Fig. 3.5.16). During step a the crystals
turn slightly opague. Vigorous bubbling is observed during step b, and the
crystals turn completely white. Above 280°C the crystals resume bubbling, and a

sticky, pale brown residue is formed.

Table 3.5.10; TG and DSC data for ZnpyzSulf

T DSC

Reaction i - Tonset AH
Exp % Calc %
El::- C'J p

Zn{H:0)(pyz).S04.2H,0 —
Zn{HO)alpyz) 504 + 2H0
Zn(HOaipyz) SOy —
nipyz). 504+ 4H:0

33.6 AT 10.3 395 4586

("C) | {(kdJ.mal

a81.7 19.4 206 98.0 165.5

1}.
i

" Zn(H:Ok(pyz)— ZnSO.+pyz | 159.1 | 21.9 237 | 2825 | 4386
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Fig 3.5.13: Thermal analysis for ZnpyzSulf

Fig 3.5.16: HSM of ZnpyzSulf (Temperatures. in °C, are given in bottom
hand corner)
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XRD:
There are discrepancies between the caiculated and experimental powder
patterns for ZnpyzSulf (Fig. 3.5.17). This can be attributed to the loss of a smail
amount of H:O guest from the powder on exposure to air, resulting in a

deformation of the channel structure.
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Fig 3.5.17: XRD traces for ZnpyzSulf (1, calculated and 2, experimental).
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Cudiaq: Cufisonicotinamide);{H;0){50,).2H,0
MICROANALYSIS:

%wC  %H %N %S

Calculated for
Cu{CrHEN20)2{H.0){(50.).2H.0
Expernmental 31.60 3.96 11.91 GF7

31.48 3.96 12.24 7.01

FPRELIMINARY X-RAY PHOTOGRAPHY:

Oscillation photography gave one unit cell length as 4 8A, while Weissenberg
photography revealed the remaining two cell lengths to be 24 1A and 15.0A,
with an angle between them of 90. Of the two photographs, only the
Weissenberg photograph was mirrored. The resulting 2/n Laue symmetry

indicates a monoclinic unit cell,

SINGLE CRYSTAL X-RAY DIFFRACTOMETRY:

The unit cell obtained by diffractometry was identical to that obtained by
photography.

STRUCTURE SOLUTION AND REFINEMENT;

The diffraction data revealed 2/mn Laue symmetry, and systematic absences
indicative of the monoclinic space group P2:/c, The Cu atom was located in a

general position in the unit cell.

The Patterson method was used 1o solve this structure, as direct methods
proved unsuccessful. This was carried out by a subroutine in X-Seed, which
solves the Patterson function, expands the structure, and immediately yields
an electron density map. The latter showed the position of all the non-

hydrogen atoms unambiguously. The guality of the data did not allow for the

P50



anisotrapic refinement of all non-hydrogen atoms, with the result that only the
Cu, S and O atoms were refined in this way. The aromatic and amide
hydrogens were placed in gecmetrically calculated positions, while the
hydrogen atoms of the water ligand and guests were omitted from the final

madel (crystal structure and refinement details are given in Table 3.5.2).

STRUCTURE ANALYSIS:

Seclving the structure in P2:/c revealed a Cu cenire with an irregular square

pyramidal cocrdination geometry (Fig. 3.5.18).

C
Q G’/ u
HsN ﬁ“s(
7\ A%
D N fin, | L.,-.-.1-'1-'!-':]

N 0
Dbﬁﬁf\ \ Y,
O ‘:|:J NH:
Cu

Fig 3.5.18: Coardination gecmetry araund Culll} centre

In the square plane, the Cu centre is coordinated to cne water molecule (O1),
twa frans isonicotinamide ligands (N1, N2} and one sulphate counterion {O2}.
The oxygen atom (Q4) of anather sulphate group occupies the axial position.
The bond lengths and angles around the Cu centre are listed in Table 3511,

with full bond lengths and angles given in Appendix 3.



