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ABSTRACT 

The inclusion capac1t1es of Cholic Acid (CA) and its 0(28) methyl ester, 
Methyl Cholate (MC) have been investigated. 

The crystal structures of the inclusion compounds of CA with: 

Aliphatic ketones: 
Acetone 
Methyl ethyl ketone 
Diethyl ketone 

Aliphatic esters: 
Methyl acetate 
Ethyl acetate 
Ethyl propionate 
n-Propyl acetate 
i-Propyl acetate 

Mixed guests: 
Methyl acetate/ i-Propyl acetate 
1,2-Dichlorobenzene / Acetone 
Acetone / Water 

Vinyl esters: 
Vinyl acetate 
Methyl Methacrylate 

Aromatic guests: 
Benzonitrile 
Aniline 
Nitro benzene 
Propiophenone 
p-Toluidine 
p-Nitro-toluene 
m-Nitro-toluene 

as well as those of CA and MC with acetonitrile and MC alone are presented 
and analysed with respect to host conformation (both of the steroid backbone 
and side chain), hydrogen bonding patterns and host-guest and guest-guest 
interactions. Subtle guest responsive changes in bilayer packing and host 
conformation resulting in channels with differing cross sectional shapes and 
areas are noted. 

Data derived from the crystal structures of unsolvated cholic acid (CA(a))1 and 
the inclusion compound CA•acetophenone2 from published accounts are 
included for comparative purposes. 

Decomposition behaviour of all of the aforementioned inclusion compounds as 
well as that of a number of related compounds were investigated by both rising 
temperature thermogravimetry (TG) and differential scanning calorimetry 
(DSC). Decomposition pathways involving solid-solid phase changes both with 
and without guest loss were identified and features seen in DSC traces related 
by use of a modified Weissenberg camera which allows continuous recording of 
the X-ray powder pattern under heating. Alternatively, X-ray powder 
diffraction (XRD) was used to identify phases occurring during decomposition. 

Isothermal TG was employed to measure desorption isotherms for a number of 
the stable aromatic guest and acetonitrile inclusion compounds. Rate laws 
describing the desorption mechanisms are ascribed and values for the 
parameters Ea (activation energy) and A (the pre-exponential factor) derived. 
The compounds with aromatic ketone guests (CAPR and CAACET) show 
complex decomposition pathways involving a number of steps which are 
described by the use of separate but overlapping rate law functions. 
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The solid-vapour and solid-solid reactivity of the host molecules CA and MC 
was investigated. The relative rates of reaction and rate laws pertaining to 
guest absorption and solid-solid reactions of CA with benzonitrile, aniline, 
nitrobenzene, p-toluidine and p-Br-phenol were investigated as were the rates 
of absorption of acetonitrile by CA and MC hosts. An attempt was made to 
compute the 'strength' of hydrogen bonding interactions in the structures of 
CA(o), MC(o), CACN and MCCN and to relate these to the measured values 
of the kinetic parameters of both the forward and reverse reactions: 

Preliminary investigations into the selective inclusion by CA of certain guests 
are presented. Such selectivity is discussed with reference to the formation of 
crystallographically mixed guest compounds. Atom-atom potentials are used to 
evaluate the potential energy (PE) of the guest molecules in their crystalline 
molecular environment and thereby account for the selective behaviour. 
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ABBREVIATIONS AND SYMBOLS 

Most of the abbreviations and symbols used in this dissertation are widely 
accepted and in common use in the chemical literature. The mnemonics used 
to describe each compound are detailed on the inserted bookmark and in the 
fold-out table at the end of the document. 

A 

b.p. 

CA 

CFOM 

CSD 

DCA 

DSC 

E 

Ea 

G 

H 

k 

MC 

m.p. 

NMR 

TG 

V 

XRD 

z 

r 

••• 

Arrhenius pre-exponential factor 

normal boiling point 

cholic acid 

combined figure of merit 

Cambridge Structural Database 

deoxycholic acid 

differential scanning calorimetry 

normalised structure factor 

activation energy 

guest 

host 

rate constant 

methyl cholate 

molecular mass 

melting point 

nuclear magnetic spectroscopy 

thermogravimetry 

cell volume 

X-ray powder diffraction 

number of structural units per cell 

angle between b and c unit cell axes, or extent of reaction, or 

host compound phase with no included guest 

angle between a and c unit cell axes, or 

known inclusion compound phase 

angle between a and c unit cell axes, or 

unknown (intermediate) inclusion compound phase 

torsion angle 

non-bonded contact such as a hydrogen bond 
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CHAPTER 1: INTRODUCTION 

INCLUSION CHEMISTRY 

The concepts of inclusion chemistry are well established and have been 
summarised by Gokel: "The field encompasses the study of non-covalent 
interactions that occur between hosts and guests or substrates and receptors of 
many different types."1 This is extremely broad and includes discussion of host­
guest chemistry, supramolecular chemistry and molecular recognition. The 
importance of this burgeoning field of study was recognised by the award of the 
Nobel prize in Chemistry to Charles J. Pedersen2, Donald J. Cram3 and Jean­
Marie Lehn4 in 1987. 

So many examples of inclusion compounds exist that any attempt at even the 
shallowest of complete overviews would be doomed to failure; instead, a few of 
the more interesting examples will be presented and the reader is ref erred to a 
number of excellent monographs and reviews on the subject for further 
detail.5,6,7 

A number of important discoveries in inclusion chemistry have followed since 
Davy's recognition of a chlorine clathrate hydrate lo..s.t century8 but it is 
only recently that the compositions and structures of large numbers of such 
compounds have been elucidated leading to a greater depth of understanding of 
the underzying principles of inclusion. Understanding of the factors affecting 
inclusion and the types of intermolecular interactions occurring in tum provide 
the information for rational, directed host design for the enclathration of 
specific guest molecules. 

This sudden prolif era ti on in the field has led to some confusion in 
nomenclature and attempts to systematise classification of inclusion compounds 
have been suggested by Herbstein9 and Weber.10 In each case the type of 
intermolecular interactions that predominates is considered, Herbstein 
including considerations of the type of packing while Weber details host-host 
and host-guest interactions and topologies as summarised in Figures 1.1 and 
1.2. 

j\ " \ " , , 

">'> ' Si Host unit Guest unit 

Figure 1.1: Schematic representation of the types of interactions occurring in inclusion 
compounds. From left to right: no short range interactions, host-host 
interactions, host-guest interactions, host-host and host-guest interactions. 
(Redrawn from Weber10) 
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COMPLEX COMPLEX 

.. 
. . .. . . . .. ... 

·•·· taurce·•Batrier•·irtteraction•· 
. . . . . 

Coordinative. lnter:action: :: 

Figure 1.2: Classification of inclusion compounds according to their topology. (After Weber10) 

Given the broad definition mentioned above, inclusion compounds might be 
considered to include solid solutions or dispersions and polymeric matrices as 
well as compounds formed with inorganic host compounds such as zeolites11,12 

and in solution, the so-called 'liquid clathrates'.13-16 We shall concentrate on 
the study of crystalline inclusion compounds with organic hosts. These may be 
broadly divided into two main groups: 

i) compounds formed by host molecules which, by dint of their 
connectivity, have a cavity inherent in their structure into 
which guest molecules may fit 

ii) multimolecular host assemblages which produce cavities or 
holes upon association into a crystal in which guest molecules 
are trapped. 

There are, of course, no clear distinctions between these as even compounds 
with large intramolecular cavities may, upon crystallisation, wholly or partly 

. entrap guests in cavities formed between hosts. Similarly host molecules 
without cavities may show distinct association with guest molecules in solution. 

Group i: Hosts with intramolecular cavities. 

Calixarenes: 
Calixarenes are named for their shape which is similar to that of a calix or vase, 
being cup-shaped with a crater in the middle.17 These hosts are synthesized by 
the base catalysed condensation of phenol with formaldehyde and consist of a 
cyclic collection of substituted aromatic rings, the basic building block of which 
is illustrated in Figure 1.3. The molecules may be variously functionalised at 
either top or bottom lip producing a vast range of host molecules with different 
cavity sizes and lip functionality for the inclusion of diverse guest molecules. 
The different shapes and functionalities of two calixarene hosts are illustrated 
in Figure 1.4. R 

OH 

Figure 1.3: Basic unit of which calixarenes are constructed. Molecules with n in the range 4 to 8 
have been synthesized. 
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a 

Figure 1.4: Two calixarene host molecules with different groups at each lip. 
a) Calix[4]arene•acetone18 

b) Tetraethyl p-t-butylcali.x[4]arene-tetracarbonate• acetonitrile. 19 

Crown Ethers and Related compounds: 
Cyclic ethers with a huge variety of sizes and shapes have been synthesised2,20 

and converted by further functionalisation and reaction into cryptands21,22 or 
spherands23 capable of more completely enclosing guest molecules. A further 
refinement was the synthesis of lariat ethers designed as crown ethers with 
'arms' which close off the cavity on one side as in the interesting example of a 
crown ether with steroid 'arm' presented in Figure 1.5. 

Figure 1.5: Lariat ether with steroid 'arm'.24 

Cvclodextrins: 
Cyclodextrins are cyclic oligosaccharides cons1stmg of a-1,4-linked D-glucose 
units. These are large cyclic molecules which have cylindrical cavities of 
varying sizes. Hydroxy groups line the rims of both ends of the cavity and these 
may be used for further reaction to p~oduce cyclodextrins with specific 
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properties. The interior of the cavity is hydrophobic and is shown to include 
many different types of guest molecules. 25 Although the shape of this molecule 
would lead one to expect that all inclusion compounds formed would exist with 
the guest accommodated in the cavity, this is not always the case. For example 
in the 1: 1 inclusion compound of heptakis(2,6-di-0-methyl)-,B-cyclodextrin 
(DM-,B-CDx) with p-nitrophenol the host cavity includes two water molecules 
and one methoxy group of an adjacent host molecule while the guest is found in 
cavities between the hosts26 as illustrated in Figure 1.6. 

Figure 1.6: Two views of (DM-.B-CDx)•p-nitrophenol 1:1 inclusion complex. Guest atoms are 
drawn with van der Waals radii. 

Figure 1.7: Double macrocycle inclusion compound 2( 1-CD)•2(12-crown-4)•Na + er. Na + ions 
are included within the crown ether which is in turn included by the cyclodextrin . 
Defining host and guest in such a complex becomes complicated. 
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Cyclodextrin molecules have been used in the formation of 'double 
macrocycles' where a macrocyclic compound such as a crown ether is included 
by -y-cyclodextrin. The crown ether may, in turn, include various anions27,28 in 
the ratio 2:2:l as in the compound 2(-y-CD)•2(12-crown-4)•Na+c1- illustrated 
in Figure 1.7. 

Group ii: Multimolecular host assemblages. 

While most of the earlier host molecules employed for the preparation of 
inclusion compounds were discovered by accident a greater degree of 
understanding of the structural principles leading to the formation of host:guest 
compounds has led to the development of rational directed host design. The 
shape and geometry of the potential host molecule is recognised as important29 

and in particular, the ability of the host to co-ordinate or bind to other 
molecules30,31 (host or guest) and the inability to achieve efficient close packing 
are identified as useful design features.32,33 

The host compounds of the second group-are so numerous that no attempt will 
be made to describe separate classes of host compounds; instead, examples of 
interesting and useful phenomena will be detailed. 

Separation: 
Host-guest complexation can be a very effective method for separation of close 
isomers which, due to similarity in boiling points, are not effectively separated 
by conventional fractional distillation methods. One of the earlier reports of 
such an application was in the separation of isomers of nitro-toluene using a 
clathrate chromatographic system with a Werner type host compound (a nickel 
co-ordination compound).34 

Toda and co-workers have described systems which afford, upon decomposition 
of the inclusion compound, close to one hundred percent isomericaly pure 
material. 

OH 
1 

OH 

p-Methylbenzaldehyde was 
obtained from the inclusion 
crystals with the 'dogbone, 
dial host' l while the a-isomer 
remained in solution35. 

Numerous other such examples in which one isomer is regained from the 
inclusion crystals by distillation under reduced pressure while another remains 
in solution have been describect.36,37 

R 2a 
, 

N 
' 

R 
' 

R R 
N , 

R 0 
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Separation of isomers of cresol by complexation with amide host molecules3.s,39 

2a and h has been accounted for in terms of stability of the inclusion 
compounds formed. 40,41 

Not all examples of separation involve guests which are hydrogen bonded to the 
host molecules upon inclusion. Hydrocarbons have also been selectively 
enclathrated by judicious choice of host.42 

A very interesting application of separation by inclusion results in the case of 
tautomeric compounds. It often occurs that a compound which exhibits 
significant dynamic tautomerism in solution is stabilised in one or other form 
upon inclusion. 

3a 

This may even result m 
stabilisation of the nunor 
isomer as occurs when the 2-
mercapto substituted tropone 
J (which occurs 
predominantly as the 2-
hydroxytropothione 3b m 
solution) is enclathrated as 
the 2-mercaptotropone 3a 
with the 'dogbone host' la 
mentioned before.43 

Isolation of natural products such as cholesterol, brucine, strychnine, caffeine44 

and nicotine45 may be achieved somewhat more easily by complexation and 
crystallisation than by chromatographic methods. 

One of the most important forms of separation facilitated by inclusion 
compound formation is the separation of optical isomers and here natural 
products such as brucine (mentioned above), which are chiral and already 
resolved by virtue of the existence of only one enantiomer in nature, are 
employed as hosts for the selective inclusion of chiral, optically active guest 
isomers.46 

Regio- and stereo-selective reaction control: 
The environment of an inclusion compound may provide a perfect 'reaction 
vessel'. Guest molecules are often tightly bound with little freedom to rotate or 
undergo conformational change. The positions of host and guest are fixed and 
( except at crystal defects) the environment of all molecules is constant. 

4 
Ar H 

>==< H COPh 

PhC~-={Ar 
µ~/ 

Ar COPh 

Thus reactions like the 
irradiation of~ as an inclusion 
compound guest results in 
formation of the syn head to 
tail dimer S. in good yielct47. 

Similar reaction in solution 
yields a mixture of products. 

Analysis of the crystal structure of the inclusion compound indicates that the 
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reacting centres are held in the correct orientation for reaction at a distance of 
< 4.0 A which is shorter than the reactive limit described by Schmidt.48 This 
reaction does not occur in crystals of the pure reactant as the reactant centres 
are unfavourably placed.49 

Stereocontrol of intramolecular reactions may also be dramatically improved by 
inclusion.50 The reactant species is restrained from certain modes of molecular 
movement or rearrangement and thus one reaction pathway is favoured leading 
to the formation of one product in excess. In some cases an otherwise 
symmetrical molecule may be constrained to a chiral unsymmetrical 
conformation upon inclusion51 such that reaction leads to the optically active 
product as occurs in the example detailed in Figure 1.8. 

.. 

OH O 

Pht(•· 
H N 

' 
H CH3 

Figure 1.8: Imposition of chirality by inclusion. The achiral guest molecule is constrained to 
adopt a chiral conformation in the inclusion compound crystal and, upon 
irradiation, a chiral product results. 

Storage of labile compounds: 
Highly labile compounds may be stabilised by formation of inclusion 
compounds. This is of course similar to the separation of tautomeric 
compounds described above where the minor tautomer in solution may be 
significantly stabilised by inclusion. Many chiral selenoxides (which are 
potentially useful synthons) have a short half-life for racemisation52 yet when 
included by a chiral host compound may be maintained in an optically pure, 
stable state.53 The compounds are declathrated when required for synthesis. 

Related to the storage of otherwise unstable compounds is the controlled 
release of compounds such as bacteriocides54 or pheromones. 55 The valuable 
substance is slowly released as the inclusion compound decays over time. 

Chemical Sensors: 
Inclusion compounds may be useful as agents for chemical sensors. The 
inclusion of a guest molecule may change a detectable physical characteristic of 
the host such as colour56,57 or fluorescence or may have a secondary effect such 
as in piezoelectric devices which detect weight gain as the inclusion compound 
is formed.58 The rate and selectivity of inclusion ( and therefore of response) 
are important in such applications. 
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INCLUSION COMPOUNDS OF STEROID HOSTS: 

History: 

The st~roidal bile acids are derived, as the name suggests, from bile secreted 
from the livers of vertebrates. In the natural state these occur in the conjugated 
form with peptide linkages via the side chain to amino acids, most commonly 
glycine or taurine. 

Deoxycholic (DCA) and cholic acids (CA), I and II in Figure 1.9, are the most 
commonly occurring bile acids. Other related acids such as chenodeoxycholic 
(CDCA) and apocholic acid (AC), III and IV, constitute far smaller proportions 
of bile. Being readily available natural compounds (relatively large amounts 
are extracted from the bile of domestic sheep, cattle and pigs) the chemistry of 
the bile acids was extensively investigated in the late 19th and early 20th 
century. A review by Sobotka59 in 1934 detailed the collected knowledge of the 
bile acids to that date. 

I II 

8 

HO HO 
CA (R=H} 
MC (R=CH3} 

III IV 

COCA AC 
HO HO 

Figure 1.9: Molecular structures of some of the common bile acids. 

The capacity of steroidal acids to form inclusion compounds was first remarked 
upon in 183360 the term "Cholansaure" (Choleic acids) being used to describe a 
wide range of bile acid adducts of varying composition. The transformation of 
cholic acid into deoxycholic acid containing "crystal acetic acid" was recorded by 
Mylius.61 It is now clear that this compound was, in fact, an inclusion 
compound of DCA with acetic acid, the crystal structure of which is now 
known.87 

High vacuum distillation applied by Wieland and Sorge62 to the choleic acids 
revealed the presence of a number of fatty acids such as palmitic acid, stearic 
acid and oleic acids in the distillate. The remaining non-volatile component 
was identified as pure DCA. These authors developed the "choleic acid 



principle" in which they elucidated the concept of complexation or co­
ordination of DCA and fatty acids. 

The realisation that the fatty acid components could be replaced by acetic acid, 
acetone, alcohols or ether and that compounds such as butyric acid, phenol and 
naphthalene could be induced to crystallise with DCA in speczji"c proportions 
followed. It was widely believed (and only recently challenged) that of all the 
bile acids only DCA showed significant inclusion capability. Mylius recognised 
the formation of choleic acids by CA with alcohols and mercaptans63 and the 
formation of a choleic acid of AC was commented upon by Boedecker and 
Volk;64,65 yet in 1934 Sobotka comments in his review59: " ... if we compare 
deoxycholic acid and apocholic acid on the one side and cholic acid, lithocholic 
acid and cholanic acid on the other side, all of which have no pronounced co­
ordinative power ... ". (Cholanic acid is a steroidal acid similar to CA or DCA 
but lacking hydroxy groups at positions 3, 7 and 12). 

The question of co-ordination number ( or host:guest ratio) was investigated by 
Wieland and Sorge62 and Rheinboldt showed that only co-ordination numbers 
allowing for "symmetrical arrangement" i.e. 4, 6 and 8 and less commonly 2 or 3 
occurred. While physical properties may be shown to change in a regular 
fashion in any homologous series, the H:G ratio ( co-ordinative valence) is a 
periodic function dependent on molecular size, or even more simply, in the case 
of the fatty acids, on the length of the longest molecular chain. 66 This 
dependence of H:G ratio on chain length is depicted in Figure 1.10 . 

.( 5 6 10 16 

6 

i.. 4 
Q) 

COOH(CH:)mCOOH 

.0 3 

E 2 
::::, 
:z 
C 8 

0 
:.: ca 6 
C 

"C H(CHJn COOH 
i.. 

0 
I 

0 
(.) 

n• I 2 3 7 8 13 14 21 

Length of Aliphatic Chain 
Figure 1.10: Change in co-ordination number or H:G ratio as a function of chain length. 

Interestingly Sobotka and Goldberg used DCA inclusion compound formation 
to separate l- isomers of camphor, phenyl ethyl ethanol, dipentene and methyl 
ethyl acetic acid from racemic mixtures of the guests.67,68 While the concept of 
separation of enantiomers is now well established this was a startling result at 
the time and it is surprising that it has been little further pursued. 
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The stabilisation of certain tautomeric forms was recognised in the study of 
choleic acids with various tautomeric ketones.69,70 An example of such 
behaviour is exemplified in the inclusion compound formed by DCA and ethyl 
acetoacetate. In the inclusion compound this ketone exists exclusively in the 
enol form. 

The bile acids are thought to act as transport mediators in the gut rendering 
insoluble compounds such as cholesterol soluble by the formation of mixed 
micelles of bile salt and lecithin.71 Much work has been directed towards 
discerning the behaviour of aqueous solutions of bile salts with respect to 
micelle formation and consequent solubilisation of insoluble compounds, such 
as cholesterol, in the gut.72,73,74 

Crystal Structures: 

DCA, CA, CDCA and AC are steroids with ABCD fused ring systems 
exhibiting cis/trans/trans ring junctions and a 17 /3 side chain. The molecules 
are curved by dint of the ring fusion restraints and only the side chain and to a 
lesser extent the D-ring conformations can vary. They are chiral natural 
products occurring in only one enantiomeric form. 

While a number of early crystallographic studies were carried out,75-86 it is 
only recently that large enough numbers of crystal structures of inclusion 
compounds of steroidal bile acids have been elucidated to allow the 
discernment of similarities and differences in structure and to attempt to relate 
these to the properties of the compounds. 

Reports of a wide range of crystal structures of a-phases and inclusion 
compounds of DCA, CDCA, AC, CA and MC are presented in Table 1.1. 
Host:guest ratios, cell parameters and pertinant referances are detailed while 
any related studies or interesting structural features are mentioned as 
'comments'. 
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DCA Inclusion Compounds: 

The inclusion compounds of DCA comprise the largest group of steroid bile 
acid host inclusion compounds studied to date. The structures of these 
compounds may be divided into three types which are described by Giglio132 as 
follows: 

i) Orthorhombic structures: by far the largest group of DCA inclusion 
compounds crystallise in the orthorhombic space groups P212121 
and P21212 have similar host conformations. The side chain 
exhibits the gauche conformation and the D-ring approaches the 
half-chair form. Host bilayers bound together by host-host 
hydrogen bonding such that the exposed sides of the bilayers are 
hydrophobic and the hydrophilic groups are 'hidden' within occur 
parallel to the be direction. Adjacent host bilayers are related by 
21 symmetry. The host bilayers are puckered and guest molecules 
accommodated in the channels formed between these. The 
group may be divided into two subgroups according to the bilayer 
translation distance which is reflected in the length of the c-axis. 
These are designated: 

a: bilayer translation ca 7.2 A, 
• • 0 

/3: bilayer translat10n ca 14.2 A. 
and occur upon inclusion of threadlike guest molecules and 
spherical guest molecules respectively. Examples of the packing 
diagrams typical to this type are presented in Figure 1.1 la. The 
differences in packing give rise to shifts in the relative positions 
of facing monolayers. In the /3 type structures these are at 
approximately the same height in a while in the a type structures 
the facing monolayers are shifted by about 3.6 A along c. 

ii) Tetragonal structures: host conformations are similar to those found 
in the orthorhombic structures with bilayers related to each other 
by a 4raxis such that the bilayer extends in the ab plane. 
Adjacent monolayer rows occur at approximately the same height 
but the channels formed are not hydrophobic in nature and the 
guest molecules participate in the hydrogen bonding schemes. 
An example of the type of packing exhibited in crystals belonging 
to this group is presented as Figure l.llb. 

iii) Hexagonal structures: host molecules in structures belonging to the 
hexagonal space groups exhibit conformations different from 
those found in structures belonging to either of the above groups: 
the side chain adopts the trans conformation and the D-ring the f3 

envelope form. Hydrogen bonding schemes too differ from those 
described above with helices of DCA molecules hydrogen bonded 
to each other and to the guest molecules packed in spirals about 
the 6s-axis as illustrated in Figure l.llc. The hydrophilic cavity 
thus formed has a diameter of only ca 4 A and can accommodate 
only small polar guest molecules. 
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a 

C 

A 

Figure 1.11: Packing diagrams representing the three types of structures found in DCA inclusion 
compounds. 
a) 5DCA•2acetone crystallises in the orthorhombic system. (Guest molecules 
are disordered.) 
b) 2DCA•3.H20 crystallises in the tetragonal system. 
c) 3DCA•2ethanol•H20 crystallises in the hexagonal system. 
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Stability and Decomposition Studies: 
The stability of DCA inclusion compounds and thus the strength of host:guest 
interactions has been investigated by the to_rsion effusion method101,102 

allowing determination of the vapour pressure of gaseous guest in equilibrium 
with its choleic acid as a function of temperature. Since DCA is non-volatile 
and does not contribute to the vapour pressure, the enthalpy change associated 
with the release of guest from the crystal of the choleic acid inclusion 
compound, (AHr) and the corresponding heat of formation (AHf) could be 
derived once guest vaporisation enthalpies were known. 

Table 1.2 drawn from reference 132 details the results of such experiments on a 
small group of DCA inclusion compounds. 

Table 1.2: Experimental results for the values of AHr and AHf for a number of 
DCA inclusion compounds. 

Guest H:G ratio Trnnge (K) AHr (kJ) AHf (kJ) 

Styrene 2:1 353-414 56.9(5.4) 15.1(5.4) 
Naphthalene 2:1 361-419 72.0(5.4) 23.8(5.4) 
Phenanthrene 3:1 403-441 128.9(5.9) 50.2(7.1) 
1,2-benzanthracene 3:1 405-429 126.4(7.5) 21.8(9.2) 
11, 12-benzofluoranthene 3:1 414-454 124.3(3.8) 4.6(5.0) 

Variation in these values is ascribed to differences in host:guest interactions. 
The primary such interaction is that between the C(18) methyl groups and the 
1r-cloud of the guest aromatic rings described as 'polarisation bonding' .103 This 
type of interaction will be stronger the greater the guest polarisability and the 
overall host:guest interaction will depend on the total number of such 
interactions per guest. Thus the inclusion compound with phenanthrene 
exhibits two such 'hooks' while that with styrene has only one. Although the 
number of condensed rings increases for the last two compounds in the Table 
there are only two C(l8) .. •1r interactions and the AH values for guest release 
are similar. 

Photoaddition of Guest to DCA: 
A number of inclusion compounds of DCA undergo regio- and stereo-specific 
photolysis or thermolysis to produce modified steroids. 88,93,95,96,109 Reaction 
with included di-t-butyl diperoxycarbonate results in the formation of two major 
products designated ~ and 1 below, 109 while photoaddition of included acetone 
to DCA yields three major products designated ft , 2. and 10 below. These 
results are explained in terms of the packing of the complexes and in the second 
case the geometry of interaction of the carbonyl group of the guest and the 
abstractable hydrogen atoms of the host. To test their assertions about the 
topochemical nature of the reactions the authors consider the structure of a 
related compound namely the inclusion compounds of AC with acetone88 which 
does not undergo such reaction. 
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Reaction with included acetophenone leads to formation of a single 
diastereomeric reaction product with absolute configuration Sat C(5) 11 below. 
This is opposite to the configuration expected from consideration of the 
host:guest packing at the reaction site133 and initiated a comprehensive study of 
such reactions with acetophenone and related molecules. A number of the 
reactions occur without disruption of the crystal structure ( a single crystal to 
single crystal transformation) and the reaction may be followed by single crystal 
X-ray diffractometry. 

Polymerisation in DCA channels: 

Reaction is shown to proceed 
by 180 ° rotation of the acetyl 
group of the guest. 89,96 The 
crystal structures of both the 
partially reacted compounds 
and the photoproducts were 
achieved. 

The channels of DCA represent chiral environments in which guest molecules 
may interact with those above and below but are well separated from guests in 
other channels (at least in defect free regions of the crystals). The type of 
polymerisation reaction that would be expected is depicted schematically in 
Figure 1.12. Miyata and Takemoto reported radiation-induced polymerisation 
of 2,3-substituted butadienes134 and of vinyl monomers135 in the DCA channels 
while Audisio and Silvani achieved reaction of penta-1,3-diene monomers.136 

A list of polymerisation reactions using guest monomers included in DCA is 
presented in Table 1.3. 
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DCA inclusion 
compound with 
volatile guest 

--+ 

Guest replaced 
by monomer 

Polymerisation 
in channels 

Separated 
polymer 

Figure LU: Schematic of the polymerisation occurring in the channels of DCA inclusion 
compounds. Guests are constrained to particular positions relative to each 
other and a high degree of topotactic control is achieved. 

The inclusion compound used were produced by two different methods: 
crystallisation of the inclusion compound from solutions of DCA either directly 
dissolved in guest monomer or from solutions made by dissolution of both host 
and guest in a co-solvent OR by replacement of volatile guests such as acetone 
in the inclusion compound crystals with the monomer guest.143 The 
replacement of one guest with another appears not to have been confirmed in 
all cases, often being inf erred from the retention of the gross shape of the 
crystals and the lack of significant solubility of host in guest monomer ( e.g. 
butadiene143). Polymers thus obtained often contain high proportions of 1,2-
addition products which would appear to indicate that polymerisation might 
occur outside the channels of the DCA inclusion compounds so that the regio­
control due to the highly constrained relative positions of the guest molecules is 
lost. This possibility is surely reinforced by the reported low stability of the 
DCA butadiene complex which is readily replaced by other guests, introduced 
into the reaction vessel to test that effect of additives on the rate and products 
of polymerisation.143 Addition of species that readily form stable DCA 
inclusion compounds significantly increases the relative amounts of 1,2-
addition products presumably obtained by ousting significant quantities of the 
butadiene monomers from their places in the channels. This seems to reinforce 
the suggestion that the polymerisation of such monomers may proceed ( at least 
in part) outside the channels of DCA and represent therefore the 
polymerisation of butadiene in the presence of DCA rather than inclusion 
polymerisation. It is surprising that, in spite of the experimental evidence, the 
authors appear not to consider this possibility, specifically stating that this 
represents an example of a regio- and stereo-specifically controlled 
polymerisation reaction within clathrate channels. 

In other cases such as the polymerisation of 2,3-dimethylbutadiene the addition 
of the homologous saturated molecule (2,3-dimethyl butane) greatly decreased 
polymer yield, presumably by replacement of monomer units within the channel 
disrupting the chain reaction.135,144 This, combined with an interesting solid 
state NMR study of this polymerisation reaction in the channels of the DCA 
inclusion compound channels, 145 provide clear evidence that this reaction, at 
least, is an example of in-channel polymerisation. 
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CA Inclusion Compounds: 

Until recently CA was thought to have limited inclusion capacity forming 
inclusion compounds with water, either in a 2:1120,121 or 1:1122 host:guest ratio, 
or with small aliphatic alcohols (methanol, ethanol and 1-propanol).123,124 

Recently a report of a channel type inclusion compound with acetophenone 
guest has appeared.127 Shortly thereafter the same authors presented a 
surprising finding: upon soaking crystals of CA(et) in acetophenone for a period 
of time the inclusion compound was formed without loss of crystallinity. A 
single crystal to single crystal transformation is claimed for the reaction:146 

CA(s,a) + acetophenone(l) = CA•acetophenone(s,/3)· 
It was this finding that initiated the present study. 

During the time period over which the work presented in this thesis was carried 
out, a number of reports of CA inclusion compounds have appeared and a 
summary of the structures reported to date is presented in Table 1.1. 

CA host alone: 
Unlike DCA the structure of CA without included guest molecules (CA(et)) is 
known.119 The packing diagram of this structure is presented as Figure 1.13 . 
The CA molecules pack together so that all hydroxyl and carboxylic acid oxygen 
atoms are involved in hydrogen bonds. The hydrogen bonding system is quite 
different to that noted in the majority of CA inclusion compounds as will be 
discussed in detail later. 

