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ABSTRACT

Urea inclusion compounds (UICs) consist of a urea ‘host’
framework that forms hexagonal channels within which ‘guest’
molecules (organic molecules) can be included. They have a typical
chiral space group of P6,22 with lattice parameters a =b = 8.23 A, and
¢ = 11.017 A. This project investigates exchange reactions of UICs of
the type shown below:

v, A(D+v, B(UIC) = v, A(UIC) + v, B(D)

In these exchange reactions, the guest species A and B are
CH, ., (c = 10-15), CH Br, C,H,Cl, chiral alcohols and chiral
bromoalkanes. It has been shown from 'H NMR analysis, that with a
polycrystalline sample of a urea inclusion compound, exchange
between alkanes and halogenoalkanes occurs with a preference for
longer chain molecules.

Detailed single crystal X-ray diffraction experiments with single
crystal UICs fully immersed in liquid guest provided concrete and
more detailed evidence for the exchange occurring within a single
crystal.

Exchange reactions with partially immersed single crystals were
also investigated. Liquid was shown to be expelled out from the top
(exposed) end of the crystal. X-ray diffraction data showed two sets of
layer lines characteristic of two guest species simultaneously present
in the UIC.

Solid solution formation for two guest species was attempted by

cocrystallisation. DSC and powder X-ray diffraction results showed



that the potential for solid solution formation depends crucially on the
crystal structure of the UIC.

The main results obtained from this study is that guest species
are able to enter and leave the urea channels via an exchange process
with the preference for long chain alkanes displacing shorter chain
ones. In most urea inclusion compounds solid solution formation
(homogeneous mixture) by cocrystallisation or via exchange is
impossible. There is, however, firm evidence from the exchange
reactions that two guest species can be present in the same urea
inclusion compound in the form of macroscopic domains

(heterogeneous mixture).
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CHAPTER 1

INTRODUCTION

1.1 Inclusion Compounds

The molecular imprisonment of one molecule by another has
been of great interest in science since the early 19th century. The
discovery of clathrate compounds (now recognised as inclusion
compounds) dates back to Davy' and Faraday’ who prepared and
analysed the first chlorine clathrate hydrate, and Clemm’ and Wohler®
who prepared the first quinol clathrate. Mylius’ suggested that on
crystallisation of a volatile material with quinol it was possible to
entrap the former within the latter without any direct interactions
between the two molecules, this was attributed to an imprisoning
action. It was not until the twentieth century that these compounds
were actually confirmed to be inclusion compounds, when in 1945 and
1947 Powell and Palin® and Palin and Powell’ characterised them by X-
ray diffraction studies. It was later suggested by Powell’ that this type
of chemical combination should be known by the term ‘clathrate’
compounds.

The first urea inclusion compound was accidentally discovered
by Bengen in 1940, while analysing fats in milk, using urea. A small
quantity of urea was added to milk and soon after the fat precipitated
on the surface. In between the fat and the milk there appeared another
layer, which was assumed to be an emulsion. Octanol was added to
the mixture to destroy the emulsion but it still remained leaving
crystals on the barrier of the bottom layer. It was later found that the
emulsion was calcium phosphate. The experiment was repeated under
a microscope in the absence of the milk. A drop of octanol from a

syringe was added to the urea and crystals grew which Bengen named
22



and differently shaped from those included within the channels of
urea™”. In 1954, X-ray diffraction studies by Lenne” showed the
thiourea tunnel structure to be topologically similar to the urea tunnel
structure, but with a larger cross-section. Consequently, there is a
greater selectivity to accommodate large guest molecules in the
channels of thiourea. For example thiourea can accommodate guests
such as ferrocene, cyclohexane and its derivatives and other
organometallic guests. Selenourea is also categorised as type II host
compound. It has not been studied to such an extent as the urea and

thiourea host structures, due to its toxicity”. The molecules that form

these host structures are shown in fig.1.1

H,N NH, HoN NH, H,N NH,

@) S Se

urea thiourea selenourea

Figure 1.1: Molecules that form the host structures belonging to type II
inclusion compounds.

Quinol clathrates form a series of compounds with certain
volatile components of the general type M = H,S, SO,, HCO,H, HCI,
HBr, CH,OH, and CH,CN. The quinol molecules CH,(OH),M, link
through hydrogen bonds at approximately the tetrahedral angle to the
C-O bond, to form a three dimensional cage. The available space
makes it possible to arrange a second identical cage which
interpenetrates the first. There are no direct linkages between the
molecules of the two cages and are inseparable without breaking the