Table 3.5.11: Selected bond lengths and angles around the Cu centre

Bond Length (A) Angle Angle (*)
Cul-02 1.975(5) 02 - Cut - N1 00.1(8)
Cul—01 1.977(6) o A iy O 1 89.8{9)
Cul = N1 2.015(18) O1-Cul—-N2 86.5(8)
Cul—N2 1.997(16) o o 5 L 90.2(2)

Gl — 0g® 2.169(6) N1 - Cul — 04" 97 .5(8)

Symmetry codes: #1 = x-1,y, z.

The literature values for the bond lengths listed above are 2.05(3)A {Cu—Ngy)
and 2 19(25)A {CuvDHg}ﬂ. The Cu—050, bond lengths, for bridging sulphate
ligands, faund in the CSD range from 1.909A to 2.374A. The Cu-0S80; band
lengths obtained for this structure wouid, therefore, seem to be reasonable.
The axial Cu—050; bond is significantly longer than the other four equatoriai
bands, a feature that is often ohbserved in square pyramidal coordination

geometries.
This structure was found to be polymeric. The sulphate anions act as bridging
ligands, each sulphate group coordinating to two Cu centres (Fig 3.5.19). This

leads to the formation of 1-D polymeric chains of aiternating Cu centres ang

sulphate cournterions. The polymerisation of these units occurs along the a

% !\% -I
S A
S

Fig 3.5.19: Stick representation of the polymers found in Cudiag

axis.




HYDROGEN BONDING INTERACTIONS:

An extensive hydrogen-bonded network is formed between the water ligands,
water guests, sulphate anions and amide moeities. The hydrogen bonding
interactions can be divided into two main groups, those involving the amide
moieties of the isonicotinamide ligands, and these involving the water

molecules and sulphate ions (Table 3.5.12})

In the first case, the amide group of each isonicotinamide ligand forms
ntrachain N—H--0=C hydrogen bonds to the amide groups of the two
adjacent isonicotinamide ligands in the polymer (N3-H3B--08 and
N4—H4B--08}. In addition. each amide group is hydrogen bonded to a water
guest (Nd—H4A---Q6 and N3-H3A---Q7). These interactions are shown in Fig.

3.5.20, below.
Ch Y c J
. ;c{J-
A ; C{E}

* H{3B)

i e J e
i Ni3 g  Hi3d
g 0
] QT )
. CHE

Fig 3.5.20: Hydrogen bonding interactions of the amide moieties

Each water guest is surrounded by two hydrogen bond donors and two
hydrogen bond acceptors. with the result that four possible hydrogen bonding
interactions are available to each water molecule (Fig. 3.521) As stated
above, one of these is the amide N-H---O interaction. In addition each water
guest is hydrogen bonded to a coordinated water ligand (O1:-08 and
01---07), and to two oxygen atoms of adjacent sulphate anions within a chain
(O7--03 and O6--+:048). In this way each water guest acts as a bridge between

three different polymers through interchain hydrogen bonding interactions.
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Fig 3.521. Hydrogen bonding interactions of water guesis and sulphate

countenons.

Table 3.5.12: Hydrogen Bonding data for Cudiag

oo ) el (A}'
O O CONTACTS
01+ 06 2.713(22)
01 - 07 2.710(22)
08 - 05" 2 831(20)
06 - 05% 2.847(18)
07 - 03" 2 797(21}
o7 - 03* 2.810(22)
T N-H=0 = N-H{A) H-0@A) N-O) Angl ()

N—H--O INTERACTIONS
T N3 _H3AM . 07 0.860(15) 2.211(17)  3.071(23) 178.9(1.1)
N4 — H4AY - 08 0.860(13) 2.149(16})  3.007(21) 175.4(1.0)
N3 — H3B - 08" 0.860(12) 1.840(17} 2.764(20) 160.0(0.9)
N4 — H48 « 0g* 0.860(11) 2.054(16) 2.888(20} 163.1(0.9)

Symmetry codes #1 = x-1. Y-y, Yotz #2 = x Yoy Yatz #3 =21 Moy VerZ 3 = x Wy, Wtz
BE = 1-x, ety Yoz #8= 1-x oyl M-Z BT =x-1 0y 7

L 54



CRYSTAL PACKING FEATURES:

As mentioned above, the direction of polymer growth is aleng the [100]
direction (Fig. 3.5.22a). Interchain host---guest hydrogen bonding interactions
link the polymers into a 3-D hydrogen bonded network, The water molecules
are loccated in undulating channels which run parallel to the [100] direction
(Fig, 3.5.22b), The channels cut the b axis at b = 013, .37, 0.63 and 0.87.
The undulations in the channel walls are caused by the projection of the
sulphate groups, water ligands and isonicotinamide ligands inte the main

channel cavity.