Figure 1.13: Packing diagram of CA(a) viewed down [010]. Drawn from data derived from the 
structure by Miyata et at.119 
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Packing: 
Inclusion of water results in the formation of either hexagonal crystals 
belonging to the space group P6522 (H:G, 2:1) or in crystals belonging to the 
space group P21 (H:G, 1:1). The former are similar in packing to the 
ethanol/water inclusion compound of DCA while the latters packing bears a 
resemblance to that seen in DCA inclusion compounds crystallising in the 
tetragonal system. The packing diagrams of both compounds are presented in 
Figures 1.14a and b. In both cases extensive hydrogen bonding between host 
and guest and host and host occurs. 

a 

b 

Figure 1.14: Packing diagrams of 
a) CA•Yili20 (disordered water molecule omitted) 
b) CA•H20 (filled circles - water oxygen atoms) 
redrawn from data derived from the structure by Lessinger and Low121 and 
Lessinger122. 
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The crystal structures of the inclusion compounds with alcohol guests exhibit no 
bilayer formation and the host molecules are hydrogen bonded in a three 
dimensional array both to other host molecules as well as to the guest 
alcohols.123 Guest molecules are contained in cavities and it is reported by 
Jones and Nassimbeni123 that the dimensions of the cavities are such that the 1-
propanol molecule provides a nearly 'perfect fit' while that of the methanol 
guest appears to occupy only 50% of the available space allowing for inclusion 
of other non-hydrogen bonded methanol molecules in the cavities. They 
suggest that the guest cavities are incompletely isolated and that these non­
hydrogen bonded molecules may diffuse out of the crystal via the small 
interconnecting channels thereby accounting for the poor stability of this 
compound. 

Miyata et al report the existence of CA inclusion compounds contammg a 
diverse range of included guests.147 Although host:guest ratios are reportedly 
determined by TG and 1H-NMR analysis as well as uv-vis spectroscopy it 
appears that some of the guest identities are incorrectly assigned. No further 
reports of a number of the supposedly included compounds appear and we have 
found certain of the experiments impossible to duplicate. Specifically: the 
thermal analysis results of the CA•benzoic acid compound are very similar to 
those of the complex formed by CA•acetone•3H20 while benzoic acid has not 
been shown to be included and no further reports of the inclusion of a molecule 
as large as benzophenone have appeared. The benzophenone adduct is 
reported to melt at 170 °C with no appearance of a host melt (at ca 200 °C). 
While a number of CA inclusion compounds with solid guests do exhibit this 
sort of behaviour the melting point is remarkably close to that of CA• 1/2H20, 
the only crystals ever achieved from solutions containing benzophenone in this 
study. The inclusion of butanol is reported with the unusual H:G ratio of 1:2 
yet in a later paper the same authors report using butanol as a solvent to 
facilitate inclusion of hydrocarbon guests on the basis that butanol is not 
included by CA.148 

While the structures of the inclusion compounds with alcohols and water show 
host:guest hydrogen bonding it so transpires _that, although many guest 
molecules included by CA bear polar groups capable of participating in 
hydrogen bonding, the most common type of inclusion compound is that of the 
tubulate clathrate with no short range host guest interactions. One of the first 
tubulate clathrate inclusion compounds reported was that of CA with 
acetophenone.127 The structure is similar to those of the DCA compounds 
crystallising in orthorhombic space groups; the host steroids are aggregated into 
puckered bilayers bound together by intermolecular host-host hydrogen bonds 
and packed together leaving channels parallel to b (in these structures) into 
which the guest molecules are packed as may be seen in Figure 1.15. Unlike 
the 5DCA•2Acetophenone complex the host:guest ratio is 1:1 and the guests 
are stacked one above the other in the channel with the aromatic rings almost 
parallel to each other. 
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Figure 1.15: packing diagram of CA•acetophenone redrawn from data derived from the structure 
by Miki et al .127 

Guest Intercalation: 
A later report in Nature146 describes the absorption of acetophenone by CA 
crystals to form the inclusion compound. While this in itself is not unusual the 
authors claim that the transformation occurs with no loss of crystal integrity: a 
single crystal to single crystal transformation. Further they suggest that the 
crystals so obtained are of a quality to allow single crystal X-ray analysis. This 
is a startling result as, although such guest intercalation is not unknown, most 
compounds so formed do not require significant rearrangement (including 
reorientation) of the constituent molecules and are true intercalation 
compounds. In the CA(a) = CA•Acetophenone transformation it is required 
that host:host hydrogen bonds are broken and that concerted rotation of the 
host molecule pairs occurs while the acetophenone molecule diffuses into the 
crystal; all without significant fracturing or fragmentation. Added to this, CA is 
significantly soluble in acetophenone yet the authors did not find it necessary to 
presaturate the acetophenone with CA.149 It would be interesting to follow this 
intercalation reaction by single crystal X-ray diffractometry could such a change 
be induced to occur under constant observation such that one could be sure 
that the resultant crystals were not the result of dissolution and recrystallisation 
processes. We have tried this e>..'Periment under different conditions but always 
failed to achieve a single crystal to crystal transformation. 

A similar phenomenon of guest exchange where -y-valerolactone is replaced by 
acetyl acetone is also reported.150 Again the evidence for the occurrence of a 
single crystal to single crystal transformation is indirect being inferred from the 
gross appearance of the crystals viewed by electron microscopy. 
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Separation o f Isomers by Inclusion: 
CA inclusion compound formation has been used to achieve separation of 
optical isomers with significant enantiomeric excesses of (S)-(-)--y-valerolactone 
and (S)-(-)-butyrolactone in the crystals when prepared from racemic mixtures 
of guest150. The crystal structure of the (S)-(-)--y-valerotaclone inclusion 
compound is reported126 and a solid state 13C NMR study investigating the 
relative populations of R and S enantiomers and their conformations and 
molecular motions provides interesting data about the reasons for selectivity.151 

The results of the solid state NMR study suggest that the (S)-isomer is 
preferred because it may adopt the lower energy conformation yet still fit in the 
channel and have a lower barrier to molecular rotation than the (R)- isomer. 

Unusual Host:Guest ratios: 
Very recently two papers have appeared detailing inclusion compounds with 
CA with unusual H:G ratios. The crystal structure of CA with 3-fluoro-aniline 
describes a compound-with two guest molecules per host resulting in an unusual 
packing arrangement.128 The packing diagram of this compound is presented 
as Figure 1.16. Guest molecules are accommodated in channels between the 
host bilayers and a second channel has opened up between the host bilayers 
into which a second guest molecule fits. The authors suggest that this is a result 
of steric repulsions between the fluorine atoms of the guests in the channels 
designated A. 

Nakano et al detail the inclusion of a number of hydrocarbon guests by CA.148 

While the only crystal structure reported (that with benzene included) exhibits 
the usual 1:1 H:G ratio they report inclusion of various guests in larger H:G 
ratios. A number of examples are listed in Table 1.4. 

Figure 1.16: Packing diagram of the CA•3-F-aniline inclusion compound128. Note the second 
channel between the host bilayers. 
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Table 1.4: Inclusion compounds of CA with unusual host:guest stoichiometries. 
Drawn from Nakano et aZ. 148 

Guests 

Tetralin 
Myrcene 
Cyclohexane 
Ethylcyclohexane 
Dibutyl ether 
.8-lonone 
Methyl decanoate 

Derivatives of Cholic Acid: 

Guest Release T 
(o C) 

89, 113 
117 
Not clear 
110 
109 
142 
118 

Molar ratio 
H:G 

3:2 
2:1 
3:2 
2:1 
2:1 
2:1 
2:1 

In addition to the inclusion compounds with CA the inclusion capacity of a 
number of derivatives of CA have been examined. A particularly notable 
example is that of the amide derivative, cholanamide (V). This compound 
forms inclusion compounds with a large number of different guest molecules 
particularly those bearing hydrogen bond acceptor groups.152 

0 

V 

HO 

The-reported crystal structures of the inclusion compounds are very similar to 
those of CA except that conversion of the carboxylic end group of the side chain 
allows for formation of an extra hydrogen bond without disruption of the host­
host hydrogen bonding necessary for bilayer formation. For example in the 1,4-
dioxane inclusion compound the guest molecules are accommodated in 
channels but interact with the host bilayers via a hydrogen bond from the -NH2 
group of the host side chain to one of the dioxane oxygen atoms.153 

28 



OBJECTIVES OF THIS STUDY 

This study is concerned with the structure/reactivity relationships of the 
inclusion compounds of the steroid host cholic .acid ( and to a lesser degree 
methyl cholate)°. 

The approach adopted is to elucidate the crystal structures of the inclusion 
compounds of CA with a range of guest molecules of varying size and shape, 
and bearing different functional groups. A large enough selection of such 
inclusion compounds would allow comparison of packing modes, host 
conformation and manner of guest inclusion with a view to predicting future 
structures. 

The solid state react1v1ty of CA is of particular interest as the inclusion 
compounds may be formed by reaction of the solid host with guest vapours or 
with solid guest. The possibility of achieving topotactic control of guest 
reaction ( e.g. polymerisation) within the crystals of the inclusion compound as 
well as the kinetics of decomposition and absorption are investigated. 
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CHAPTER 2: EXPERIMENTAL. 

HOST COMPOUNDS: 

Cholic acid, (CA), and Methyl cholate, (MC), purchased from Sigma Chemical 
Company, Dorset UK were recrystallised once from a mixture of acetone and 
ethyl acetate and in some cases a second time from either methanol or ethanol. 
The crystals thus obtained were dried in vacuo at 120 °C for a minimum of 
three hours to remove any enclathrated solvent. Purity was checked by DSC 
analysis and deemed acceptable when the melt was indicated by a single, sharp 
endotherm in the range 199-202 °C. 

GUEST COMPOUNDS: 

The various guest compounds were dried in the fashion appropriate to the 
compound. For example, aliphatic ketones were stirred with anhydrous MgS04 
and stored over dried molecular sieves while high boiling compounds such as 
Nitrobenzene and Aniline were redistilled and stored over dried molecular 
sieves and protected from light if necessary. 

CRYSTAL GROWfH: 

Crystals of the inclusion compounds formed from solutions of dried CA or MC 
either dissolved directly in the liquid guest or with host and guest dissolved in a 
co-solvent such as acetone or methyl ethyl ketone (MEK). It proved imperative 
that all compounds be rigorously dried (particularly in CA crystallisations), to 
prevent formation of either CA hydrate or CA hemihydrate, both of which 
crystallise readily from solutions containing trace amounts of water. 

Solutions of host and guest and/ or co-solvent were forced through 0.50 µm 
Millex LCR disposable filters to remove dust and other debris to reduce the 
number of nucleation sites thereby preventing proliferation of small crystals. 
Solutions were cooled in glass vials and maintained at room temperature with 
crystals forming during the cooling process if supersaturated solutions were 
used, or else by slow evaporation of solvent at room temperature. Crystals of 
CA without included guest (required for some experiments) were grown from 
acetone solutions at temperatures above 30 °C while MC (a) crystals were 
grown serendipitously from a solution of MC with t-butyl alcohol in acetone 
after many unsuccessful attempts to grow good single crystals from acetone and 
a number of other solvents. 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY: 

Samples for 1H-NMR analysis were dissolved in d6-DMSO and their spectra 
recorded at 200 MHz on a Varian VXR-200 spectrometer or at 400 MHz on a 
Unity-400 spectrometer. 

OPTICAL MICROSCOPY: 

Melting points, temperatures of guest release events and other thermal events 
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were measured visually on a Linkam TH600 hot stage mounted on a Nikon 
microscope equipped with both polarising filters and overhead lighting. The 
temperature was controlled by a Linkam C0600 temperature controller and the 
hot stage calibrated using the melting points of azobenzene (68 °C), benzil (95 
°C), benzanilide (163 °C) and dicyanodiamide (210 °C). Events occurring 
during heating could be recorded using a camera mounted on the microscope. 
To simulate the conditions under which TG or DSC experiments were carried 
out, the sample mounted on the hot stage could be maintained in a flow of 
nitrogen purge gas which served to flush away any guest vapours evolved. 

COMPETITION EXPERIMENTS: 

Hot solutions of CA in acetone were combined with mixtures of guests in mole 
fractions of O to 1 and allowed to crystallise by slow cooling and controlled 
evaporation. Guest ratios in the mother liquour were checked by gas 
chromatography (GC) to ensure that no significant evaporation of the lower 
boiling component had occurred. Volumes were chosen such that an excess of 
the lesser guest with respect to CA concentration was maintained. Crystals of 
the inclusion compounds so formed were subjected to TG and DSC analysis to 
determine total mass of enclathrated guest and guest release temperatures. 
Where these were different from those of either guest alone the mole fraction 
of each guest in the crystals was determined by GC analysis. Small quantities of 
the crystals were placed in a glass vial with septum cap and rapidly heated. The 
mixture of gaseous guests evolved was injected onto a suitable column chosen 
for adequate separation of the guests under analysis. Alternatively the evolved 
guests were allowed to condense, dissolved in acetone and injected onto the 
column. Similar results were obtained by each method. 

KINETICS OF INCLUSION: 

Both host molecules under study react with guest molecules to form inclusion 
compounds in phases other than solution. Analyses of the kinetics of reaction 
of solid host with guest vapours and with solid guests were undertaken. CA was 
recrystallised either from acetonitrile, acetone or ethyl acetate or mixtures of 
these and MC from a mixture of acetone and acetonitrile and dried in vacuo as 
before. The dried host material was then crushed ( agate mortar and pestle) 
and sieved with various fractions (notably 212-250 µm and 63-125 µm) retained 
for reaction. 

Solid/ Vapour Reactions 

The rates of reaction of gaseous guests with solid host to form the inclusion 
compounds were measured using an apparatus similar to a McBain balance. 
Instead of measurement of extension of a silica spring as a monitor of weight 
gain, the reactions were followed using an electronic balance interfaced to a 
microcomputer. The apparatus is illustrated in Figures 2.1 and 2.3 and 
described in detail by Barbour et al1. The sample pan is held suspended in the 
reaction vessel by means of a permanent magnet coupled to an electromagnet 
attached to the balance. The sealed reaction vessel containing the sample is 
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maintained under reduced pressure and the liquid guest introduced. 
Vapourisation is almost immediate and a pool of liquid guest is maintained in 
the base of the vessel to ensure constant vapour pressure of guest. A 
thermocouple ·and pressure tranducer allow measurement of the temperature 
and pressure within the reaction chamber. 
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Figure 2. 1: Levitating balance equipment used to monitor weight gain ( or loss) in reactions of 
solid host with guest vapours under isothermal conditions. 

Alternatively, where the reaction: 

H(s,a) + G(g) = HG(s,.B) 

proceeded very slowly, the experimental arrangement illustrated in Figure 2.2a 
was employed. A quantity of dried, sieved host was placed in a glass vial which 
was in turn fitted inside a larger vial which contained either guest liquid 
immobilised on an inert substrate, or powdered solid guest and the whole 
immersed in a thermostated water bath. Samples were periodically removed 
and the extent of reaction determined from weight loss on TG analysis. 
a SOLID/ VAPOUR b SOLID/ SOLID 

"r ... 
-

"'·/ '""l'+-+~~t-- SIEVED HOST 

·~Ii!~.:~.,-~ .. ~. :a:t-~GUEST 
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Figure 2.2: Experimental arrangement for solid/vapour reactions with low vapour pressure 

guests and for solid/solid reactions. 
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Solid / Solid Reactions 

Preliminary tests of solid/solid reactivity were carried out by grinding mixtures 
of the solid, dried host and guest in an agate . mortar and pestle and then 
allowing the ground mixture to stand, with occasional grinding, for a number of 
days. The mixtures were then washed in a sintered glass funnel to remove all 
unreacted guest and the resultant powder tested for weight loss on TG analysis. 
If the solid state formation of an inclusion compound was noted, then a 
controlled solid/solid experiment was carried out as follows: Host material 
prepared as for solid/vapour experiments was placed with a tenfold molar 
excess of powdered, solid guest in a small round-bottomed flask which was 
affixed to the top of a 'whirlimixer' to achieve continuous, efficient mixing of 
the reaction components as illustrated in Figure 2.2b. Samples were removed 
periodically and washed with copious amounts of diethyl ether to remove all 
unreacted guest. Neither CA nor the inclusion complexes were soluble in 
diethyl ether while all guests employed were highly soluble in diethyl ether, 
affording easy separation. Extent of reac;ion was subsequently determined by 
weight loss as measured by TG. 

X-RAY POWDER DIFFRACTION (XRD): 

Isothermal XRD 

Crystals were crushed to a fine powder (under mother liquour in the case of 
highly labile compounds), but usually not sieved to ensure uniform particle size 
as the rate of desorption of guest increases rapidly with decreasing particle size. 
Preferred orientation effects were not, therefore, precluded but good 
agreement obtained upon comparison of experimental XRD traces with 
calculated patterns implies that these were not severe. In some cases it proved 
impossible to obtain accurate XRD traces due to guest desorption during 
sample preparation and scanning. 

Powder diffraction patterns were measured using a Philips PW1050/80 vertical 
goniometer with PW1394 motor control unit and PW1390 channel control unit 
mounted on a PW1130/90 X-ray generator operating at 50 kV and 30 mA. 
Nickel-filtered copper Ka radiation (). = 1.5418 A) was passed through V2° 
receiving slits and a 1 ° anti-scatter slit. Samples were scanned over the range 6-
360 28 in steps of 0.1 ° at a rate of 2° (28).rnin-1. 

Ramped Temperature XRD: 

XRD patterns of the inclusion compounds at different temperatures were 
recorded using a modified Weissenberg camera after Boeyens et az2. Sample 
and film movement were decoupled to allow continuous recording of the 
powder pattern of the sample while temperature was raised at a set rate. A 
diagram of the apparatus is indicated as Figure 2.3. 

Crushed samples were mounted in Lindemann capillary tubes with mother 
liquour. Tubes were not completely sealed to allow escape of guest vapour and 
prevent pressure buildup. Screens were placed so that the diffracted beam 
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passed through a narrow slit, (ca. 4 mm), before impinging on the film, resulting 
in a series of lines corresponding to a segment of the diffraction pattern. Phase 
changes were clearly visible as shown diagrammatically below. Traces of 
relative intensity vs 28 were produced by scanning the powder patterns 
photometrically. 

Experimental XRD patterns were compared with calculated patterns produced 
using the program LAZY PUL VERIX3 modified to produce Gaussian curves 
instead of lines ( described under the section entitled computation). 

THERMOCOUPLE COLLIMATOR 

FILM HOLDER 

BEAM STOP 

SCREEN ~~~~~~-.,~~-11111,--~~~~~~~ 

DIRECTION OF FILM MOVEMENT 

low T high T 

-

Figure 2.3: Modified Weissenberg camera for recording of powder patterns under heating. 

THERMAL ANALYSIS: 

TG and DSC analyses were performed using a Perkin Elmer PC7 system. The 
TG thermocouple and balance were calibrated using built-in procedures for 
furnace and weight calibration. Two-point standard temperature calibration 
was performed by measuring the apparent Curie points of Alumel and Nickel 
and correcting to the known values of 163 °C and 354 °c. 
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The DSC analyser was calibrated by measuring the apparent melt points of 
Indium and Zinc and correcting to the known values of 156.4 °C and 419.5 °C. 
Calibration of heat flow was achieved using the enthalpy of melting for Indium 
(28.5 Jg"1). 

Programmed Thermal Analysis: 

Rising temperature TG and DSC analyses were carried out at heating rates of 
20 °c.mm·1 (unless otherwise stated) and using dry nitrogen purge gas at a flow 
rate of 40 ml.min·1. Samples of mass 1-10 mg were blotted dry on filter paper 
and lightly crushed before analysis in the range 30-230 °C. DSC curves were 
normalised to a sample mass of 1.000 mg for comparison and baseline 
correction applied in each case. 

As the geometries and sample environments of the TG and DSC analysers are 
appreciably different the curves do not always correspond exactly, the DSC 
peak relating to a weight loss event frequently appearing at a temperature 
slightly higher than might be predicted by consideration of the first derivative of 
the weight loss curve. The differing geometries of the instruments are indicated 
in Figure 2.4. 

Samples for TG analysis were placed in an open platinum pan with no barrier 
to diffusion of the guest vapours away from the sample, while samples for DSC 
analysis were placed in lidded, vented pans ( crimped closed), in turn fitted into 
the platinum furnace crucible and covered with a holed platinum lid. This 
leads to retardation of DSC peaks, particularly those associated with an event 
leading to evolution of gas (such as a guest release event), presumably due to 
the slower rate of removal of the guest vapour from the vicinity of the sample. 

r r 11 +- -~T,NUM C,D 0
~ ~ ALUMINIUM PAN 

DSC 

-, - r ~ PLATINUM 
~.. BUCKET 

ELECTRONIC BALANCE 

FURNACE 

..,_PURGE 
GAS 

TG 

TARE 

Figure 2.4: Comparison of TG and DSC analyser geometries. 
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Isothermal Thermogravimetry: 

Isothermal decomposition curves for use in analysis of kinetic data were 
produced under the same conditions of purge gas flow etc. as programmed TG. 
Sieved-samples ·of similar mass, (within 1 mg) were heated rapidly to a specific 
temperature and then the temperature was maintained constant until the guest 
release reaction was complete. These data were used to generate extent of 
reaction (a) vs time curves for analysis of decomposition kinetics. 
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CRYSTAL STRUCTURE ANALYSIS: 

Single crystals for diffractometry were cut from large crystals which, upon 
rotation, extinguished plane po1arisecl light uniformly. Fragments of suitable 
size were cut from larger crystals as the crystals of the inclusion compounds 
were either flat plates or needles and as such rather smaller in at least one 
dimension. All crystals were mounted in 0.3 mm or 0.5 mm Lindemann 
capillary tubes and flame-sealed top and bottom. In cases where desorption of 
guest was deemed likely, a small quantity of mother liquour was included in the 
tube; however, even crystals that proved stable to guest desorption over 
relatively long periods of time were mounted in this way as compounds 
contained in the commonly used glues attacked the crystals. This sealed 
capillary tube was then mounted in a brass pin before insertion into either the 
camera or diffractometer goniometer head as illustrated in Figure 3.6. 

Preliminary cell parameters and space group symmetry were measured from 
oscillation and Weissenberg photographs taken on a Stoe goniometer using Ni­
filtered Cu-Ka radiation,(). = 1.5418 A). 

Accurate cell parameters were obtained by least-squares analysis of the setting 
angles of 24 reflections collected in the 8 range 16 - 17° and centred on the 
diffractometer. Data were collected on an Enraf-Nonius CAD4 diffractometer 

0 

at 294 K using graphite-monochromated Mo-Ka radiation, (). = 0.7107 A) and 
the w-28 scan mode with a final acceptance limit of 20 a at 20 °min-1 and a 
maximum recording time of 40 s. The vertical aperture length was fixed at 4 
mm, the aperture width at (1.12 + 1.05 tan 8) mm and the scan width at (x + 
0.35 tan 8, x = 0.80 or 0.85) 0 in w. During each data collection three reference 
reflections were monitored periodically to check crystal stability. Data were 
corrected for Lorentz-polarisation effects. Crystal data and other experimental 
parameters are given in table 2..1 Absorption corrections were not applied as 
values of µRmin and µRmax (where Rmax and Rmin are one-half the largest and 
smallest crystal dimensions respectively) were between O and 0.1 for all crystal 
fragments used and thus values of A* indicated are 1.004. · 

COMPUTATION: 

Computation of calculated powder XRD patterns was achieved using a 
modified version of the program LAZYPUL VERIX3 performed on a personal 
computer running the DOS operating system. Input includes details of cell 
parameters, space group symmetry and atomic co-ordinates, and Debye-Waller 
factors. Output is in the form of bar graphs of relative intensity versus degrees 
28. The "lines" are then transformed to Gaussian curves and joined to provide a 
trace for comparison with experimental data. 

Structure solution and refinement computations were performed on a remote 
VAX mainframe computer running the VMS 5.4 operating system or on a 
MicroVAX 3100-900 running the VMS 5 .5 operating system. 

All structures were solved by direct methods using the program SHELX-865 
and refined by full-matrix or blocked-matrix least-squares refinement using the 
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programs SHELX-766 and SHELXL-937. In SHELX-76 complex neutral atom 
scattering factors for non-hydrogen atoms after Cromer and Mann8 and for 
hydrogen atoms after Stewart et al9 were employed while in SHELXL-93 
neutral atom scattering factors as contained in the International Tables for X­
Ray Crystallography, Vol. C, 199210 were employed. 

Structures refined using the program SHELX-76 were refined against F 
minimising ~w( IF O 1-1 kF c I )2 for those reflections with F > 4a(F) ( or F > 3a(F) 
where deemed appropriate) while those refined using SHELXL-93 were 
refined against F2 using all data. 

Agreement between observed (F 0 ) and calculated structure factors is expressed 
by the residual index, R, defined as: 

R = LI IF0 I - IFcl I 
~ IFol 

Since refinement against F2 leads to R indices larger than those based on F the 
"conventional" R factor, (R1), is always presented for comparison. R2, the 
residual factor resulting from refinement on F2 is presented for structures 
refined in this fashion and is defined as: 

R2 = (L (F0
2 

- F/)2) Yz 
\ L (Fo2)2 

Agreement may also be e:x.'J)ressed in terms of the weighted residual factors, Rw 
orwRi: 

SHELX-76: 

Rw = L w Yz I bF I where w = 1 
~wYz IFol a2(F0 ) + gF0

2 

Values of g were chosen to ensure constant distributions of < w( I F O I - IF c I )2 > 
with respect to sin8 and (F0 /FmaJ Yz. 

where 
w = 1/[a2(F0

2) + (aP)2 + bP] 
P = [Max(O, F0

2) + 2F/]/3 
Values of a and b were chosen to minimise trends in the analysis of variance in 
terms of F /. 

Refining against F2 leads to greater deviations of the "Goodness of Fit", (S), 
from unity than refinement against F. These values are thus also not directly 
comparable for structures refined against F2 and F. S is defined as: 

SHELX-76: SHELXL-93: 
s = (.L w ( IF O I - I F CI )2) \/z s =(.~ w ( IF O 

2
1 - I F / 1 )2)Yz 

\ (N - np) \ (N - np) 

Where N is the number of reflections and np the number of parameters. 

Geometrical molecular structure parameters were calculated using the program 
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P ARST11 in the case of structures refined using SHELX-76. Channel shapes 
and void volumes were investigated using the programs OPEC12 and 
MOLMAP13. In both cases a packing analysis routine is applied in which all 
host atoms are assigned spherical radii equal to their van der Waals radii. 
Guest atoms are removed in the calculation and the channel is thus represented 
as unoccupied volume in packing density maps. 

The Cambridge Structural Database (CSD)14 was used to retrieve and analyse 
published crystal data while molecular and packing diagrams were produced 
using either the IBM PC version of PLUT015 or ORTEP16. 

STRUCTURE SOLUTION AND REFINEMENT: 

Most structures were solved by direct methods using the program SHELX-86 
which is based on a random start multisolution philosophy4. Equivalent 
reflections, (including Friedel opposites) were merged and those with F0 < 
4a(F 0 ) are flagged as "unobserved" and suppressed. A figure of merit, Rint• for 
the refection data set was calculated: 

Mean I E2-1 I values (where Eis the normalised structure factor), for the zonal 
reflections i.e. Okl, hOl, hkO and the remainder are checked for consistency with 
space group symmetry. CA and MC are chiral natural products which occur as 
one enantiomer; thus, neither the question of space group centrosymmetry nor 
that of absolute configuratio1l arises. 

Many structures solved simply by tangent refinement (with no fixed phases), of 
a subset of reflections with high estimated a values and with priority given to 
those reflections that take part in the largest number of negative quartets. The 
best 10% of subset phase permutations were subjected to multisolution tangent 
refinement and two figures of merit calculated for all refined permutations: 

Ra = :Z:w( a-aest~2 w = _1 __ 
:Z:w( 0 est) ( 0 est + 5) __ 

and -

NQUAL = :Z:[:Z:(E1Ez):Z:(E3E4E5)] 
}:[ I (E1E2) 11 (E3E4E5) I] 

where the outer summations are 
performed over all refined reflections 
and the inner summations over 
triplets and negative quartet relations 
involving a given reflection. 

Some structures proved impervious to this treatment and were solved using the 
subset of reflections with highest estimated a values or with the subset of 
reflections chosen such that all three indices were even and had the highest a 
values. This last strategy proved particularly useful in solving some of the 
structures belonging to the space group Pl. 
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The "correct" solution as judged by the value of the combined figure of merit, 
CFOM: 

CFOM = Ra + [O or (NQUAL-wn)]2 

where wn is a structure dependent constant which should be about 0.1 more 
negative than the anticipated value of NQUAL. CFOM should be a minimum 
for the "best" solution which is retained for calculation and synthesis of an E­
map after extension by further tangent expansion. One cycle of E-Fourier 
recycling is carried out before evaluation of the point-atom R-factor based on 
E-values, RE, is evaluated. If RE< 0.3 the solution was judged "correct" 
provided that it was also chemically reasonable. By variation of input 
parameters all structures but one were solved in this way. Most host atoms 
were located in E-maps and coordinates input into SHELX-76 or SHELXL-93 
for refinement. Atoms of the steroid side chain and of guest molecules 
(particularly more volatile guest molecules), were located in difference electron 
density maps after a few full-matrix least-squares refinement cycles. 

As all the structures solved occurred in polar space groups, devices for defining 
the origins were applied: appropriate coordinates of one atom of the steroid 
nucleus were fixed for refinement in SHELX-76 and polar origin restraints 
after Flack and Schwarzenbach17 applied for refinement in SHELXL-93. 

Details of restraints, constraints and other factors peculiar to individual 
structure solutions or refinement are discussed in chapter 3. Final atomic 
coordinates, temperature factors, tables of bond lengths, angles and torsion 
angles are contained in appendix A and tables of observed and calculated 
structure factors in appendix B. 

Experimental and refinement details are provided in table 2.1. 
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CHAPTER 3: CRYSTAL STRUCTURE ANALYSIS. 

Structure solution and refinement are described in the experimental section 
( chapter 2) and. may be summarised: 

i) Structure solution by direct methods using the program SHELX-861 - in 
most cases the non-hydrogen atoms of the host steroid nucleus were 
located and in the structures with non-volatile guest molecules the 
steroid side chain and guest non-hydrogen atoms were frequently also 
found. 

ii) Refinement by full- or blocked-matrix least-squares refinement using 
the programs SHELX-762 or SHELXL-933 with location of any missing 
non-hydrogen atoms from difference electron density maps. Origin 
fixing in the space groups P21 and Pl was achieved by appropriate fixing 
of atomic co-ordinates where structures were refined using SHELX-76 
and by the use of polar axis restraints after Flack and Schwarzenbach4 in 
structures refined using SHELXL-93. 