hydrogen bonds that exist between them. When M = SO, the clathrate
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an adduct. It was also found that the adduct could be dissolved in
solvents. The experiment was repeated with other organic compounds
for example, ethers, aldehydes and carboxylic acids in place of octanol,
which also produced crystals. This new phenomenon was termed
‘urea addition compounds" by Bengen and was potential method for
the separation of long chain hydrocarbons from short chain ones. The
first publication of this work was in 1949 by Bengen and Schlenk'.
Inclusion compounds consists of guest species contained in
cavities in a host structure. The cavities can be of many kinds such as
isolated cages, interconnecting cages, linear non-intersecting tunnels
or interlayer spacing. The guest species may be atomic, molecular or
ionic. There are two kinds of inclusion compounds: A type I inclusion
compounds has a host lattice which stays intact if the guest molecule is
replaced or removed completely. The main inclusion compounds of
this kind are zeolites. These compounds contain empty channels that
allow the access of guest molecules to and from the channels. They are
widely used in the petroleum industry, zeolite ZSM-5 catalyses the
production of ethyl benzene from benzene and ethylene”. Another
example specific to this class of compounds is the B-quinol clathrate. A
type II inclusion compound has a host framework that collapses on the
removal of its guest. Examples of such host structures are urea,
thiourea and selenourea. Urea inclusion compounds have hexagonal
channels that form spirals of either right handed or left handed
chirality depending on the way the crystal is formed. These helices
form the walls of the urea host tunnel and include the guest molecules
such as octanol within. The absence of the guest species in the urea
tunnels or even the presence of gaps, will result in destabilisation of
the host structure with respect to the pure tetragonal urea™". Since
1947 it has been known that thiourea also forms crystalline inclusion

compounds that incorporate guest molecules that are somewhat larger
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compound is firmly retained in spite of the volatility of the sulphur
dioxide in the free state but SO, is readily liberated by any process
which destroys the framework’.

1.2 Urea Inclusion Compounds

1.2.1 Substances that form urea inclusion compounds

Urea forms inclusion compounds with a large variety of organic
guest molecules for example alkanes, halogenoalkanes, alcohols,
ethers, esters, carboxylic acids and ketones. The potential for forming a
urea inclusion compound with a particular guest is governed by a
number of factors including the degree of branching of the guest
molecule and on its chain length. The method for predicting the
optimum host:guest ratio is given by Rennie and Harris” and for a
given homologous series there is a linear relationship between the
chain length of the guest molecule and the number of ureas required
to enclose one mole of guestw’m ° Bengen and Schlenk", Schlenk” and
Bengen' showed that the formation of urea inclusion compounds can
occur with alkanes, ethers alcohols, ketones carboxylic acids and esters
so long as the chain length was greater than six cabon atoms.
Zimmerschied et al”’ carried out experiments to determine the range of
linear compounds that form urea adducts. A qualitative precipitation
method was used where several drops of the hydrocarbon were added
to a saturated solution of the hydrocarbon. They showed that only the
linear hydrocarbons formed precipitates where n-hexane showed a
slight precipitate and there was no evidence for a precipitate in
heptane. These observations defined the lower limit of adduct
formation under these test conditions. Cycloalkanes, isoparaffins and
aromatic classes showed no precipitate, hence did not form an adduct

with urea. Zimmerschied et al” also carried out calorimetric
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measurements to calculate the number of moles of urea required with
respect to a particular alkane guest molecule. They added small
portions of hydrocarbon to a mixture of urea and methanol until the
temperature ceased to rise. They found that for an undecane guest
molecule 9.5 moles of urea were required and for a hexadecane guest
molecule 11 moles of urea were required. Monobe and Yokoyama™
prepared a urea inclusion compound of polyethylene of molecular
weight 59 000 which suggested that there was no upper chain length

123

limit for n-alkane guest. Radell et al” in 1961 reported that urea
inclusion compounds can form with alkynes and alkenes and in 1964
he reported that at terminal positions of the chain there is greater
tolerance with regards to the choice of substituents®. Thus,
compounds with terminally halogenated end groups and carboxylic
acid end groups form stable adducts. However due to the
crossectional diameter of the urea being between 5.1 - 5.9 A limited
branching is possible. A very bulky substituent on a molecule will not
allow it to fit into the inclusion cavities and methyl groups at non
terminal positions are acceptable but not larger substituents. It has
been reported by Schliesser and Flitter” that cyclic alkane urea
inclusion compounds are possible, provided that the guest species

contains a long chain alkane. Some examples of guest species that

form urea inclusion compounds are listed in table 1.1 on page 27.
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Guest

example

n-alkanes

n-substituted alkanes

alcohols

ethers

aldehydes

carboxylic acids

anhydrides

alkenes

alkynes

) N P PN

Table 1.1: A selection of guest molecules which form inclusion compounds

with urea.



1.2.2 The host structure in urea inclusion compounds

The general structure type of the urea inclusion compounds was
established by Hermann and Schlenk®*” who determined the
structure of hexadecane urea inclusion compound by single crystal
diffraction. They showed the structure to be hexagonal at room
temperature with six urea molecules per unit cell having a chiral space
group P6,22 or P6,22”” and lattice parameters a = b = 8.20 A ¢ = 11.1

30,31

A. This structure was confirmed by Smith®” who found it to be
consistent with most urea inclusion compounds, with lattice
parameters a = b = 824 A ¢ = 11.0 A. More recently Harris and
Thomas™ determined the lattice parameters of the hexadecane urea
inclusion compound to be a = b = 8.227 A ¢ = 11.017 A which showed
to be consistent with those originally reported.