(a)

(b)

Fig 3.5.22: (a) End-on view of the pelymeric chains in Cudiaq, viewed along
[100]. {water guests are shown as red circles, hydrogen bonds as broken blue
lines; ring H atoms omitted for clarity)), {b) The channels in Cudiag, viewed

along the [010] direction, at b = 0.13 (water guests are shown as spheres).
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THERMAL ANALYSIS

Thermal analysis reveals Cudiag to decompose in three steps, labelled a, b
and ¢ in Fig. 3.5.23a. The TG shows three distinct weight loss processes.
Step a corresponds to the release of the two water guests and one water
ligand from the asymmetric unit. Steps b and ¢ each correspond to the loss of
a single isonicotinamide ligand (Table 3.5.13). In the DSC, step a vields a
single. large endotherm, while steps b and c© result in overlapping
endotherms. During step a the translucent blue crystals bubble and turn
opaque. In step b the crystals bubble and turn green, before mefting to a

yellow-brown liquid at the onset of step ¢ (Fig. 3.5.23b}.
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Fig 3.5.23: {a) Thermal analysis. and (b) H5M, of Cudiaq.
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Table 3.5.13: TG and DSC data for Cudiag

i ] TG DSC
Reaction i '_l Torid | Larian AH

Calc% | Exp% -C) (“C) ¢ (kJ.mol)

Cu(L)(OH2)(S04).2H:0 —
Cu{L)2(SO4) + 3H,0

14,75 12:55 128.8 1395 167 .4

Cu(L)2(S04) — |
2710 | 2662 250.5
Cu(L){S0a) + L

2495 | 2369
Cu(L)(SO4) > CulSO.) | | :
2710 | 2585 | 3015

* 1

XRD:

The experimental XRD trace corresponds well with the calculated pattern
{Fig. 3.5.24)
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Fig 3.5.24: XRD patterns for Cudiaq: {1, calculated and 2 experimental).



DISCUSSION

The structures described in this chapler lustrate the diversity of coordination
polymer structure types that can be generated, as well as the importance of

the metal centre and counterion in the polymerisation process.

ZnBr:pyz; consists of 2-D sgquare grids of octahedrally-coordinated Zn
centres and linear bridging pyrazine ligands. This structure, which crystallises
in the space ogroup Ccca, is isostructural to CoClipyrazine),’ and
FeCIg{pyrazine)221. Similar packing arrangements are also observed in
Fe(NCS){pyrazine),”®, CoiNCS){pyrazine},®, Cu{CHiSOQs){pyrazine),”
Cu{CIO.a(pyrazine).® and  CWNCOYL(methylpyrazine),”. Due to the
staggering of the layers, as well as the length of the pyrazine ligand, these
complexes do not include solvent molecules. When the slightly longer bridging
ligand. 4 4-bipyridine, is used, the square nets that are generated are able to
entrap solvent molecules and generate inclusion compounds, This is
exemplified by the inclusion compounds formed by the coordination polymers
CA{NO1},{4 4" -bpy):™ and Co(NCS){4.4'-bpy):°".

ZnBrypyz consists of 1-D zig-zag chains of alternating tetrahedrally-
coordinated Zn centres and linear bridging pyrazine ligands. Similar chains
are found in [Agipyrazine}:][BF4]*. where the Ag centre is coordinated to two
bridaing and two terminal pyrazine ligands. Ag(NQO:)({pyrazine)® alsc forms 1-D
polymers, in which the conformation of the chains fali between zig-zag and
linear. XRD and thermal analysis show ZnBrapyz; and ZnBrapyz to be readily

interconvertible, according to:

./‘\./'\./‘\. - -

——o—9p—o—

lr
as!
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ZnpyzSulf consists of 1-D linear polymers of alternating octahedrally-
coordinated Zn centres and linear bridging pyrazine ligands. The SO0.°
counterions are not coordinated to the metal centre, which instead
coordinates to four water ligands. The chains pack to form channels in the
crystal, which contain the displaced sulphate counterions and the water
guests. Similar linear chains are found in the polymers Cu(NQ3):(pyrazine®
132I

and Cu{hfac.(pyrazine where the Cu centres adopt an octahedral

coordination geometry due to the bidenticity of the counterions.