55 

iii) Host non-hydrogen atoms were refined anisotropically except where 
this led to unreasonably high temperature factors and in some cases it 
proved possible to extend this to guest atoms as well; however, in many 
cases guest non-hydrogen atoms required bond length restraints to -
ensure sensible molecular geometry and these will be detailed 
individually. 

iv) Most host hydrogen atoms were placed in calculated positions with 
positional parameters riding on the host atoms and tied to a common 
temperature factor for each type: methyl, methylene and methine. The 
resultant refined U values are explicitly quoted for each structure. All 
were within the range deemed acceptable for refinement using data 
collected at 294 K. Guest hydrogen atoms were included in calculated 
positions only if the guest non-hydrogen atoms exhibited no disorder and 
reasonable temperature factors. In some structures hydroxyl hydrogen 
atoms were found from difference electron density maps and were 
refined with bond length constraints; 0-H bond lengths dependent on 
Q ••• Q distances after Olovson and Jonson5 were assigned. In some 
cases attempts to refine hydroxyl hydrogen atoms in this manner led to 
unreasonable values for the isotropic displacement parameters and in 
such cases these atoms were omitted from the final models. 

v) Weighting schemes were chosen as detailed in chapter 2 and tables of 
atomic co-ordinates, bond lengths and angles are contained in appendix 
A while structure factors are presented in appendix B. 

vi) In all cases cell choices were made and data transformed (if necessary) 
such that all structures are directly comparable. 



CHOLIC ACID INCLUSION COMPOUNDS. 
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Figure 3.1: Molecular numbering of Cholic Acid and Methyl Chelate. 

Most of the inclusion compounds of cholic acid crystallise to form structures 
which are very similar, as might be inferred from the similarity in cell 
parameters. Cholic acid is a steroid occurring in only one enantiomeric form in 
nature and the space groups represented by crystalline cholic acid inclusion 
compounds are thus always chiral; all of the inclusion compounds studied 
crystallise in one of two polar space groups: n 1 or Pl. 

Molecules of cholic acid (and methyl cholate) are curved due to the cis A-B 
ring junction. The hydroxyl groups attached to the steroid nucleus protrude 
from the a-face so that the molecule exhibits a concave hydrophilic face and a 
convex hydrophobic face as is illustrated in Figure 3.2a. These molecules 
associate via host-host hydrogen bonding resulting in the formation of lipid 
bilayers which are puckered due to the curved shape of the molecules, (see 
Figure 3.2b ). The hydrophilic a-face of the steroid is thus buried in the centre 
of the bilayer while the hydrophobic /3 face, out of which the C(18) and C(19) 
atoms protrude, remains exposed. These bilayers pack together to form crystals 
such that channels, in which guests are accommodated, remain between them 
as shown in Figure 3.2c. These channels are bounded by the host A-ring and 
side chain. 
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a 

b 

t3-face 
(hydrophobic) 

026 

a-face 
(hydrophilic) 

Figure 3.2: a) Space-filling diagram of cholic acid viewed side-on to the steroid nucleus showing 
the concave hydrophilic and convex hydrophobic sides. (Oxygen atoms are 
shaded) b) Association of CA host molecules into puckered bilayers bound 
together by hydrogen bonding. c) Association of bilayers as in the tubulate 
clathrate inclusion compounds of CA. Note channels resulting from the 
puckered nature of the bilayers. 
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There are usually no short range host-guest interactions and the general 
packing motif may be represented as in Figure 3.3. In all cases cell choices are 
such that the b direction is the direction of bilayer propagation. Thus in the 
structures crystallising in the space group P21 the guests are arrayed in channels 
perpendicular to (101) along a 2i-axis so that columns of guest molecules spiral 
through the structure. Structures crystallising in the space group Pl result when 
the angle of the bilayer sheets is not perpendicular to (101) and the 21 diad is 
lost. The channel no longer represents a smooth spiral and guest molecules 
adopt different positions relative to each other. 

Figure 3.3: Packing motif exhibited by the tubulate clathrate CA inclusion compounds. Oxygen 
atoms are indicated as larger spheres. 

The host-host hydrogen bonding pattern is similar for each structure although 
free rotation about the C(23)-C(24) bond allows the oxygen atoms of the 
carboxylic acid group to adopt two possible positions in the hydrogen bonding 
network. This effect is transmitted throughout the hydrogen-bond network 
resulting in reversal of the directions of donor and acceptor interactions since 
0(27) (the carbonyl oxygen) must always act as an acceptor atom. This is 
illustrated schematically in Figure 3.4 where scheme 1 represents the 0(28)­
H(280 )• ••0(29)-H(290 )•• •0(25 )-H(250 )•••0(26)-H(260 )• ••0(27) interaction 
and scheme 2 the 0(28)-H(280)•••0(26)-H(26Q) .. •0(25)-H(25Q) .. •0(29)­
H(290)•••0(27) interaction. 
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scheme 1 scheme 2 

Figure 3.4: Schematic representation of the two hydrogen bonding schemes expressed in the 
crystals of CA inclusion compounds. 

This appears to have no effect on the packing or strength of host guest 
interactions and this feature may be seen to occur in otherwise isostructural 
compounds. Indeed, some structures appear to show disorder of the COOH 
group as indicated by averaged C-0 bond lengths and peaks (in electron density 
difference maps) at both possible hydrogen atom positions. The host-host 
hydrogen bond network is illustrated in Figure 3.5. The bilayers, held together 
by strong and extensive hydrogen bonding interactions propagate infinitely in 
the b direction but are only associated with each other by dint of weak van der 
Waals interactions. 

Figure 3.5: A single CA bilayer viewed as a projection onto the bilayer plane which corresponds 
to a projection onto (101). Oxygen atoms are shaded and hydrogen bonds 
indicated as dotted lines. 
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The rigid ABCD fused ring steroid nucleus has very little conformational 
freedom and thus only changes in the conformation of the flexible side chain 
(and to a small extent the D-ring) allow modification of the molecular shape. 
Subtle changes in side chain conformation lead to modification of the channel 
shape and size allowing different guests to be accommodated. The relative 
positions of the host bilayers also affect the channel shape and this too may vary 
depending on the spatial and conformational demands of the included guests. 

The crystal structures studied will be grouped according to the type of guest 
molecule included. Description of specific details relating to refinement as well 
as any unusual features will be dealt with in the same sections while a general 
discussion of similarities and differences of the large group of similar structures 
which the Cholic acid inclusion compounds comprise will follow. 

Conventional numbering of the steroid acid and its ester derivative was used 
and the numbering scheme of the host molecules is presented in scheme 3.1 
and Figure 3.6 which shows the molecular structure of the cholic acid and 
methyl cholate hosts. Guest numbering will be indicated in each section. 
Where there is more than one host molecule per asymmetric unit, as in the 
structures crystallising in the space group Pl, these are designated A and B. 
There is a bookmark at the beginning and a fold-out table at the end of this 
thesis, to aid the reader in remembering the mnemonics chosen as the names of 
each structure. The first two letters represent the host, either Cholic acid (CA) 
or Methyl chelate (MC) while the remaining letters are chosen to indicate the 
name of the guest molecules included. 

025 

Figure 3.6: ORTEP molecular diagram of CA at 30 % enclosure ellipsoids indicating atomic 
numbering. 
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Group 1: Aliphatic ketones: CAACD, CAMEK, CADEK. 

CAACD CAMEK CADEK 
Space 

Group Pl P21 P21 

H:G 2:3 1:1 1:1 

z 1 4 2 

a I A 12.655(3) 12.597(3) 12.787(2) 

b I A 8.354(3) 8.191(5) 8.117(1) 

CI A 14.125(3) 27.954(4) 13.960(2) 

a/0 91.93(3) 90 90 

/3 Io 106.02(2) 105.40(1) 103.82(1) 

7/0 94.68(3) 90 90 

CAACD 

CADEK 

CAMEK 

Refinement 
Host non-hydrogen atoms were refined anisotropically in CAMEK and 
CADEK but in CAACD only host hydro.>ryl oxygen atoms, methyl group carbon 
atoms and atoms of the steroid side chain were refined anisotropically. Guest 
atoms were refined isotropically in all cases and bond length and distance 
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restraints applied to retain reasonable molecular geometry. Guest molecules 
showed a high degree of thermal motion and temperature factors of guest B of 
CAMEK were fixed at U = 0.25 A 2 while the A and C molecules of CAACD 
were extensively restrained. Assignment of guest oxygen atom positions for 
CAACD was difficult as the geometry of the acetone guest does not allow 
unambiguous assignment on the basis of connectivity. The highest peak in the 
electron density difference map of the three surrounding the sp2 centre was 
assigned to be that of the oxygen atom in each case. The guest oxygen atom of 
CADEK was refined over two sites with s.o.f.s constrained to total unity. These 
refined to 0.50 for each position and the resultant bond lengths are the same: 

0 0 

C(lG)-O(lG) 1.29(2) A, C(lG)-O(lGA) 1.29(3) A. 

U values for geometrically generated hydrogen atoms refined to: 

CAACD CH3 0.077(13) A2 CH2 0.033(5) A2 CH 0.029(7) A2 

CAMEK CH3 0.084(9) A2 CH2 0.061(5) A2 CH 0.034(5) A2 

CADEK CH3 0.074(7) A2 CH2 0.064(4) A2 CH 0.034(4) A2 

Hydroxyl hydrogen atoms were only included in the final model of CADEK as, 
although those of the other host molecules could often be located in electron 
density difference maps, these proved impossible to refine. 

Results 
Packing diagrams of the three structures are presented as Figures 3.7a, band c. 

The unusual stoichiometry of the CA complex with acetone is confirmed by 
weight loss % on TG analysis as is discussed in detail in chapter 4: experimental 
17.5%, calculated 17.6%. The bilayers of this complex are tilted from the 
normal to the (101) plane resulting in the space group Pl. There are subtle 
differences in the side chain conformations of the two independent host 
molecules as indicated in Figure 3.8a and there are three molecules of included 
acetone per two molecules of host which pack to maximise space filling in the 
channel. 

The structure of the inclusion compound with methyl ethyl ketone (Figure 3. 7b) 
exhibits a unique doubling of the c-axis not seen in any of the other CA 
inclusion compounds studied. There are two independent host molecules per 
asymmetric unit (Z=4) and these exhibit differences in side chain conformation 
(Figure 3.8b) as well as switching of the relative positions of 0(27) and 0(28) 
with the result that both hydrogen bond schemes mentioned before occur in the 
same crystal. The relationship of the two independent host molecules is 
indicated in the packing diagram, Figure 3.7b. These are not related by 
symmetry; instead subsequent bilayers are related by the 2raxes at 1/2,y,O and 
1/2,y, 1/2. The bilayers are thus shifted 1/2 along b relative to each other and there 
are two crystallographically distinct channels with slightly differing cross 
sectional shape yet accommodating the same guest in each. 
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a 

CAACD 

b 

CAMEK 

C 

CADEK 

Figure 3.7: Packing diagrams viewed as projections of (010) of a) CAACD, b) CAMEK and c) 
CADEK. Note the 2:3 host:guest stoichiometry of CAACD and the doubled c 
axis of CAMEK. 
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Figure 3.8: Side chain conformations of a) CAACD and b) CAMEK hosts. The 'B' molecule is 
indicated by broken lines. Note the opposite orientations of the COOH groups 
in each pair of hosts. 

Guest molecules adopt different positions and conformations in the differently 
shaped channels but are related to other guests in the same channel by 21 
symmetry as required by the space group. Thus there are spirals of each guest 
conformation alternating through the crystal. The packing of the guests in the 
channels is illustrated in Figure 3.9b. In both cases the carbonyl oxygen atom of 
the guest points away from the channel walls and no short range host:guest 
interactions occur. 

CADEK represents the most commonly seen type of cholic acid inclusion 
compound: the host guest ratio is 1:1 and Z=2 in the space group P21. Guests 
are regularly spaced in the channel as required by the 2raxis normal to (010). 
Only one type of channel occurs and the guests stack in a spiral fashion with 
their long molecular axes tilted with respect to each other as illustrated in 
Figure 3.9c. 
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Figure 3.9: Space filling plots of the guests indicating their orientation in the channels viewed 
down [100] . a) CAACD, b) CAMEK and c) CADEK. Oxygen atoms of the 
guest molecules are shaded and hydrogen atoms are omitted. 
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Group 2: Aliphatic esters: CAMA, CAET, CAEP, CAPAC, CAIP. 

Space 
Group 

H:G 

z 
a I J.. 
b I J.. 
CI A 
a/0 

/3 I o 

7/0 

CAEP 

Refinement 

CAMA CAET 
Pl P21 

1:1 1:1 

2 2 

12.223(2) 13.668(3) 

8.189(1) 7.824(4) 

14.204(2) 14.095(2) 

90.18(1) 90 

105.72(2) 113.53(1) 

94.03(1) 90 

CAMA 

CAEP CAPAC 
P21 P21 

1:1 1:1 

2 2 

13.571(1) 16.802(5) 

7.969(1) 7.882(1) 

14.237(1) 12.107(4) 

90 90 

113.53(1) 118.06(3) 

90 90 

CAPAC 

C1G 

CAIP 

CAIP 
P21 

1:1 

2 

16.604(3) 

7.979(3) 

12.141(2) 

90 

117.76(2) 

90 

CAET 

Host non-hydrogen atoms were refined anisotropically except for those of the 
carboxylic group oxygen atoms of CAEP and CAET which exhibited 
unreasonably high anisotropic displacement parameters. Disorder of the host 
carboxylic acid group was indicated in CAEP and CAP AC although only in the 
latter was 0(27) refined as disordered over two positions with s.o.f.s of 0.76 and 
0.24. The C-0 bonds lengths of CAEP are C(24)-0(27) 1.242(11) A and C(24)-
0(28) 1.267(9) A suggesting disorder of the COOR group such that neither of 
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the two possible hydrogen bond schemes predominates and the bond lengths 
measured are averaged values. 

All guest atoms were located unambiguously in electron density difference 
maps but required bond length and "anti-bumping" restraints3 for sensible 
refinement. In CAMA, CAET and CAEP the atoms surrounding the sp2 centre 
of the guests were restrained to planar geometry. Host hydroxyl hydrogen 
atoms were refined for CAET and CAIP only. 

U values for geometrically generated hydrogen atoms refined to: 
CAMA CH3 0.068(6) A2 CH2 0.052(3) A2 CH 0.039(4) A2 

CAET CH3 0.086(9) A2 CH2 0.049(4) A2 CH 0.032(5) A2 

CAEP CH3 0.070(7) A2 CH2 0.046(4) A2 CH 0.038(5) A2 

CAPAC CH3 0.049(7) A2 CH2 0.054(5) A2 CH 0.038(6) A2 

CAIP CH3 0.061(7) A2 CH2 0.042(4) A2 CH 0.039(5) A2 

Results 
These five structures of CA with aliphatic esters may be divided into two 
distinct groups designated A and B. Group A comprises the structures CAMA, 
CAET and CAEP which have similar unit cell parameters, with CAMA slightly 
distorted from monoclinic geometry by the tilt of the bilayers. The second 
group, B, comprises CAP AC and CAIP with unit cell parameters significantly 
different to group A. The difference between these two groups results from the 
occurrence of two different stacking modes of the CA bilayers. This is 
illustrated in Figures 3.10a and b, which display projections of CAEP and CAIP 
down [010]. In CAEP the C(18) methyl groups pack in close proximity about 
the screw diad at O,y,V2 while in CAIP the C(19) groups are in close contact. 
This indicates a shift in the relative positions of the host bilayers and results in 
channels with different cross sectional shape as illustrated in Figure 3.12. 
Abbreviated packing diagrams of the other structures are presented as Figures 
3.10c, d and e for comparison. 

The stacking mode of these similar guests in their respective channels is also 
found to differ as is illustrated in Figures 3.1 la and b. The guests of type A 
structures pack with their long molecular axes approximately perpendicular to 
the screw diads while those of group B adopt a herringbone pattern with the 
long molecular axis at 45° to b shown in Figure 3.11. 

The side chain conformations of the host steroid are similar in all structures 
except that of CAMA. The more extended conformation of CAMA results in 
less puckered bilayers and hence a channel with smaller cross sectional area 
accommodating the smaller guest. 

A comparison of the extended and puckered side chain conformations is 
presented as Figure 3.13a and the differences in side chain conformation of the 
side chain of CAMA as Figure 3.13b. 
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b 

Figure 3.10: Packing diagrams of a) CAEP (A-type) and b) CAIP (B-type) viewed down [010] 
showing the two different packing modes adopted by CA inclusion compounds. 
One pair of methyl groups in close proximity about a 21 axis are shaded for 
clarity. 
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CAMA 

Figure 3.10 continued: 
abbreviated packing diagrams of: 
c) CAMA 
d) CAET 
e) CAPAC 

b 

CAPAC 

Figure 3.11: Space filling diagrams of the guests packed in the channels of A-type a) CAEP and 
B-type b) CAP AC structures. 
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Figure 3.12: Slices perpendicular to [010] at y = 0.1 intervals showing the cross sectional shapes 
of the channels formed compounds adopting the A- and B-type packing modes. 
a) CAEP and b) CAIP. 

70 



b 

027 

Figure 3.13: Differences in side-chain conformations: a) CAMA and CAIP, extended and 
puckered conformations respectively and b) CAMA hosts A and B. 

Since it appears that the B packing mode is favoured in crystals containing 
larger guest molecules, crystallisations with n-butyl acetate and a number of its 
structural isomers were attempted. Crystals of the 1:1 inclusion compounds of 
n-butyl acetate, ethyl butyrate and sec-butyl acetate are readily grown from 
solutions of the host in liquid guest at temperatures below 21 °C. These 
crystals proved extremely labile, fracturing upon removal from mother liquour 
or when exposed to even marginally raised temperatures while still immersed in 
liquour. Attempts to mount crystals of the inclusion compounds with such 
guests proved unsuccessful except when the crystals were grown and mounted 
in temperature controlled rooms and transferred directly from mother liquour 
into a Lindemann capillary containing mother liquour. Refined cell data for 
crystals of CA•n-butyl acetate (CANBU) are as follows: Space group P21, a = 

0 0 0 

16.416(6) A, b = 7.880(1) A, c = 12.150(2) A, /3 = 111.05(3), V = 1467(1), Z = 
2. Note that the cell parameters exhibit the longer a axis length seen in 
CAP AC and CAlP, compounds which exhibit the B-type packing mode. 

Attempts at room-temperature data collections resulted in rapid decay of the 
crystals even when sealed in Lindemann capillary tubes above mother liquour. 
In most cases the capillaries containing the damaged crystals still contained 
quantities of mother liquour and it appears that the crystals were damaged by 
exposure to the X-ray beam. None of the data sets obtained resulted in crystal 
structures of publishable quality, however one of the data sets collected 
contained enough observed reflections to allow direct methods solution and 
location of the host non-hydrogen atoms. Although guest atoms could not be 
unambiguously located and no further results (bond lengths etc.) are to be 
presented here it is nonetheless clear that the packing mode of CANBU is the 
B type as illustrated in the host packing diagram, Figure 3.14. 
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CANBU 

Figure 3.14: Packing diagram of CA•n-Butyl acetate with guest removed. 



Group 3: Vinyl esters: CAVA, CAMM. 

CAVA CAMM 
Space 

Group Pl P21 

H:G 1:1 1:1 

z 2 2 

a I J... 12.284(2) 12.960(2) 

b I A 8.237(2) 8.060 

CI A 14.286(4) 14.642(3) 

a/o 89.57(1) 90 

13 I o 105.91(2) 114.00(1) 

7/0 85.70(1) 90 

CAVA CAMM 

Refinement 
All non-hydrogen atoms of the host and those of the methyl methacrylate guest 
were refined anisotropically while the guest atoms of CAVA were refined 
isotropically. Host hydroxyl and guest hydrogen atoms were included in the 
final model of CAMM but not of CAVA. 

U values for geometrically generated hydrogen atoms refined to: 

CAVA I CH3 0.094(9) A2 CH2 0.047(4) A2 CH 0.030(4) A2 

CAMM CH3 0.055(4) A2 CH2 0.044(2) A2 CH 0.029(3) A2 

Results 
Abbreviated packing diagrams of CAVA and CAMM showing the orientation 
of the guests in the channels are presented as Figures 3.15a and b respectively. 
CAMM crystallises in the space group P21 and CAVA in the space group Pl. 
The loss of the 21 axis in CAVA is reflected in the positions of the guests 
relative to each other and as with CAMA results in a channel of smaller cross 
section, irregular spacing of the guest molecules and differences in the side 
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Figure 2.5: Levitating balance aparutus. 
The reaction chamber is 
lowered and swung to one 
side to allow a clear view 
of the levitating sample 
holder. 

Figure 2.6: Crystal mounted in flame sealed Lindemann tube with 
mother liquor. 



chain conformations of the two crystallographically independent host 
molecules. 

CAVA CAMM 

Figure 3.15: Abbreviated packing diagrams of a) CAVA and b) CAMM. 

Both of these guests were chosen because of their use as monomers for 
polymerisation reactions. It was hoped that the stacking of the guests would be 
such that the double bonds would be in a favourable position for reaction 
allowing topotactic control of the polymerisation reaction. This expectation 
was based on the guest's centre to centre distance of ca 4 A in most of the CA 
inclusion compounds studied, which is within the outer boundary of reactivity as 
described by Kearsley6. Such polymerisation reactions have for example been 
achieved in the channels of inclusion compounds of perhydrotriphenylene 7 and 
deoxycholic acid8 with trans 1,3 pentadiene guest. 

The stacking of the guests is shown in Figure 3.16a (CAVA) and b (CAMM). 
Because of the loss of the 21-axis the guests of CAVA are not spaced regularly 
in the channel and the unsaturated groups of pairs of guests appear to be within 
reactive distance; nonetheless the compound appears inert to polymerisation 
either by exposure to uv radiation or the initiator n-Butyl Lithium. Guests are 
lost as monomers upon heating. Examination of the stereogram Figure 3.16 
reveals that although pairs of guests are in close proximity the double bonds are 
not in favourable orientation with respect to each other and considerable 
rotation is necessary before the geometry of the unsaturated groups is suitable 
for reaction to occur. Similarly the double bonds of the methyl methacrylate 
monomer are oriented towards the channel walls with ca 8 A between nearest 
neighbour unsaturated groups. No polymerisation of guests within the channels 
occurs: indeed the incorporation of these monomers into the channels of the 
inclusion compounds serves to stabilise them and prevent reaction, an effect 
usually achieved in solution by the addition of inhibitors. 
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Figure 3.16: Packing of the monomer guests in the channels of the inclusion compounds a) 
CAVA and b) CAMM. Carbon atoms of the ethene group are shaded for 
clarity. 
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Group 4: Aromatic guests: CABN, CAAN, CANI, CAPR, CAPTOL, CAPNOT, 
CAMN. 

Space 
Group 

H:G 

z 
a I J... 

b I J... 

CI A 
a/0 

P/o 

1/0 

CABN 

CABN 

P21 
1:1 

2 

13.642(3) 

8.133(2) 

14.055(3) 

90 

114.12(2) 

90 

CANI 

CAAN CANI CAPR 

P21 P21 P21 
1:1 1:1 1:1 

2 2 2 

13.742(2) 13.579(2) 16.790(1) 

8.049(1) 8.106(3) 7.928(5) 

14.095(2) 14.048(1) 12.262(3) 

90 90 90 

115.20(2) 113.52(1) 114.25(2) 

90 90 90 

CAAN 

CAPR 
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CAPTOL CAPNOT CAMN 
Space 

Group n1 n1 n1 
H:G 1:1 1:1 1:1 

z 2 2 2 
a / J... 13.577(4) 13.495(1) 12.442(3) 
b I J... 8.078(2) 8.266(4) 8.066(1) 
CI A 14.182(6) 14.398(2) 14.519(2) 
a/ 0 90 90 90 
13 Io 114.42(3) 114.61(1) 102.63(1) 
, I o 90 90 90 

CAPTOL 

Refinement . 
All aromatic guest inclusion compounds of CA studied crystallise in the space 
group n 1 with 1:1 host:guest stoichiometry. In each case the non-hydrogen 
atoms of the host were refined anisotropically as were the guest atoms of 
CAMN and CAPNOT (nitro group atoms refined isotropically). Host hydroxyl 
hydrogen atoms were located and refined with bond length restraints in the 
cases of CAAN, CANI, CAPR, CAPNOT and CAMN. The oxygen atom of the 
propiophenone guest molecule of CAPR was modelled as disordered over two 
sites with the sum of the s.o.f.s constrained to unity which resulted in s.o.f.s of 
0.65 for O(lG) and 0.35 for O(lGA). 

U values for geometrically generated hydrogen atoms refined to: 
CABN CH3 0.069(9) A2 CH20.056(5) A2 CH 0.047(7) A2 

CAAN CH3 0.090(8) A2 CH20,060(4) A2 CH 0.038(4) A2 

CANI CH3 0.057(6) A2 CH20.047(4) A2 CH 0.035(5) A2 

CAPR CH3 0.084(4) A2 CH20.056(4) A2 CH 0.044(4) A2 

CAPTOL CH3 0.070(7) A2 CH20.059(4) A2 CH 0.045(5) A2 

CAPNOT CH3 0.060(8) A2 CH20.053(5) A2 CH 0.034(6) A2 

CAMN CH3 0.069(4) A2 CH20.038(2) A2 CH 0.038(2) A.2 
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Results 
All of these compounds pack in the "A" motif, i.e. with C(18) methyl groups in 
close proximity about the screw diad, except for CAPR which forms the "B" type 
with elongated channel cross section as illustrated in Figure 3.17a and b. 

CAPR 

b 

78 

Figure 3.17: Packing diagrams of a) CANI and b) CAPR viewed down [010]. These represent A­
and B-type structures respectively. 



CABN 

e CAPTOL 

f CAPNOT g 

;( 

CAAN 

Figure 3.17 continued: Abbreviated packing 
diagrams of: 
c) CABN 
d) CAAN 
e) CAPTOL 
f) CAPNOT 
g) CAMN. 
Nitrogen atoms are indicated as shaded 
atoms while oxygen atoms are large open 
circles as before and both oxygen atoms of 
the disordered carbonyl group of CAPR are 
shown. 

CAMN 
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Abbreviated packing diagrams of all of the other inclusion compounds with 
aromatic guests are presented as Figures 3.17c, d, e, f and g. Although a 
number of the guest molecules have hydrogen-bonding donor or acceptor 
groups, all, except the amino group, are orientated away from the channel walls 
thus precluding any host-guest hydrogen-bonded interactions as may be seen in 
the packing diagrams. 

The amino groups of aniline and p-amino-toluene are directed towards the 
hydrophilic pocket formed where 0(28), 0(27) and 0(26) are partially exposed 
in the channel wall. The N ••• o distances are however rather longer than might 
be expected in the case of hydrogen bonded groups being 3.17(2) A for 
NlG•••026 and 3.37(2) A for NlG ... 027 in CAAN and 3.31(1) A for 
NlG ••• 028 and 3.23(1) A for NlG ••• 026 in CAPTOL. Assuming the amino 
hydrogen atoms to be coplanar with the aromatic ring (these could not be 
located in electron density difference maps) reveals that the geometry of the N­
H ••• o interaction is poor, indicating at best a very weak interaction. Figures 
3.18a and b are stereograms indicating the positions of guest amino groups 
relative to the exposed host oxygen atoms. 

a 

b 

-0-.o,/ 

'-o-0- .J 

~~it: 11 

t-

--0-. o,/ 

'-o-0- -1 

~;l-1: I I 
1-

Figure 3.18: Stereograms of amino guests and host oxygen atom exposed in the channel walls. 
All other host atoms are removed for clarity and the guest nitrogen atoms 
shaded. 
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All of the aromatic guests included have polar groups attached to the central 
aromatic ring. The electron donating or withdrawing nature of each substituent 
group and thus the polarity of each guest is indicated in Figure 3.19. 
Comparison of these schematics with the packing diagrams indicated in Figure 
3.17 reveals that the negative end of the guest dipole is, almost without 
exception, orientated towards the centre of the channel, hidden in the guest 
stack and far removed from any interaction with the channel walls. Even in the 
case of p-amino toluene, where both the amino and methyl groups are electron 
donating, the overall dipolar direction ( the degree of donating character of CH3 
is less than that of NH2) reflects that of the rest of the group. The only guest 
molecule which appears to partially violate this trend is m-nitro toluene where 
the N02 group is oriented towards the outside of the guest stack as may be seen 
in Figure 3.20b. 

CN t 
(g) 

NH, t 
@ 

NO, t 
(g) 

NO, t 
@( 

""-I. 

Direction of Channel Propagation 

Figure 3.19: Schematic diagrams indicating electron withdrawing or donating nature of guest 
substituent groups as well as the relative orientation of the dipoles in the 
channels of the inclusion compounds. 

b b 

0 0 

Figure 3.20: Space filling diagrams of the guests with host atoms removed viewed perpendicular 
to the channel direction which coincides with [010] a) CANI and b) CAMN. 
Oxygen atoms are speckled and nitrogen atoms shaded. 
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Group 5: Mixed guests: CAMI, CADC, CAAC. 

CAMI 
· CAMI 

Space 
Group Pl 

H:G l:V2G1:1/2G2 

z 2 

a I A 12.289(2) 

b I A 8.238(4) 

CI A 14.246(3) 

a/0 90.39(3) 

P I o 105.83(1) 

'7 / 0 94.97(2) 

Crystals of CA inclusion compounds were grown from 1: 1 solutions of mixtures 
of aliphatic esters. The resultant crystals appear to contain both guests in the 
same ratio as in solution. CAMI is an example of such a compound. 

Refinement 
There are, as in the case of all structures crystallising in the space group Pl, two 
independent host molecules with slightly differing side chain conformations. 
Most non-hydrogen atoms of the host and guest were refined isotropically with 
the exception of the host oxygen atoms and side chain which were subjected to 
anisotropic refinement. 

U values for geometrically generated hydrogen atoms refined to: 
CAMI I CH3 0.064(9) A2 CH2 0.058(6) A2 CH 0.035(6) A2 

Results 
The packing diagram of CAMI is presented as Figure 3.21. The different guests 
pack alternately in the channel in a regular fashion as indicated in Figure 3.22. 
The l:V2:V2 (H:G1:G2) stoichiometry is confirmed by weight loss % on TG 
analysis. 

Crystals grown from 1:1 mixtures of other aliphatic esters also appeared to 
include both guests and the refined unit cell dimensions of the resultant crystals 
are presented in Table 3.1 along with those of the pure esters for comparison. 

Weight loss percent on TG analysis ( chapter 4) supports the assertion that 
these represent inclusion compounds containing mixed guests as does the 
change from P21 to Pl symmetry. Space group symmetry requires that 
alternate guests be identical in crystals of CA inclusion compounds with a 21-
axis coincident with b. It would be reasonable to suppose that the crystals 
grown from methyl/ethyl or methyl/n-propyl acetate solutions would exhibit 
similar structures to CAMI with alternating guests packed into the channels 
formed between host bilayers. 
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C 

CAMI 

Figure 3.21, Paclcing diagram of the mixed guest compound CAMI viewed as a prnjection of 
(010). Both guests are visible in the same channel. 

b 

0 

Figure 3.22: Methyl acetate and i-propyl acetate guests alternating in the channel of CAMI as 

viewed down (101). 
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Table 3.1: Refined Unit Cell Parameters for CA Inclusion Compounds with 
Pure and Mixed Ester Guests. 

Methyl Methyl Ethyl Methyl n-Propyl 
Acetate Acetate/ Acetate Acetate/ Acetate 

Ethyl n-Propyl 
Acetate Acetate 

Space Group Pl Pl P21 Pl P21 

a/ A 12.223(2) 12.283(2) 13.668(3) 12.325(3) 16.802(5) 

b I A 8.189(1) 8.229(2) 7.824(4) 8.262(2) 7.882(1) 

CI A 14.204(2) 14.236(2) 14.095(2) 14.249(2) 12.107(2) 

a I o 90.18(1) 90.45(2) 90 90.77(1) 90 

/3 Io 105.72(2) 106.04(1) 113.53(1) 106.30(2) 117.76(2) 

1/0 94.03(1) 94.30(2) 90 94.67(2) 90 

v;J...3 1364(5) 1378(4) 1)82(8) 1387(7) 1415(7) 

The volumes of the unit cells of the crystals grown from mixed guest solutions 
are intermediate between those of the pure guest crystals in each case. 