The typical structure of a urea inclusion compound is shown in
figure 1.2 on page 29. The urea molecules are linked by hydrogen
bonds so as to form interpenetrating helices, which results in a lattice
having hexagonal channels of infinite length and its guest molecules
contained in the channels™. The helices, of which three urea
molecules form the boundary to each channel, may have a screw axes
of either sense, either a right handed or left handed, which is
dependent on the crystal growth, and in any particular single crystal,
the same chirality exists.

Figure 1.3 on page 30 shows a view of the structure along the c-
axis. Proceeding along the c-axis there are six levels (six domains
differing only in orientation by 60" rotation about the channel axis) at
which the urea molecules can be situated before the cycle is repeated.
At any one level the urea molecules occupy three of the six vertices of
the hexagonal channel. In only one of these three does the oxygen
atom of the carbonyl group project into the channel; in the other two

planes the urea skeletons are tangential to the walls of the cavity.
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of the host. Urea inclusion compounds are classified as ‘incommensurate’,
if there are no sufficiently small integers n for which nc, = mc,”****” for
example in the 1,8-dibromooctane urea inclusion compound the
coefficients are irrational that is to say thatn / m = 16.03 / 11.017 = 1.455
where the numerator is the length of the guest species and the
denominator represents the length of the urea host. If however the host
and the guest are ‘commensurate’, then the coefficient m and n in mc, and
nc, are equal to a rational number. Thus for a commensurate 2,9-
decanedione inclusion compound there are three guest molecules for
every four repeats of the urea helix therefore the relationship is 3¢, = 4c,
Similarly for 2,10 undecanedione urea inclusion compound the
relationship is 2¢, = 3¢, Most of the conventional urea inclusion
compounds possess the incommensurate type arrangement though there
are examples in the literature of commensurate systems™*"**
addition to those mentioned above such as 1,6-dibromohexane and 1,6-
dichlorohexane urea inclusion compound.

For an incommensurate inclusion compound the host and the
guest subsystems are not in structural registry with each other. Due to
host-guest interactions each subsystem will exert an incommensurate
modulation upon the other subsystem. Harris and Thomas” and Harris®
discussed the idea that the host substructure consists of a basic host
structure, which experiences an incommensurate modulation arising
from its interaction with the guest species. This modulation has the same
periodicity as the basic guest structure. Similarly, the guest substructure
comprises of a basic structure that is subjected to an incommensurate
modulation arising from its interaction with the host. This is shown in

tigure 1.4.
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The commensurate and incommensurate wurea inclusion
compounds are distinguished using theoretical calculations™*** by
observing the relative fluctuations in the host-guest interaction energies
with translation of one substructure with respect to another along the
channel axis. When a set of n guest species with periodicity p are moved
through the channels of urea, the average host-guest interaction energy
per guest molecule is monitored. If the fluctuations are small then this is
attributed to incommensurate behaviour, however if they are sufficiently
large this is attributed to commensurate behaviour. The large regular
fluctuations in the commensurate urea inclusion compounds occur

because there is a tendency for the guest substructure to ‘lock’ into the

host substructure at intervals along the channel axis.

1.2.4 Crystallography of urea inclusion compounds

Single crystal X-ray studies show that in an incommensurate
system the inclusion compound gives two distinguishable diffraction
patterns; one due the basic host structure and one from the guest
structure. The diffraction patterns comprise of layer lines that characterise
the periodicities of the host and the guest substructure along the channel.
With the exception of (h k 0), these layers can be classified as either host
(h) or guest (g) guest layer lines with the understanding that each pattern
contains contributions from the other substructure arising from the
modulation™". For the majority of urea inclusion compounds the basic
urea host structure remains invariant regardless of the guest species
which means that the basic host diffraction pattern is the same for
different inclusion compounds (apart from h k 0). The structure belongs
to the hexagonal crystal system and has a chiral space group P6,22 and
lattice parameters a = b = 8.227 A, ¢ = 11.017 A. In general the rotation
photographs for the urea inclusion compounds, show that the guest

molecules are closely packed along the urea channels”**** and exhibit
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1.2.5 Thermodynamic stability in urea inclusion compounds

In general short chain guest molecules do not form stable urea
inclusion compounds, as there is insufficient interaction energy between
the host and guest. Once a sufficient length is exceeded the complexation
energy will be large enough to form a stable inclusion compound. In
alkane urea inclusion compounds the equilibrium vapour pressure
measurements of the alkanes indicate that the enthalpy of complexation
increases by approximately 2.4 kcal mol’ for each methylene group

added to the linear chain®***

. For alkanes and urea in methanol solutions,
this value is closer to 1.6 Kcal mol” per CH, group”. This increases the
stabilisation energy per methylene group which means that long chain
guest molecules can tolerate a larger degree of branching than the lower
homologues.