The final structure differs from the three previous structures by virtue of the
fact that it is the counterions, rather than the organic ligands, which link the
metal centres. Cudiaq consists of 1-D polymers of alternating square
pyramidal Cu centres and bridging sulphate counterions. The CSD contains
only two examples of sulphate-bridged coordination polymers with Cu as the
metal centre™ neither of which displays the square pyramidal coordination

geometry observed for Cudiagq.

The most important features of the four coordination polymers presented in

this chapter can be summarised as follows:

ZnBrpyz: ZnBrapyz | ZnpyzSulf | Cudiag
Metal Coordination =quare
Geometry 5l | =Te A pyramidal
Remains . Remains | ' Remains _
Role of Counterion | coordinated coordinated | Displaced | coordinated
to metal o metal by Ha0O to metal
centre centre centre
pyrazine pyrazine pyrazine sulphate
Polymerisation Agent ligand ligand ligand counterion
Type of Network  2-D square | 1-D zig-zag | 1-D linear
generated grids chains chains LA
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CHAPTER 4

CONCLUSIONS



CONCLUSION

The crystal structures of several Werner-type clathrates and coordination
polymears have been elucidated, and their decomposition reactions analysed
by thermal techniques, including TG, DSC and HSKM. The maost important

structural features of the compounds studied are summatised in Table 4.1

Of the Werner clathrates studied to date, the vast majority incorporate
pyridine ligands with hydrephebic subsfituents, thereby minimising the
interactions between the host and guest components of the crystal. As a
result. these inclusion compeounds display a marked preference for

hydrophoebic, rather than hydrophilic, guest molecules.

The clathrates NiEtAc, NiDMSO, NidiEt. NidiDCM, Nipcres and Nimcres,
while retaining the classical MX:A, Werner-type formula, comprise hydrogen
bonded networks more akin to the 3-D hydrogen bonded porous networks
studied by Aakersy et. al’. This is due to the presence of potential hydrogen
bond donor or acceptor groups on the ligand subsfituent, resulting in
clathrates that are stabilised by intermolecular hostAhost and hostAguest
interactions. These clathrates readily include polar guest molecules, such as
ethanol, acetone. dichloromethane, cresol and DMSO, which contain potential

hydrogen bonding groups.

The polymeric Wernar clathrates studied in Chapter 3.4 (NiEt NiMe and
Niaq} also exhibit hydrogen bonding interactions between the components of
the crystal. In addition, individual metal complexes are bridged by amino-
substituted pyridine ligands, leading to the formation of 1-D helical polymers.
These polymeric Werner clathrates provide the link to the class of compounds
known as coordination polymers, to which ZnpyzSulf, ZnBrypyz; and
ZnBr:pyz belong. In coordination polymers the metal centres are directly
linked by bridging organic ligands to generate a diverse range of 1-, 2- and 3-

D covalently-bonded nefworks.
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If we now revisit the scheme described in Section 1.9, we see that the
cormpounds synthesised in this project define a continuous group, extending

from the hydrogen bonded Werner-type clathrates through to the coordination

polymers.
Hydrogen Hydrogen
bonding bonding
TE{E valn Hb}"'d r;gen interactions + interactions +
. fr ?a 2 int = ;'.19 covalent covalent
interactions interactions bridging of bridging of
metal centres metal centres
& ®
) i ' l
|
v
Classical Hydrogen Polymeric Coordination
Werner Bonded Werner Polymers
Clathrates Networks Clathrates
MiHost1 NiEt ZnBropyz
NiEtAc; NiDMSO Nitde ZnBrapyzs
NiHost2 Niag ZnpyzSulf
NidiEt; NidiDCM Cudiag