Space 
Group 

H:G 

z 
a/ A 
b I A 
CI A 
a/o 
/3 Io 
1/0 

Refinement 

CADC 

Pl 

· 1:V2G1:V2G2 

2 

12.474(3) 

8.252(2) 

14.214(8) 

91.09(3) 

106.31(3) 

94.43(2) 

CADC 

All host non-hydrogen atoms were refined anisotropically and all guest non­
hydrogen atoms isotropically. No guest or host hydroxyl group hydrogen atoms 
were included. The carbon atoms of the 1,2-dichlorobenzene guest were 
constrained to the geometry of a regular hexagon during refinement. 

U values for geometrically generated hydrogen atoms refined to: 
CADC I CH3 0.052(11) A.2 CH2 0.029(6) A.2 CH 0.035(8) A.2 

Results 
The packing diagram of CADC is presented as Figure 3.23. 1,2-
Dichlorobenzene and acetone guest molecules are contained in the same 
channels and this, together with the bilayer tilt angle relative to the normal to 
(101) results in loss of 21 symmetry. 

CADC 

Figure 3.23: Packing diagram of CADC viewed as a projection of (101). Chlorine atoms are 
striped. 
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As with the mixed guest structure of CAMI the guests are found to pack 
alternately in the channel tilted at an angle of approximately 45° to the channel 
axis as illustrated in Figure 3.24. As is the case _in most of the CA inclusion 
compounds there are no short range guest-guest or host-guest interactions. 

Figure 3.24: Acetone and 1,2-dichlorobenzene guests stacked alternately in the channel viewed 
perpendicular to the channel direction which is coincident with (010]. 
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Sp~e 
Group 

H:G 

z 
a/ A 
b I A 
CI A 
a/o 
13 Io 
'1 Io 

Refinement 

CAAC 

P21 

1:1:3 

2 

13.111(3) 

7.759(2) 

14.893(3) 

90 

105.70(2) 

90 

CAAC 

02W 

~ -·b 
03~ 

All non-hydrogen atoms including oxygen atoms of the water molecules but 
excluding the acetone methyl carbon atoms were refined anisotropically. The 
hydroxyl group hydrogen atoms and those of the water molecules were located 
in electron density difference maps and refined with bond length restraints. 

U values for geometrically generated hydrogen atoms refined to: 
CAAC I CH3 0.041(3) A2 CH2 0.060(3) A2 CH 0.068(5) A2 

Results 
This structure is unusual amongst CA inclusion compound structures as the 
host-host hydrogen bonding system which is responsible for the formation of 
bilayers with largely hydrophobic exteriors is disrupted. There is instead 
extensive host-host and guest-guest as well as host-guest hydrogen bonding. 
Bilayers are formed but these are of a completely different composition from 
those seen in other structures in that the acetone and water molecules are an 
integral part of such layers as is illustrated in Figure 3.25. 

There are ten unique hydrogen bonds in the asymmetric unit involving all 
potentially hydrogen bonded groups. These are illustrated in Figure 3.27. 
o ... o Distances, bond lengths and hydrogen bond angles are listed in Table 
3.2. These ten unique hydrogen bonds translated along the screw axis at 1h,y, 1h 
form infinitely propagating hydrogen bonded spirals through the crystal in the b 
directions as illustrated in Figure 3.26. All host hydroxy O>..')'gen atoms except 
0(28) act as hydrogen bond acceptors. O(lW) and 0(2W) act as donors and 
acceptors for two hydrogen bonds each whilst 0(3W) accepts only one 
hydrogen bond from 0(1 W) but donates two. The acetone guest molecule is 
held in the hydrogen bond network by a hydrogen bond from 0(25) of the host. 
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CAAC 

Figure 3.25: Packing diagram of CAAC viewed down [010]. All host and guest oxygen atoms are 

represented as large open circles. 

Figure 3.26: A perspective view of the infinitely propagating spiral hydrogen-bonded network. 

Two unit cell depths in y are indicated. 
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Table 3.2: Hydrogen Bonding Distances and Angles for CAAC. 

o ... o 0-H H ••• o 0-H•••O 
(A.) (A.) (A.) (0) 

1 0(25)-H(25)•••0( 1 GA) 2.925(8) 0.95(3) 2.01(3) 159(2) 

2 0(1 W)-H(ll W)•••0(25) 2.894(6) 0.96(6) 2.00(6) 154(5) 

3 0(3 W)-H(23 W)•••O( 1 W) 2.931(8) 0.96(5) 1.99(5) 168(4) 

4 0(26)-H(26)•••0(27)2 2.733(6) 0.97(7) 1.93(8) 139(6) 

5 0(2W)-H( 12W) ... 0(26) 2.676(6) 0.98)5) 1.73(5) 161(6) 

6 0(28)1-H(28)•••0(2W)3 2.740(6) 0.97(10) 1.79(9) 165(8) 

7 0(1 W)-H(21 W)•••0(3W) 2.792(6) 0.96(4) 1.84(4) 173(4) 

8 0(3W)-H( 13W)•••0(29) 2.844(6) 0.96(5) 1.93(6) 160(5) 

9 0(29)2-H(29)2 ••• 0(2W)3 2.761(7) 0.96(3) 1.83(3) 163(3) 

10 0(2W)-H(22W) ... O(l W) 2.772(6) 0.96(5) 1.82(5) 172(5) 

1 X, y, z+ 1 2 -x+ 1, y-V2, -z+ 1 3 -x+ 1, y+V2, -z+ 1 

Figure 3.27: Hydrogen bonding network of CAAC viewed perpendicular to [010]. Guest acetone 
and water oxygen atoms are striped and all 10 unique hydrogen bonds indicated. 
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Group 6: Acetonitrile Structures: CACN, MCCN. 

CACN MCCN 
Space 

Group P21 P21 

H:G 1:1 1:1 

z 2 2 

a I A 9.645(2) 9.891(3) 

b I A 8.401(1) 8.390(2) 

CI A 15.747(4) 16.024(4) 

a/0 90 90 

f3 I o 101.01(2) 99.10(2) 

1/0 90 90 

CACN 

Both CA and MC form inclusion compounds with acetonitrile. 

Refinement 

MCCN 

N1G 

C2G 

All host non-hydrogen atoms were refined anisotropically. Hydroxyl hydrogen 
atoms were found in electron density difference maps and refined with bond 
length restraints for both host molecules. Guest non-hydrogen atoms of CACN 
were refined anisotropically and hydrogen atoms of t-he methyl group generated 
geometrically while those of MCCN were refined isotropically and no guest 
hydrogen atoms were included. 

U values for geometrically generated hydrogen atoms refined to: 
CACN I CH3 0.060(5) A.2 CH2 0.048(3) A.2 CH 0.025(3) A.2 

MCCN CH3 0.074(6) A.2 CH2 0.048(4) A.2 CH 0.043(5) A.2 

Results 
The structures of the inclusion compounds of CA and its methyl ester with 
acetonitrile are very similar as is obvious from the packing diagrams presented 
as Figures 3.28a and b. Unlike most of the inclusion compounds of CA the 
guest molecules are not accommodated in channels but in cavities completely 
isolated from neighbouring guest molecules as illustrated in Figure 3.29a and b. 

90 



a 

CACN 

b 

MCCN 

Figure 3.28: Packing diagrams of a) CACN and b) MCCN viewed down [010]. Guest nitrogen 
atoms are shaded. 
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The host-host hydrogen bonding system which facilitates formation of bilayers 
is disrupted in the compound with the methyl ester host as 0(28) no longer 
participates in the hydrogen bonding scheme. The acid host bilayer structure is 
stabilised by the hydrogen bonding system: 0(28)-H(28Q) .. •0(29)­
H(290)•••0(25)-H(250)•••0(26)-H(260)•••0(27) while the scheme of the 
ester host hydrogen bonding is 0(26)-H(26Q) .. •0(25)-H(250)•••0(29)­
H(290)•••0(27). The difference in the hydrogen bonding order is not 
necessarily due to the intervention of the ester group as similar behaviour has 
been noticed in otherwise isostructural compounds such as CAEP and CAIP as 
discussed before. 
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Figure 3.29: Slices perpendicular to the c-direction at z = 0.25 of a) CACN and b) MCCN 
indicating the cavities in which guest molecules are accommodated. 

Side chain conformations of both the free acid and its methyl ester are similar, 
differing most in the orientation of the COOR and COOCH3 groups as 
illustrated in Figure 3.30. 

028 ...... 

028 

C13 
C22 

C17 

C16 C21 

Figure 3.30: Comparison of the side chain conformations of the host molecules in CACN 
(broken line) and MCCN (solid line). Note the changes in orientation of the 
COOR group. 



Group 7: a-Phase structures: MC(a) 

MC(a) CA(a)9 

Space 
Group P21212 P212121 

z 8 4 

a I A 42.387(2) 16.477(4) 

b I A 14.563(3) 8.394(3) 

CI A 7.660(1) 16.993(3) 

a/o 90 90 

P/o 90 90 

7/0 90 90 

Data for CA(a) from the structure by Miki et ai9 are included for comparison. 

Refinement 
All host non-hydrogen atoms except the oxygen and methyl carbon atoms of the 
terminal ester group were refined anisotropically. Host hydroxyl hydrogen 
atoms were located in electron density difference maps and refined with 0-H 
bond lengths restraints. 

Results 
There are two independent MC molecules in the asymmetric unit of the MC(a) 
structure and these are labelled molecules A and B in the packing diagram, 
Figure 3.32. These exhibit very different side chain conformations, molecule B 
having the extended conformation while molecule A exhibits a puckered side 
chain conformation resulting in increased curvature of the steroid molecule as 
illustrated in Figure 3.31. 

-O-c23e 
• 
' .---, 1 C248 .. ,,_.._ -0278 -.T 

0288~ 
• I 

C2580 

Figure 3.31: Comparison of the side chain conformations of hosts A and B of MC(a). These 
adopt puckered and extended conformations respectively. 
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MC(a) 

-
-

a 

b CA(a) 

- -
- -

Figure 3.32: a) Packing diagram of MC(a) viewed down [001]. The crystallographically unique 
host molecules are indicated by dotted lines and labelled A and B. b) Packing 
diagram of CA(a) viewed down [010] produced from data derived from the 
structure by Miki et aP. 



The independent host molecules of the MC(a) phase with their significantly 
different conformations show very different hydrogen bonding schemes. 
Distances and angles· defining the hydrogen bond schemes are detailed in Table 
3.3 and the differences for MC hosts A and B are illustrated in Figure 3.33. A 
number of 0-H•••O interactions which may appear possible from this diagram, 
(such as that between 0(29B) and 0(26B)), are at best very weak interactions 
with poor 0-H•••O geometry and long Q ••• o distances. This contrasts strongly 
with the CA( a )9 structure in which there is a single host molecule in the 
asymmetric unit and a very different hydrogen bonding scheme as illustrated in 
Figure 3.32b. It is of particular interest that the hydrogen bonding potential of 
the CA molecule is fully realised in the a-phase while that of the MC host 
molecule is not, a number of potentially hydrogen bonded groups being 
involved in only very weak interactions. 

' ' 

,Q26A 

Figure 3.33: Illustration of the different hydrogen-bonding networks expressed in the structure of 
MC(a). Some oxygen atoms are not involved in hydrogen bonds either as donor 
or acceptor atoms. 
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Table 3.3: Hydrogen Bonding Schemes for MC(a). 

o ... o H ••• Q 0-H ••• Q 
(A) (A) (0) 

MC(a) 
0(25A)-H(5A0)•••0(29A)a 3.028(10) 2.10(4) 160(9) 
0(29A)-H(9A0)•••0(25B)b 2.830(9) 1.90(2) 160(4) 
0(25B)-H(5B0)•••0(26A)a 2.730(9) 1.78(3) 174(10) 
0(26A)-H(6A0)•••0(25A)a 2.884(9) 1.93(2) 178(9) 

0(26B)-H(6B0)•••0(27B)c 2.945(11) 2.05(5) 155(9) 
0(29B)-H(9B0)•••0(26B)d 3.254(10) 2.82(7) 141(8) 
0(29B)-H(9B0)•••0(28A)e 3.612(10) 2.50(8) 136(8) 

CA( a) (Miki et al. 9) 
0(28)-H(28)• .. 0(26) 2.634 1.68 173 
0(26)-H(26)• .. 0(25) 2.723 1.80 174 
0(25)-H(25)• .. 0(29) 2.774 1.88 171 
0(29)-H(29)• .. 0(27) 2.857 1.98 169 

a -x+2, -y, z b -x-2, [' z+ 1 c -x+lYi, y-Yi, -z+l 
d -x+2, -y, z-1 e x,y,- +z 



DISCUSSION 

Given the similarities m most of the inclusion compounds of CA, it 1s 
instructive to examine the group as a whole. 

A- and B- type structures 

The A-type structure appears to be formed more frequently than the B-type. 
Of the nineteen structures of tubulate clathrate inclusion compounds formed by 
CA studied, only three exhibit the B-type packing motif: CAIP, CAP AC and 
CAPR. Analysis of the hydrogen bond patterns and distances as well as 
consideration of any other close contacts (both favourable and unfavourable) 
do not reveal the reason for this predominance of the A-type packing mode. 
Hydrogen bonding potential of the host molecules is completely fulfilled in 
either case and the Q ••• Q lengths and 0-H•••O angles are comparable. 

It is probable that the appearance of the B-type packing mode is related to the 
fit of the guests in the differently shaped channel so produced. Since it appears 
that the guest is oriented with the electron-withdrawing end of the dipole away 
from the channel walls it might be possible to choose guests similar to 
propiophenone where the electron withdrawing substituent is not situated at an 
'end' of the molecule and thereby force the formation of the B mode with its 
more elongated channel cross section. 

Steroid Backbone Conformation 

The fused ABCD steroid backbone has little conformational freedom and little 
difference is noted in the ring conformations in all of the structures studied. 

Conformational analysis of each ring is achieved using the quantitative basis for 
analysis developed by Cremer and Pople10 which allows expression of the 
geometry of puckering relative to a unique mean plane in terms of amplitude 
and phase. For six membered cyclohexyl type rings there are three puckering 
degrees of freedom which may be described by a 'spherical polar set'10: Q, 8 
and¢. The nomenclature of Boeyens11 is used to describe the conformations of 
the six membered rings. For five membered cyclopentyl type rings there exist 
only two puckering degrees of freedom and these may be uniquely described in 
terms of Q and ¢. 

Values for the spherical polar coordinates describing the A, B and C rings of 
the steroid backbone of all structures studied are presented as Tables 3.4 and Q 
and ¢ for the D-rings as Table 3.5. The puckering amplitudes for each ring 
occur in a narrow range implying that the ring conformations are very similar. 

All the six membered rings exhibit nearly perfect chair conformations as 
indicated by 8 ca 180 ° or O O corresponding to 4C1 and 1C4 conformations 
respectively. Translating these to the correspond to the numbering of the 
steroid backbone the conformations are 4Ci, 8c5 and 9c13 respectively. 
Examples of each are illustrated as Figures 3.34a, b and c. 
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The relationship of these rings to each other in the fused system is illustrated in 
Figure 3.35. 

The strained five membered D-ring exhibits slightly greater conformational 
flexibility as evidenced by the greater spread of </> values noted in the different 
structures as listed in Table 3.5. 

Table 3.5: Conformational Parameters defining D-ring conformation. 

Q </> co) 

CAACD A 0.452(19) -160.6(29) 
B 0.484(21) -174.1(24) 

CAMEK A 0.478(9) -162.0(12) 
B 0.467(8) -175.3(12) 

CADEK 0.469(5) -169.4(6) 
CAMA A 0.470(10) -173.1(12) 

B 0.464(9) -165.7(13) 
CAET 0.470(6) -164.9(8) 
CAEP 0.460(6) -165.9(8) 
CAPAC 0.468(7) -166.7(9) 
CAIP 0.462(6) -166.9(8) 
CAVA A 0.474(6) -173.1(7) 

B 0.458(6) -163.6(8) 
CAMM 0.465(4) -167.0(5) 
CABN 0.481(8) -171.1(13) 
CAAN 0.459(6) -167.8(7) 
CANI 0.474(5) -167.2(6) 
CAPR 0.480(5) -168.4(6) 
CAPTOL 0.467(6) -169.5(7) 
CAPNOT 0.489(7) -168.2(8) 
CAMN 0.467(3) -166.8(5) 
CAMI A 0.464(9) -164.0(14) 

B 0.463(10) -170.6(13) 
CADC A 0.481(11) -171.1(13) 

B 0.464(10) -164.3(16) 
CAAC 0.465(4) -169.9(5) 
CACN 0.464(4) -169.6(5) 
MCCN 0.456(5) -178.9(8) 
MC(cr) A 0.448(9) -171.6(12) 

B 0.450(8) -175.4(11) 

These correspond to conformations between 14H 13 and E13 or in other words a 
half-chair conformation with C(14) (er) and C(13) (/3) or an envelope 
conformation with C(13) (/3). An examination of the endocyclic torsion angles 
(presented in Table 3.6) defining the ring conformation confirms the E13 / 
14H 13 character of this ring. The angle 103 is significantly smaller than all other 
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angles yet significantly greater than zero as required for a perfect envelope 
conformation with C(13) below the plane. Figure 3.36 illustrates the 
relationship between these angles and those expected m the two 
conformationalforms between which all the D-ring conformations fall. 

Table 3.6: Endocyclic Torsion Angles Defining the D-ring conformations. 
701 = C(17)-C(13)-C(14)-C(15), 702 = C(13)-C(14)-C(15)-C(16), 
703 = C(14)-C(15)-C(16)-C(17), 704 = C(15)-C(16)-C(17)-C(13), 
105 = C(16)-C(17)-C(13)-C(14) 

CAACO A 

B 

CAMEK A 

B 

CADEK 

CAMA A 
B 

CAET 

CAEP 

CAPAC 

CAIP 

CAVA A 

B 

CAMM 

CABN 

CAAN 

CANI 

CAPR 

CAPTOL 

CAPNOT 

CAMN 

CAMI A 

B 

CADC A 

B 

CAAC 

CACN 

MCCN 

MC(a) A 

B 

46.6(19) 

47.8(18) 

48.5(8) 

46.6(9) 

47.6(6) 

46.5(8) 

46.9(8) 

47.8(9) 

46.7(5) 

47.5(7) 

47.1(6) 

47.6(5) 

46.4(5) 

48.1(9) 

49.0(8) 

47.0(6) 

48.0(6) 

48.6(5) 

46.9(5) 

49.8(6) 

47.6(4) 

47.8(9) 

46.6(9) 

48.1(9) 

47.3(9) 

47.2(4) 

47.4(4) 

46.6(6) 

45.9(8) 

47.1(8) 

-38.4(19) 

-33.6(20) 

-39.3(9) 

-31.9(9) 

-35.6(6) 

-32.8(9) 

-36.9(9) 

-37.9(10) 

-36.7(6) 

-36.4(7) 

-36.5(7) 

-34.0(5) 

-37.3(5) 

-35.8(10) 

-37.4(8) 

-36.0(7) 

-36.8(6) 

-36.7(6) 

-34.8(6) 

-37.1(7) 

-37.0(4) 

-38.2(10) 

-34.1(10) 

-35.8(10) 

-37.2(10) 

-34.6(5) 

-35.0(4) 

-33.7(6) 

-32.9(9) 

-32.6(9) 

14.5(21) 

5.2(21) 

15.3(10) 

4.2(10) 

9.1(7) 

5.7(15) 

12.0(10) 

12.7(10) 

11.5(7) 

10.7(8) 

10.9(7) 

5.6(6) 

13.1(6) 

8.1(11) 

11.1(9) 

10.1(7) 

10.7(7) 

10.0(6) 

8.8(7) 

9.9(7) 

11.0(4) 

13.3(11) 

7.7(10) 

8.1(11) 

13.3(12) 

8.3(5) 

8.8(5) 

7.4(7) 

6.7(10) 

4.3(10) 

13.1(21) 

24.2(20) 

14.6(10) 

24.2(9) 

20.0(6) 

23.3(9) 

16.7(9) 

16.6(10) 

17.3(6) 

18.2(8) 

18.1(7) 

23.3(6) 

15.5(6) 

22.3(10) 

18.9(9) 

18.6(7) 

18.9(7) 

19.8(6) 

20.4(6) 

20.5(7) 

18.1(4) 

15.5(11) 

21.1(9) 

22.3(10) 

16.5(12) 

20.3(5) 

20.2(5) 

20.9(7) 

21.1(9) 

24.5(9) 

705 (0) 

-37.0(20) 

-42.9(18) 

-38.1(8) 

-41.9(8) 

-40.2(6) 

-42.3(8) 

-38.2(8) 

-38.3(9) 

-38.4(6) 

-39.5(7) 

-39.1(6) 

-42.4(5) 

-37.5(5) 

-41.7(9) 

-40.6(8) 

-39.7(6) 

-40.1(6) 

-40.7(5) 

-40.4(5) 

-42.2(6) 

-32.2(4) 

-38.0(9) 

-41.1(8) 

-41.7(9) 

-38.3(10) 

-40.6(4) 

-40.5(4) 

-40.3(6) 

-40.3(8) 

-43.6(8) 
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a b 

cs 

cs 

C 
C13 

d 

C11 

C9 
ca 

Figure 3.34: Conformations of the steroid backbone rings. 

A 

Figure 3.35: Conformation of the ABCD rings in the fused ring system that constitutes the 
steroid backbone. 

+ 
Figure 3.36: Signs for the endocyclic torsion angles of the steroid D-ring for the pure half-chair 

conformation with C(14) up and C(13) down (left) and that of the pure envelope 
conformation with C(13) out of the plane (right). The numbering of the torsion 
angles is illustrated at centre. 
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The conformations noted for the D-ring are within the range defined by 
Thomas12 for similar steroid structures where the C/D ring fusion is trans and 
the substituent at position 17 is acyclic and other. than a keto group. 

Twist of the steroid backbone may be measured by consideration of the non­
bonded- or pseudo-torsion angle C(19)-C(l0)• .. C(13)-C(18) as described by 
Duax and Norton13. In all of the structures studied this angle approaches O 0 

indicating no twist along the steroid backbone. An example is illustrated in 
Figure 3.37. 

C19 

Figure 3.37: View along the steroid backbone from C(lO) to C(13) illustrating the coincidence of 
C(19) and C(18) indicative of a value close to O O for the pseudo-torsion angle 
C(19)-C(lO)•••C(13)-C(18). 

Side Chain Conformation 

Table 3.7 lists the torsion angles which uniquely define the side chain 
conformation of all structures studied and Figure 3.38 indicates the choice of 
torsion angles used. The MC structures as well as those of CACN and CAAC 
are separated from the rest as these differ from the typical tubulate clathrate 
structures exhibited by the majority of CA inclusion compounds. Clearly r 1 and 
T 3 are almost invariant being in the range -170 to 170° i.e. adopting a trans 
conformation. This allows for the least intramolecular interaction but 
according to calculations of van der Waals energy of the side chain of cholanic 
acids does not, in fact represent the minimum energy conformation for these 
bonds14. r2 and r 4 (and thus r5) are not invariant and define the differences in 
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side chain conformation as exhibited by these structures. These are indicated 
in the bar charts Figure 3.39a and b. r 4 and r 5 are not independent of each 
other defining, as they do, the orientation of the carboxylic acid group relative 
to the C(23)-C(24) bond. C(23), C(24), 0(27) and 0(28) are constrained to 
planarity by the sp2 hybridisation of C(24 ), thus r 5 = (180 - Ir 4 J ). 

Values for the torsion angle r2 are plotted as Figure 3.39a. Clearly there exist 
two groups of structures with r2 in the range 55 to 65° or -155 to -180°. These 
values are similar to those corresponding to minima in the van der Waals 
energy as calculated by Giglio and Quagliata14 (r2 = 60 or -170°). Only host A 
of CAMI exhibits the angle r 3 corresponding to the value calculated to 
represent the minimum energy conformation (r3 = -50°). This phenomenon is 
noted by the abovementioned authors: " . .it seems probable that the higher van 
der Waals energy of the more extended conformations is largely 
counterbalanced by the energy gain due to the formation of more hydrogen 
bonds, ... " to which might be added: and the gain in energy due to the inclusion 
of a guest species in the host framework. 

Figure 3.38: Torsion angles uniquely defining the CA side chain. 

These two ranges for r 3 represent, respectively, the puckered and extended side 
chain conformations and result in a difference in the overall "length" of the host 
molecule as illustrated in Figure 3.40. As mentioned before this in turn affects 
the dimensions and cross-sectional shape of the channel and is also reflected in 
the angle of intersection of a and c. The /3 angle for the structures in which the 
host is puckered are in the range 113.5 - 115.2 ° while those with an extended 
host conformation are in the range 102.6 - 106.3° for the A-type structures as 
illustrated in Figure 3.41. While there are only three structures of the B-type 
these too appear to exhibit the same trend: CAIP, CAP AC exhibit the puckered 
host conformation and /3 = 117.76° and 118.06° respectively while the CAPR 

103 



104 

host exhibits the extended conformation and has /3 = 114.25 °. 
As mentioned in the discussion of individual structures above, there is no 
preferred orientation of the COOH group and it may adopt one of two possible 
conformations without consequence to the host-host hydrogen bonding schemes 
(except a change of direction of donor and acceptor interactions). To maintain 
the correct geometry for hydrogen bond formation in spite of variation in 7 3 the 
angle 14 (and hence 15) must vary. This is reflected in Figures 3.39a and b 
which illustrates that 7 4; 5 is below a threshold value of 99.0 ° for the structures 
with puckered host and above 125 ° for those with extended host conformation. 

Table 3.7: Torsion Angles Defining Side-chain configuration. 
-r1 = C(13)-C(17)-C(20)-C(22), -r2 = C(17)-C(20)-C(22)-C(23), 
-r3 = C(20)-C(22)-C(23)-C(24), -r 4 = C(22)-C(23)-C(24)-0(28), 
-r5 = C(22)-C(23)-C(24)-0(27) 

71 (0) 72 (0) 73 (0) 7 4 (0) 75 (0) 

CAACD A -176.7(18) -155.9(17) -176.2(18) 131.2(22) -52.6(27) 

B -177.8(16) -174.3(17) 178.4(17) -24.4(30) 157.5(19) 
CAMEK A 177.8(8) -156.4(9) -174.4(10) 128.7(11) -52.0(13) 

B -178.0(8) -165.2(10) -178.3(10) -33.6(19) 146.9(11) 
CADEK 178.9(5) -166.2(6) 177.7(6) -32.7(11) 146.0(7) 

CAMA A -177.5(6) -166.5(6) 179.0(6) -28.9(11) 156.5(9) 
B 179.2(5) -159.4(6) -174.7(6) 132.6(8) -50.0(9) 

CAET 178.0(5) 65.2(8) -168.7(7) -107.0(10) 71.7(9) 
CAEP 179.1(5) 65.7(7) -172.5(6) 78.5(9) -100.9(8) 
CAPAC 176.5(6) 65.6(9) -169.0(8) -111.4(19) 73.1(11) 
CAIP 176.7(5) 62.9(8) -174.7(9) 86.3(10) -92.6(8) 
CAVA A -176.2(5) -167.0(5) 177.5(5) -27.7(9) 150.2(5) 

B -179.8(5) -158.3(5) -175.4(5) -49.7(8) 130.5(7) 
CAMM 176.7(4) 59.5(5) -173.5(4) 91.3(6) -88.1(5) 
CABN 177.7(7) 59.0(10) -173.6(8) 85.5(13) -94.1(11) 
CAAN -179.8(6) 60.3(8) 173.2(6) 84.6(10) -95.0(8) 
CANI 177.5(6) 59.98(8) -175.0(6) 85.8(10) -94.1(9) 
CAPR -178.7(5) -169.7(5) 177.0(5_) _ -31.2(9) 147.4(6) 
CAPTOL 178.4(5) 61.2(7) -174.5(6) 82.5(9) -94.6(7) 
CAPNOT 177.3(6) 54.7(9) -177.1(7) 99.0(9) -83.9(8) 
CAMN 178.7(3) -166.6(4) 170.0(4) -39.7(6) 141.7(4) 
CADC A -175.5(9) -171.8(9) 174.3(10) -25.0(18) 155.6(10) 

B -179.4(9) -155.5(9) -172.5(9) 125.1(13) -54.6(13) 
CAMI A 179.7(9) -157.9(9) -56.1(9) 127.3(12) -52.6(13) 

B -176.4(7) -165.8(8) 120.0(9) -30.8(16) 148.7(10) 

CAAC 177.1(4) -177.3(4) 166.5(4) 0.7(8) 177.6(5) 

CACN -177.2(4) -164.1(4) -172.3(4) 142.6(5) -37.7(6) 
MCCN -178.4(5) 169.8(6) -175.0(6) -6.1(12) 174.8(6) 

MC(a) A -178.4(5) 60.0(10) 170.7(10) -14.4(18) 163.8(12) 
B 174.7(7) -165.4(8) -175.1(9) -133.9(13) 48.4(14) 
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105 



Figure 3.40: Comparison of the 'length' of puckered and extended conformations of the host 
molecule as found in CAACD(B) and CAPNOT respectively. 
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Hydrogen Bonding 

Hydrogen bonded distances ( and angles where hydroxyl hydrogen atoms were 
refined) are presented in Table 3.8. The hydrogen bonding of CAAC, CACN, 
MCCN and MC(a) is discussed above. These data are therefore omitted from 
these Tables as the former structures are markedly different from the majority 
of CA inclusion compounds. 