The ordering of guest molecule in a urea tunnel differ for different
guest molecules. Figure 1.6 illustrates the arrangement of the guest

molecule in an incommensurate urea inclusion compound along the c-

axis.
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Figure 1.6: Schematic two-dimensional representation of a urea inclusion
compound, viewed perpendicular to the tunnel axis.

The parameter Ag is assigned as the offset of the guest ordering in one
channel with respect to its surrounding channels and corresponds to the

optimum interaction between the guest molecules in the adjacent
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channels. The values of Ag for the different families of inclusion

compounds are listed in the table 1.2.

Urea inclusion compounds Ag (A)
n-alkane UICs 0
a,0-dibromoalkane UICs c,/3
carboxylic acid anhydride UICs 0
heptanoic anhydride UICs 2.3
diacyl peroxide UICs 4.6

Table 1.2: The offset Ag along the tunnel axis between the centre of masses of
guest molecules in adjacent channels.

Table 1.2 shows that for the offset Ag for alkanes is zero, however for the
a,w-dibromoalkanes it is dependent on the chain length. Studies with
inclusion compounds containing differently functionalised n-alkane
guests have shown that the mode of interchannel ordering depends

critically upon the nature and position of these functional groups™ .

Possible explanations for non-zero Ag values include”.

(i) Guest-guest interactions in neighbouring channels.

(i)  An indirect interaction between guest molecules in neighbouring
channels, transmitted via their mutual interaction with the urea
molecules in the channel wall (including the possibility of bulky
substituents in guest molecules distorting the channel wall).

(iii)  Kinetic factors related to crystal growth.

Schlenk™”****** demonstrated that the inclusion of chiral guest
molecules into the urea channels can also occur but depends on the
chirality of the host structure. Recent studies by Yeo and Harris™"

involved computational investigations where the study of the minimum
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host-guest interaction energies between the chiral urea host and chiral 2-
bromotridecane and 2-bromotetradecane guest molecules were carried
out. In incommensurate systems within a given tunnel of the urea
inclusion compound each guest molecule experiences a different
environment with respect to the host structure. The minimum host-guest
interaction energy was determined as a function of distance over one unit
cell of host in the 2-bromoalkane urea inclusion compound. The results
showed, that in a urea inclusion compound with a chiral space group
P6,22 there is a preference for the R enantiomer and was shown to be

favoured in all six positions along the tunnel.

1.2.6 The ‘sliding mode’ in urea inclusion compounds

The motion of guest species along the c-axis of the urea channels
can be explained by the incommensurate intergrowth nature of the urea
inclusion compounds. Incommensurate urea inclusion compounds

contain two regular interpenetrating sublattices™**”’

and require more
than three lattice vectors to define their structural periodicity. The two
substructures are incommensurate in only one direction (c-direction) and
therefore have four lattice vectors a, b, ¢, and ¢, where a and b are the
same for both the host and the guest substructures, and ¢, and c, are
lattice vectors for the host and the guest substructures respectively along
the incommensurate c-axis. The inclusion compounds are examples of
aperiodic crystals which, in addition to their three acoustic modes (low
energy vibrational modes) have other zero energy modes. The zero
energy mode in the urea inclusion compound arises from relative shifts of
the two substructures along the commensurate direction which is
referred to as the ‘sliding mode’®**®. The shift of the substructure along
the incommensurate axis comprise of both longitudanal and transversal
displacement of the atoms. Schmicker et al” reported the ‘sliding mode’ as

a combination of the movement of the host and guest with respect to one
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another and a so called ‘phason’ type of modulation of the two
subsystems which collectively causes the movement of the atoms along
the channels”. Brillouin scattering was used to study the ‘sliding mode’ in
heptadecane urea inclusion compound®”. Another inclusion compound,
dioctanoyl peroxide urea, was studied for the observation of the ‘sliding
mode’ but the latter was found to be absent. This discrepancy was
explained as an effect of ‘pinning’ of the sublattices by impurities”. Smart
et al” suggested that the lack of three dimensional ordering in the
heptadecane urea inclusion compound reduces the effect of ‘pinning’
which allows the sliding mode to be observed at energies accessible in the
Brillouin scattering zone. For the dioctanoyl peroxide urea inclusion
compound there is both one dimensional and three dimensional ordering,
which enhances the ‘pinning’ effects, therefore the ‘sliding mode” cannot

68,71

be observed in the Brilluion scattering zone. Heilman et al™" studied a

similar ‘sliding mode” in Hg, s AsF,by neutron diffraction.

