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ABSTRACT

The crystal * structures of trans-9,10-dihydroxy-9,10-diphenyl-9,10-
- dihydroanthracene with various guest molecules have been determined by X-ray
diffraction. The guests were 2-butanone, 4-vinylpyridine, 4-methylpyridine and
2-methylpyridine. The host to guest ratios were determined by microanalysis and
density measurements. "

The change of the overall host lattice structure upon guest release was studied by
X-ray powder diffraction. The thermal characteristics of the compounds were
studied using thermogravimetric analysis and differential scanning calorimetry.

Guest desorptlon from three of the four compounds occurred in a single step
whereupon the host framework collapsed back to the guest-free structure.

The compound containing 4-methylpyridine, released the guest molecules in a

two-step process. Evidence of a new host phase was identified from the XRD

pattern of this intermediate phase. On further guest release, the intermediate
phase converted to the guest-free host structure.

In an attempt to reconcile thermodynamics with structure, the correlation between |
hydrogen bond length and guest desorption enthalpy was investigated.
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CHAPTER ONE

INTRODUCTION



1. INTRODUCTION.
1.1. Clathrate History

Clathrates and inclusion compounds were first described by Powell [1] in 1948 in a
paper on the structure of g-quinol with sulphur dioxide. In this report he used the
word clathrate to describe the inclusion of small guest molecules into the vacant
spaces of the host structural framework leaving the bonding systems of both
components unaffected. The history of compounds, now known as inclusion
compounds, dates back to 1811 [2]. In 1823 Faraday reported the preparation of
the chlorine clathrate hydrate [3]. Other pre-1948 reports on inclusion compounds
include the following preparations: 1841 - graphite intercalates [4], 1849 - 8-quinol
H,S clathrate [S], 1891 - cyclodextrin inclusion compounds {6], 1897 - nickel
cyanide ammonia with benzene (Hofmann’s inclusion compound) [7], 1906 -
‘inclusion ‘compounds of - triphenylmethane [8], 1909 - tri-o-thymotide benzene
inclusion compound [9], 1914 - clathrates of Dianin’s compound [10], 1916 -
inclusion compounds of the choleic acids [11], 1935 - phenol clathrates [12],
1940 - urea inclusion compounds [13], 1946 - amylase inclusion compounds [14].

1.2. Classification

Since 1948 when X-ray crystallography was applied as a tool to understand
inclusion compounds, the interest in and hence the number of reports on clathrates
has grown tremendously. As a result of this, a large number of descriptions of
inclusion compounds have been used but not precisely defined. This resulted in
Weber and Josel [15,16] proposing a systematic classification based on the
host-guest type and interaction, the topology of the host-guest aggregate and lastly
on the number of various components forming the aggregate.

There are two main divisions based on the host-guest interaction. Complexes have
coordination between host and guest while clathrates are complexes where the
guest is retained by steric barriers (crystal lattice forces). Examples of complexes
are the encapsulation of ions by crown ethers (Figure 1.1) and cryptands
(Figure 1.2) while Dianin’s compound (Figure 1.3) and urea (Figure 1.4) are
examples of clathrates. Another distinguishing factor is that complexes retain their
identity in solution, whereas clathrates normally decompose on dissolution.



Figure 1.1 Two views of the host-guest association between 18-crown-6 and

ammonium bromide. Hydrogen bonds are represented by arrows
[17]. ‘

Figure 1.2 A rubidium "cryptate’, the complex cation [RbC, gHasN,Og] " in
_ the crystalline thiocyanate monohydrate [18].
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Figure 1.3 Dianin’s compound: a view normal to the c-axis of 4-p-
hydroxyphenyl-2,2,4-trimethylthiachroman. Two host molecules
have been excluded (apart from their oxygen atoms) to reveal the
guest 2,5,5-trimethylhex-3-yn-2-o0l [19]. :

Figure 1.4 = - Cross section of the cavity in the urea channel compound with the.
size of n-octane (left), benzene (topg, 3-methylheptane (right),
and 2,2,4-trimethylpentane (bottom) [20]. '
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Inclusion compounds do not always fall neatly into these two divisions and so two
more classes have been introduced to deal with these complex/clathrate hybrids.
Coordinatoclathrates display some degree of coordinative participation but have a
dominant clathrate character and Clathratocomplexes are just the opposite.

The topology of the host-guest aggregate is divided as follows: intramolecular
host-guest aggregates which contain any sort of host cavity are called cavitates,
extramolecular host-guest aggregates containing a host cavity are termed clathrates
and extramolecular host-guest aggregates which have no cavity or coordination are
called adducts.

The topological characterisation can be defined further into five classes according
to the shape and the dimensions of the host cavity. These classes, listed in
decreasing order of encapsulation are: totally enclosed cage structures (cryptates),
pocket or niche-like host arrangement (aediculates), one-dimensional open
channel structures (tubulates), ring-like host cavities (coordinates) and the
two-dimensional open layer or sandwich-type inclusion compounds (intercalates).

A further numerical classification according to the number of components in an
aggregate can also be applied. The terms binary and ternary refer to a two or
three component system respectively. The host:guest ratio can also be illustrated
and a 1:2 host:guest ratio would be described as monomolecular binuclear.

It is also possible to distinguish between a guest-free host lattice and the
appropriate host-guest compound by using the specific terminations and and ate
respectively. Examples of this are cavitate, tubulate and clathrate for host-guest
compounds and cavitand, tubuland and clathrand for their respective guest-free
host lattices.