Diagrams 3.42a to d indicate o ... o distances for the 4 types of hydrogen bonds 
occurring. Clearly 0(28)•••0(29) and 0(29)•••0(25) are on average shorter 
than 0(25)•••0(26) and 0(26) ... 0(27) and this is reflected in shorter H ••• o 
distances in the structures where hydroxyl hydrogen atoms were refined as 
illustrated in Figure 3.43. The 0-H•••O angles show wide variation over all 
o ... o distances as shown in Figure 3.44. 
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028····029 029·· ··025 
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Figure 3.42: o ... o distances for the four host-host hydrogen bonds. 
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Table 3.8: Hydrogen Bonded distances and Angles. 

o ... o (A) H•••O(A) 0-H ... Q (0
) 

23 ... 29 230 ... 29 28-280• .. 29 
23 ... 26 230 ... 26 28-280 .. •26 

CAACD 2.68(3) 
2.65(3) 

CAMEK 2.688(9) 
2.623(9) 

CADEK 2.700(6) 1.76(9) 160(17) 
CAMA 2.648(7) 

2.686(6) 
CAET 2.690(9) 1.906(9) 159.8(3) 
CAEP 2.748(6) 
CAPAC 2.711(9) 
CAIP 2.747(7) 1.93(1) 172(8) 
CAVA 2.640(9) 

2.866(8) 
CAMM 2.648(4) 1.69(3) 167(6) 
CABN 2.668(8) 
CAAN 2.678(7) 1.73(3) 162(5) 
CANI 2.702(6) 1.803(4) 147.8(4) 
CAPR 2.728(6) 1.82(6) 153.9(4) 
CAPTOL 2.683(6) 
CAPNOT 2.642(7) 1.72(5) 154(9) 
CAMN 2.713(4) 1.79(2) 158(5) 
CADC 2.700(8) 

2.695(7) 
CAMI 2.689(13) 

2.639(13) 

29 ... 25 290 ... 25 29-290 .. •25 
26 ... 25 260 ... 25 26-260 ... 25 

CAACD 2.67(2) 
2.70(2) 

CAMEK 2.672(9) 
2.684(10) 

CADEK 2.659(9) 1.85(4) 139(2) 
CAMA 2.650(6) 

2.687(6) 
CAET 2.800(6) 1.986(9) 172(6) 
CAEP 2.700(9) 
CAPAC 2.814(7) 
CAIP 2.685(7) 1.90(3) 161(8) 
CAVA 2.798(10) 

2.708(9) 
CAMM 2.680(6) 1.71(4) 175(4) 
CABN 2.695(12) 
CAAN 2.684(10) 1.74(6) 162(5) 
CANI 2.688(11) 1.753(8) 158.7(3) 
CAPR 2.683(8) 1.73(6) 172(4) 
CAPTOL 2.669(7) 
CAPNOT 2.698(8) 1.74(3) 164(8) 
CAMN 2.713(6) 1.96(4) 163(3) 
CADC 2.674(7) 

2.675(10) 
CAMI 2.706(12) 

2.665(12) 
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Table 3.8 (contd.): Hydrogen Bonded distances and Angles. 

o ... o (A) H•••O(A) O-H ... 0(0
) 

25 ... 26 250• .. 26 25-250 .. •26 
25 ... 29 250 ... 29 25-250 .. •29 

CAACD 2.79(2) 
2.82(2) 

CAMEK 2.796(9) 
2.733(9) 

CADEK 2.910(7) 1.99(5) 157(4) 
CAMA 2.768(6) 

2.765(7) 
CAET 2.752(7) 2.037(7) 142.2(2) 
CAEP 2.837(7) 
CAPAC 2.726(9) 
CAIP 2.851(7) 2.08(5) 156(10) 
CAVA 2.798(8) 

2.676(10) 
CAMM 2.836(5) 1.89(5) 165(5) 
CABN 2.836(10) 
CAAN 2.840(8) 1.88(7) 174(7) 
CANI 2.839(8) 1.953(5) 150(3) 
CAPR 2.882(6) 1.92(5) 165(5) 
CAPTOL 2.825(6) 
CAPNOT 2.872(7) 2.02(3) 165(4) 
CAMN 2.909(5) 1.96(4) 165(4) 
CADC 2.780(10) 

2.761(9) 
CAMI 2.781(12) 

2.782(12) 

26 .. •27 260 ... 27 26-260 ... 27 
29 ... 27 290 ... 27 29-290 .. •27 

CAACD 2.87(3) 
2.86(3) 

CAMEK 2.850(11) 
2.866(11) 

CADEK 2.907(8) 1.97(4) 166(4) 
CAMA 2.877(8) 

2.855(6) 
CAET 2.800(9) 2.044(9) 153.1(2) 
CAEP 2.764(9) 
CAPAC 2.779(7) 
CAIP 2.779(8) 2.01(4) 156(10) 
CAVA 2.684(9) 

2.862(8) 
CAMM 2.911(5) 1.97(4) 163(3) 
CABN 2.858(13) 
CAAN 2.877(10) 2.040(8) 145.3(3) 
CANI 2.828(10) 1.838(8) 166.4(4) 
CAPR 2.812(8) 1.89(7) 155(5) 
CAPTOL 2.862(8) 
CAPNOT 2.982(8) 2.10(5) 151(8) 
CAMN 2.951(5) 2.04(3) 156(3) 
CADC 2.920(11) 

2.850(10) 
CAMI 2.841(12) 

2.866(13) 
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Host Bond Lengths and Angles 

Bond lengths in the host molecules are in accordance with values found 
elsewhere for similar steroid structures13•15. All carbon and oxygen atoms of 
the host, except C(24) and 0(27) are sp3 hybridised and exhibit typical C(sp3)­

C(sp3) or C(sp3)-0(sp3) bond lengths. Histograms showing the distribution of 
C(sp3)-C(sp3) and C(sp3)-0(sp3) bond lengths in all of the structures studied 
are presented as Figures 3.45 a and b. 

a 
C-C Bond lengths 

' I • I 

1.46 1.48 1.50 1.52 1.54 1.56 1.58 1.60 

Bond Lengths / A 

b 

1.42 1.43 1.44 1.45 1.46 1.47 

Bond Lengths / A 

- C(3)-0(25) LJ C(7)-0(29) ~ C(12)-0(26) 

Figure 3.45: Histograms summarising the bond lengths found in the host molecules CA and MC. 
a) C(sp3)-C(sp3) bond lengths and b) C(sp3)-0(sp3) bond lengths excluding 
C(24)-0(28). 
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The C-0 bond lengths of the carboxylic acid end group are presented in Figure 
3.46. The occurrence of a significant number of C-0 bonds with bond lengths 
in the range 1.21 to 1.25 A are indicative of disorder, and resultant bond length 
averaging, of the COOH group. 

C(24}-0(27} C(24}-0(28} 

1.14 1:1s ua 120 122 t24 t26 1.2a 1.30 1.32 
Bond Lengths / A 

Figure 3.46: Bond lengths of the terminal carbonyl group. 

A histogram summarising the bond angles found in the host A, B and C rings 
and substituents is presented as Figure 3.47. While the three fused cyclohexyl 
rings of the steroid backbone are not highly strained, a slightly larger spread of 
bond angles and skewing towards angles > 109 .5 ° than would be expected in 
conformationally free systems is noted. 

106 108 110 112 114 116 118 

Bond Angles/ 0 

Figure 3.47: Bond angles for all bonded atoms of the A, B and C cyclohexyl fused rings and 
substituents. 
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The bond angles of the COOR group are presented in Figure 3.48. The lower 
distribution of the bond angle C(23 )-C(24 )-0(28) and high mean indicated for 
C(23)-C(24)-0(27) is indicative of consistent deformation of the COOR group 
from idealised ·geometry. 

11 4 11 6 11 8 1 20 1 22 1 24 1 26 1 28 
Bond Angles / A 

- 0(27)-C(24)-0(28) Q C(23)-C(24)-0(27) ezl C(23)-C(24)-0(28) 

Figure 3.48: Bond angles for the terminal carboxylic acid group. 

The cyclopentyl D-ring of CA and derivatives is a strained system and this 
results in distortion of the bond angles from ideal geometry. The bond angles 
of ring D are summarised in histogram form as Figure 3.49. All are < 109.5 °: 
that of C(14)-C(13)-C(17) averages ca 100 ° and C(15)-C(16)-C(17) is almost 
always 107-108 ° while the other three angles approximate 104 °. 

12 

20 

i:: .. • .. • .. 
ti 
P. 
R H 
G .. 
H 

e .. 
r. 

~ B 
II • ' ' . 

~ ~ ~ 1001~ 1~1~1~1~1~1~1~ 

Bond Angles / 0 

~ C(14)-C(13)-C(17) - C(13)-C(14)-C(15) D C(14)-C(15)-C(16) 

~ C(15)-C(16} -C(17) (:-:::$ C(13)-C(17)-C(16) 

Figure 3.49: Bond angles for the strained D-ring. 
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CHAPTER 4: THERMAL ANALYSIS 

Various techniques allowing the measurement of physical properties, or more 
correctly, changes in physical properties of a substance as a function of 
temperature exist. Thermal analysis includes methods designed for monitoring 
changes in mass, mechanical, acoustic, optical, electrical and magnetic 
properties. Enthalpy values for phase changes may be estimated from 
measurements of the required power input to maintain a certain sample 
temperature or heat rate. 

In this study thermogravimetry (TG) was used to follow changes in weight upon 
heating and differential scanning calorimetry (DSC) analysis employed to 
monitor power flow required to maintain a chosen heating rate respectively. 
Rising temperature TG was used primarily to determine the host:guest ratio. 
While a number of studies have been devoted to the determination of AH 
values of the guest release reaction1 the values thus measured are dependent 
on heating rates, purge gas flow rates, the geometry and composition of the 
sample holder and most importantly, on particle size. It must be possible to 
grind and sieve samples, without loss of guest, to ensure reproducibility. For 
the purposes of this study DSC was used qualitatively to gain information about 
the number and approximate temperatures of phase changes ( and other 
processes) occurring during thermal decomposition. 

These techniques are well established and described in a series of monographs 
on the subject2•3•4 while a number of new developments in the field are detailed 
in a wide ranging review by Dollimore5. Apart from the description of methods 
and data collection described in the experimental section ( chapter 2) only 
unusual experiments will be described in detail. 

THERMAL DECOMPOSITION OF INCLUSION COMPOUNDS 

The overall reaction in the decomposition of an inclusion compound without 
chemical change of either host or guest may be presented as: 

This reaction however, may be the sum of a number of separate steps each 
resulting in the existence of discrete identifiable phases. Any reaction 
occurring in the course of analysis, be it a solid state phase change, guest loss 
reaction, melt, recrystallisation or guest boil will result in a detectable change in 
the DSC trace. This might be an endotherm as is usual for guest loss reactions 
and melts, an exotherm as in the case of recrystallisation reactions or a change 
in the DSC baseline as occurs in the change from a rigid to a plastic state - the 
glass transition temperature. Figure 4.1 schematically illustrates some of the 
more commonly encountered phase changes and resultant solid phases 
encountered in decomposition of clathrate type inclusion complexes. 
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Figure 4.1: Possible thermal decay modes of inclusion compounds. 
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/Ji is the inclusion compound as grown from solution (or by other methods). 
This is the phase that is stable ( or 1:1-etastable but kinetically favoured) in 
mother liquour at room temperature. {32 is an inclusion compound phase with 
the same stoichiometry as {31 but having undergone a solid-solid phase 
transition with no loss of guest. This phase may lose a portion of the included 
guest to result in a new inclusion phase (indicated here as the 'Y phase) with a 
different host:guest stoichiometry. Should the 'Y phase lose guest without 
collapse of the (now porous) host structure the elusive /3o phase results. Only a 
small number of inclusion compounds have been shown to decay in this 
manner6,7,8. Collapse of the porous host phase to the stable form ( or one of the 
stable forms of the host) is the transition to the a phase. The a phase is usually 
defined as the host phase stable at room temperature although other a phases 
may exist in the form of stable or metastable polymorphs or as high 
temperature polymorphs. Only peaks B and C will be accompanied by weight 
loss on TG analysis and this together with techniques such as XRD and hot 
stage microscopy aids assignment of thermal events. Melting and subsequent 
recrystallisation of any of the abovementioned phases may occur, as may any 
number of solid-solid phase changes. Seldom do all such changes occur in the 
decomposition of one inclusion compound and in the simplest case the 
inclusion compound will melt congruently9 and guest loss will not evince a 
separate thermal event so that only one endotherm will appear in the DSC 
trace. In the case of clathrate type inclusion compounds the most common 
scenario is the occurrence of a single endotherm arising from guest loss and /3 
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to a phase change followed by a host melt endotherm, (i.e. Band D combined 
followed by E.) 

Methodology: 

In all cases TG and DSC curves were analysed in tandem and wherever 
possible analysis carried out on the same sample. Other techniques such as hot 
stage microscopy and XRD analysis were used to elucidate processes occurring, 
while 1H-NMR analysis was utilised to confirm guest composition in cases 
where possible ambiguities existed such as when crystals were grown from 
mixed guest solutions or with the aid of a cosolvent. 

The thermal behaviour of a sample is dependent on sample preparation to a 
greater or lesser degree and thus the history of a sample may be an important 
factor in thermal analysis2. Structural differences in solids (the existence of 
different phases), density of crystal defects in crystalline solids, sample porosity, 
particle size and the nature of surfaces all affect thermal behaviour. These are 
investigated in more detail in chapter 6; suffice to say that particle size and 
crystal quality proved to have the greatest effect on behaviour of samples of the 
inclusion compounds of CA and MC under thermal analysis. 

To determine the optimum conditions for thermal analysis of these compounds 
the effects of particle size, heating rate and purge gas flow rate were 
investigated. 

Particle Size 
Particle size should properly be considered a subset of the characteristics 
described under crystal quality as the surface of a crystal is effectively an 
extensive crystal defect - thus as surface area:volume increases so does the 
defect density. 

A number of experiments were carried out to determine the effect of particle 
size on these systems. Decrease in particle size may be shown to have the 
following effects: 

i) The onset temperature of guest release in TG analysis is 
(sometimes significantly) reduced as is illustrated for samples of 
CAET in Figure 4.2. 

ii) Better separation of DSC peaks is achieved when small particle 
sizes are used as is illustrated in Figure 4.3 a and b. This is a 
function of the sharpness of the resultant endotherms and is 
almost certainly a kinetic effect due either to the existence of a 
temperature gradient or to the lag attributable to the finite rate 
of penetration of the reaction front into the interiors of large 
particles. 

This would appear to militate against the use of whole uncrushed crystals; 
however, many of the compounds studied were highly labile, beginning to lose 
guest almost immediately upon removal from mother liquour. 

117 



Thus guest loss is greatly accelerated upon crushing of the samples and a 
balance must be struck between too great a loss of guest and good separation of 
peaks in DSC traces. Most of the samples were lightly crushed but not sieved in 
an attempt to · keep sample preparation time and thus the extent of guest 
desorption to a minimum. Even with such relatively cursory sample 
preparation; drying, crushing, weighing, sealing of the DSC pan in a press and 
loading of the sample into the analyser result in an appreciable time lapse 
between removal of the sample from mother liquor and the start of analysis. 
Although with practice this may be reduced to as little as 1 to 2 minutes, 
samples of inclusion compounds with such volatile guests as acetone 
nonetheless exhibit unacceptably high decay, particularly once the surface area 
of the particles is increased by crushing. It proved possible to obtain accurate 
TG traces of certain of the more labile compounds only by the use of good 
quality, large, unbroken single crystals. Un.fortunately the lack of crushing tends 
to reduce the definition and reproducibility of the thermal analysis traces. 

100 ... . . . • . . . . . . . 
'#- finely· .• 
....... crushed • 

-.c 75 .O> 
Q) 

;: 

50-t-~~~~~---~~~~~---~~~~~_..1 
30 80 130 180 

Temperature I 0c 
Figure 4.2: Effect of particle size on onset of guest release in TG analysis, illustrated for the 

compound CAET. Solid line - whole crystals, dotted line - finely crushed 
crystals. 
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40 70 100 130 160 190 220 

Temperature 7 .°C 

Figure 4.3: Effect of particle size on the shape of the DSC trace, illustrated for the compound 
CAET at two different heating rates. Solid line - whole crystals, dotted line -
finely crushed crystals. 

Heat Rate 
Although less studied, the rate of sample heating also has a marked effect on 
the shape of the TG and DSC curves. 

Because of problems resulting from non-uniform heating of immobile solid 
samples10 resulting in lower temperatures within the sample than measured in 
the furnace and even in the formation of temperature gradients within the 
sample, high heating rates are usually avoided. Less attention has been paid to 
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the effect of lowered heating rates yet it may be shown that operation of the 
DSC analyser at too low heat rates often results in loss of information. A 
number of experiments to test the effect of different heating rates were carried 
out using the · CA inclusion compounds with aliphatic ester guests as test 
samples. These compounds were chosen as they showed relatively complex 
decomposition paths resulting in a number of peaks on DSC analysis. 

Sample sizes in the range 2.0-2.5 mg were analysed at heating rates ranging 
from 2 °C/min to 40 °C/min. All were blotted dry and lightly crushed as 
described before. Figure 4.4 shows the DSC traces resulting from analysis of 
CAEP at 5, 20 and 40 °C/min. As will be described in detail at a later stage, 
the first diffuse endotherm in the DSC trace of the compound analysed at 40 
°C/min is ascribed to the onset of guest loss and the second sharper peak to the 
resultant /3 to a phase change while the well defined endotherm at ca 200 °C is 
due to host melt. Clearly the lower heating rate of 5 °C/min results in 
complete loss of the second sharp endotherm which has become very diffuse 
and difficult to distinguish from the baseline, while peaks are broader at high 
heat rates presumably due to the temperature lag mentioned before. This sort 
of effect is noted in a number of such compounds and 20 °C/min was thus 
chosen as the most desirable heating rate for analysis of these compounds. This 
is a compromise between lack of definition achieved at lower heat rates and 
non-uniform heating problems experienced at high heating rates. The 
instrument was calibrated at this heating rate. 

;: 
0 

rr:: -co 
(l) 
I ~ 

7 
40 70 

40°/mi 

~ 20°/min .... 

5°/min 

100 130 160 190 220 

Temperature / oc 
Figure 4.4: Effect of heating rate on the DSC trace, illustrated for the compound CAEP. All 

traces are normalised and plotted on the same scale. 
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Purge Gas Flow Rate 
The purge gas flow rate is an important factor in DSC analysis of compounds 
which evolve gases, either by decomposition or reaction, upon heating. A lower 
purge gas flow rate will allow the formation of a local atmosphere with a 
significant vapour pressure of, for example, the guest species being released, 
particularly in the vented, crimped pans used in these experiments. Guest 
molecules are often released from a crystalline inclusion compound at a 
temperature lower than that of their boiling point and if the guest vapours are 
not rapidly swept away these will condense and may on further heating result in 
dissolution of the remaining material thereby obscuring any phase changes or 
other thermal events. 
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40 70 100 130 160 190 220 

Temperature I °C 

Figure 4.5: Effect of purge gas flow rate on the DSC trace, illustrated here for compound CAET 
at a heating rate of 40 °C/min. Solid line - 29 ml/min, dotted line - 38 ml/min, 
dashed line 46 ml/min. Traces are normalised and plotted on the same scale. 

Figure 4.5 shows the DSC traces of CAET at a heating rate of 40 °C/min under 
different purge gas flow rates. Definition of certain peaks appears to be 
enhanced at higher flow rates but separation of peaks is poor, while at low flow 
rates neither definition nor separation is good. Interestingly the melt peak 
appears broadened by use of a higher flow rate, probably due again to 
differential beating of the sample which may be locally cooled at the surface by 
high gas flow. 



The conditions chosen for analysis of the CA and MC compounds studied were 
thus: 

- lightly crushed crystals (where guest loss was not excessive) 
- heating rate of 20 °C/min 
- purge gas flow rate of 40 ml/min 

All DSC traces were normalised to a sample mass of 1.000 mg for ready 
comparison. 

ANALYSIS OF INCLUSION COMPOUNDS OF CA AND MC: 

The thermal analysis results for all CA and MC inclusion compounds studied 
are summarised as Table 4.1. Details and discussion of features and 
discrepancies such as the low melt points exhibited by certain compounds will 
be discussed in detail in later sections. A number of compounds whose crystal 
structures were not analysed are included for comparison. 

Details of the thermal analysis of each compound are presented in groups as in 
the discussion of the crystal structures. 
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Table 4.1: Thermal Analysis Results: 

CAACD 

CAMEK 

CADEK 

CAMA 
CAET 

CAEP 

CAPAC 

CAIP 

CANBU 

CASB 

CAVA 

CAMM 

CABN 

CAAN 
CANI 

CAACET 

CAPR 

CAPTOL 

CAPNOT 

CAMN 

CAMI 

CA•MA/EA 
CA•MA/n-PA 
CADC 

CAAC 

2:3 

1:1 

1:1 
1:1 
1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 
1:1 

1:1 
1:1 
1:1 
1:1 

1:1 
1:1 
1:1 
1:Y2:Y2 
1:Y2:Y2 
1:Y2:Y2 
1:Y2:Y2 

1:1:3 

CACN 1:1 
MCCN crystals 1:1 

powders 1:1 
MC(a) 

TG weight loss % 

Cale. Exp. 

17.6 17.5 

15.0 

17.4 
15.4 
17.7 

20.0 

20.0 

20.0 

22.1 

22.1 

17.4 

19.7 

20.0 
18.6 

23.2 
22.7 
24.7 

20.8 

25.1 
25.1 

17.7 

16.6 
17.7 
20.1 

21.5 

9.1 

8.9 

0 

15.2 

17.1 
15.5 
17.3 

19.2 

19.2 

19.7 

20.1 

22.9 

17.5 
18.8 

20.0 
18.5 

22.9 
22.7 

24.0 

19.3 

23.9 

23.2 

16.9 

16.0 
17.2 
18.7 

20.6 

9.2 

9.0 

0 

Diff 

-0.1 

+0.2 

-0.3 
+0.1 
-0.4 

-0.8 

-0.8 

-0.3 

-2.ob 

+0.8 

+0.1 
-0.9 

0.0 
-0.1 

-0.3 

0.0 
-0.7 

-1.5 

-1.2 
-1.9 
-0.8 

-0.6 
-0.5 
-1.4 

-0.9 

+0.1 

+0.1 

DSC endotherms 

T0 n (0 C) T00(melt) (0 C) 

69 202 

84 
70 

99 
109 
114 
104 
79 
113 
47 
sod 
112 

45 
92d 

114 
67d 

106 
60d 

110 

93 
98 
144 
142P 
160m 

152e 

126 
138e 
146m 
133e,m 
117e,m 

103 
105 
112 
80 

108 

38 
49 
109 
101 
116m 

108 

203 

202 
203 
203 

202 

202 

202 

202 

202 

201 

203 

203 
1951 

1901 

20or 

198r 

no melt 
175c) 

158(double peak) 
202 
202 

202 

205 

202 

no melt 

149 
149 

a - where multiple guest species are included the ratio is indicated H:Gi:G2, b - crystals are 
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recrystallised material 
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Group 1: Aliphatic Ketones 

The TG and DSC curves of CAACD, CAMEK and CADEK are presented as 
Figure 4.6a to c. 

In each case the guest is lost in a single step although there are small changes in 
the shapes of the curves at high % loss. The DSC traces of CAACD and 
CAMEK exhibit diffuse endotherms preceding the sharp peak associated with 
the /3 to a phase change. Peculiarly, while in CAMEK this appears to be 
associated with the onset of guest release (which in CADEK begins 
immediately the sample is removed from mother liquour), this is not the case in 
CAACD. It should however be noted that the inclusion compounds with 
aliphatic ketones are extremely labile such that analysis must be done on good 
quality, whole crystals to avoid inordinately large guest losses during sample 
preparation and that this may adversely affect the uniformity of samples used in 
separate analyses. 

Figure 4.7 is a series of photographs of the decomposition of CAACD crystals 
in air at room temperature and under heating immersed in drop of silicone oil. 
The device of immersion of inclusion compound crystals in a drop of inert, high 
boiling liquid allows detection of the escape of guest vapours as these result in 
bubble formation. In both the isothermal and rising temperature 
decompositions fracturing of the crystal is noted before significant guest loss 
occurs as evidenced by the image in plate 5 of Figure 4.7 where distinct 
fracturing but no bubble formation is evident. A similar pattern is noted in the 
decay of CAMEK crystals while CADEK shows no evidence of the fracturing 
event and crystals gradually decay, becoming opaque slowly at first and then 
rapidly as the temperature of the /3 to a phase change is approached. 
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Figure 4.6: TG and DSC traces for a) CAACD, b) CAMEK and c) CADEK at 20 °c/min and 
purge gas flow rate of 40 ml/min. 
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Plate 1 Plate 4 

Plate 2 Plate 5 

Plate 3 Plate 6 

Figure 4.7: Decay of CAACD. Plates 1 to 3: Isothermal decay at room temperature. 

Plates 4 to 6: Decay under heating with crystal submerged in silicone oil. 



Group 2: Aliphatic Esters 

TG and DSC traces of CAMA, CAET, CAEP , CAP AC and CAIP are 
presented as Figure 4.8 a to e. 
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While CAMA exhibits only one endotherm ascribed to both guest release and 
concomitant collapse to the a structure, CAET and CAEP both indicate small 
diffuse peaks before this endotherm, the start of which correlates closely with 
the beginning of guest loss as indicated by weight loss on TG analysis. CAP AC 
and CAIP both show small well defined endotherms at low temperature, before 
any significant guest loss is noted. Microscopic observation of the crystals 
under heating reveals distinct fracturing of the crystals of CAIP and CAP AC in 
the temperature range 45-50 °c. Heating of a sample immersed in silicone oil 
results in almost no bubble formation around the crystal which would indicate 
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guest loss and the peak is therefore tentatively ascribed to a solid-solid phase 
change. Thus it appears that the A-type structures (CAMA, CAET and CAEP, 
see chapter 3) undergo guest loss followed by collapse to the host er form while 
the B-type structures (CAPAC and CAIP) exhibit a solid-solid phase change 
before guest loss commences followed by guest loss and /3 to er phase change. 

To validate the assertion of a phase change before guest loss in the B-type 
structures the X-ray powder diffraction patterns of these crystalline adducts 
under heating were obtained by use of the modified Weissenberg camera and 
heating mantle described in the experimental section ( chapter 2). The resultant 
X-ray photographs are reproduced as Figures 4.9 a and b and the 
photometrically measured traces derived from that of CAP AC as Figure 4.9c. 
While the temperatures at which some phase changes occur appear lower than 
on DSC analysis it should be noted that the heating rate used in powder 
photography was slightly lower than 0.3 ° /min. While the A-type structures 
show a single phase change after significant guest loss, in the B-type structures 
the existence of an intermediate phase different from that of the /3 (inclusion 
compound) phase and the CA(er) phase is indicated. As this appears to occur 
before any significant guest loss this would be designated as a /31 to /32 phase 
change: H•G(s,/31)"" H•G(s,/32} 

Since it has been established that CA•n-butyl acetate crystallises in a B-type 
structure ( chapter 3) it is interesting to consider the thermal analysis curves of 
the CA inclusion compounds with isomers of butyl acetate and to examine 
these for evidence of similar phase changes. The TG and DSC curves of 
CANBU and CA•(±)sec-butyl acetate (CASB) are presented as Figures 4.10 a 
and b. The guest loss occurs in a number of overlapping steps with a sudden 
sharp increase in the rate of guest loss at high % loss. Crystals of these 
compounds are highly labile and begin to fracture immediately upon removal 
from mother liquour. This is similar to the fracturing exhibited by the B-type 
CA inclusion compounds which undergo a {31 to {32 phase change; however, no 
phase change endotherm appears on DSC analysis. It is possible that the 
expected thermal event occurred before analysis could be begun as sample 
preparation was, of necessity, carried out at room temperature. In particular, 
samples for X-ray powder photography must be finely ground and TG analysis 
of such particles indicated extensive guest loss during this process even when 
samples were ground under mother liquor and subsequently dried for packing 
into a capillary. Guest loss almost certainly follows any {31 to {32 phase change 
and this is therefore not detected under the conditions of the experiment. 
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Group 3: Vinyl Esters 

The TG and DSC curves of CAVA and CAMM are presented as Figures 4.lla 
and b. In both cases the guest loss occurs in a single step and this is reflected in 
a single guest loss endotherm on DSC analysis. Hot stage microscope 
observation of samples of these compounds confirms the lack of other thermal 
events although the loss of guest in CAMM is accompanied by cracking and 
apparent swelling of the crystals as they become opaque. The guest loss/ f3 to a 
phase change peak for CAMM is not simple having shoulders on either side; 
these could not however be resolved into separate peaks by alteration of heat 
rates or particle sizes and it appears that the /3 to a phase change occurs 
concomitantly with guest loss. 
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Figure 4.11: TG and DSC traces for a) CA VA and b) CAMM at 20 °c/min and purge gas flow 
rate of 40 ml/min. 
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Group 4: Aromatic Guests 

The thermal analysis curves of all of the CA inclusion compounds with 
aromatic guests including those of CA•acetophenone (the structure of which 
was analysed by Miki et al11) are presented as Figures 4.12a to h. That of 
CAACET is included for comparison with CAPR. 

In each case the guest loss occurs in a single step although CABN exhibits 
minor guest loss at low temperature. This is not uncommon in TG analysis of 
crystalline inclusion compounds and may indicate loss of guest from crystal 
surfaces or interstitial spaces. CABN shows a single endotherm associated with 
guest loss followed by the host melt. In all other cases the host melt endotherm 
is either significantly reduced (and usually diffuse) or absent. Observation of 
samples of the crystals under heating reveals that guest loss occurs either upon 
complete or partial melt of the complex or that the guest appears to "sweat" out 
of the crystals forming a liquid layer on the surface in which the remaining solid 
dissolves. Recrystallisation is noted for compounds like CAACET and CAPR 
and to a lesser extent CAAN, CANI and CAPNOT and this almost certainly 
accounts for the exotherms following the guest loss peaks in the DSC traces of 
these compounds. Samples of CAPTOL do not exhibit a host melt endotherm 
except when the samples are very finely powdered or analysed at a slow heating 
rate with high purge gas flow rate. Presumably this allows significant reduction 
of the concentration of guest in the melt and subsequent host recrystallisation. 

Figure 4.12 is a series of photographs of crystals of CANI under slow heating; 
the crystals begin to decay with nuclei of the new phase growing at points of 
defects. As the guest release temperature is approached the crystal is seen to 
alter rapidly becoming a mass of small crystallites of the CA(a) phase which 
melt at the temperature of fusion of the host. If on the other hand these 
crystals are heated at 20 °C/min they melt congruently at a temperature close 
to that of guest release (plates 6 and 7, Figure 4.12) and little separation of the 
CA( a) phase is noted until the concentration of guest in the melt is significantly 
reduced by volatilisation. Figure 4.13 shows the decomposition of 
acetophenone crystals at a heating rate of ca 20 °C/min. The new phase begins 
to grow as before but even at a high heating rate congruent melting is never 
noted and the entire crystal becomes converted to small crystallites of the 
CA(a) phase. Crystals of CAPTOL (Figure 4.14) decay with initial fracturing of 
the crystal followed by the start of growth of a new phase and then sudden melt. 
Little host recrystallisation is noted even after appreciable time at high 
temperature. 

It is probable that both congruent melting and guest release with condensation 
and subsequent host dissolution give rise to very similar DSC traces. The 
essential difference between these processes is that in the first case the phase 
change is : H•G(s,.a) = H•G(l) while in the second it is: H•G(s,.B) = H(s,?) + 
G(l) with subsequent dissolution of the solid host, whose phase is unknown and 
may be a or {30. 

The DSC trace of CAPR indicates two sharp endotherms followed by a poorly 
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defined exotherm thought to be due to recrystallisation of the host material. It 
is notable that CAPR is the only example of a CA inclusion compound with 
aromatic guest exhibiting the B-type packing mode. It is possible that a /31 to {32 
phase change, analogous to that seen in CAP AC and CAIP decomposition, 
occurs which would result in a sharp endotherm. However, these endotherms 
are not easily separated and it proved impossible to detect an intermediate 
phase. The heating camera used to monitor phase changes on heating does not 
operate efficiently at temperatures much above 100 °C. 
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Plate 1 

Plate 2 

Plate 3 

Plate 4 

Plate 5 

Plate 6 

Plate 7 

Figure 4.12: Thermal decay of CANI. 

Plates 1 to 5, slow heat 

ingrate; 

plate 1 - 33 °c 
plate 2 - 126 °c 
plate 3 - 139 °c 
plate 4 - 154 °c, 
plate 5 - 166 °c. 
Plates 6 and 7, rapid 

heating. 



Plate 1 Plate 2 Plate 3 Plate 4 
Figure 4.13: Thermal decomposition of CAACET. 

Plate 1 

Plate 4 

Plate 7 

Plate 1 - 65 °c, plate 2 - 102 °c, plate 3 - 179 °c, plate 4 - host melt. 