1.2.7 Applications of urea inclusion compounds

Urea inclusion compounds have been used industrially for the
separation of straight chain alkanes from branched and cyclic organic
compounds. Zimmerschied et al” showed in their report that the
separation of unbranched hydrocarbons from complex petroleum
fractions is made possible by the use of urea. This was carried out by the
stirring of oil (a mixture of the hydrocarbons) with urea dissolved in
methanol. The adduct was washed with 2,2,4-trimethylpentane, filtered
and decomposed in water, which was then distilled in order to remove
the 2,2,4-trimethylpentane. Schlenk and Holman™ and Cason et al”
reported the separation of carboxylic acids using urea. Schlenk and
Holman” studied a number of carboxylic acids where they carried out

experiments to separate binary mixtures of these acids. The carboxylic
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acids were heated and added to a solution in methanol and allowed to
crystallise at room temperature. This deposited crystalline urea
complexes which was filtered and dried. The yields of the carboxylic acid
in the complex and that in the filtrate were calculated. White™
investigated the use of urea inclusion compounds as hosts for addition
polymerisation reactions. The butadiene urea complex was formed at -55
°C in a low concentration of methanol and then acted as a seed to
nucleate the growth of the urea inclusion complex that contains the
monomer molecules. They also reported that polymerisation occurs
readily when the urea complex is irradiated with high energy electrons.
Furthermore, urea inclusion compounds also have the potential for

utilizing its chiral nature in the separation of racemic mixtures™”**.

1.3 Previous Work on Urea Inclusion Compounds Relevant to this

Study

1.3.1 Phase transitions in alkane urea inclusion compounds
Phase transitions for the alkane UIC have been studied and it is
found that on lowering the temperature, the UICs undergo a phase

transition to the orthorhombic phase™”””*”*

accompanied by a change in
the dynamics of the included guest molecule”””™®* The phase
transition is shown to increase on increase in chain length of the included

guest molecule. Eukao et al” reported for the alkane (C H,,,) UICs the

20+
transition temperatures to range from 110 K (n = 10) to 160 K (n = 20) and
220 K (n = 40). Welberry and Mayo'® showed that for the hexadecane urea
inclusion compound there is a phase transition at approximately 147 K
from a hexagonal (high temperature ) to orthorhombic (low temperature)
phase This was investigated by X-ray diffraction, with diffraction
patterns resolved at 295 K and low temperatures between 130-150 K. The

strong diffuse scattering due to the guest species in the urea inclusion
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Figure 1.8: Powder X-ray diffraction for n-hexadecane urea between 296 K and 46
K from ref 44.

The structural changes of the UICs that were caused by the phase
transitions were reported the same for the alkane and o,-dibromoalkane
UIC. Yeo et al* however observed a more complicated change in the low
temperature phase for the 1,10-dicarboxylic acid wurea inclusion
compound and Shannon et al” reported a two phase transition on cooling

heptanoic anhydride urea inclusion compound.

1.3.2 Stability of alkane urea inclusion compounds

As with all inclusion compounds, structural compatibility between
the host and the guest substructures of alkane urea inclusion compounds
are of necessity in order to confer stability. A detailed study of the factors
that control adduct formation in alkane urea inclusion compounds were

by Schliessler and Flitter” who carried out experiments on a large range
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of hydrocarbons. The results are summarised in table 1.3 and 1.4

respectively for adducting and non-adducting urea inclusion compounds.

n-tridecane
n-tridecene
n-tetradecane

n-hexacosane

n-octacosane
n-hexatriacontane
1-phenyleicosane
1-cyclohexyleicosane

1-cyclopentylgeneicosane

Table 1.3: Hydrocarbons that form urea adducts from ref 25

n-pentane

n-hexane

2,2,4 trimethylpentane

4, methyltridecane
3-ethyltetracosane
5-n-butyldocosan
9-n-butyldocosane
11-n-butyldocosane
4-n-hexyldocosane
5-ethyl-5-(2-ethylbutyl)-octadecane

phenyloctane

2-phenyleicosane
17-phenyltriacontane
1-cyclohexyloctane
2-cyclohexyleicosane
9-cyclohexyleicosane
1,4-di-n-decylcyclohexane
1-o-napthylpentadecane
1-a-decalylpentadecene
1-o-nhexadecylhydrindene
1-o-n-hexadecylhydrindane
1-cyclopentyl-2-hexadecyclopentane

Table 1.4: Non-adducting hydrocarbons with urea from ref 25.

As shown from table 1.3, adduct formation occurs with guest

molecules that do not contain substituents in the middle of the chain A

methyl group on the middle of an n-C,, chain shown in table 1.4 inhibits

crystalline complex formation. Other contributing factors to the stability

of these inclusion compounds have been discussed in section 1.2.5.

Distances between adjacent guest molecules in any one channel also

contribute to the overall stability of the inclusion compound as explained

below.