1.3. Examples of well documented Inclusion Compounds

a) Graphite (Figure 1.5), one of the carbon allotropes, is the simplest
compound to have a layered structure [22] and is classified as an intercalate. It has
planar hexagonal carbon lattice layers stacked one on top of the other. The weak
van der Waals interlayer forces allow guest atoms or molecules to reversibly

penetrate between the layers by increasing the interplanar distance. Examples of



various guests are K, CrO,, SbF, and AlCl, [22].

Figure 1.5 . Potassium in graphite - XSK The /{nterplanar distance of graphite
?zals]increased from 3.35Ato 5.40A to accommodate the lg atoms

Intercalate type compounds display guest selectivity depending on the size of the
guest molecule or the stereochemistry around the reaction centre imposed by the
interlayer spacing limitation. Other examples of intercalates are layered silicates,
used to achieve a variety of selective chemical conversions [23], and Li/TiS,,
showing possible use in battery systems [24]. '

b) - Hofmann-type inclusion compounds (cryptates) can be viewed as being
modified intercalates. Essentially they consist of planar layers containing metal
atoms and cyanide groups with NH, groups protruding above and below the
planes. These ammonia ligands act as blocking groups reducing the interplanar
mobility of the guest and define a void wherein the guest molecule can be
accommodated [22]. The basic Hofmann-type host lattice Ni(NH,),Ni(CN), can
accommodate benzene (Figure 1.6) but not toluene as the interplanar distance is
essentially fixed. By changing the ligands attached to the metal atom the guest
selectivity could be altered.



- Figure 1.6 The structure of Hofmann-type clathrate
M(NH,),M’(CN),-2C.H.. M=M’'=Ni. Protons of the benzene
and ammonia are not Shown [25].

¢) . Werner-type inclusion compounds (cryptates) are very similar to the
Hofmann compounds. @ An example of a typical Werner clathrate is
Ni(4-MePy) ,(NCS), where the layers contain the nickel atoms and the four
4-methylpyridine (4-picoline) groups with the isothiocyanate groups protruding
above and below the plane deﬁm'ng the lattice void. These lattice voids show
selectivity toward disubstituted benzenes [26] resulting in their use in
chromatographic separation [27,28].

d) Urea molecules %ndergo hydrogen bonding forming long helical chains
which make up central hgxagonal channels (tubulates). These open channels can
accommodate straight chain hydrocarbons of six or more carbon atoms. Thiourea
forms channels very similar to those of urea but having a channel diameter 0.85A
greater than urea [20] resulting in the thiourea being able to include highly
branched hydrocarbons and some five-, six- and eight-membered ring compounds
in addition to the straight chain hydrocarbons [29].



.
The chiral nature of the channel allows for separation of enantiomers (30] and
polymerisation of unsaturated molecules into stereo-regular polymers [22,31].

e) Cyclodextrins are torus shaped cyclic oligosaccharides made up of
@-1,4-linked d-glucopyranose units. The most common cyclodextrins, @, 8 and y
consist of six, seven, and eight glucose units respectively and have a height of
above 8A. The internal channel diameter varies from about SA in a-cyclodextrin
to 8A in v-cyclodextrin (Figure 1.7) [22]. Depending on the stacking of successive
host molecules the guest can be accommodated in cage-type or channel-type
cavities resulting in these compounds being able to form many inclusion complexes
[32]. Cyclodextrin inclusion compounds are stable in solution as well as the solid
state and hence their investigation as biomimetic systems [22].

Figuré 1.7 Structure of g-cyclodextrin, and molecular dimensions of a-, -, v-
cyclodextrins [32].

A few of the uses of cyclodextrin inclusion compounds range from a cyclodextrin-
peppermint covmplex used as a "longer lasting" flavourant in chewing gum [33],
usefulness in rust prevention [34] to the use of the CO, clathrate of a-cyclodextrin
as baking powder [35].

f) Dianin’s compound consists of hexagonal units of OH gfoups “hydrogen
bonded in such a way that allows the oxygen atoms to form distorted hexagons with
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alternate molecules of opposite configuration lying on opposite sides of its plane.
Two such groups are stacked along the ¢ axis such that their bulkier parts interlock
forming a cage (Figure 1.3) [36]. The cage is hour-glass in shape and can retain
many organic molecules as well as sulphur dioxide, iodine, ammonia and decalin
[19]. The guest molecules in many Dianin’s inclusion compounds are disordered
and depending on their size, more than one guest molecule can be accommodated
[36]. Dianin’s inclusion compounds have been used in the separation of certain
hydrocarbon mixtures [19]. The SF, clathrate is used as a convenient means of
storage and controlled release of sulphur hexafluoride, a gas of considerable use in
the electrical industry [19].

1.4. The importance of inclusion compounds and their resultant investigation

The important industrial objectives and applications of inclusion complexes are
directed to chemical analysis and molecular separation. Depending on the size,
shape and chemical nature of the holes generated in an inclusion lattice, certain
guest molecules in a mixture, that best match the void conditions, would be
selectively included. The separation of constitutional isomers, positional isomers,
regioisomers, stereoisomers (both enantiomers and diastereomers) and even
isotopic isomers could be envisaged [16]. |

The chemical reactivity (photo or thermal isomerisation) of a free substrate
molecule may be dissimilar to one included in a lattice enclosure resulting from
conformational differences [37,38]. In general, lattice inclusion will alter a guest
molecule’s physical properties [39]. This inclusion could ease the storage and
handling problems of hazardous chemicals [40,41].