Plate 2 Plate 3 

Plate 5 Plate 6 

Figure 4.14: Thermal decomposition of large single crys­

tals of CAPTOL. Plate 1- room tempera­

ture, plate 2 - 108 °c, plate 3 - 122 °c, 
plate 4 - 136 °c, plate 5 - 148 °c, plate 6 -

150 °c, plate 7 - 190 °c. 
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Group 5: Mixed Guests 

CAMI and other mixed ester compounds 
The thermal analysis curves of a number of CA inclusion compounds 
crystallised from 1:1 mixtures of various aliphatic ketones are presented as 
Figures 4.16a to c. Interestingly, although there are two guests contained in the 
same channel, only one guest loss event is noted in each case, the guest loss and 
f3 to a phase changes are characterised by a single endotherm which is well 
defined in CAMI but shows some signs of shoulders or leading tails in the other 
inclusion compounds grown from solutions of mixed aliphatic esters. Guests in 
CAMI alternate in the same channels and apparently are lost simultaneously 
with concomitant f3 to a phase change. 
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CADC 
The compound CADC also contains different guests alternately in the channels 
and these are lost in a single but not smooth step (Figure 4.17) which is not 
separated into two upon alteration of heat rate or particle size. The DSC trace, 
however is complex with at least two endotherms related to guest loss and f3 to 
a phase change. These are ill-defined and diffuse and X-ray powder 
photographs obtained under heating do not show the existence of a separate 
phase. Since these endotherms are not associated with discrete guest loss steps 
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it is possible that the first is the result of mechanical failure of the crystals and 
indeed the crystals are shown to fracture in spite of the fact that no phase 
change is observable by rising temperature XRD analysis, strongly implicating 
such an effect. 
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Figure 4.17: TG and DSC traces for CADC at 20 °C/min and purge gas flow rate of 40 ml/min. 
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. The extensively hydrogen bonded compound formed by CA with one acetone 
and three water guest molecules exhibits complex decomposition behaviour as 

_ illustrated in Figure 4.18. 
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Figure 4.18: TG and DSC traces for CAAC at 20 °c/min and purge gas flow rate of 40 ml/min. 



Changes in the rate of guest loss are indicated by inflection points in the TG 
curve and these are reflected as a number of diffuse, yet largely discrete, 
endotherms. In an attempt to separate the events occurring the complex was 
subjected to programme TG. From a starting temperature of 30 °C the 
temperature was ramped to 47 °Cat 20 °C/min and held at this temperature 
for 30 mins then ramped to 180 °C at 40 °C/min and held for 10 mins. 
Separation of two distinct guest loss events was achieved as is illustrated in 
Figure 4.19. Although the % loss of the first step was difficult to measure as 
the compound begins to lose guest immediately upon crushing, the % loss in 
the second step accounts for 1. 7 % of the mass of the original compound. This 
corresponds to the loss of one water molecule per two formula units i.e. per 
2(CA•acetone•3H20). This might be restated as the formation of CA•V2H20 
units after initial guest loss. 
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0 15 30 45 
Time/ mins 

Figure 4.19: TG trace of CAAC under programmed heating: 30 to 47 °c at 20 °c/min, hold for 
30 min, 47 to 180 °cat 40 °C/min, hold for 10 min. Solid line - weight loss 
curve, dotted line - temperature profile. 

Analysis of rising temperature XRD photographs of the compound do indeed 
reveal the existence of at least one stable phase different from that of both the 
initial inclusion compound phase and the final CA(a) phase. Comparison of 
XRD patterns of the phase remaining after heating of the inclusion compound 
to 47 °C for 30 mins and that of the hemihydrate (the structure of which was 
characterised by Lessinger and Low12) reveal that these are analogous and 
clearly distinguishable from either the inclusion compound or CA( a) phases as 
illustrated in Figures 4.20a and b. This, combined with the stoichiometry 
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derived from measured weight loss 
CA•acetone•3H20 decomposes with the 
phases: 
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Figure 4.20: a) Comparison of the XRD traces of the CAAC inclusion compound phase (pattern 
generated from crystal structure data) (bottom), intermediate phase obtained 
after heating to 47 °c for 30 min (middle) and the CA(a) phase (top) which 
results upon complete desorption of guest. 
b) Comparison of the XRD traces of the intermediate phase obtained on 
thermal decomposition of CAAC (bottom) and the CA hemihydrate phase 
(top). 



Group 6: Acetonitrile structures 

The thermal analysis curves of CACN and MCCN are presented as Figures 
4.21a and b. in each case the guest is lost in a single step. CACN shows a 
· singfe well defined guest loss and concomitant /3 to a phase change endotherm 
while MCCN indicates only a single endotherm related to guest loss. No host 
melt peak is evident in lightly crushed crystalline samples analysed at 20 
~C/min. Observation of samples of MCCN under heating indicates melting of 
the inclusion compound with associated guest loss and no recrystallisation of 
host. If the MCCN samples are finely powdered (212-250 µm) the dotted line 
trace is achieved. The fine powder appears to relinquish the guest without 
melting and an endotherm at the temperature of fusion of MC is noted. This 
behaviour would seem to indicate that the melt apparent in the larger crystals 
is, in fact, a dissolution of the host in the guest such that if the guest is released 
readily and rapidly swept away, as in the finely powdered sample, no inclusion 
compound melt ensues. 
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Figure 4.21: TG and DSC traces for a) CACN and b) MCCN at 20 °C/min and purge gas flow 
rate of 40 ml/min. Solid line - crushed crystals, dotted line - finely powdered 
crystals (212-250 µm) . 
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MC(a) 

The MC host is difficult to obtain in the crystalline a form and this phase is 
usually obtained from desorbed samples of readily grown inclusion compound 
crystals such as those with methanol or acetonitrile. The TG trace of such 
compounds is identical to that of crushed crystals of MC(a) revealing no guest 
loss on heating (as required in the a phase) and a single melt endotherm on 
DSC analysis as seen in Figure 4.22. 
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Figure 4.22: TG and DSC traces for MC(a) at 20 °c/min and purge gas flow rate of 40 ml/min. 
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CHAPTERS: SELECTIVITY 

Crystallisation has often been used as a mechanism for enriching or separating 
compounds. Separation may be achieved by spontaneous resolution (for 
example consider the famous experiment of Pasteur in which ammonium 
tartrate is resolved into distinguishable crystals of each enantiomer) or may 
result if crystallisation of one species is kinetically or thermodynamically 
favoured over another. This is the basis for purification by recrystallisation. 
Similarly crystallisation of inclusion compounds has been used to separate close 
isomers or otherwise mixed compounds. 

The selective crystallisation of a host material with a particular guest has been 
investigated by a number of workers. Separation of enantiomers by clathrate 
formation1 and isolation and optical resolution of materials2 have been 
reviewed and the possibility of asymmetric synthesis in the chiral medium 
provided by certain types of inclusion complexes investigated3,4. Extension of 
these processes to resolution of racemates by distillation with inclusion 
compounds5 or for use as chemical sensors6,7 is indicative of the potential 
industrial use of inclusion separation. 

CA is a relatively uncostly host compound and reports of separation of optical 
isomers by inclusion compound formation have appeared in the literature8 and 
it was therefore deemed of use to investigate the separating capacity of this 
host. 

NITROBENZENE VERSUS ANILINE 

The separation of nitrobenzene and aniline by crystallisation as guest molecules 
in CA inclusion compounds was attempted. While this is seldom (if ever) a task 
which could not be better achieved by simple fractional distillation these 
compounds were amongst the first characterised and were chosen to probe the 
effectiveness of CA as a potentially "discriminating" host. 

A series of crystalline samples of CA inclusion compounds were prepared from 
solutions made by dissolving dried CA in mixtures of the guest liquids as 
described in chapter 2. The mole ratios of guest molecules included in the 
crystals were determined by GC analysis. 

The percentage guest composition for each sample as measured by GC analysis 
are listed in Table 5.1 and the selectivity curve obtained presented as Figure 
5.1. Clearly nitrobenzene is preferred over aniline. If the starting solution 
contains 50% nitrobenzene the inclusion compound crystals produced 
therefrom will contain 80% nitrobenzene, a significant enrichment of one 
component over another. To ensure that this apparent selection of the higher 
boiling component was not an artefact of the method of analysis both the 
evolved vapours and liquid condensed therefrom were sampled. Percentage 
composition of guest as measured in the condensate and the vapour were 
almost identical as is illustrated by the proximity of points from each 
experiment on the selectivity curve. 
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Table 5.1: % Composition of Aniline in crystals made from solutions of mixed 
guest, as measured by GC. 

Solutign Head Space Condensed Guest Loss 
Analysis Guests Onset T (°C) 

10.38 2.03 2.05 160.78 
2.01 2.02 

13.44 2.42 3.14 160.75 
2.31 3.16 

3.12 

24.54 4.12 5.63 159.55 
5.58 5.91 

25.54 6.62 6.95 
5.05 6.63 

32.14 9.51 10.19 158.53 
9.73 10.18 

33.47 8.65 10.61 158.51 
8.58 10.47 

10.42 

54.72 31.89 29.36 151.85 
23.11 29.21 

56.11 23.72 27.46 
24.30 27.49 

26.34 
26.38 

56.58 'lJ!,.75 29.57 
29.26 

70.34 43.67 52.05 145.39 
40.27 52.32 

75.74 56.47 61.49 
58.07 61.77 

90.90 91.81 92.33 134.20 
91.57 92.34 

91.76 93.83 93.96 133.62 
93.58 94.07 

94.15 

93.37 95.41 95.23 136.62 
94.61 95.36 

100.00 135.56 
0.00 160.82 
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Figure 5.1: Competition curve derived for the crystallisation of CA inclusion crystals from mixed 
solutions of nitrobenzene and aniline. 

While a 30% enrichment of one component over another might seem 
significant the shape of the curve indicates that complete separation of 
nitrobenzene or aniline would require numerous crystallisation steps and, in 
fact, would never be complete because, as the % nitrobenzene drops to ca 10%, 
no enrichment occurs and the crystals contain the same % nitrobenzene as the 
solution (region A on the graph). 

It is often questionable whether separation by inclusion crystallisation is the 
result of formation of larger number of crystals containing only one guest 
molecule or of enrichment of one guest molecule in each individual crystal. 
This is illustrated schematically in Figure 5.2. 
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Figure 5.2: Schematic representation of the two possibilities that arise when inclusion compounds 
are crystallised from mixtures of guest compounds. Top right - mixed crystals 
containing separate guest species. Bottom right - mixed guest crystals. 
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A recently published account of a solid state 13C-NMR study of crystals of the 
inclusion compound of CA with r-valerolactone raises this point. Miyata et az9 
claim 28 to 38 % enrichment of (S)-(-)-r-valerolactone on absorption by or 
crystallisation with CA while Miki et a/10 publish the structure of CA with 
(S)-(-)-r-valerolactone indicating no disorder of the guest molecule which might 
indicate the existence of more than one type of guest molecule in the CA 
channels. These results appear mutually exclusive unless there exist two types 
of crystals: CA•(S)-(-)-r-valerolactone and CA•(R)-( + )-r-valerolactone. The 
existence of two discrete types of crystals is confirmed by a a solid state 13C­
NMR study by Imashiro et a/11. 

To attempt to clarify which type of selectivity ( crystals containing mixed guests 
or crystals containing each guest separately) occurs in the example under study 
the guest release temperatures of the aniline/nitrobenzene mixed inclusion 
compounds were measured by DSC. As has been noted in chapter 4 guest 
release temperatures of the inclusion compounds with pure aniline or 
nitrobenzene guests are quite different: the endotherms relating to guest 
release occurring at 135 °c and 162 °C for CAAN and CANI respectively. 
Interestingly, the crystals produced from solutions of CA in mixtures of 
nitrobenzene and aniline exhibit only a single guest loss endotherm the 
temperature of which is related to the guest composition. An example is 
presented as Figure 5.3 and a plot of guest loss T onset versus % composition as 
Figure 5.4. The relationship between guest composition and onset temperature 
is linear over a large range of guest compositions and could be used as an 
estimate of the % of each guest contained in the crystals. 
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Figure 5.3: Comparison of the position of the guest loss endotherm as a function of guest 

composition. 
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The single guest loss endotherm exhibited by these compounds implies that 
both guests are contained within each single crystal and are released 
concertedly. This is the first example of the use of DSC as an analytical 
technique in competition experiments. 
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Figure 5.4: Guest loss onset temperature versus % Nitrobenzene contained in the crystals. 

It should, in principle, be possible to find a relation between host:guest 
interactions in the crystal and the results of competition. The program 
EENY12 was used to evaluate the van der Waals energy using empirical atom 
pair potential curves. The coefficients of the atom-atom potentials are of the 
form: 

U(r) = a exp (-br)/r'1 - c/r6 

where r is the distance between the atom pairs and a, b, c and dare as given by 
Giglio13 and recently reviewed by Pertsin and Kit~gorodsky14. 

The_ potential energies (PE) of single guest molecules surrounded by 
appropriate host molecules were found to be -20.9 kJ and -15.7 kJ for CANI 
and CAAN respectively. Thus it appears that the thermodynamically favoured 
clathrate is the preferred product in crystallisations from solutions containing 
mixtures of guests nitrobenzene and aniline. 

It is interesting to contrast this selective behaviour where one guest is 
"preferred" to the formation of crystals of inclusion compounds containing 
mixed guests detailed in chapters 3 and 4. Crystals containing vastly disparate 
guest molecules such as 1,2-dichlorobenzene and acetone as well as crystals 
with similar guests methyl acetate and i-propyl acetate have been analysed by 
single crystal diffractometry while evidence for the existence of other 
1:¥2G1:V2G2 inclusion compounds has been presented. 
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If mixed guest inclusion compound crystals occur ( as is implied by the single 
guest loss endotherm noted on DSC analysis), a new compound is formed and 
the potential energy associated with a single guest molecule may be quite 
different from that determined for the crystals containing pure guests of either 
type. If the mixed guest crystal is the thermodynamically favoured product a 
more negative value for the calculated PE per guest molecule would be 
expected. 

To attempt to verify this assertion the PE of single guest molecules in the 
compounds CAMA, CAIP and CAMI were evaluated using atomic positions 
derived from the crystal structure analyses. In the structures CAMA and 
CAMI, which belong to the space group Pl with two crystallographically 
independent host and guest molecules in the asymmetric unit, the PE value for 
a single guest molecule was determined as the averaged value per guest 
molecule. 

The calculated PE values were found to be: CAMA = -10.74 kJ, CAMI = -
18.96 kJ and CAIP = -22.38 kJ. The calculated PE for the mixed guest 
compound is not lower than that of both pure guest compounds and, in fact, 
falls between the two. In spite of this, the mixed guest compound is formed 
from solutions of methyl acetate and i-propyl acetate. 

Two possibilities arise: 

i) The formation of mixed crystals containing ordered arrays of 
both guests indicates formation of the kinetically rather than the 
thermodynamically preferred product. 

OR 

ii) The atom-atom potential pair method of calculating the PE of 
guest molecules in their crystalline environment is inadequate, 
being oversimplified in that synergistic electronic effects are not 
accounted for. Guest-guest distances are generally relatively 
charge and interactions are subtle. 

A consideration of close contacts occurring in the mixed guest and pure ester 
guest inclusion compounds indicates that the second assertion is likely. Close 
contacts are arbitrarily defined in the program EENY as being any atom-atom 
pairs for which U(r) > 0. These are listed in Table 5.2 and it is immediately 
clear that there are a number of contacts between guest atoms and host oxygen 
atoms particularly for the structure CAMI. Using the atom-atom potential 
method detailed above results in positive values for U(r) for these interactions 
implying a destabilising effect although a consideration of electronic effects 
might lead to rather different conclusions. 

The assertion that the simplified method of determination of PE by 
consideration of atom-atom potentials results in underestimation of the 
favourable interaction occurring upon enclathration does not however negate 
the possibility that the crystallisation reaction (and "choice" of guest) is defined 
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by kinetic rather than thermodynamic factors. More detailed considerations of 
the energetic environments of the guests would be required to make such an 
assertion with any degree of confidence. 

Table 5.2: Close contacts between host and guest, and guest and guest, in 
CAMA, CAMI, CAIP. (Me signifies methyl group) 

Contact Distance (A) 

CAMA 
MelGA - H190 3.162 
Me3GA - HlN 3.164 
MelGA - H6N 3.138 
MelGA - H16X 3.176 
MelGA - H23X 2.625 
MelGA - H16M 3.136 
MelGB - H23M 2.765 
MelGB - H6X 2.846 

CAMI 
02GM - H3N 2.738 
02GM - 025A 4.574 
OlGM - H25A 4.366 
02GM - 027A 4.469 
OlGM - 027A 3.560 
OlGI - HSN 3.189 
OlGM - 026B 3.754 
OlGI - H23X 2.643 
OlGI - 027B 4.132 
OlGI - 028B 4.343 
02GI - 027B 4.720 
C4GI - 028B 3.334 
02GI 02GM 4.703 
OlGI - 02GM 3.920 

CAIP 
OlG - H162 2.824 
OlG - H221 3.170 
02G - H31 3.095 
02G - H51 3.016 
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CHAPTER 6: REACTIONS IN THE SOLID STATE. 

The hosts and host-guest complexes studied undergo a number of reactions in 
which at least one component exists in the solid state. Desorption and sorption 
reactions: 

HG(s,P) = H(s,cx) + G(g) 

(the forward and reverse reactions respectively), and solid-solid reactions : 

H(s,cx) + G(s) = HG(s,P) 

will be detailed in separate sections of this chapter. 

All of the above-mentioned sorption reactions are effectively heterogeneous 
reactions involving either solid and gas or two separate solids, each with their 
own specific crystal structures, which react together to produce a third 
crystalline material which is an inclusion compound and which exhibits a third, 
unique structure. In the case of desorption reactions the reactant is in the solid 
phase while the products are solids and vapours. 

GENERAL THEORY OF HETEROGENEOUS KINETICS. 

The heterogeneity of reactions is a function both of the occurrence of reactants 
and products in different phases, as well as of the separation of reactants and 
products by a "reaction front". This separation is due to the relative immobility 
of the solid phase and as such the rate of reaction will depend on: 

i) displacement of the reactive interface (the reaction front) 
ii) diffusion of reactants or products to or from the reaction 
zone1•2. 

Solid state reactions depend (unlike solution or gas phase reactions), on the 
relative positions of reactant and/or product molecules rather than on 
concentration or vapour pressure. Not all positions in a crystal are of the same 
intrinsic potential reactivity and it is generally accepted that proximity to 
crystalline defects plays a decisive role in defining the points at which reaction 
will be initiated within the crystal 2. These defects may be either localised as in 
the case of point defects or localised non-stoichiometry, or extended defects 
such_ as edge or screw dislocations or surfaces including edges and steps 2,3. 

Once reaction is initiated strain occurs at the reaction site ( the nucleus), due to 
incompatibility of the crystalline product with the lattice of the crystalline 
reactant, and the reacted region must either collapse back to the unreacted 
structure or further reaction must occur and the nucleus propagate. Newly 
formed nuclei are termed "germ nuclei" while those that have grown to a 
threshold size and are growing are "growth nuclei". This phenomenon 
dominates the early phases of reaction in the solid state and often results in the 
existence of an induction period during which reaction is delayed as 1s 
illustrated in Figure 6.1. 

The period indicated A often occurs in reactions involving a gaseous reactant or 

151 



product such as sorption or desorption reactions. It may be ascribed to the 
almost instantaneous reaction of finely powdered material or absorption or 
desorption of gas at the surface of large crystals. Period B is the induction 
period during which nuclei are formed both at the surface and in the bulk of the 
crystals and period C the acceleratory period during which the reaction 
interfaces spread rapidly from nuclei through the crystals. Point D represents 
the inflection point beyond which the deceleratory period, E, occurs. During 
this period growth of nuclei is truncated by interception with other burgeoning 
nuclei resulting in decrease of the overall rate of reaction. 

ca 
.c 
Q. 
ca 

8 

time 
Figure 6.1: Typical a vs time curve. A: Initial rapid reaction, B: Induction period, C: 

Acceleratory period, D: Inflection point, E: Deceleratory period. 

Since the concept of concentration, generally employed in the study of 
homogeneous reaction kinetics, clearly has no meaning in the solid state, the 
progress of reaction must be followed through monitoring of another 
parameter. We define the extent of reaction, Q, which in the case of a guest 
release, or desorption, reaction may be related to amount of gas evolved as 
measured by weight loss of an accurately weighed sample at time t: 

Qt = (mo - mt)/(mo - mf) 

where mo is the initial mass, mt the mass at time t, and mf the mass at the 
completion of reaction. By analogy Q for a sorption reaction would be: 

Qt = (mt - mo)/(mf - mo). 

A kinetic study therefore involves measurement of Q with time at constant 
temperature. 
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Various kinetic equations of the form: f(a) = kt (where k is the rate of reaction 
and t time) have been derived to account quantitatively for the kinetics of solid 
state reactions. The most commonly encountered kinetic equations are listed in 
Table 6.1. 

Table 6.1: Theoretical rate equations for solid-state reactions (integral form). 
(Modified from Brown4.) 

Sigmoid a-time curves: 
A2 Avrami-Erofe'ev 
A3 Avrami-Erofe'ev 
A4 Avrami-Erofe'ev 
Bl Prout-Tompkins 

Deceleratory a-time curves: 
Based on geometrical models 

R2 contracting area 
R3 contracting volume 

Based on diffusion mechanisms 
D 1 one-dimensional 
D2 two-dimensional 
D3 three-dimensional 
D4 Ginstling-Brounshtein 

Based on 'order of reaction' 
Fl first order 
F2 second order 
F3 third order 

Acceleratory a-time curves: 
Pl power law 
El exponential law 

f(a) = kt 

[-ln(l-a) ]11 

[-ln(l-a) ]113 

[-ln(l-a)f4 

ln[a/(1-a)] 

1-(1-a)11 

1-(1-a)113 

a2 

(1-a)ln(l-a) +a 
[1-(1-a)113]2 
(1-2a/3)-(1-a)213 

-ln(l-a) 
1/(1-a) 
[1/(1-a)]2 

al/n 

Ina 
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The Avrami-Erofe'ev and the Prout-Tompkins equations, which are derived 
from considerations of the geometry of nucleation and growth of the product 
phase within crystals of the reactant phase, are usually invoked to describe 
decomposition reactions which result in evolution of gas. The Avrami-Erofe'ev 
mechanisms describe reactions which begin with random and rapid evolution of 
nuclei which grow in two, (A2), or three, (A3), dimensions or which proceed 
with two stages of nucleation, (A4). The Prout-Tompkins expression which 
occurs in two forms (that presented above and k ln t = ln[a/(1-a)]), is derived 
to account for reactions that proceed by a chain branching mechanism of nuclei 
growth. Thus it comprises an initial acceleratory phase which is terminated at 
at = Vi as the reaction fronts proceeding from the separate nuclei begin to 



impinge on each other resulting in cessation of growth; the deceleratory phase. 

Rate laws describing deceleratory a-time curves are divided into those based on 
geometrical models of advancement of the phase boundary towards the centre 
of particles, (the 'R' rate laws), and the 'D' rate laws describing diffusion 
controlled mechanisms. These result in reaction fronts that propagate towards 
the centre of the particle either in one dimension i.e. as a flat sheet (Dl), in two 
dimensions i.e. towards the centre of a cylinder (D2) or in three dimensions 
where the reacting particle is envisaged as a sphere completely covered by a 
uniformly thick layer of product (D3). The D4 mechanism is a modification 
which is invoked where the molar volumes of solid reactant and product are 
unequal. 

While 'order' of reaction in its usual sense as a measure of the molecularity of 
the collision leading to the 'activated complex' clearly has no significance in the 
solid state, certain reactions such as those between two separate crystalline 
solid phases, often appear best described by these formulae. In particular, 
apparent first order behaviour is often observed. This probably indicates that 
the rate of reaction is directly dependent on the availability of one reactant and 
is thus dependant on, for example, the rate of diffusion of this species towards 
the reaction zone. This is analogous to the concept of concentration in solution 
phase or of vapour pressure in gas phase reactions. 

DECOMPOSITION REACTIONS: 

The type of decomposition reaction pertinent here involves the loss of gaseous 
guest with concomitant or subsequent collapse to the host a-phase. No 
chemical change occurs in that no covalent bonds are broken or formed; the 
guest vapour and host molecules are chemically unchanged while the solid 
undergoes a complete rearrangement: a phase change accompanied by a large 
decrease in "molecular volume" as well as significant conformational changes 
occur. Thus this .sort of decomposition is significantly different from the 
desorption of adsorbed species from zeolites, (where the phase change is 
merely a shrinking of the lattice5) and indeed even more different from the 
decomposition of inorganic materials6 so oft studied in that the only 
interactions between host and guest are weak van der Waals interactions ( or at 
most hydrogen-bonded interactions). The dehydration reactions of various 
inorganic salts have been extensively studied7•8•9 and certain of these are 
similar to the decompositions of the tubulate clathrates formed by CA, 
particularly where water molecules form part of the outer coordination sphere 
of the metal (for example). 

The reaction: HG(s,.B) = H(s,a) + G(g) is usually reversible, particularly at 
low a values and it is thus imperative that experimental conditions are chosen 
such that the guest absorption reaction is minimised. Fortunately in the case of 
MC and CA inclusion compounds the absorption of guest is slow and it is 
relatively simple to ensure that the vapour pressure of guest above the 
decomposing sample is so low that the desorption reaction occurs effectively 
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irreversibly even at quite low a values. A constant flow of inert gas (N2) over 
the sample is maintained so that all evolved gases are rapidly diluted and swept 
away. 

Apart from the requirement that the experimental conditions approximate 
irreversibility of reaction it is important that the inclusion compound to be 
studied be stable for extended periods of time after removal from mother 
liquour. This series of experiments was therefore confined to the inclusion 
compounds of CA and MC which were stable enough to be filtered, washed, 
ground (mortar and pestle) and sieved and then maintained under guest vapour 
for a period of days without significant guest loss. These inclusion compounds 
may be separated into two groups: 

i) Group 1: the inclusion compounds of CA with aromatic guests 
Group la: CAAN, CABN, CAN!, CAPNOT, CAPTOL 
Group lb: CAACET, CAPR 

ii) Group 2: the acetonitrile inclusion compounds of CA and MC. 

The experiment 

The extraction of kinetic data from isothermal decomposition data has been 
discussed at length10 and a flow chart indicating the strategy adopted is 
presented as Figure 6.2. 
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Figure 6.2: Flow chart summarising the strategy adopted for the extraction of kinetic parameters 

from measurements of velocity of reaction at constant temperature. 

Data collection 
Samples were prepared as described in the experimental section under 
isothermal thermogravimetry. The bulk of the experiments for derivation of 
kinetic parameters for comparison were carried out on samples with particle 
size of 212-250 µm although the effect of decreased particle size and sample 
pretreatment were also investigated. All data were collected as described in 
the experimental section. 
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Figure 6.3: Steps involved in curve fitting: a) TG curve, b) a vs time and da/dt curves, c) and d) 
application of rate law functions resulting in either a linear plot i.e. a good fit or 
a non-linear plot i.e. a poor fit, e) and f) application of rate law functions 
resulting in linear fit over a large a range and a shorter a range, g) and h) 
comparison of experimental and calculated curves where the rate law · 
assignment is ambiguous and where one rate law clearly describes the data. 
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Data conversion and manipulation 
The steps involved in data fitting are illustrated in Figures 6.3a to h. The 
weight loss versus time curve (TG curve), is converted to an a vs time curve and 
reduced time plots produced for each data set. Rescaling is achieved by 
choosing t0.99 = 1 for all data sets. 

Comparison of the shapes of these plots at this point indicate the acceptability 
of the temperature range chosen. The shapes of all curves for a particular 
system should be similar if the same reaction mechanism dominates 
throughout. In other words the reduced time curves provide a check that the 
reaction is, in fact, isokinetic over the chosen temperature range. ("For a given 
substance and crystal habit there is an isokinetic range of temperatures and 
concentrations in which the characteristic kinetics of phase change remain the 
same." Avrami11, 1939). 

The data points at the beginning of an isothermal decomposition run carried 
out in the TG furnace described suffer from large errors in the temperature and 
are thus notoriously unreliable. This temperature instability is unavoidable at 
the beginning of any relatively high temperature isothermal TG experiment and 
results from the need to steeply ramp the temperature to rapidly approach the 
reaction temperature to avoid unmonitored weight loss. Unfortunately this 
often leads to "overshooting" where the furnace temperature rises to a few 
degrees higher than the desired reaction temperature for a short while. These 
initial data points were discounted in determination of the model and no claims 
are made for data up to a = 0.05. In some cases rapid weight loss persists up to 
quite a high a-value and this must be taken into account when attempting to fit 
a rate equation to the body of the curve. It is not sufficient to merely ignore 
data up to a = 0.05 in this case and instead data are rescaled for purposes of 
curve fitting and then reduced to the original range for comparison. 

The first derivative of the a vs t curve is calculated using the Savitsky-Goulay 
approximation as illustrated in Figure 6.3b. Changes of shape of the curve are 
more easily seen in the first derivative curve and these proved invaluable in 
comparing fits of experimental and calculated curves. 

Data fitting 
Attempts are made to fit the a vs t data to one of the common rate law 
equations given in Table 6.1. The best fit is deemed to be that in which the 
function, f( a), is linear over the largest possible a range as illustrated in Figures 
6.3c to f. 

While it is clear that certain rate equations provide a better fit than others it 
frequently occurs that more than one (although usually closely related), 
function results in reasonable fit. 

For example the data used to produce the diagrams in Figure 6.3c and e appear 
to fit either an A2 or Bl model, the functions f(a) being linear over large a 

ranges. In this case the model that shows the greater degree of linearity over 
the greatest a range, such as that illustrated in Figures 6.3d and f, and the 
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largest temperature range is chosen. Data from other experiments or related 
systems may be invoked to aid choice. 

Comparison of Experimental and Fitted Data 
To test the model chosen by consideration of linearity of the derived function, 
calculated a data are regenerated from the chosen function and plotted for 
comparison with the experimental data. The comparison of derivatives allows 
critical analysis of the applicability of a particular function in describing the 
reaction mechanism operating. Figures 6.3g and h illustrate comparison of 
regenerated curves with experimental data for a reaction that appears well 
described by either an A2 or B 1 model (Figure 6.3g) and for one that is clearly 
better described by the Prout-Tompkins, (Bl), model (Figure 6.3h). 

Derivation of kinetic parameters 
Once isokinetic behaviour is established and a rate law assigned, rate constants, 
k, for each reaction are extracted and a plot of ln k vs T 1 produced. If the data 
are truly isokinetic over the temperature range chosen this should result in a 
straight line Arrhenius plot, ln k = e(-E./RT) + ln A. The intercept is ln A and 
the gradient -Ea/R and thus the pre-exponential factor A and the "Energy of 
activation" (Ea) for the reaction may be calculated. The significance of these 
factors will be discussed at a later stage. 

Verification of chosen model . 
Once a model has been chosen and shown to fit the experimental data 
supporting experimental evidence should be sought to validate (or not), the 
proposed mechanism12. The mechanism should be in accord with known 
characteristics for the reactant and product materials. As both reactant and 
solid product phases are well characterised and the crystal structures known 
(see chapter 3), it should be possible to relate the mechanism of decomposition 
to structure and to verify the choice of rate limiting step. 

Apart from analysis of crystal structures, optical microscopy was employed to 
check the proposed processes dominating at various degrees of desorption. 
Experimental conditions under which desorption isotherms were measured 
were duplicated as closely as possible with respect to particle size, N2 flow rate 
and temperature and the decomposition followed photographically. 
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DECOMPOSITION OF CA INCLUSION COMPOUNDS 

In each case the solid product of decomposition was the a-phase of the relevant 
host. This was confirmed by comparison of powder XRD patterns. Only one 
host polymorph. was encountered in the experiments. 