Mifriag
Niperes: Nimcres



Table 4.1: Important Structural Features

Compound Guest H:G  Clathrate
hiast Gomplex Name Species Ratio Type
o Non-porous
NiHost1 - - o-phase
HiMy ey s, oNH;
| nes B j
N S e NiEtAc ethanol + 111 Channel
T "'NL'*-N/:::::'-. : anne
e g ACS B e T acetone
NIDMSO DMSO 1:2 Channel
Non-porous
GN o NiHost2 - - u-phase
(7 vl .
T, NidiEt ethanol 12 Channel
r"'-\\ ____.-h;l!._\_\_._ ___,.-'"'"_"-'-:-_\
o TR
NGB U / _
K NidiDCM dichloro- 1:2 Channel
" - methane
o Nitriaq H.O 1.3 ~age
N ! ¥
R N
e e e Nipcres p-cresol + 124 Layer
IR S i
D ot ethanal
“ Nimcres m-cresol 1:4 Layer
X = H-0 or smoncotinamide
TH_- NiEt Ethanocl 1:1 Cage
e ™
[ | TES ﬂ NiMe Methanol ;53 | Cage
"HN»*" 1‘“:,,-/" M“"\_NI,--'NMM,’ a
Ha HoN ol L:""'-._\_‘ X
e Niag H.O 11 Cage

X = H,0 or 3-aminopyridine
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(fompnund Guest H:G 'P'nlymer
Coordination Polymer Name Spocies Ratio Typo
B Br
o 1-D zig-zag
T W e
- “| 'ﬁﬁ ZnBr.pyz - : chains
HNW{;I I\ ,a-:;N“m
Mhr}lff\\ . r_,}_f-f"x‘-\N.-f"i
et T b
s “‘“&ZLM’ s ZnBrzpyz: ’ a 2-D square
e T ;
”ﬁN ? Ti = nets
N L N
1-‘":1" '|I:|"|II||
AN L A SO, 1-D linear
. AN ZnpyzSulf  +H.0  1:1:2  chains with
WA
channels
W = water
#,Cu
L .I”D ;
Ha Mﬁ\ 1-D chains
E}/----/ IIN l:Icl:l C1H Wlth
I'|_\_____ i '.\ it -T-T_'_-_-.I 2 .
o "‘-ngl/z ! 0 Cudiaq H-O 1:2 undulating
O \ IHIL___/_"'-I/
[|| ? N channels
G

Although the Werner-type inclusion compounds studied in this project differ

somewhat from the classical Werner clathrates due to the presence of polar

substituents on the pyridine ligands, they can sfill be classified according fo

the cage/zeolitelchannel/layer scheme descrined in Section 1.3. A review of

the literature reveals that the hostgusst (H:G) ratio is dependent on the

clathrate type?, with the general trend being:
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Cage clathrate
{H:G = 1:0.67)

'

Zig-zag channels of [}-phase clathrate
(H:G =1:1)

!

Layer and some channel clathrates
(H:G = 1:2)

We find that for the cage clathrates (NiEt and NiMe), the H.G ratio is 1;1, for
the channel clathrates (NiEtAc, NiDMSO, NidiEt and NidiDCM) the H:G ratio
15 1.2 and for the layer clathrates (Nipecres and Nimcres) the H:G ratios are
1:2:.4 and 1:4. The H:G ratios gquoted for the classical Werner clathrates,
nowever, all pertain to aromatic guest molecules. If we assume that one
aromatic guest i1s roughly eguivalent, in terms of volume, to two smaller
organic guests (e.g. ethanol, acetone, DMS0O), then this trend holds true for
the clathrates presented in Chapter 3 (Lipkowski et. al. have shown that this
assumption is a valid one, by investigating the stoichiometries of clathrates
containing methanol as the guest™). We then find that, in terms of the volume
of an aromatic guest. the H:G ratios are in accordance with the general trend

described above for the classical Werner clathrates (Table 4.2).