Up to the early 1980’s the majority of host-guest compounds known had been
chance discoveries. New host compounds were created by simple modification of
known lattice formers. The host lattice cavity size can be varied by slight
alterations of the host compound. An example of this is the modification of
Dianin’s compound by addition of a methyl group leading to a change in the cavity
shape from "hour-glass" to "chinese lantern" (Figure 1.8). This cavity change
results in a modified selectivity. Recently an increasing number of new compounds
unrelated to previous host lattices have been designed based on the knowledge
gained from known crystal structures.



Figure 1.8

(i) Comparative stereoviews for (a) 4-p-hydrophenyl-2,2 4-
trimethylthiachroman and (b) 4-p-hydrophenyl-2,2,4,8-

tetramethylthiachroman and (ii) section through the van der

Waals surface of (a) and (b) [19].
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In the early seventies, MacNicol designed a new host family based on previously
gathered knowledge [42]. He noticed that both quinol and Dianin’s host lattices
possess a hexagonal unit of hydrogen bonded hydroxyl groups and compared this
with a hexasubstituted benzene (Figure 1.9). The z- - - -z separation is very similar
to the O--.-O distance of the hydroxy hexagon. By varying the substituent side
arms, the inclusion cavity can be tuned to specific geometric and steric
requirements.

R - R R
| I
.. Z

R
| /g |
H,O-”H-O , y 4 .
onl e s
gro- 0 | Rz 2 \
/ R / | R

43 SPIIN
R | R
(a) (b)
Figure 1.9 Comparison of (a) hydrogen-bonded hexamer unit with (b)

hexasubstituted benzene analogue [43].

In 1968 Toda [44] started work on a new overall molecular shape with tetraphenyl-
2,4-hexadiyne-1,6-diol. The design known as the "wheel and axle" contains a
molecular axis of sp- carbons with sp> carbons at each end bearing relatively large
spacer groups (phenyls). These spacer groups prevent close packing, leaving large
lattice voids. The lattice dimensions can be altered by using a varying number of
sp- carbons or substituting these with sp? or sp3- carbons which would facilitate
length variation and bending of the molecular axis. The terminal sp>- carbons also
bear hydroxyl groups which could contribute to inclusion formation by host-guest
hydrogen bonding. | ‘

- The knowledge gained from the study of X-ray crystallographic structures of
various hydroxy host systems with a variety of alcohols and glycols [45-48] can be
used for the rational design of new and more efficient host systems [45].
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The X-ray crystallographic structures of the inclusion compounds of 1,1,6,6-
tetraphenylhexa-2,4-diyne-1,6-diol (1a) and 1,1,4,4-tetraphenylbut-2-yne-1,4—diol
(1b) (Figure 1.10) showed that they generally include guest spécies in the 1:2 and
1:1-host:guest ratio respectively [49]. This is attributed to (1a) having more space
between the two diphenylcarbinol moieties and therefore having a larger lattice
void in which to accommodate the guest. In all these inclusion compounds, strong
hydrogen bonding presence is suggested by the lowering in absorption frequency of
the OH bond from the uncomplexed to the complexed compounds.

Ph,C+C=C}CPh, PhZC-(-C=C-)2-(|3Ph2»
o " . I ;
OH OH OH @ OH
(1a): n=2 , ' | |
(1b): n=1 thC-éC-C-)Z-Cth -
| N
(1¢): n=0 OH 5) "OH
Figure 1.10

The compound 1,1,2,2-tetraphenyl-ethanediol (1c) (Figure 1.10) having even less
space between diphenylcarbinol moieties than (1b) would not be expected to be a
good host molecule. This does not prove-to be the case as (1c) forms inclusion
compounds with quite a few guests [49] but probably by a different mechanism
from the (1a) and (1b) compdunds. For example there is an absence of hydrogen
bonding, with p-xylehe surrounded by phenyl groups only, in the X-ray crystal
structure of the 1:1 p-xylene inclusion compound with host (1c).

The rigidity of the molecular axis in these wheel-and-axle compounds is an
important fact. There are only a few inclusion compdunds of (E,E)-1,1,6,6-
' ~ tetraphenylhexa-2,4-diene-1,6-diol (2) [49] and 1,l,6,6-tetraphenylhexane (3) does
not form any inclusion compounds [49]. '
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The rational design of a new host compound based on the above findings would
include a rigid molecule with an anti-diol function and some bulky hydrophobic
groups. Trans-9,10-dihydroxy-9,10-diphenyl-9,10-dihydroanthracene ~ (H)
(Figure 1.11) contains all these features as do other newly designed host
compounds.

HQO Ph

L

Ph OH
(H)

Figure 1.11 | Trans-9,10—dihydroxy-9,10—diphenyl-9, 10-dihydroanthracene, the
host compound in all four compounds studied in this thesis.

This compound, (H), as well as many other hydroxy host compounds -l’a::e been
found to form inclusion compounds with alcohols including ethanol [50]. If this
inclusion phenomenon could be used as a cheap way to isolate ethanol from
aqueous solution, obtained by the fermentation of biomass, this might provide a
cheap source of energy. The extraction of ethanol from various concentrations of
aqueous solution has been achieved using a number of hydroxy host compounds.
These hydroxy compounds, of which trans-9,10-dihydroxy-9,10-diphenyl-9,10-
dihydroanthracene is one, do not include water. The reason for water exclusion
but alcohol inclusion as a guest, is the non-bonded interaction energy. The alcohol
has a hydroxy group able to form a hydrogen bond as well as a hydrophobic alkyl
group which can interact favourably with the hydrocarbon part of the host.
Although water can also form hydrogen bonds with the host, it does not interact
well with the host hydrophobic group [51]. A yield of 72% (based on the complex)
was achieved from an 80% ethanol solution using 9-hydroxy-9-(1-
propynyl)fluorene [50}.