The results of the experiments on the two separate classes of inclusion 
compounds studied will be presented separately. 

CA.aromatic guest inclusion compounds 

Analysis of the reduced time curves of the decompositions of CA with aromatic 
guests revealed the existence of two main curve types. While the shapes of the 
reduced time curves for most of the inclusion compounds of CA with aromatic 
guests were very similar as illustrated in Figure 6.4, those for the decomposition 
of CAACET and CAPR were significantly different and rather more complex 
than the main group comprising: CAAN, CABN, CANI, CAPNOT and 
CAPTOL. These will therefore be dealt with separately as groups la and lb. 

Group la: (CAAN, CABN, CAN!, CAPNOT, CAPTOL) 

Results 
Reduced time plots for a selected range of temperatures for each compound 
are presented as Figure 6.4. It is clear that these are similar in overall shape 
and it is therefore suggested that the mechanism of decomposition is likely to 
follow the same (or very similar), rate laws. It would have been a startling 
result were this not so, given the similarity in stoichiometry and structure of all 
of these inclusion compounds. 

All curves indicate an initial rapid evolution of gas followed by a sigmoidal 
curve characterised by an acceleratory region followed by a deceleratory region. 
Microscopic observations of crystallites under heating and nitrogen flow 
indicated that the initial rapid evolution of gas resulted from finely powdered 
material clinging to the surfaces of the sieved crystallites. Such particles are 
clearly visible in the first frame of Figure 6.8. These small particles were 
observed to become rapidly opaque as the reaction temperature was 
approached and this, perhaps aided by the rapid evolution of vapours from the 
surfaces of large particles, would account for the rapid initial weight loss. The 
extent of weight loss appeared to show some correlation with the amount of 
powder visibly clinging to the surfaces of different samples. 

The sigmoidal nature of the o vs t curves indicate either Avrami-Erofe'ev or 
Prout-Tompkins rate laws and f(o) vs t plots were produced for each of these 
four possible rate laws, illustrated for one data set in Figure 6.5. The sigmoidal 
regions of the curves were best fitted to either a Bl or an A2 rate law. In some 
cases one of these rate laws appeared to better describe the reaction at lower 
temperatures while the other provided a better fit at higher temperatures. 
Since both functions are derived from models describing rates of nucleation 
and growth this is not surprising and in fact k values derived from either model 
result in parallel Arrhenius plots and similar values of Ea. 
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CAPNOT 

.·::::'/ /"':::.::.: 

Figure 6.4: 
Reduced time curves over the temperature 
ranges quoted in Table 6.2 for a) CAAN, b) 
CANI, c) CABN, d) CAPNOT, e) CAPTOL. 
(Particle size 212-250 µm.) Only selected 
temperatures are represented in the diagram 
for CAPNOT as extensive overlap occurs if 
all T's are represented. 

Although it is possible to obtain similar values for the kinetic parameters from 
either model, as illustrated in Figure 6.7 it is desirable to attempt to 
differentiate between models in an attempt to ascribe reaction mechanisms. 
Careful comparison of ranges of fit with respect to both a and temperature 
ranges and the fit of regenerated curves led to the choice of the Bl (Prout­
Tomkins) model as the most accurate descriptor of the decomposition of the 
aromatic guest inclusion compounds of CA. Figures 6.6a and b illustrate the 
experimental and regenerated a vs time curves for the situation where the 
assignment of the rate law is ambiguous and where only one of the possible rate 
laws describes the experimental data. 
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time/ min 

Figure 6.5: Comparison of fit of all sigmoidal rate law functions to the a vs time data for the 
isothermal decomposition of CABN 2U-250 µm at UO 0 c. 

Values of the rate constants, k, and the alpha range over which the decay curves 
fitted the rate law are presented in Table 6.2 and the Arrhenius plots resulting 
as Figures 6.7a toe. 
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Figure 6.6: Experimental a vs time and da/dt curves compared with those generated using either 

A2 or Bl rate laws, a) where the choice of rate law is ambiguous (CABN 212-
250 µmat 125 °c and b) where the Bl rate law clearly best describes the 
experimental data (CAPNOT 212-250 µmat 130 °C). 
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Table 6.2: Data for analysis of decomposition isotherms for CA inclusion 
compounds with aromatic guests. 

T(°C) a-range k (min-1) r 

CAAN (212-250 µm crystals) 
90 0.1 - 0.85 0.0455(1) 0.997 
100 0.1 - 0.85 0.1735(5) 0.995 
105 0.1 - 0.95 0.328(2) 0.994 
110 0.1 - 0.95 0.626(2) 0.999 
115 0.12 - 0.95 1.160(2) 0.999 
120 0.1 - 0.95 1.80(1) 0.998 
125 0.1 - 0.95 2.35(2) 0.996 

CAAN (212-250 µm conglomerate) 
90 0.15 - 0.95 0.06427(4) 0.997 
95 0.1 - 0.95 0.1946(6) 0.999 
100 0.1 - 0.95 0.3621(3) 1.000 
110 0.1 - 0.95 1.222(9) 0.996 

0.1 - 0.95 1.192(4) 0.999 
115 0.1 - 0.95 2.10(2) 0.996 
120 0.1 - 0.95 3.14(4) 0.994 

CAPNOT (212-250 µm crystals) 
98 0.05 - 0.95 0.00120(6) 0.982 
101 0.10 - 0.95 0.0170(1) 0.980 
105 0.15 - 0.95 0.0257(2) 0.989 
107 0.05 - 0.90 0.291(3) 0.978 
108 0.10 - 0.90 0.0353(4) 0.977 
110 0.15 - 0.95 0.0406(3) 0.983 
111 0.24 - 0.95 0.0422(4) 0.966 
115 0.15 - 0.95 0.0621(8) 0.989 
117 0.2 - 0.95 0.0941(4) 0.982 
120 0.15 - 0.95 0.172(2) 0.973 
122 0.10 - 0.95 0.237(2) 0.977 
125 0.05 - 0.95 0.537(7) 0.968 
130 0.05 - 0.95 1.58(1) 0.997 
132 0.05 - 0.95 1.838(8) 0.999 

CABN (212-250 µm crystals) 
Bl 95 0.1 - 0.8 0.0228(2) 0.994 

100 0.1 - 0.8 0.0426(6) 0.986 
0.1 - 0.9 0.0409(4) 0.984 

105 0.07 - 0.9 0.0734(6) 0.991 
110 0.07 - 0.9 0.1142(9) 0.989 
115 0.05 - 0.9 0.181(2) 0.989 
120 0.07 - 0.95 0.242(2) 0.996 
125 0.08 - 0.95 0.376(1) 0.997 
130 0.1 - 0.95 0.552(4) 0.998 

A2 95 0.1 - 0.8 0.00623(2) 0.999 
100 0.08 - 0.8 0.01183(7) 0.997 

0.1 - 0.85 0.01304(4) 0.999 
105 0.1 - 0.9 0.02088(7) 0.999 
110 0.1 - 0.85 0.03343(7) 0.999 
115 0.05 - 0.9 0.0491(2) 0.998 
120 0.1 - 0.95 0.0691(4) 0.998 
125 0.15 - 0.95 0.1075(1) 1.000 
130 0.2 - 0.95 0.1625(9) 0.999 



Table 6.2 continued. 

a-range 

CANB (212-250 µm crystals) 
110 0.15 - 0.98 
115 0.1 - 0.98 
120 0.04 - 0.93 
125 0.06 - 0.98 
130 0.08 - 0.96 
135 0.08 - 0.99 
140 0.15 - 0.95 
145 0.15 - 0.95 

CAPTOL (212-250 µm crystals) 
95 0.12 - 0.95 
100 0.1 - 0.95 
105 0.2 - 0.95 
110 0.2 - 0.95 
115 0.2 - 0.95 
120 0.2 - 0.95 
125 0.2 - 0.95 

0.0148(1) 
0.02262(6) 
0.04298(6) 
0.06734(2) 
0.12666(8) 
0.2064(6) 
0.350(3) 
0.652(9) 

0.02587(7) 
0.06492(4) 
0.1201(2) 
0.272(2) 
0.395(4) 
0.79(1) 
1.053(7) 

r 

0.949 
0.994 
0.998 
1.000 
1.000 
0.997 
0.978 
0.954 

0.996 
1.000 
0.999 
0.994 
0.986 
0.987 
0.993 
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Figure 6.7: Arrhenius plots over the isokinetic ranges for a) CAAN, b) CABN. 
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Figure 6.7 ( contd.): Arrhenius plots over the isokinetic ranges for c) CANI, d) CAPNOT, 
e) CAPTOL. 
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Isokinetic behaviour over the temperature ranges chosen is confirmed by the 
linearity of the plots of ln k vs 1/T. The Arrhenius plot for the compound 
CAPNOT shows the existence of two distinct lines with quite different slopes 
intersecting at a temperature of ca 116 °C. This was initially puzzling as the fit 
of the a time curves to the Bl rate law was good over the entire temperature 
range. However microscopic examination of the material under heating and 
nitrogen flow indicated that above 116 °C partial melting of the crystallites 
occurred. Figure 6.8 is a series of photographic plates illustrating this 
phenomenon. Interestingly, the activation energy for decomposition with 
melting is significantly greater than that without. It is, of course, impossible to 
attempt to describe the mechanism of decomposition when partial melting 
occurs unless one is able to distinguish between vapour evolved from the liquid 
or vapour evolved from the solid. Presumably when the solid is covered with a 
layer of liquid (due to the formation of a eutectic) evolution of vapour occurs 
from the liquid/atmosphere interface and one might expect a rate law based on 
diffusion mechanisms to operate. However a more complex mechanism can 
also be envisaged in which vapour is evolved from the liquid/atmosphere 
interface at a rate determined by the concentration of the guest species in the 
melt which may in turn be determined by the rate of movement of guest from 
the solid to the melt. In other words the rate of vapour evolution measured is 
still dependent on the rate of decomposition of the solid (which may not melt if 
the concentration of guest species in the solid is below a certain threshold 
value). Clearly the rate of vapour evolution measured is the net rate, which is 
the sum of the rates of the separate processes operating. It is thus impossible to 
draw any mechanistic conclusions based on the measurement of the rate law in 
such cases although it is interesting to note that the activation energy for the 
desorption reaction with melting is higher than that for the desorption reaction 
without melting. 

While a number of the inclusion compounds, other than CAPNOT, were 
observed to undergo partial or complete melting concomitant with guest 
release on rising temperature thermal analysis (see chapter 4), the temperature 
range for decomposition was carefully chosen to ensure that the reaction 
monitored was the loss of gaseous guest from the crystalline complex rather 
than from the melt containing both host and guest. 

Activation energy and pre-exponential factors derived from the above 
Arrhenius plots are presented as Table 6.3. It is interesting to note that the 
values for the activation energy Ea derived for CABN, modelling the reaction 
either as following an A2 or Bl rate law, are indistinguishable from each other 
although the pre-exponential factor is slightly smaller in the A2 case. 
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Table 6.3: Kinetic parameters for CAAN, CABN, CANI, CAPNOT and 
CAPTOL. 

Ea (kJmoi-1) lnA r 

CAAN 
(212-250 µm crystals) 148(3) 45.90(6) 0.996 
(212-250 µm conglomerate) 151(8) 47.35(18) 0.991 

CABN 
Prout-Tomkins (Bl) 110(3) 32.28(8) 0.995 
Avrami-Erofe'ev (A2) 110(3) 31.09(9) 0.994 

CANI 151(2) 42.85(6) 0.999 

CAPNOT 
Decomposition without melt 117(5) 33.41(4) 0.993 
Decomposition with melt 277(5) 82.29(6) 0.998 

CAPTOL 151(8) 45.87() 0.987 

Discussion 
Both the A2 and B 1 rate laws are derived to account for mechanisms 
dominated by growth of nuclei of the product phase13•14 implying that the 
reaction: 

is faster than the reaction: 

H(s,tJO) = H(s,a) 

where /Jo denotes the host framework remaining after guest desorption but 
before collapse to the o:-phase. This is therefore the rate determining step. 
The derivation of either of these rate laws begins with the assumption that germ 
nuclei are already present and randomly distributed throughout the reactant 
phase and that the length of the induction period is determined by the rate of 
transformation of germ nuclei to growth nuclei. Germ nuclei will transform to 
growth nuclei when the cluster of the new phase attains a certain critical size 
such that the free energy change associated with the creation of a reaction 
interface is less than the difference between the internal free energy of the old 
(reactant) phase and the lower internal free energy of the new (product) 
phase15. The acceleratory period is dominated by the rate of unimpeded 
expansion of the growth nuclei and the deceleratory period by the decrease in 
rate of expansion of nuclei caused by cessation of growth in certain directions 
due to impingement of growing nuclei upon each other. 

Figure 6.9 plates 1 to 6 show decay of CAPTOL as viewed on a hot stage 
microscope at a temperature of 120 °C under constant nitrogen flow (to 
simulate conditions in the TG experiment). 
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Plate 1 Plate 5 

Plate 2 Plate 6 

Plate 3 Plate 7 

Plate 4 Plate 8 

Figure 6.8 : Isothermal decomposition of CAPNOT , plates 1 to 4 at 

115 °c, plates 5 to 8 at 140 °c. 



Plate 1 Plate 4 

Plate 2 Plate 5 

Plate 3 Plate 6 

Figure 6.9: Isothermal decomposition of CAPTOL at 120 °c under N2 flow. 

Plate 1 - room temp, plate 2 - 2 min, plate 3 - 4 min, plate 4 - 6 min, 

plate 5 - 8 min, plate 6 - 11 min. 



Initially the crystallites are transparent and rotate plane polarised light. 
Imperfections are clearly visible and there are small particles of powder 
clinging to the surfaces of the particles. Upon heating to 120 °C fine cracks 
appear probably due to thermal shock although these may add to the rapid 
evolution of vapour in the initial phases of the reaction. By plate 3 and 4 nuclei 
of the new phase are clearly visible as dark regions. These are growing rapidly 
through the plate-like crystals. The spread and subsequent intersection of 
growing nuclei are evident in later plates. 

The difference between the two rate laws arises from the different modes of 
nuclear growth posited. The A2 rate law describes the circular growth of nuclei 
while the Bl rate law is derived for branching growth. The branching mode 
(originally derived for the decomposition of KMn04 crystals14), arises from the 
stresses resulting from the formation of a new phase with significantly different 
molecular volume ( and in this case different crystal structure with new 
molecular orientations and hydrogen bonds). Fine cracks perpendicular to the 
layer of the new phase penetrate the crystal resulting in enhanced reaction at 
the crack "mouth", since the new cracks formed will be perpendicular to the 
new product layer, the nucleus will grow in a branching fashion into the body of 
unreacted material. As branching becomes widespread, cracks will terminate 
as they impinge upon other similar cracks and the deceleratory phase will 
commence 14. 

The implication is that for decay to occur a molecule or molecular aggregate 
must be adjacent either to a product molecule or a germ nucleus ( dislocation 
etc.). The density of germ nuclei in the reactant crystal will therefore have a 
direct effect on the measured rate of reaction, not only in the initial stages but 
throughout the time period of the reaction, as a larger number of growing 
nuclei implies more rapid conversion to product and shorter path lengths for 
growing branches before intersection. It has been shown by a number of 
authors that pretreatment lO of samples for kin~tic analysis results in changes in 
the rate of reaction. Irradiation by X-rays or )'-rays, bombardment by particles 
such as neutrons or protons, ageing and mechanical grinding as well as particle 
size1,2,14,16 have all been cited as influences on the rate and even on the rate 
law exhibited by decomposing systems. Changes in the rate ( and even the rate 
law) are presumably due to the introduction of a greater number of germ nuclei 
in the form of crystal defects, including the large discontinuity represented by 
the surface of the crystal. Thus smaller crystallites or crystallites with 
significantly enhanced numbers of germ nuclei, should show an enhanced rate 
of reaction. 

The decomposition reactions of smaller particles ( 63-125 µm) were analysed for 
a number of compounds and the a vs time curves compared with those obtained 
for the 212-250 µm particles at the same temperature. Two examples are 
illustrated in Figures 6.10a and b. Although the induction time for the smaller 
crystallites of CAAN appear to have a shorter induction period, the rate of 
reaction is not significantly altered and in other systems such as CAPNOT 
(Figure ?· lOb) the curves are indistinguishable. Conglomerates of very small 
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crystals of CAAN were produced in one of the crystallisation experiments and 
these had a particle size (for individual crystals) of ca 100 times smaller than 
the 212-250 µm particles produced by grinding. The relative sizes of the 
particle are illustrated in Figure 6.12. 

a 
1.2 

1 
212-250 um 
conglomerate 

.... 
a.a .... 63-125 u~ .• .A crystals x • .... X • 

~ ..... X • - xx .•212-250 um -a. 0.6 ..... 
~ x • crystals 

..... X • X • 
.A X • X • 0.4 xx . -

.A • X 
X 

0.2 

0 
0 0.5 1 1.5 2 is 3 3.5 4 4.5 5 

b 
t/ min 

1.2 

1 - • • • · • • • • • • ••• ·" "." ••••••••••••• " ••••••••••••••. :·:. -~-. ·;;·. ---• ---• -·. ---• "iliililtlla. ... ., 

a.a 

~ 
.c: 

0.6 C. 
~ 

0.4 

0.2 

2 3 4 5 6 7 8 

t I min 

Figure 6.10: Effect of particle size on rate of reaction. a) CAAN 212-250 µm crystals. 63-125 µm 

crystals and 212-250 µm conglomerates of tiny crystals compared at 125 °c. b) 
CAPNOT 212-250 µm and 63-125 µmat 130 °c. 

The rate of reaction of these much smaller particles was significantly enhanced 
at 120 °c as illustrated in Figure 6.10b. a vs time curves for these 212-250 µm 
conglomerates of tiny crystallites were obtained for the same temperature 
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range as the larger particles and analysed as described before. While the rate 
of reaction at any particular temperature is enhanced the value for the 
activation energy is almost identical to that obtained for the larger particles as 
is illustrated in Figure 6.7a. This result lends credence to the argument that it 
is the collapse of the host crystal structure to the a-form that is the rate 
determining step. 

To investigate the role of crystal defects samples of 212-250 µm were subjected 
to cycles of freezing in liquid nitrogen followed by rapid warming to room 
temperature. After five freeze /warm cycles the TG and thence a vs time curves 
were obtained and compared to those of untreated samples. An example of 
the resultant curves is presented in Figure 6.11. The curves of the treated 
samples are almost indistinguishable from those of the untreated crystals over a 
range of temperatures. There is no effect on the rate of reaction or the relative 
length of the induction period and this may be interpreted in two ways: 

i) either the increase in the density of crystal defects has no effect 
on the rate of desorption 

·oR 

ii) the density of crystal defects is so high in the untreated sample 
that the increased density of defects due to the effects of cooling 
and heating is insignificant by comparison. 

1.2--------------------------, 
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Figure 6.11: Comparison of a vs time curves for a sample subjected to alternate freeze/warm 

cycles and an untreated sample of CAPNOT 212-250 µm crystallites at 120 °c 
and 130 °c. 

Given that the particles used in the experiment were ground to create the small 
particles used, the second option is a distinct possibility. 
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Plate 1 

Plate 2 

Figure 6.12: Particle sizes of samples used in investigation of the 
isothermal decomposition of CAAN. Plate 1 - polarised 
light, Plate 2 - overhead light only. 
Top left: 63-125 um, top right: 212-250 um conglomerate 
and bottom: 212-250 um crystallites. 



Group 1 b (CAACET, CAPR) 

Results 
Reduced time plots for CAACET and CAPR are reproduced as Figures 6.13a 
and b. Clearly the shape of the curves is complex, apparently representing the 
sum of overlapping or succeeding curves. 
a b 

1 r------,---:::::;;:;;=:=:::=1 
CAACET 

0 10 

Figure 6.13: Reduced time plots for a) CAACET and b) CAPR. 

Careful analysis of the a vs time curves for CAACET reveal an initial linear 
region, which persists to higher a values at lower temperatures. This is followed 
by a truncated sigmoidal curve. The truncated nature of the sigmoidal part of 
the curve indicates overlapping of two separate processes. A number of 
different possible rate laws were fitted to the second region of the curve after 
rescaling as described earlier but regeneration of the a vs time curve over the 
shorter alpha region indicated that the experimental data are best described by 
a linear region (i.e. a zero order rate law) followed by a region conforming to a 
Bl rate law. The fit of the calculated curve with the experimental data for 
decomposition at one temperature is indicated in Figure 6.14. Each curve was 
analysed in this fashion and the rate constants extracted for the first and second 
processes are presented in Table 6.4. 
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Figure 6.14: Comparison of experimental (solid line) and calculated (dotted line) a vs time and 

da/dt curves for CAACET 212-250 µmat 85 °c. 
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Table 6.4: Data for analysis of decomposition isotherms for CAACET and 
CAPR. 

T(°C) a-range k (min-1) r a-range k (min-1) r 

CAAcetophenone (Miki et az17) 
(linear) (Bl) 

80 0.02 - 0.7 0.0101(2) 0.999 
85 0.005- 0.45 0.01753(2) 1.000 
90 0.001- 0.36 0.0310(4) 0.999 0.3 -0.95 0.2302(6) 0.997 
95 0.001- 0.2 0.03994(8) 1.000 0.2 -0.95 0.4458(9) 0.999 
100 0.002- 0.20 0.0668(2) 0.999 0.35-0.95 0.0825(2) 0.999 
105 0.005- 0.18 0.0925(6) 0.998 0.13-0.95 1.114(3) 0.999 
110 0.007- 0.16 0.118(3) 0.995 0.1 -0.95 1.382(6) 0.999 

CAPR 
(R3) (Bl) 

100 0.05 - 0.4 0.00750(1) 0.999 0.45-0.95 0.1213(6) 0.995 
105 0.05 - 0.42 0.01195(2) 0.999 0.45-0.95 0.251(1) 0.997 
110 0.05 - 0.4 0.0187(2) 0.994 0.4 -0.95 0.477(3) 0.998 
115 0.05 - 0.25 0.0292(1) 0.998 0.3 -0.95 0.790(5) 0.994 
120 0.05 - 0.2 0.0413(3) 0.998 0.4 -0.95 0.477(3) 0.998 

The isothermal decomposition curves for CAPR proved even more complex yet 
with three different regions indicated. The initial region, terminated at low a, 
appears either linear or deceleratory but was not modelled due to uncertainty 
in temperature at the beginning of the isothermal run. This region is followed 
by a second, distinctly different, deceleratory region extending to a ca 0.4 and in 
turn superseded by a sigmoidal region. Unlike the CAACET case the second 
deceleratory region does not vary in a-range with variations in temperature. 
The best fit of successive rate laws was achieved by modelling an R3 
(contracting volume) followed by a Bl (Prout-Tompkins) rate law. The fit of 
the calculated and experimental data is illustrated in Figure 6.15 and the rate 
constants extracted for particular a ranges quoted in Table 6.4. 
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Figure 6.15: Comparison of experimental (solid line) and calculated (dotted line) a vs time and 
da/dt curves for CAPR 212-250 µmat 90 °c. The first region is not modelled. 
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Arrhenius plots for the various parts of the curves modelled are presented in 
Figure 6.16a and band the kinetic parameters resulting in Table 6.5. 
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Figure 6.16: Arrhenius plots for CAACET and CAPR over the isokinetic ranges. The two 
regions of the CAACET curves and the second and third region of the CAPR 
curves are plotted separately and values of Ea and In A determined for each. 

177 



Table 6.5: Kinetic parameters for CAACET, CAPR 

CAACET 
linear region 
Prout Tomkins (Bl) 

CAPR 
Contracting volume (R3) 
Prout tomkins (Bl) 

Discussion: 

93(5) 
138(11) 

105(2) 
151(7) 

. lnA 

27.01(11) 
44.15(16) 

29.02(3) 
46.60(7) 

r 

0.988 
0.980 

0.999 
0.995 

While it is difficult to validate possible processes which might account for such 
multi-step behaviour it is interesting to note that the Ea derived for the linear 
and R3 regions of the decomposition curves of CAACET and CAPR are 
similar and lower than those derived for the B 1 sections. A possible 
mechanism involves loss of guest from channels and surfaces with no significant 
growth of the CA( a) phase followed by the formation and subsequent growth of 
growth nuclei of the product CA( a) phase. It should however be noted that 
during programmed thermal analysis both compounds melt/ dissolve with 
subsequent recrystallisation of CA( a) from the liquid. Localised melting can 
thus not be ruled out although no gross melting is observable by hot stage 
microscopy under conditions similar to those prevailing in isothermal TG. 
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Group 2: CACN and MCCN desorption kinetics 

The inclusion compounds of CA and MC with acetonitrile form a class of their 
own, being very similar to each other in structure yet rather different from the 
bulk of other CA inclusion compounds (MC forms a very limited number of 
inclusion compounds). These compounds represent cavity rather than channel 
enclathration of guest molecules and are remarkably stable to guest desorption 
in spite of the relatively volatile nature of the acetonitrile guest. 

Differences in their behaviour under rising temperature thermal analysis are 
described in chapter 4. Large single crystals of MCCN melt at the temperature 
of guest release but if the size of the particles is sufficiently reduced the guest is 
lost without melting of the inclusion compound. This behaviour is indicated by 
the appearance of two discrete thermal events in rising temperature DSC 
(chapter 4) and confirmed by hot stage microscopy. No sign of melting is 
evident and if a sample is removed after the guest loss event it is shown to 
consist of small highly porous particles such as those one might expect to result 
from mechanical disruption of the particles upon guest release. If partial 
melting occurred, this should be reflected in the texture of the resultant 
particles. 

Reduced time plots for CACN and MCCN are presented in Figures 6.17a and 
b. The a vs time curves for MCCN show no induction period and are 
deceleratory throughout while those of CACN are sigmoidal in shape. 

Figure 6.17: Reduced time plots for the decomposition of a) CACN and b) MCCN over the 
ranges indicated in Table 6.6. (Only a few representative curves are presented.) 

The best descriptor of the shape of the MCCN curves appears to be the D3 rate 
law describing a continually decreasing rate of evolution of guest vapour. This 
rate law is derived for reactions in which the reactant is represented by a cube 
of continuously decreasing volume presenting an ever decreasing surface area 
or reaction front for reaction. This implies that the rate of diffusion of the 
desorbed guest vapour from the reaction front is the rate limiting step. It 
should be remembered that following a decomposition reaction by isothermal 
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TG means that only the rate at which vapour is removed from the bulk sample 
is monitored and this might vary significantly from the rate of appearance of the 
new phase, particularly if the new phase forme_d presents an ever thickening 
barrier of product which the escaping gas must traverse. 

The decomposition of CACN to produce CA(a) and acetonitrile vapour is best 
described by an A2 rate law describing the 2-dimensional growth of nuclei of 
the new phase. This is similar to the rate law cited for the decomposition of 
CAAN, CABN, CANI, CAPNOT and CAPTOL and probably implies that the 
phase change to CA( a) is the rate determining step. 

Values of k and the alpha ranges over which these are derived are presented in 
Table 6.6 and the resulting Arrhenius plots as Figures 6.18a and b. 

.x 
C 

1 a 
0 - --·- - - ----·-····-····--···-···-·-··--·--···-··-···-··-··-·····················-··--·--·-·····-··· 

-1 

-2 

.:a: 
C -3 

-4 

-5 

-6 

-7 
2.55 

-3.5 b 

-4 

-4.5 

-5 

-5.5 

-6 

-6.5 

-7 

-7.5 

-8 ' 
2.66 

2.6 

2.68 27 

CACN 

' ' 
2.65 2.7 2.75 

1000/T / K 

MCCN 

• 
272 274 276 278 
1000/T / K 

• 
2.8 

28 

Figure 6.18: Arrhenius plots for a) CACN and b) MCCN over the isokinetic ranges. 
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Table 6.6: Rate constants for isothermal decompositions of CACN and MCCN. 

T(°C) k (rnin-1) r 

CACN (A2) 
85 0.001507(2) 0.999 
85 0.001869(5) 0.995 
88 0.002939(7) 0.995 

90 0.00363(1) 0.992 
92 0.00881(2) 0.995 
94 0.01551(6) 0.994 
96 0.0289(1) 0.995 
97 0.02357(8) 0.994 

98 0.05121(2) 0.995 
99 0.05522(2) 0.982 

100 0.0380(2) 0.989 
102 0.0881(9) 0.985 
103 0.138(1) 0.990 
105 0.152(1) 0.991 
107 0.181(2) 0.989 
108 0.249(3) 0.989 
110 0.337(4) 0.990 
112 0.529(3) 0.998 
115 0.711(6) 0.998 

MCCN (D3) 
85 0.000444(1) 1.000 

87 0.000829(1) 1.000 
90 0.00183(1) 0.997 
93 0.00386(3) 0.990 
94 0.00659(11) 0.877 
95 0.00711(2) 0.995 
97 0.01202(3) 0.998 
98 0.01781(4) 0.998 

100 0.0219(1) 0.996 
100 0.0237(1) 0.996 

The straight line nature of these plots indicates Isokinetic behaviour over the 
temperature range chosen. Values of the kinetic parameters derived are 
presented as Table 6.7. 



Table 6.7: Kinetic data derived for desorption reactions of CACN and MCCN. 

Rate law 

a range 

lnA 

Ea (kJ.mo1-1 ) 

r 

CACN 

A2 

0.05-0.95 

75.5(3) 

244(9) 

0.9788 

MCCN 

D3 

0.05-0.95 

88.6(1) 

287(8) 

0.9935 

The Ea for MCCN appears significantly higher than that for CACN suggesting 
that there is a larger energy barrier to desorption of acetonitrile from the MC 
compound than the CA inclusion compound. This is in spite of the fact that 
CACN has one more hydrogen bond per molecular unit than MCCN (that of 
0(28)-H(28)). The host-host hydrogen bonds of the inclusion compounds must 
be overcome to allow rearrangement of the host molecules into the a-phase, 
which has a different hydrogen-bonding arrangement. The implications of this 
will be discussed later, suffice to note that this result is contrary to that 
expected from cursory consideration of the relative strengths of the 
intermolecular forces operating in each compound as detailed in chapter 3. 
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SOLID/ VAPOUR REACTIONS (SORPTION REACTIONS): 

Many inclusion compounds may be formed by exposing the solid host to 
vapours of the guest18,19. This reaction may be summarised: 

H(s,a) + G(g) = HG(s,.e) 

Analogously to the desorption reaction just discussed, no chemical change 
occurs and host and guest molecules remain chemically unaltered; however the 
solid undergoes complete rearrangement to incorporate the guest molecules 
and a large increase in effective molecular volume results. The initial and final 
solid phases are quite different in both packing and hydrogen-bonding motifs. 
Although the sorption reaction is also reversible the reaction conditions are 
again chosen such that the equilibrium position is shifted towards the products 
to such an extent that the reaction may be considered irreversible under the 
conditions of the experiment. These are: temperatures in the region of ambient 
temperatures (20 to 25 °C; far lower than those chosen for investigation of the 
desorption reaction) and an atmosphere saturated with guest vapour. 

-
The experiment 

183 

The experimental procedures are similar to those followed for desorption 
reactions: sample preparation is described in the experimental section. In all 
experiments particles in the range 212-250 µm were used. It is however -
important to note that although the gross particle size was within these 
dimensions the CA(et) and MC(a) used was produced by desorption of volatile 
guests (such as acetone, ethyl acetate or acetonitrile) and the host particles 
were thus highly porous. The surface area available for reaction was thus vastly 
larger than implied by consideration of the particle size. Sample preparation 
was identical for all samples used and the powder XRD trace of the host a­
phase used indicated that only one et form resulted from desolvation of different 
solvents.. The temperature of the experiment with aromatic guest molecules 
was maintained at 31 °C: chosen to be slightly higher than ambient 
temperatures to minimise temperature fluctuations over the months of the 
experiment. 