It has been reported by Rennie and Harris™ that the repeat distance
of the guest molecules (c,) is slightly less than the length of the alkane in
the type of extended, linear conformation that it must adopt to fit within

88,89
and

the space available inside the urea channel. Gilson and McDowell
Connor and Blears” concluded that the hydrocarbon molecules were able
to rotate more or less freely about their longitudinal axis and were able to
flex and twist the hydrocarbon chain. A detailed computer simulation by
Souaille et al’"”* on the dynamic properties in the nonadecane UIC showed
that the interactions between adjacent guest species in the tunnels,
influences the translational and re-orientational motion of the guest
species. Solid state nuclear magnetic resonance confirmed that the guest
molecules pack within Van der Waals contact radii along the channel
axis”. The measured values of ¢,in the inclusion compound is typically ca
0.5 A shorter than the predicted van der Waals length of the guest
molecules in their extended linear conformation”. Plausible explanations
for the shortening effects include, coiling of the guest molecule; tilting of
the guest molecules away from the tunnel axis, side by side stacking of
the end groups of adjacent guest molecules within the tunnel and van der
Waals overlap of the neighbouring guest molecules in the tunnel™*”.
Laves et al” reported the distance between the terminal carbon atoms of
the successive alkane molecules in the same channel as being 0.374 nm,
which is shorter than the normal Van der Waals distance for a CH, group
of 0.41 nm. This shortening effect was also observed by Parsonage et al™
and was used to explain the thermodynamic anomalies that occur in
inclusion compounds. They explained that if a gap is present between the
alkane molecules, the strong attractive host-guest interactions would be
wasted. They also suggested that an equilibrium between the CH,---CH,
distance is reached when the host-guest potential energy is minimised

that is when the repulsive force between the ends of the guest molecules

balance the attractive force of the urea that tends to ‘suck’ the molecules
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together. Parsonage et al showed that the CH,——CH, interaction potential
energy is minimized when the CH,---CH, distance is 0.375 nm, which was
shown to be in good agreement with the X-ray observation of Laves et al.

It has been proposed by many authors that the main proportion of
the alkane guest (CH,), exists essentially only in the all trans
conformation but there is a small degree of distortion at the terminal
groups of the alkane. There is however discrepancy amongst the authors
on the degree of distortion “****”*# On the basis of ®C NMR studies,
"H NMR studies and MD simulations the alkanes CH,(CH,),CH, with
n = 5-8 have been shown to contain (15-30 %) gauche bonds at the ends of
the alkane chains. Others have claimed that there is a much smaller
degree of gauche end group present. IR spectroscopy of the methyl
rocking modes at low temperature phases of urea inclusion compounds,
suggests the gauche end group concentration to be 5 % both at 298 K and
90 K. Laves et al and Lenne et al'” have investigated the relationship
between c, and n, where n is the number of carbon atoms in the alkane.
This study was carried out by calculating the length of the alkane chains
by X-ray diffraction and plotting a graph of c, against n. They concluded
that n converges to a linear relationship as n increases. The formula

derived for alkane urea inclusion compound is:

c,=1.26n+248 A

equation 1.1

The graph, in figure 1.9 of ¢, vs c shows that the hexadecane point
deviates from the best fit linear correlation, which indicates a
commensurate system, whereas those lying on the line were
representative of an incommensurate system. The hexadecane molecule
before inclusion has a length of 23.1 A. and when in a constrained

environment, as in the inclusion adduct an apparent shortening is
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observed to 22.6 A. Lenne et al'”, Shannon et al” and Forst et al'™”

suggested that the discrepancy between the experimental ¢, and the value
predicted on the basis of the Van der Waals length can be accounted for
by the repulsive interactions between adjacent molecules within the
channel. Smith found that the chain was able to contract presumably by

some slight rotation about the internal C-C bonds.
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Figure 1.9: The variation of mole ratio (m) of urea +n-alkane adducts with the
number of carbon atoms in the alkane (n) from ref 114.
1.3.3 Thermal anomalies in alkane urea inclusion compounds

The stability of an inclusion compound can be attributed to a
number factors. This includes hydrogen bonding between adjacent urea
molecules and Van der Waals forces between the urea molecules
themselves and between the urea molecules and the hydrocarbon guest

molecules. The formation of the complex may be represented as follows:

complex (s) = urea (s) +hydrocarbon (1)

equation 1.2

The heats of formation of inclusion compounds for this process from

solid urea and pure hydrocarbon rely partly on the differences in the
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hydrogen bond energy between those in the tetragonal phase of urea and
those in the adduct. They also rely on the differences in the Van der
Waals forces present between the reactants and product.

The concept of stability in urea inclusion compounds was
investigated by Redlich et al”’. Experiments were carried out to measure
the decomposition pressures of the urea adducts. They found that the
Gibbs free energy of decomposition, AG, increased approximately
linearly with chain length at 298.15 K. The following mathematical
relationship described in equation 1.3 for the Gibbs free energy was

derived from their results.

AG /{kJ (mol.guest)” = -9.11 + 1.59n for n-alkanes

equation 1.3

Where n is the number of carbon atoms in the guest molecule.
Zimmerscheid et al”’ determined the corresponding enthalpy of formation
of the n-alkane adducts, and a typical value is 1.6 Kcal per CH, group,
which is close to the value for the Van der Waals interaction and is found
to be a fairly good fit to the straight line. The expression for AH is given

in equation 1.4

AH /{k] (mol.guest)'l} =-10.23 + 11.74n

equation 1.4

Table 1.5 outlines the mean increment of enthalpy per CH, unit 6 for

several n-alkanes.