This separating ability could be extended to include separation of organic solvent
mixtures. Upon dissolving the "unclathrated” a-phase trans-9,10-dihydroxy-9,10-
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diphenyl-9,10-dihydroanthracene directly in the liquid guest, a new 8- or "clathrate"
phase is formed. Although the mechanism of this process is not fully understood,
the guest molecule, because of its shape and resulting host-guest interaction,
probably acts as a template for the new structure. Upon heating this g-phase
host-guest complex, the guest molecules escape leading to three possibilities
(Figure 1.12). The host may revert back to the a-phase, form a new v-phase, or the
host lattice could hold, giving rise to an empty "clathrate" referred to as the
B,-phase. This latter phenomenon is well known for zeolites, which can be
dehydrated by heating to elevated temperatures under vacuum without significant
damage to the silica/alumina framework [52].
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Figure 1.12 Schematic diagram showing possible\aecomposition paths of

inclusion compounds.

If upon guest release from the S-phase host-guest complex, the host framework
were to. remain unbroken, this 8 -phase could then be extremely useful in the
separation of the formerly included molecule type from a mixture of various
organic solvents i.e. acting as a molecular "sieve" [53]. This separation could be
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achieved by loading' a wad of the host j_-phase in a G.C. column and running the
mixed organic solution through the chromatograph. The formerly included guest
molecule type would be retarded in its movement along the column, relative to the )
other molecule types, as it would fit into the lattice voids of the host B,-phase. This
difference in retention time would enable separation of similar molecules having
comparable boiling points.

The separation of 3-methylpyridine (b.p. | 143.5°C) and 4-methylpyridine
(b.p. 143.1°C) is industrially difficult. Compound (1c) only includes 3-picoline and
so can be used to separate these picolines [49]. :

The X-ray érystallograph_ic structures of trans-9,10-dihydroxy-9,10-dipheny!-9,10-
dihydroanthracene [54] and its 1:2 methanol [54], 1:1 ethanol [48], 1:1
1,4-butanediol [45], 1:2 acetophenon\e [55]), 1:2 3-methylcyclopentanone [55], 1:2
4-methylcyclohexanone [56], 1:2 2-methylcyclohexanone [56] inclusion complexes
have been reported and the work discussed in this thesis adds to the accumulation
of knowledge on these compounds.
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3. EXPERIMENTAL

3.1 Synthesis of Host C,;H, )0,
The host complex previously synthe51sed by Ingold and Marshall [57] was prepared'
as follows:

A Grignard reagent was prepared by adding bromobenzene (10.4ml, 98.7mmol) in
dry ether (30ml) dropwise, to magnesium (2.51g, 103mmol) in dry ether (10ml).
The reaction mixture was refluxed for 90 minutes.

The Grignard reagent was then slowly added to a suspension of anthraquinone
(4.05g, 19.5mmol) in dry ether (70ml) and refluxed for 20 hours. The reaction
mixture was acidified on ice with 2M HCI to pH 2 and swirled for 20 minutes.

The resulting white precipitate (host powder complex) was filtered, twice
recrystallised from benzene and dried in a desiccator for 24 hours. After the
second recrystallisation, the mass of the pure white host (m.p. 261 - 263°C) was
2.63g (7.22mmol) representing a yield of 37% . |

The microanalysis was as follows: -

»eH,00, C859% HS52%

Observed for CZGHZOO . C8T% H55%

Calculated for C H O

3.2 Crystal growth

The host powder C Hzooz’ was dissolved in preheated guest solvent until
saturation was achieved. The solution was diluted with guest solvent and allowed
to cool to room temperature. In the case of the 2-butanone guest the solution was
stoppered and left to stand whilst the other three solutions (4-vinylpyridine,
4-picoline and 2-picoline) were left open. The crystal growth time varied from two

days, in the case of the 2-butanone, to a week for 2-picoline. - '
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3.3. Preliminary Characterisation
3.3.1. Density measurements

* Density measurements were made using the flotation method. Single crystals were
suspended in a mixture of saturated aqueous KI and distilled water. When an
approximate density measurement was obtained, a new crystal was suspended in
the solution (as the original crystal became cloudy indicating guest loss) and the
density of the solution measured using an Anton Paar digital density meter -
DMA 35. Density determination for each compound was performed in triplicate.

3.3.2. Microanalyses

C, H, and N analyses were performed on an Heraeus Universal combustion
analyser Model CHN-RAPID [58].

These analyses had to be carried out quickly as these compounds decay by
continuous guest desorption, when open to the atmosphere. The crystals were
removed from their mother liquor and dabbed dry but not subjected to vacuum as
this would have removed some of the guest, yielding inaccurate elemental analyses.

3.3.3. TGA, DSC and melting point determinations

The Thermogravimetric Analysis (TGA) measurements were performed using a
Du Pont 9900 Thermogravimetric Analyser. The instrument was calibrated using
CuSO4-5H20 as a standard. Water molecules were lost at 85°C (2xH,0), 115°C
(2xH,0) and 230°C (1xH,O) [59,60]. The samples, dabbed dry to remove surface
solvent, ranging in mass between 6.07 and 13.97mg were placed in a platinum
bucket and heated at a rate of 10°C/min from 20° to 350°C under a constant
positive N, flow. | ,

Differential Scanning Calorimetry (DSC) measurements were performed using a
Du Pont 9900 Differential Scanning Calorimeter. The instrument was calibrated
using Indium (AH = 284 J/g, m.p. = 156.7°C) [61] and Zinc (AH = 102.1 J/g,
m.p. = 419.6°C) [62]. The samples ranging in mass between 6.2 and 12.6mg,
dabbed dry to remove surface solvent, were placed on aluminium lids and heated
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at a rate of 10°C/min from 20° to 350°C.