For the rapid reactions (CACN and MCCN) a vs time curves were obtained 
directly from the levitatory balance equipment described in the experimental 
section and all fitting procedures are as before. 

For the slow reactions (the reactions were not complete after 90 days) between 
CA and aromatic guests the experimental setup was modified and the reactions 
were carried out under normal air pressure using the simplified experimental 
setup described ( chapter 2). Since many months were required for complete 
reaction any other experimental setup proved unfeasible. 



Results 

CA aromatic r:uests 
Surprisingly, while some of the substituted aromatic guests were absorbed by 
CA(a) resulting in formation of the inclusion compounds, other aromatic guests 
proved unreactive under the conditions of the experiment. Details of the 
aromatic guests absorbed are summarised in Table 6.8. 

Table 6. 8: Absorption of aromatic guests to form CA inclusion compounds. 

Guest Fot'j b.p. tYz @31 °C 
(OC) (days) 

Aniline o-NH 2 
-6.2 184.4 44 

Benzonitrile 0-cN -12.9 189.6 27 

Nitro benzene o-N02 
5.7 210.6 110 

o-Nitrotoluene * QNo, -4.1 222.3 not 
absorbed 

m-Nitrotoluene 9-NO, CH, 5.7 231.9 not 
absorbed 

H,C -0-
p· Nitrotoluene H3C O N02 51.9 238.3 not 

absorbed 

p· Toluidine H3C-o-NH 2 44.5 200.4 47 

p-Bromo-phenol * H0-0-Br 64.0 238 >120 

Acetophenone o'-OJ 20.5 202.5 not 
absorbed 

Propiophenone )--0 21.0 218.0 not 
absorbed 

* Inclusion compounds not formed from solution. 

Adsorption isotherms for those guests which showed appreciable reaction at 31 
°C are presented as Figures 6.19. There are distinct differences in the rate of 
reaction of the different guests as illustrated by comparison of the reaction half· 
lives given in Table 6.8. 
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Figure 6.19: ~bsorption isotherms for aromatic guests which react with CA(a) at 31 °c to form 
1:1 inclusion compounds. 

Figure 6.20 illustrates the vapour pressure curves for each of the guests, all 
except aniline have vapour pressures less than 1 mmHg at 31 °C. While all of 
these guest compounds have very low vapour pressures under the conditions of 
the experiment these do differ and the order of volatility is: 

benzonitrile > aniline > p-toluidine > nitrobenzene > m-nitrotoluene > p-nitrotoluene. 

Note that this is reflected in the order of reactivity and thus it is possible that 
the vast differences in reactivity are due to differences in vapour pressure. This 
would imply that m- and p-nitrotoluene have vapour pressures less than some 
threshold value below which reaction does not proceed. 
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Vapour pressure curves for various aromatic compounds investigated for reaction 
with CA(a). 



CACN and MCCN 
Both CA and its 0(28) methyl ester absorb acetonitrile at temperatures close to 
ambient temperatures to form the inclusion compounds CACN and MCCN. As 
in the cases mentioned above the product is the same as that formed by 
crystallisation from solution both with respect to stoichiometry ( as confirmed by 
TG) and structure, as illustrated in Figure 6.21a and b which shows the powder 
XRD traces of each. The structures of the inclusion compounds CACN and 
MCCN are very similar but it is important to note that the structure of MC(a) is 
quite different both in packing motif and hydrogen bonding patterns from 
CA(a) (as detailed in chapter 3). 

MCCN 
CACN 

186 

6 14 22 306 14 22 30 

2Theta/ 0 2 Theta / 0 

Figure 6.21: Powder XRD traces of a phases (bottom) and complexes made by absorption of 
guest vapours compared with traces generated from crystal structure data 
(dotted line). a) CACN and b) MCCN. 

The absorption of acetonitrile and subsequent reaction to form the inclusion 
compounds occur far more rapidly than for the aromatic guests absorbed by CA 
as might be expected given the far higher vapour pressure of acetonitrile (ca 78 
mm Hg at 20 °C). Absorption isotherms for both the CA and MC compounds 
are prese~ted as Figure 6.22. The reaction with MC proceeds far more rapidly 
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than that with CA with a half life of 8.5 min compared to that of CA for which 
t;.1i = 26 min. Thus the ester MC reacts with acetonitrile more rapidly than the 
free acid CA and MCCN shows a higher energy barrier to desorption of the 
guest than CACN as detailed in the previous section on desorption reactions. 
This is initially surprising as the structures are virtually isostructural except that · 
that of CACN has the added stabilisation of one extra hydrogen bond per host 
molecule. One might expect the packing energy of MCCN to be lower than 
that of CACN allowing ready collapse of the structure resulting in a lower Ea 
value. In an attempt to reconcile the kinetic data with structure, similarities 
and differences in the structures of phases involved in the reaction: 

HOSTCH3CN(s,.B) = HOST(s,a) + CH3CN(g) 

were considered in the hope that this might supply the reason for the 
apparently anomalous fact that the inclusion compound less stabilised by 
hydrogen-bonding compound is more readily formed and less readily decays. It 
is immediately obvious that the a structure of the MC host allows for fewer and 
weaker hydrogen-bonds than that of CA. In fact the potential of certain of the 
hydroxyl and ester groups to participate in hydrogen-bonds remains unfulfilled. 

1 ·-·······························:::;···--······························································· 

0.8 

= .c 
c. 0.6 
= 

0.4 

0.2 

OJ.,----.-,-----,,,----.---,----.,----.,-, ----!, 
0 20 40 60 80 100 120 140 

Time (min) 

Figure 6.22: Absorption isotherms for the reaction ofMC(a) 212-250 µm and CA(a) 212-250 µm 

with acetonitrile at 20 °c. 

In an attempt to quantify the difference in hydrogen bond stabilisation between 
the two a phases, values of the atom-atom potential functions for all hydrogen 
bonds in each structure were calculated and expressed these per host molecule. 
(Data for calculation of CA(a) atom-atom potentials were derived from the 
structure by Miki et. al. 20). We used a modified form of the Lennard-Jones 
potential function for non-bonded interactions between pairs of atoms: 



Ehb = (A/r12H .. O - C/r10H .. o) cos2c8o-H-·O) cos2(XH··O-C - Xo) 

where the coefficients A and C are as modified by Vedani and Dunitz21, r is the 
distance between the donor hydrogen atom and the acceptor oxygen atom and 8 
and x are the angles between donor q, donor H and acceptor O and between 
donor H, acceptor O and acceptor C respectively. These angles are quoted in 
Table 6.9 and describe the geometry of the hydrogen bond as is illustrated 
schematically in Figure 6.23. In the "best case" one would expect the angle 0-
H•••O to approach 180° (a linear H-bond), while the angle H•••O-C will 
depend on the hybridisation at the C atom and will thus ideally be either 109.5° 
or 120°, (the quantity Xo accounts for this ideality). The modification to take 
into account the geometry of the lone pair orbitals at the acceptor atom, ( the 
third term) is as suggested by Vedani and Dunitz21 and is important in correctly 
weighting the approach to ideal geometry of the hydrogen bond. 

C 

/0 

C 

x'\ e-/ 
f H .J.o 

..--r---4 

Figure 6.23: Schematic diagram of parameters used to describe the geometry of a hydrogen 
bond. 

Values for the hydrogen bond potentials are quoted in Table 6.9. It becomes 
clear from the total hydrogen-bonded potential per host molecule that 
formation of CA(a) is a far more favourable reaction than formation of MC(a). 
If the differences in hydrogen-bonded potentials between reactant and product 
species are computed instead, the same trend is noted. While the favourable 
interactions occurring upon formation of hydrogen bonds are by no means the 
only energy considerations it is to be expected that all other terms will be of 
similar magnitude in the inclusion compounds given that these are isostructural, 
exhibit the same stoichiometry and lack of host:guest interactions. The 
structures of CA(a) and MC(a) are not isostructural and the hydrogen bonded 
potential of CA(a) is larger than that of MC(a). Consideration of the relative 
melting points of the host compounds (MC melt onset = 150 °C, CA melt onset 
= 200°C), reveals that the sum of all factors such as dispersion forces, packing 
efficiency and hydrogen bonding, reflect the trend in hydrogen bonding 
potential. 

188 



T
ab

le
 6

.9
: 

H
yd

ro
ge

n 
B

on
di

ng
 S

ch
em

es
 a

nd
 a

to
m

-a
to

m
 p

ot
en

ti
al

s 
fo

r 
C

A
C

N
 a

nd
 M

C
C

N
 

O
··

·O
 

H
··

·O
 

0
-H

··
·O

 
H

··
·O

-C
 

u
h

b
(r

~
 

(A
) 

(A
) 

(o
) 

(o
) 

(k
J.

m
ot

-1
 

C
A

C
N

 
0

(2
8

)-
H

(2
8

0
)·

··
Q

(2
9

)a
 

2.
62

9(
5)

 
1.

70
(6

) 
15

6(
3)

 
13

9(
2)

 
-8

.8
1 

0
(2

9
)-

H
(2

9
0

)·
··

Q
(2

5
)b

 
2.

71
4(

7)
 

1.
77

(4
) 

16
2(

5)
 

, 1
24

(2
) 

-1
4.

42
 

0
(2

5
)-

H
(2

50
)·

··
Q

(2
6)

b 
2.

75
0(

6)
 

1.
83

(4
) 

15
7(

3)
 

11
5(

2)
 

-1
4.

49
 

0
(2

6
)-

H
(2

6
0

)·
··

0
(2

7
)C

 
3.

01
5(

7)
 

2.
14

(4
) 

14
9(

2)
 

13
8(

1)
 

-4
.8

1.
 

-4
2.

53
 

M
C

C
N

 
0

(2
6

)-
H

(2
6

0
)'

"'
0

(2
5

)d
 

2.
79

4(
7)

 
1.

83
(4

) 
17

4(
4)

 
12

2(
2)

 
-1

6.
36

 
0

(2
5

)-
H

(2
5

0
)·

··
o

(2
9

)d
 

2.
85

7(
9)

 
1.

93
(4

) 
15

7(
4)

 
12

4(
3)

 
-1

1.
18

 
0

(2
9

)-
H

(2
9

0
)·

··
o

(2
7

f 
2.

91
8(

6)
 

1.
99

(6
) 

15
6(

4)
 

14
7(

2)
 

-7
.9

4.
 

-3
5.

48
 

M
C

(c
r)

 
0

(2
5

A
)-

H
(5

A
O

)·
··

Q
(2

9A
)f

 
3.

02
8(

10
) 

2.
10

(4
) 

16
0(

9)
 

12
9(

3)
 

-6
.6

9 
0

(2
9

A
)-

H
(9

A
O

)·
··

Q
(2

5B
)g

 
2.

83
0(

9)
 

1.
90

(2
) 

16
0(

4)
 

11
2(

1)
 

-1
3.

49
 

0(
25

B
)-

H
(5

B
O

)·
··

Q
(2

6A
)f

 
2.

73
0(

9)
 

1.
78

(3
) 

17
4(

10
) 

11
9(

4)
 

-1
7.

08
 

0
(2

6
A

)-
H

(6
A

0
)'

'"
0

(2
5

A
)f

 
2.

88
4(

9)
 

1.
93

(2
) 

17
8(

9)
 

13
5(

3)
 

-1
1.

58
 

0
(2

6
B

)-
H

(6
B

O
)·

··
Q

(2
7B

)h
 

2.
94

5(
11

) 
2.

05
(5

) 
15

5(
9)

 
14

6(
3)

 
-6

.6
5.

 
0(

29
B

)-
H

(9
B

O
)·

··
Q

(2
6B

)i
 

3.
25

4(
10

) 
2.

82
(7

) 
14

1(
8)

 
11

4(
2)

 
-1

.3
0 

0
(2

9
B

)-
H

(9
B

O
)·

··
o(

28
A

)i
 

3.
61

2(
10

) 
2.

50
(8

) 
13

6(
8)

 
13

4(
3)

 
-0

.3
2 

(2
 h

os
ts

) 
-5

7.
11

 
(1

 h
os

t)
 

-2
8.

56
 

C
A

( e
r) 

(M
ik

i 
et

 a
l 

(?
))

 

0
(2

8
)-

H
(2

8)
' "

'0
(2

6)
 

2.
63

4 
1.

68
 

17
3 

14
9 

-8
.8

1 
0

(2
6

)-
H

(2
6)

··
·Q

(2
5)

 
2.

72
3 

1.
80

 
17

4 
12

2 
-1

4.
42

 
0

(2
5

)-
H

(2
5

)'
"'

0
(2

9
) 

2.
77

4 
1.

88
 

17
1 

12
6 

-1
4.

97
 

0
(2

9
)-

H
(2

9)
""

"0
(2

7)
 

2.
85

7 
1.

98
 

16
9 

15
0 

-4
.8

1.
 

-4
3.

01
 

* 
ca

rb
on

yl
 o

xy
ge

n 
at

om
, 

ex
pe

ct
 s

p2 
hy

br
id

is
at

io
n;

 
Xo

 =
 1

20
° 

a 
-x

-1
, 

y-
Y~

, 
-z

-2
 

h 
-x

-1
, 

y+
 v~

, -
z-

1 
c 

-x
-1

, y
+ 

Vi
, 

-z
-2

 
d 

-x
-2

, y
-Y

2, 
-z

-2
 

e 
-x

-2
, 

y+
 V

i, 
-z

-1
 

f 
-X

+
2,

 -
y,

 I
. 

g 
-x

-2
, 

-y
, 

z+
 l 

h 
-x

+ 
1 v

~, 
y-

Y,
, 

-z
+

 l 
i 

-x
+

2,
 -

y,
 z

-1
 

j 
x, 

y,
 -

1 
+

 z 



SOLID / SOLID REACTIONS: 

A number of the aromatic guests that form inclusion compounds with CA are 
solids at ambient.temperatures and the possibility for solid/solid reaction exists. 
The type of reaction expected would be : 

CA(s,a) + G(s) = CA•G(s,P) 
Clearly if both reactants are in the solid phase the absolute and relative particle 
sizes, the phases and density of crystal defects of both constituents as well as the 
degree of compaction and mixing must be considered. 

The experiment 

Ground samples of potential guests were mixed with ground, sieved CA as 
described in the experimental section. After 10 days samples were washed to 
remove excess guest and subjected to TG and NMR analysis to determine 
whether any reaction had occurred. As all of the guests considered were 
aromatic in nature the 1H-NMR signals of the guests were easily 
distinguishable from those of CA. Guests were chosen to test a number of 
different functional groups common to other CA inclusion compounds. 

Results 

Table 6.10 lists the compounds tested for solid/solid reactivity with CA and 
gives details of their melting and boiling points. 

Table 6.10: Solid Guests 

Guest 

p-Br-Nitrobenzene 

p-Nitrotoluene 

p-Toluidine 

p-Amino-phenol 

p-Br-phenol 

Benzoic acid 

o-Vanillin 

Resorcinol 

Br-O-N02 

H3C-o-N02 

H3C-o-NH2 

HO-o-NH2 

H0-0-Br 
Q-cooH 

m.p. b.p. 
(OC) (OC) 

125-127 255-256 

53-54 238 

44-45 200-201 

189.6-190.2 284 

64 238 

122.4 249.2 

80-81 285 

109-111 280 
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Of the potential guest compounds listed above only p-Br-phenol and p­
Toluidine showed significant reactivity with CA. Both produced 1: 1 complexes 
with CA as determined by extent of weight loss on TG analysis and confirmed 
by 1H-NMR. . 

The complex with p-toluidine so formed has the same structure as that 
crystallised from solution and the powder XRD traces are presented as Figure 
6.24a. Unfortunately, it proved impossible to grow single crystals of p-Br­
phenol in spite of attempting a number of crystallisations using different co­
solvents and conditions. Nonetheless both TG and 1H-NMR analysis of washed 
samples of the solid/ solid reaction product indicate the existence of a 1: 1 
host:guest complex. The powder XRD trace of the 1:1 complex obtained by 
solid/solid reaction is presented in Figure 6.24b for comparison with the traces 
of the host and guest alone. 
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Figure 6.24: Comparison of powder XRD traces of pure host (top, pure solid guest; bottom, pure 
solid host) and the 1:1 complexes formed by solid/solid reaction (solid line -
centre) for: a) CAPTOL (dotted line represents the powder XRD pattern 
calculated from crystal structure data) and b) CAPBP. 
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Given the great degree of isostructurality seen in the inclusion compounds of 
CA with aromatic guests one would predict the existence of a structure held 
together by host:host hydrogen bonding with guests accommodated in channels 
and exhibiting no strong host:guest interactions. Indeed the powder XRD trace 
of CAPBP is very similar to that of CAPTOL. 

Reaction isotherms for the reactions between solid p-toluidine and CA and 
solid p-Br-phenol and CA are presented in Figure 6.25. As with the 
solid/vapour reactions the absorption of p-Br-phenol proceeds more slowly 
than that of p-toluidine at the same temperature, with half lives of 180 and 45 
min respectively. While at first glance the a vs time curves appear deceleratory 
throughout, closer scrutiny reveals a distinctly acceleratory region below a = 
0.5. It is probable that the shape of the curves is in fact sigmoidal but with a 
very long deceleratory period which masks this. Any attempt to model a 
possible reaction mechanism may be simplified by the observation that the 
guest species ( either p-toluidine or p-Br-phenol) migrates into the host 
structure rather than a mutual diffusion of one into the other. This may be 
inferred from the observation of vapour/solid reactions where there cannot be 
any migration of the CA solid into the guest structure. 

,--------------------""'\ 
p-Toluidine .__------~~---

ca 
.c 
c. 0.5 
ca 

' 0-!', ---.... -------,.,---..... , ---..-, --
0 100 200 300 400 500 

t / min 
2500 

Figure 6.25: Reaction isotherms for p-toluidine and p-Br-phenol with CA(a) particle size 212-250 
µm at 21-23 °c. 

Surprisingly, no reaction with p-nitro-toluene ( either in the vapour or solid 
phase) is observed even after prolonged periods of contact with CA(a). This is 
in spite of the fact that the 1: 1 inclusion complex is formed from solution. 

The molecular structures of a few p-substituted aromatic molecules which 
might be expected to react with CA (because of their similarities with reactive 
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compounds) are indicated in Figure 6.26. Note the similar substituent groups 
and the relative polarity of each. The molecular volumes of the compounds are 
similar and none is so large that it might be excluded from the CA channel on 
the basis of bulk. The guests included in the solid phase are not simply those 
with the lowest melting point or highest vapour pressure. In particular it is 
surprising that p-nitro-toluene shows no reactivity with CA in the solid phase 
although the inclusion compound is formed from solution . 

. . . . . . . . ·.· . . . . . . . 

................. 

Figure 6.26: Potential solid guest molecules. Those that react with CA(a) in the vapour or solid 
state are enclosed in a solid box while those that form inclusion compounds 
from solution and for which inclusion compounds crystal structures have been 
determined are enclosed with a broken line. 

In an attempt to further probe the solid phase reactivity of CA and its inclusion 
compounds with aromatic guests a number of guest exchange experiments were 
attempted. The inclusion compound of CA with p-toluidine was formed by 
grinding CA with excess p-toluidine and allowing to stand until the 1: 1 inclusion 
compound formed. This material was washed with ether to remove all excess, 
unclathrated p-toluidine and weight loss on TG analysis used to confirm 
formation of the complex. Samples of this powder were then ground with large 
excesses of various of the other potential solid guest compounds and allowed to 
stand for 10 days with occasional grinding. Guest exchange was monitored by 
1H-NMR spectroscopy of washed samples as the signals due to these aromatic 
guests are well removed from those of CA and may be used to quantify the 
relative amounts of each guest in the powders. 

Such exchange experiments were attempted with all guests in Figure 6.26 and 
yet only p-Br-phenol exhibited exchange with p-toluidine: forming the CA•p­
Br-phenol inclusion compound within 2 hours. Thus even once the inclusion 
compound structure is formed by solid state reaction with p-toluidine the other 
solid guests do not displace the p-toluidine guest although present in vast 
excess. 

One is tempted to note that both compounds that react with CA in the solid 
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state have either two electron donating or two electron withdrawing 
substituents on the aromatic ring or that these have lower melting points than 
the other guests; however the lack of reaction with p-Br-nitro-toluene 
contradicts the first statement and the lack of reaction with p-nitro-toluene the 
second. It appears that the interactions in the solid phase are complex and may 
be dependent on both electronic interactions between CA and the guest 
molecule as well as guest:guest interactions in the unreacted guest solid. A 
study of the relevant entropic and enthalpic effects and hence estimations for 
the values of the Gibbs free energy changes are needed to predict CA solid 
phase reactivity accurately . 
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CHAPTER 7: GENERAL DISCUSSION AND CONCLUSION 

CA shows remarkable predictability with respect to the packing of host and 
guest in the crystals of the inclusion compounds formed. In most cases 
extensively hydrogen bonded host bilayers are formed with the hydrophilic a 
face of the CA host steroid "buried" in the centre of the bilayer while the 
hydrophobic f3 face remains exposed. These bilayers, which are puckered due 
to the curved shape of the steroid ABCD cis/trans/trans fused ring system, 
pack together leaving channels into which guest molecules pack. In this study 
none of the guest molecules in the tubulate clathrate type compounds exhibits 
short range host-guest interactions in spite of the fact that all guests included 
contain at least one potential hydrogen bond donor or acceptor group. 
Nonetheless the orientations of the guests within the channels appear to be 
affected by the overall direction of the guest dipole(s) and it is likely that long 
range electrostatic host-guest and guest-guest interactions play a role. 

While the overall packing mode in the crystal structures of the tubulate 
clathrates appears to be predictable it should be noted that a number of subtle 
guest responsive variations do occur. Side chain conformations may be either 
extended or puckered and subtle alterations in the D-ring conformation result 
in greater or lesser curvature of the steroid host. Both of these effects result in 
variation in the shape and size of the channel allowing efficient packing in spite 
of inclusion of guests with different spatial demands. Similarly, guest 
conformations often differ from the lowest energy conformation ( as calculated 
by Giglio and Quagliata, reference 14, chapter 3) which would be expected to 
dominate in the vapour or liquid phase. With only one exception (host A of 
CAMI) the side chain conformation of the host does not exhibit the lowest 
energy conformation. One may conclude therefore that the energy gain 
achieved by guest inclusion and hydrogen bond formation more than 
compensates for the loss due the to adoption of higher energy conformations of 
host and/or guest. 

In addition to variation of host conformation the cross sectional shapes and 
areas and hence the channel volumes may be altered by the adoption of either 
the A- or B-type packing modes. Two of the three B-type structures studied 
show firm evidence of solid-solid phase changes of the inclusion compound (i.e. 
/31 to /32 phase changes) while that of CAPR exhibits an unassigned endotherm 
on DSC analysis which appears not to correspond to guest release and may be 
indicative of a similar change. It would be interesting to compare the packing 
energies of each mode explicitly and to attempt to probe the nature of the {32 
phase by modelling and minimisation procedures followed by comparison of 
generated with experimental powder diffraction patterns. Unfortunately both 
the poor quality of the powder patterns obtained and the lack of access to the 
highly sophisticated computer programs required for minimisation of 
postulated structures militated against the use of such procedures in this study. 

Kinetic studies result in the assignment of a Bl (Prout-Tompkins) rate law to 
the desorption reactions of CABN, CAAN, CANI, CAPTOL and CAPNOT 
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implying that the mechanism of desorption is the same in each case. The rate 
of reaction appears to depend upon the rate of formation of the new phase 
(CA(a)) rather than on the rate of desorption of the guest although these are 
almost certainly intrinsically related as evidenced by the non-occurrence of a 
detectable /Jo phase in the thermal decomposition of any of the inclusion 
compounds studied. Similar values for the activation energy (Ea) and the pre­
exponential factor reinforce the assertion that these structurally similar 
compounds decay by similar pathways. Activation energy is possibly a 
misnomer when applied to reactions in the solid state ( and to heterogeneous 
reactions) as no state analogous to the "activated complex" can be readily 
imagined. A number of authors have attempted to describe this term in terms 
of vibrational energy, lowered energy barrier to conversion at defect sites or the 
"excess energy" required by a molecule for reaction to occur1 and most agree 
that the values thus determined are useful as indicators of the relative ease of 
transformation or reaction. Thus these are presented for comparison within a a 
group of compounds where much else ( crystal structure, lack of short range 
interactions and the nature of reactants and products of desorption) is similar. 

-
Surprisingly the compounds CAACET and CAPR exhibit decomposition 
pathways significantly different ( and rather more complicated) from any of the 
other CA clathrates with aromatic guests. The complexity of shape of the 
decomposition isotherms, which appear to be the sum of a number of separate 
but overlapping curves, indicate the dominance of different rate laws at 
different stages of the reaction. This may be the result of competing or 
successive processes occurring in the bulk sample. 

For example: 

A particular rate law dominates up to some threshold a value 
after which it is superseded by a rate law which is indicative of 
another reaction mechanism. This might occur if the 
decomposition followed a pathway which included formation of a 
short lived metastable inclusion phase different to the f3 phase 
with a different host:guest stoichiometry. The overall rate of 
weight loss might then initially depend upon the rate of formation 
of such a phase and at a later stage ( after the threshold a value is 
passed) upon the rate of decomposition of this intermediate. 

Alternately the rate of evolution of vapour from the bulk sample 
(measured as the rate of weight loss) might initially be dependent 
on the mechanism of decomposition at a molecular level and 
later on the rate of diffusion of the guest vapours through a layer 
of reacted ( desorbed) material. In this latter case the rate law 
inferred from the shape of the desorption isotherms is not a 
measure of the mechanism of the desorption reaction at _ a 
molecular level but of the size of the physical diffusion barrier 
that must be overcome. A similar isotherm shape results if 
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partial or localised melting of the compounds occurs and the rate 
of guest vapour evolution is dependent on the rate of evaporation 
from the melt. 

It is important to note therefore that rate laws derived, and mechanistic 
relationships inferred from, such complicated curves may reflect only the rate of 
evolution of vapour from the bulk sample and not the mechanism of 
decomposition at a molecular level. 

While the existence of transient, metastable phases occurring during thermal 
decomposition are notoriously difficult to measure, detection of such might be 
facilitated by the use of an electron microscope in alternately scanning and 
diffraction mode. If the rate of evolution of vapour were simultaneously 
monitored then appearance of different phases at different a values could be 
recorded. Such a technique of direct measurement might also prove useful in 
assignment of thermal events measured by rising temperature DSC analysis. 
Unfortunately even quite "stable" inclusion compounds tend to decay rapidly 
under the high vacuum required in such an instrument. 
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CA is shown to undergo a number of gas/solid and solid/solid reactions 
resulting in formation of inclusion compounds with the same stoichiometry and 
structure as the inclusion compounds made by crystallisation. Rates of 
absorption of guest vapours appear to reflect the vapour pressures of the guest -
compounds involved and thus are similar to reactions in solution or the gas 
phase which are dependent on the concentration of one reactant. The 
absorption isotherms appear first order overall as might be expected if the rate 
of reaction is dependent on the vapour pressure of guest. Certain of the guest 
compounds included from solution do not react with CA in the vapour phase 
and it is possible that there exists some threshold vapour pressure, which may 
be different for each compound, below which the sorption reaction does not 
occur. 

The solid vapour reactivity shown by CA is reflected in the reaction of MC with 
acetonitrile resulting in the formation of the only MC inclusion compound 
studied. Both CACN and MCCN may be formed either by crystallisation from 
solution or by reaction of dried host with acetonitrile vapour either of which 
results in the same 1: 1 host:guest inclusion compound with the guests enclosed 
in cavities. Kinetic investigations reveal that MC absorbs acetonitrile more 
rapidly than CA and has a higher Ea for the desorption reaction. This has been 
ascribed to the lower stability of the MC(a) phase as compared to the CA(a) 
phase. Although CACN is stabilised by one more hydrogen bond per host than 
occurs in MCCN (that of 0(28)-H(280)), the MC(a) phase exhibits six 
hydrogen bonds per host pair ( or an average of three per host) compared to 
four hydrogen bonds per host in CA(a). The geometry of the hydrogen bonds 
in the CA(a) structure indicates strong interactions (with short Q•••o distances) 
for all four bonds. Computation of the strength of hydrogen bonded 
interactions indicate a greater gain in the formation of MCCN from MC(a) 
than in the formation of CACN from CA( a). The converse is true for the 



desorption reactions. Thus reactivity is directly related to the structures of the 
reactant and product phases. 

Solid-solid reactions in which solid powdered CA reacts with solid powdered 
guest to form the inclusion compound appear to be restricted to a small number 
of compounds. In this study only p-toluidine and p-Br-phenol were found to 
react with CA in the solid state. Both of these guest species also react with CA 
in solid/vapour reactions although the rate of reaction is greatly reduced. 
Other solid guests, such as p-nitro-toluene react neither in the solid nor in the 
vapour phases and attempts to stimulate solid-solid reaction by guest exchange 
also proved fruitless. 

The occurrence of CA inclusion compounds as tubulate clathrates with guests 
stacked in channels separated from each other by host bilayers combined with 
the predictability of these structures provide a number of interesting further 
directions of study . . The centre to centre distances between guest atoms in 
monomolecular stacks are ca 4 A and the stacks are well separated from each 
other by intervening host bilayers. Reaction between included monomers 
would, if successful, result in the formation of long polymer chains with no cross 
linking or branching. While neither of the monomers included in this study 
showed such reactivity it is possible that guests with different geometry or with 
more than one potentially reactive site might be induced to react. Given the 
restricted cross section of the channels in the inclusion compounds, topotactic 
control of reaction is a possibility, as is stereocontrol. 
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APPENDIX A 

The diskette attached inside the back cover contains tables of atomic co­
ordinates, anisotropic displacement parameters, bond lengths, bond angles and 
hydrogen atom positions for all of the structures elucidated in this study. 

These are grouped by structure and stored in a series of self-extracting MS­
DOS formatted EXE files in the A subdirectory. 

To access the data for any structure, copy the relevant EXE file to the hard 
drive of an IBM-compatible PC and type the structure name. All files 
pertaining to that structure will self extract and may be viewed by any text 
editing program. 

ATERNATIVELY: 

All of the above data is also supplied on microfische grouped in the same 
manner as described above and also attached on the inside back cover. 

APPENDIXB 

The diskette attached inside the back cover contains tables calculated and 
observed structure factors for all of the structures elucidated in this study. 

These are stored in a series of self-extracting MS-DOS formatted EXE files in 
the A subdirectory. 

To access the data for any structure, copy the relevant EXE file to the hard 
drive of an IBM-compatible PC and type the structure name with the suffix SF. 
For example to view the structure factors for the structure CAMA type: 
CAMASF. The file pertaining to that structure will self extract and may be 
viewed by any text editing program. 

ATERNATIVELY: 

All of the above data is also supplied on microfische attached on the inside 
back cover. 
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CABN Benzonitrile @ 
NH, 
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NO, 

CANI Nitrobenzene @ 
CAPR Propiophenone ~ 

NH, 

CAPTOL p-Toluidine c$ 
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CAMN m-Nitro toluene @l 
Br 
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OH 

CAACET Acetophenone @ 
Cl 

CADC Acetone @Cl 
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