46



Alkane CH,(CH,) CH, AH, / (K] (mol.guest)’ 8 / (KJ (mol.guest)”
n=>514

5 66.9

6 82.0 15.1
7 95.8 13.8
8 106.3 10.5
10 128.4 111
14 169.0 10.2

Table 1.5: The enthalpy of formation from tetragonal urea and gaseous
hydrocarbon and the mean increment per CH, unit for several alkanes from ref
109.

The heat capacity measurements carried out on the alkane urea
adducts shows a regular increase in AS of decomposition with n, which
suggests that molecular motion in the complex is more restricted for
longer chain molecules. For the adducts of the four even alkanes listed in
table 1.5 the decomposition temperature T, change in enthalpy AH and
the entropy AS all vary linearly with chain length (n). Specific heat
capacity measurements were carried out by Pemberton and
Parsonage'™'", Cope and Parsonage'” and Gannon and Parsonage'” with
pure hydrocarbons. These experiments showed transitions that occur at a
few degrees below their melting temperatures. This is due to the rotation
and reorientation of the molecules about their longitudinal axis.
Pemberton et al'™ carried out similar experiments on both the
corresponding straight chain urea adducts and a substituted hydrocarbon
adduct namely, 2-methyl pentadecane. They concluded from the results
that the transitions were partly due to the motion and interactions of the
guest molecules in adjacent channels. This was verified by the fact that
the decomposition of 2-methyl pentadecane adduct showed a transition
at a higher temperature than the unsubstituted urea adducts. The
presence of the new CH, group in the 2-methyl pentadecane effects this
transition because the methyl group inhibits the movement of the guest

molecules. Furthermore the transition temperatures of the adducts are
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about one half the melting temperatures of the corresponding pure
hydrocarbons. This was explained by Parsonage et al in terms of the
potential energy between the axis of two parallel long chain molecules
which is proportional to r’. The distance between the guest molecules in a
urea adduct and a pure alkane are 8.230 A and 46 A respectively,
therefore the transition temperature in the adduct is expected to be lower

than that of the pure paraffin.
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Figure 1.10: Differential thermograms of urea and a series of urea-n-

paraffin adducts from ref 108.

Figure 1.10 illustrates the decomposition temperatures of the urea
adducts as a function of chain length and in a later report by Ahmad et
al'” decomposition temperatures reported for the UICs ranged from 378

K (n = 10) to 409 K (n = 30) (where n represents the number of carbon
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atoms in the guest molecule), which were in close aggreement to those of
McAdie. McAdie™ and Parsonage and Stavely” suggested in their report
that when the pure hydrocarbon melts the intermolecular interactions are
broken by the potential of the terminal methyl groups and the vibrational
and rotational energies of the whole molecule. In the urea adducts there
are host-guest interactions which cause restricted motion in the channels.
When the guest molecules obtain enough energy to freely rotate (in three
dimensions), this enables them to escape out from the tunnels for which

the hexagonal lattice breaks down and rearranges to the tetragonal form.

1.4 o,»-Dibromoalkane Urea Inclusion Compounds

A series of a,w-dibromoalkane inclusion compounds Br(CH,) Br
were prepared and studied with n ranging from 7 to 10. These particular
inclusion compounds possess the conventional urea host structure
(hexagonal symmetry at room temperature) apart from when n = 6 which
has a commensurate monoclinic structure.

The X-ray diffraction patterns for all the o,w-dibromoalkane urea
inclusion compounds (except that of the 1,6-dibromohexane inclusion
complex) contain the same general features where the host lattice
comprise of sharp discrete reflections that are generally more intense than
those of the guest reflections. The general ordering of the guest molecules
shown by X-ray diffraction studies are different to those of the pure
alkane urea inclusion compounds. Features that are only characteristic to
the a,w-dibromoalkanes are intense broad diffuse bands that are mainly
observed between the third and the fourth layer lines of the host lattice.

The chain lengths and the Ag values have been reported by Smart”
for the o,w-dibromoalkane urea inclusion compounds from n = 7-10 as

shown in table 1.6.
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Br(CH)Br n=7 n=3 n=9 n=10

c,/ A 14.1 15.5 17.4 18.1
Ag /A 4.65 5.13 5.79 6.03

Table 1.6: ¢, and Ag for basic guest structure of o,w-dibromoalkane urea inclusion
compounds from ref 57.