‘Melting point determinations were carried out using a Linkam TH600 hotstage
with a Linkam CO600 temperature controller. A Nikon SMZ-10 microscope was
used for viewing the melting process.

'3.3.4. Guest desorption studies

The apparatus'used for the desorption studies, represented diagrammatically in
Figure 3.1, consisted essentially of a well calibrated McBain and Bakr [63] silica
spring from which a thin foil bucket was suspended. The bucket was used as a
container for the host-guest complex under investigation. The spring and bucket
- were enclosed in a water jacket which facilitated temperature control. The whole
sysfem_ was connected to a vacuum with the pressure measured using a M€Leod
gauge No 292. '

The finely ground host-guest complex was placed in the bucket and the whole
system sealed. This preparation was done as quickly as possible to minimize guest
desorption into the atmosphere. . The entire system was evacuated to ~2mmHg
- and the extension of the spring monitored. The bucket displacement is directly
related to mass change by Hooke’s Law: | '

- =-kx
F = restoring force = - mass x acceleration due to gravity
X = spring extension | '
k = spring constant _ :
Thus, the guest loss from the host-guest complex could be monitored as a function
of spring extension which is directly proportional to mass change.

Guest desorption}was also achieved using a thermostat vacuum oven supplied by
Townson and Mercer Ltd. The pre-weighed host-guest complex was placed in the
oven, evacuated to 160mmHg and thermostated at various temperatures as
discussed in Chapter 4. After a certain length of time the host-guest complex was
reweighed and the mass loss calculated. ‘
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Figure 3.1 Schématic diagram of the apparatus used
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3.3.5. X-ray powder diffraction

X-ray powder diffraction experiments were carried out using a Philips vertical
goniometer PW1050/80 with a Philips PW1394 motor control and PW1390
channel control. The X-rays were generated by a Philips PW1130/90 model
operating at 40kV and 30mA. Nickel-filtered copper radiation (CuKa,
A = 1.5418A) was used with divergence and receiving slits of 1° each with no
anti-scatter slit. The samples, dabbed dry to remove surface solvent, were ground
into fine powder form, packed in a sample holder so as to minimise preferred
orientation effects and scanned at 1°28/min over the range 8°<28<40°. The
sensitivity range setting varied between 1 x 10* and 4 x 10* counts/s.

3.4. Single crystal X-ray diffraction
3.4.1. Crystal preparation

Single crystals of suitable size, selected on their ability to extinguish plane.
polarised light uniformly, were isolated or cut, and mounted in Lindemann
capillary tubes to minimize deterioration by the desorption of the guest solvent.

In the case of compounds (I) and (IV) satisfactory photographs and data
collections were obtained by mounting the crystals with mother liquor in 0.5mm
diameter capillaries and sealing the tubes with wax. For compounds (II) and (III),
the crystals were mounted in 0.3mm diameter capillaries and sealed by melting the

- ends with a naked flame.

Photographs"of the crystals of compounds (III) and (IV) used for data collection
are shown in Figure 3.2

3.4.2. Preliminary crystal X-ray photography

Preliminary cell parameters and space groups were established photographically
using nickel-filtered CuKa radiation (A = 1.5418A) generated by Philips PW1120
and PW1140 X-ray generators operating at 20mA, 40kV and 40mA, 40kV
fespectively. The X-ray photographs were taken using a non-integrating Stoé
goniometer for oscillation and Wéissenberg photographs and a Sto€ Reciprocal













































































































































Figure 6.3

Figure 6.4

64

Perspective view of Compound (II). For clarity only the hydroxy
hydrogen is shown. Dotted lines indicate hydrogen bonds.

Stereoview of molecular | packing in Compound (II). For clarity
only the hydroxy hydrogen is shown. Hydrogen bonds are
indicated by dotted lines.

-
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6.2.4. Compound (IV), C,H,0,-C,H,N

On replacing the guest 4-methylpyridine in (IIT) by its 2-methylpyridine isomer in
(IV), the chaﬂge in host:guest ratio from 2:1 to 1:1 without a change in space group
‘was unexpected. The larger unit cell volume required the number of formula
units, Z, to be 2 with both host molecules situated at centres of symmetry and the
guest in a general positibn.‘ \ ‘ '

As stated in section 5.3.5. the guest is disofdered and for simplicity the diagrams of
the atomic numbering (Figure 67) and the stereoscopic molecular packing
‘diagram (Figure 6.8) of (IV) show an average of the two guest positions. This |
average of the two guest-rmg posmons yielding a ring orientation intermediate
between the two actual disordered positions is depicted in Figure 6.9 . This
simplification was achieved by averaging pairs of atomic coordinates excluding
those of the methyl substituents.

The two guest-rings are coplanar and related by an approximate mirror plane
perpendicular to their mean plane with an N(21)- - N(31) separation of only
054(1)A. The fact that the two guest-nng orientations are possible implies that
the host framework prowdes a cav1ty Wthh could accommodate molecules
somewhat larger than 2-methylpyr1d1ne

The N(21)- and N(31)- containing rings have maximum out-of-plane deviations of
0.01(1) and 0.02(1)A respectively and are considered planar taking into account
the disordered nature of the 2-methylpyridine.