Tahle 4 2. Clathrate host.guest ratios

Clathrate Type Compound Name ' H:G*
Cage MiEt: NiMe 1:0.5
Channel NiEtAc; NIDMSO; NidiEt (NidiDCM 1:1
Layer Nipcres™; Nimcres 1:2 and 1:4

#1 = H:G ratios gquoted in terms of the wolume of an aromatic guest, #2 = ethanol guests not

included in calculation, as they form part of the host bilayers
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As well as influencing the host:guest ratio, the clathrate type also determines
the kinetic stability of the clathrate. Inclusion compounds in which the guest
malecules are trapped in cages are found fo have a high kinetic stabitity, with
the guest molecules anly being released at the onset of host decomposition,
This is indeed the case for the cage structures of NiEt, NiMe. Niag and
Nitriag. The more open channel and layer structures, on the other hand, are
usually less stable, as it is easier for the guest molecules to diffuse through
the crystal structure. in these structures, the guest molecules are released
before the onset of host decomposition. This trend is found to hotd true for the

channel and layer clathrates studied here.

Where possible, the enthalpy of the guest release reaction was calcufated
frorm the area under the DSC peak, in kd per mole of the guest component
alone. The results, given in Table 4.3, show that the enthalpy of evaporation
of the liguid guest is roughly 5 to 30 times greater than the enthalpy of the
guest release reaction. In all cases. This underscores the fact that the guest
malecutes in the clathrate do not interact like they do in the liquid phase. This
is confirmed by examining the closest intermolecular contacts between guest
molecutes, as shown for NiEtAc and NIiEt in Fig. 4 1 below. In both cases, the
clasest contacts between the guest molecuies exceed the sum of the van der
Waals radii for the two heavy atorns considerably (the same is also found to

apply to the other clathrates listed in Table 4.3).

In fact, a careful examination of the different clathrate structures reveals that
the only interactions available to the guest molecules are intermoilecular
host--guest interactions. These interactions must be much weaker than those
found between the guest molecules in the liquid phase, as the energy
required to overcome these forces and release the guest molecules from the
host structure is significantly lower than the energy reguired for evaporation.
As a result, the guest molecules can be considered to be in the gaseous

rather than the liguid phase.
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Table 4.3: Enthalpies of guest release for several clathrates compared with

the enthalpies of evaporation of the respective liquid guests

AHyap of liquid

AH of guest

release

Ratio of
AH, 4 to

(kd per mole G} (kd per mole G} AHgucctrelease

3.4
2.5
34
54
1.4
2.4

11.9
16.2
1.3
58
28.0
13.2

calculated enthalpies were weaighted according to the ratio of the melar mass af ethancl to

Compound Guest guest
NidiEt ‘C.HsOH 40.5
MNiEt CaHsCOH 4.5
NiEtAc C,H;OH 405
CsH: O 32.0
NiMe CH=0OH 3gz
MNidiDCM CH.CI, 317
acetone
@ C1ha
i AT .
G1Seia._5‘u33
GP“- o
o gbﬂ' 39"5.&.
.”_.}'
)
&
Py
9 -
0
C

hee

Fig 4.1: Closest guest---guest interactions in NiEt, left, and NiEtAc, right.
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APPENDICES

Supplementary material can be found on CD-ROM (attached). Three files are

included for each structure, namely:

1) CompoundName.res: & RES file, which allows the user to view the
molecuie and its packing features. This file can be viewed through the X-
SEED interface.

2} CompoundNamel.doc: An M3SWord97 document containing tables of
calculated and abserved structure factors.

3} CompoundName2.doc. An MSWord97 document containing tables of
atomic coordinates, isotropic and anisoctropic displacement parameters,

bond tengths, bond angles and torsion angles.

The files have been grouped into five appendices. The data files in
appendices 1 to 5 correspond o the structures described in chapters 3.1 o

3.5 respectively. The names and contents of the appendices are listed below.

~ Folder name Structural data contained therein
~ Appendix 1 Y  NiHost1, NiEtAc, NiIDMSO
Appendix 2 MiHost2, NidiEt, NidiDCM
Appendix 3 Nitriag, Nipcres, Nimcres
Appendix 4 MIEt, NiMe, Niag
Appendix 5 ZnBrpyz, ZnBr;pyzz', ZnpyzSulf, Cudiag

" for conyenience the data files far ZnBr:pyz and ZnBripyz. have been renamed anyzf and
Znpyz? respectively

L7