The dihedral angles between the phenyl ring of the host molecule centred around
0,%,0 and the N(21)- and N(31)- containing guest-ring alternatives are 82.5(3)° and
85.4(3)° respectively. The dihedral angles between" the phenyl ring of the other
host molecule, _centred around 0,%,%>, and the N(21) and N(31)- guest-rings are
64.8(2)° and 65. 3(3) respectlvely

Of the four compounds studied in this thesis, compound (IV) is imique in that in
addition to host-guest (O-H- - --N) hydrogen bonds, it also contains host-host
(O-H. - - -0) hydrogen-bonding. These hydrogen bonds shown in Figures 6.7 and
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6.8 are represented by dotted lines. The hydrogen bond length and bond angle
values are listed in Table 6.1 . The bond lengths and bond angles in Table 6.1 are
within acceptable limits.

The host-host hydrogen bonding gives rise to infinite chains of host molecules
directly linked along the z-direction with every alternate host molecule being
hydrogen bonded to two guest molecules (Figure 6.8). As can be seen in the
Figure, the infinite z-directional host chains are independent of each other.

Figure 6.9 Two alternative orientations found for the guest 2-methylpyridine
in Compound (IV). :

The average position of the two alternative. guest orientations.
This average position is used in Figures 6.7 and 6.8.
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7. THERMAL ANALYSES
7.1. Introduction

Thermogravimetric analysis (TGA) and Differential Scanning calorimetry (DSC)
[59,79,80] are complementary techniques in that the information obtained from the -
one approach is enhanced by the results interpreted from the other method. The
results from previous sections, namely single crystal X-ray structure solution and
X-ray powder diffraction, on stoichiometry can be confirmed in this section of
work. By reconciling thermodynamics with structures, thermal analyses can be
used to obtain quantitative information on the interaction energy between host
and guest molecules hence establishing a trend for similar compounds. This issue
has been discussed for a number of clathrate systems such as Werner clathrates
[81] which entrap a variety of organic guest molecules, and the Hofmann clathrates
[82] which have been used for chromatographic separation of guest mixtures.

The TGA method émployed in this project involves heating a sample at a
predetermined linear rate and plbtting the weight change as a function of
temperature. In host-guest complexes the guest weight % in the sample can be
determined from the weight loss prior to host decomposit_ion, taking into account
that for this determination to be valid, guest release must occur before host
decomposition.

There are a number of factors or conditions that affect the TGA curves -with
heating rate, atmosphere, sample particle size, nature of the reaction, treatment of
the sample and thermal conductivity of the sample included in these to name but a
few. If the running conditions for the experiments on all four compounds are the
same, this should allow for a good relative comparison of their results. The
samples were run under a constant flow of N, with a heating rate of 10°C per
minute.

The DSC method employed here involves heating a sample at a predetermined
rate and comparing the temperature of the sample with that of the reference as a
function of increasing furnace temperature. As a reaction occurs, so the heat of
reaction results in a difference in temperature between the sample and the
reference. This difference is then compensated for by supplying heat to the
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sample, in the case of a sample endothermic reaction (plotted as a negative peak),
or to the reference, in the case of a sample exotherm (plotted as a positive peak).
The Du Pont instrument used then calculates the heat flow (W/g) for the reaction
and plots heat flow versus furnace temperature. The enthalpy of a reaction is
proportional to the area under the peak.

Upon guest release from a host-guest complex or host melting, the entropy of the
system increases, combined with a positive enthalpy change which can be seen in
the following section on DSC results. The opposite i.e. guest inclusion into a host
lattice, would result in a decrease in entropy combined with a negative enthalpy
- change being observed.

As is the case with TGA there are a number of factors that can affect the DSC
curves including heating rate, atmosphere, the sample holder, thermocouple
location, particle size and sample packing. |

The machine running conditions and sample preparations were kept constant and
with the sample and particle size of the same order for all four compounds,
comparison of their results to establish trends is valid.

7.2. TGA and DSC results

The TGA and DSC plots of compounds (I) to (IV) are shown in Figures 7.1 to 7.4
and a summary of the results drawn from these Figures listed in Tables 7.1 for the
TGA and 7.2 and 7.3 for the DSC results.

Compound (I) having a 1:1 host:guest ratio has a theoretical guest weight % of
16.5 . From Figure 7.1 it can be seen that from 69 to 110°C, 16.5% weight loss is
observed. At about 250°C the weight % starts to decrease again and this is
attributed to host decomposition.

From Figure 7.1 we can see that the DSC results of compound (I) and the TGA
results are complementary. The DSC shows a relatively broad negative peak
starting at 69°C with a minimum at 98°C. The area under the endothermic peak
gives the enthalpy change upon guest loss (Table 7.2) from the host-guest
compound. The sharp endothermic peak starting at 263°C corresponds to the
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Table 7.1 TGA results for Compounds (I) to (IV)

Reaction | Onset Calculated Measured
Temp./ Weight Weight -
°C Loss/ % Loss/ %

Compound (I) | A _

1. H.CHO -+ H+CHO 69 16.5 16.5
Cdmpound In ‘ :

2. H.2CHN -+ H+2CHN 110 36.6 36.1
Compound (III)

3. H-2CHN - H.CHN + CH,N | 82 16.8 16.2
H.CHN - H+CHN 135 33.6 325 .
Compound (IV) : S

4. H-CHN -~ H+ CHN 137 20.4 215

H = C,H,,0,
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melting pomt of the guest-free host conﬁrmed by the melting point of the
synthe51sed host in section 3.1. .

Compounds (IT) and (IV) give very similar results to those exhibited by
compound (I). Compound (II) (Figure 7.2) has a 2:1 host:guest ratio but loses
both guest molecules in a single step starting at 110°C. The calculated and
‘measured weight loss differ by only 0.5% . Compound (IV) (Figure 7.7) loses its
guest in one step commencing at 137°C. The difference in calculated and
measured weight loss is 1.1% . Both (IT) and (IV) have sharp endothermic peaks
at around 260-263°C, again corresponding to the meltmg and subsequent
decomposition of the guest-free host.

Compound (III) has a host:guest ratio of 1:2. From the structure solutlon of (III) it
can be seen that these two guest molecules are equivalent, belng related by a
centre of symmetry. From the TGA and DSC results (Figure 7.5) it is evident that
the guest molecules are released in a two-stage process. The weight % of the guest
in (IIT) is 33.6% thereby giving each guest molecule a weight % of 16.8 . The
weight % lost in the first step of the TGA is 16.2% (onset temperature of 82°C)
and in the second step the loss is 16.3% . The conclusion drawn from these results
is that one guest molecule is lost whereupon the host and the remaining guest
molecule rearrange to form a new host- -guest lattice (see chapter 4). The
remaining guest molecule is then released (starting at 135°C) from the new
host-guest lattice leaving the guest-free host to finally melt and decompose at
262°C.

The reason that the enthalpy values (Table 7.2) for the two steps are different,
even though the TGA shows that the same amount of guest is being lost, is as a
result of the guest being released from two different host lattices requmng
dlffermg amounts of energy.

On doing melting point determinations on thé hotstage, the guest loss for all four
compounds could not be seen as a dramatic effect but rather as a slow change in
the crystal from clear to opaque around the temperature range of guest loss,
followed by a melting at around 262°C.



Table 7.2 DSC results for Compounds (I) to (IV)

MH/

Reaction Onset AH/ 3 O-H-...0/
Temp./ Jgt kimol" O-H-...N/
°C A
Compound (I)
1. H.-CHO - H+CH,0 69 78.1 34.1 2.721(6)
Compound (II) -
2. H-2CHN - H+2CHN 110 1326 722 2.841(4)
- Compound (III)
3. H-2CHN -+ H-CHN + CHN 82 613 338 2.817(3) .
H.CHN -+ H+CHN 135 82.6 45.5
Compound (IV)
4. H.-CHN -+ H+CHN 137 91.9 42.1 2.831(6)
2.656(6)

H = C,.H,,0,

- * = value for the release of two guest molecules.

LL



Table 7.3 Normalised DSC results for Compounds (II) to (IV)

H/

Reaétion AH/ AH/ O-H....0/
' ~ kJmol" kJmol" kJmol! O-H--.-N/
(Melting Pt.) (Guest release) |(Normalised A
‘ G release)
Compound (II) .
2. H-2CHN -+ H+2CHN 21.1 762" 76.27 2.841(4)
Compound (III) | _
3. H.2CHN - H.-CHN + CH,N 24.6 33.8 29.0 2.817(3)
H.CHN - H+CHN 24.6 45.5 39.0
Compound (IV)
4. H.CHN - H+CHN 24.0 42.0 36.9 2.831(6)
' | 2.656(6)

H = C26H2002

G = guest

* = value for the release of two guest molecules.

8L



79

From the DSC study one might expect correlation between the O- - - -N hydrogen
bond distance and the AH value of the guest release reaction for compounds (II),
(HI) and (IV) (Table 7.2). However there are difficulties in determining a trend
for these three compounds. Compound (II) releases both guests in a single step
with a AH value of 72.2 kJmole™ or 36.1 kJ per guest molecule. Compound (III) as
mentioned earlier releases the two guests in two stages having AH values 33.8 and
45.5 kJmol™ respectively, averaging to 39.7 kJmol'. With compound (IV), the
guest molecule is disordered with the two alternative O- - - -N distances averaging
"to 2.744(6)A, associated with a AH value of 42.1 kJmol". Using these values, it
could be argued that there is a qualitative inverse correlation between O- - -N
hydrogen bond length and the AH value of the guest release reaction.

An alternative argument is that the AH values of guest release should be
normalised based on their melting point enthalpies. This is assuming that the state
of the host after guest release is the same for all three compounds. This was
established in Chapter 4 as they all collapse back to the a-phase on guest release.
The normalised values in Table 7.3 show that there is in fact no correlation
between O- - - -N hydrogen bond length and AH of guest release. In Table 7.3 the
enthalpy value representing guest release from compound (IIT) corresponds to the
first step of the two-stage guest release process. Although compound (III) has a
two-step guest loss process, only the first should be considered as the second guest
is released from a host lattice structure (the y-phase, see Chapter 4) which is
unknown, as is the O- - - -N hydrogen bond length.

Further work would have to be carried out on a variety of substituted pyridines to
confirm the existence of any trend. |



CHAPTER EIGHT

CONCLUSION
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8. CONCLUSION

Based on the information gained from the X-ray crystal structures of the four
compounds, the classification of these compounds in terms of the system proposed
by Weber and Josel [15,16] as discussed in the introduction is not very definitive.
These host-guest aggregates are derived from a coordination between host and
guest and are thus classed as complexes. Further classification in terms of their
topology is difficult as no definite channel or cavity shapes were obvious. In
Chapter 6 it was stated that for compound (I) it appears as if the guest molecules,
2-butanone, occupy channels parallel to [001]. Energy calculations of the
movement of the guest through this supposed channel using the program EENY
[83] were carried out. In these calculations the guest was allowed to tumble (i.e.
change its orientation in accord with a minimum energy criterion) as it progressed
through the cell. The host phenyl groups were also allowed to rotate around the
bonds linking them to the central tricyclic system. These calculations showed that
small translations of the guest to either side of the energy minimum (i.e. the
position determined crystallographically) were unconstrained, but on translating
the guest from one unit cell to the next along [001] the resulting close épproach of
the host and guest molecules led to very high energy barriers being encountered.
This indicated that the guest molecules do not reside in channels, but rather in
confined regions constricted along the [001] direction by host molecules. The
absence of a channel was confirmed by inspection of a space-filling diagram of the
host molecules viewed along [001].

The host:guest ratios of 1:1, 1:2, 1:2, and 1:1 for compounds (I), (II), (III), and (IV)
respectively were confirmed from the X-ray powder diffraction studies, crystal
structure solutions, density measurements, microanalyses and thermal analyses.

The host lattice structure on going from guest inclusion to guest release and finally
host melting and subsequent decomposition was investigated. From the guest
desorption studies, structure solutions and the thermal analyses, the following
conclusions are drawn. On heating compounds (I), (II) and (IV) the guest is
released in a single step accompanied by host rearrangement to the original
a-phase, exhibited by the host in a guest-free environment. Compounds (I) and
(I) have host-guest hydrogen-bonding but no specific hydrogen-bonding
interaction between the host molecules. When the guest is released from the
host-guest compound these hydrogen bonds are broken leaving no structural
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support to keep the B-phase framework intact. This, together with the fact that if
the guest does not reside in a relatively large channel, it has to break its way out,
results. in the -phase collapsing back to the a-phase. In addition to host-guest
hydrogen-bonding, compound (IV) also has host-host hydrogen-bonding giving rise
to infinite chains of host molecules which could support the host lattice on guest
departure resulting in the "empty” B -phase being observed. Although the
disordered nature of the 2-picoline guest indicates that the lattice void could
accommodate a larger guest molecule, the escape of the guest molecule must be
hindered and the host lattice structure is broken as a consequence, leaving
compound (IV) to revert back to the a-phase. ‘

The guest loss from (III) is a two-step process. Upon heating, the equivalent of
one guest molecule per unit cell is released. This is accompanied by a host
rearrangement to some other structure, known as the y-phase, incorporating the
second, as yet unreleased, guest molecule. Further heating is required to release
the guest from this new host structure which then reverts back to the a-phase on
the loss of the remaining guest. ‘

The "empty" B -phase was not exhibited by any of the four compounds studied,
hence their inability to act as separating agents when loaded onto a G.C. column
(as discussed in the introduction). '

Further studies would include attempts to isolate and solve the crystal structure of
the previously mentioned y-phase host-(4-picoline) guest in the 1:1 ratio exhibited
after one guest molecule is released from (III). This could be attempted by
growing crystals of trans-9,10-dihydroxy-9,10-diphenyl-9,10-dihydroanthracene and
4-picoline in a 1:1 ratio in various organic solvents and solving the crystal structure
by X-ray methods. |

The crystal structure of the host-(3-picdline) complex in a 1:2 host:guest ratio has
'rece'ntly been solved by co-workers [84]. This crystal structure is not isomorphous
with that of the host-(4-picoline) crystal structure and hence their lattice energies
would differ. In competition experiments, this lattice energy difference could lead
to preferential inclusion of one of the isomers into the host lattice. Such a
competition experiment would involve a study of the crystals grown from a solution
of the host in a mixture of the two isomers. Should preferential uptake of one of
the isomers be exhibited, this technique could be used to separate the 3- and
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4-picoline isomers (b.p. of 143.5 and 143.1°C respectively).

A thermal study of the host with a variety of substituted pyridines e.g. 3-picoline,
lutidines, other vinylpyridines and even nitriles should be carried out to help
establish a trend between O- - - -N hydrogen bond length and the enthalpy value
associated with guest release.
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APPENDIX 1. Mathematical expressions

Density equation (section 3.3.1. and 5.1)
Z, M, +Z;M;=D_VN,

= number of host molecules per unit cell.
molecular weight of the host molecule (g/mol).

number of guest molecules per unit cell.
molecular weight of the guest molecule (g/mol)
measured density (g/cm?)

unit cell volume (cm?3) |
= Avogadro’s number , 6.02204 x 10? (/mol)

Z <92 NzN
I

Equations for calculations of asymmetry parameters for mirror related, and
two -fold axis related torsion angles, AC_ and AC, respectively (section 6.1.) [76

M8

Co={Z( ¥ +¥/)?/m}*

= (ZI( ¥-9/)2/m}"

. m "= number of individual ¥, and .’ comparisons
VY.’ = torsion angles related by mirror plane or two-fold axis

Significance test (chapter 6)

If, for two parameters, q, t 0(q,) and g, ¢ 0(q,), the difference

g, - q,] > 3 {0%q,) + 0%(q,)}*

then q, and q, are judged to be significantly different.
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APPENDIX 2. R value expressions

Reny = {[ENEW(F gy - FYNI/IZ(N - DEWF))}*

where the inner summations are over the N equivalent reflections
-averaged to give F__; and the outer summations are over all unique
reflections.” B ’

= (ZAe)Y/[(A)(2?)] [85]

A
where a is the sirength_ of an indication defined by:
@ = {[Ex(h’k) cos(g, + ¢, )P + [Elc(h,k) sin(g, + ¢, JF}*
“and A is the estimated value of a.

R =(ENE,- FI)/CIF,)

R, = (W*||F,| - [F,I|)/(Sw*|F,))

W
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