o,@-Dibromoalkanes exhibit three dimensional ordering, Ag = c, / 3,
where ¢, denotes the periodic repeat distance and Ag denotes the offset
along the tunnel axis between the positions of the guest species in
adjacent channels (see section 1.2.5). Harris et al'® discussed the steric
influence on the offset, Ag, in «,w-dibromoalkane urea inclusion
compounds. The bulky bromine substituent interacts extremely strongly
with the channel walls of the urea in comparison to interactions of methyl
group present in an alkane inclusion compound. X-ray diffraction studies
show that, for the 1,6-dibromohexane inclusion compound, the bromine
distorts the urea channels and will possibly have similar influence on the
conventional incommensurate systems. Furthermore the experimental
evidence supports the idea that the functional group is a contributing
factor in the ordering of the guest. The interaction of the guest molecule
with more than one functional group in each adjacent channel leads to
the optimum value of Ag to be dependent on the repeat distance, c,.
However Ag will be constant with interactions with just one functional
group . It has been further suggested that for guests of short chain
length, interactions with many functional groups in the different channels
is probable, whereas for long chain guest molecules interactions will only
occur with one neighbour. This theory does not appear to hold for the
acid anhydride family”, for which relatively short guest molecules have
been shown to have a constant Ag = 0. The reason for this difference is
possibly due to the carboxylic anhydride urea inclusion compound

adopts the all trans conformation. This conformation may lead to long
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range dipole-dipole interaction between guest molecules in adjacent

channels which promote the intertunnel ordering with Ag = 0. The same

argument can be applied to the ketone urea inclusion compound *.

1.5 1,6-Dibromohexane Urea Inclusion Compound

The structure of 1,6-dibromohexane urea inclusion compound has
been reported different to that of the conventional o,w-dibromoalkane
urea inclusion compound in that there is a commensurate relationship

57,112,113,
between the host and guest substructures 7RIS

The oscillation
photograph for 1,6-dibromohexane urea inclusion compound reported by
Smart” showed that the host and guest layer lines were present as one set
of lines indicative of the commensurate nature of the urea inclusion
compound. The structure is monoclinic with space group P2, / n, with
lattice parameters a = 845 A, b= 1095 A, c = 1362 A, a =y =90°, B =
92.5°. The external crystal morphology of the 1,6-dibromohexane urea
inclusion compound is a truncated pyramid” as shown in figure 1.11,
which is different to the conventional needle like urea inclusion

compounds™*"™,

Figure 1.11: Morphology of the 1,6-dibromohexane UIC from ref 57.

The commensurate nature of the 1,6-dibromohexane urea inclusion
compound is evident from figure 1.12 where the c, values are

extrapolated for the incommensurate o,w-dibromoalkane urea inclusion
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compound from a predicted value ¢, = 12.8 A for the fully staggered 1,6-
dibromohexane guest molecule. The graph shows that there is a
shortening of the 1,6-dibromohexane guest molecule by 1.8 A from 12.8 A
to 11.0 A which allows the guest molecule to lock into the host. The
deviation from the straight line confirms that the periodicities of the host
and guest substructures are based on the same lattice (i.e. they are
commensurate) and the crystal symmetry of the composite inclusion
compound is described by a single three dimensional monoclinic space
group.

Another significant difference is that the 1,6-dibromohexane urea
inclusion compound contains a gauche conformation at each end of the
molecule. In contrast mainly trans end groups exist in the conventional Br

(CH,),Br UIC with only a small fraction (5-14 %) of gauche end group.

Guest repeat (A)
&
1

-t

07 p 3 8 9 10 1

Number of carbons

Figure 1.12: Guest repeat vs number of carbons for o,w-dibromoalkanes in urea
from ref 114.
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1.6 Background and Aims of the Present Work

1.6.1 Exchange reactions of urea inclusion compounds

Mahdyarfar and Harris'~ found evidence for the migration of a
second guest molecule into the channels of a urea inclusion
compound. The experiment was carried out using 1,8-dichlorooctane
UIC and n-decane UIC. Single crystals of 1,8-dichlorooctane UICs
were immersed in liquid n-decane inside a closed bottle (sample 1)
and left at room temperature for five days. Two other samples were
prepared in the same way as sample 1: sample 2 was ground and
immersed in liquid n-decane at room temperature while sample 3 was
left at 0 °C for 5 days. The three samples were then filtered and
collected, and high resolution solid state "C NMR spectra were
recorded for each of the three samples. The authors have shown from
the spectra in figure 1.13 that the liquid alkane had entered the
channel. The spectral evidence suggested that for the ground crystals
of 1,8-dichlorooctane UIC the process for the decane to enter the
channels of urea was more rapid, relative to that of the unground
samples. This was presumably due to a larger contact area between
the liquid and the solid phases. Mahdyarfar and Harris' furthermore
concluded that the temperature dictated the kinetics of the exchange.
Consequently, the exchange that occurred at 0 °C was comparatively
slower to the one that had occurred at room temperature. In spectrum
e there arose an additional peak at 6 45.2 which was not present
initially in the pure 1,8-dichlorooctane UIC. The implications of this is
the presence of two intermolecular environments in the UIC one at &
45.7 which is assigned to the (CH, CI- - - - - Cl) and the other at 4 45.2
due to the (CH(CI----- CH,).

The evidence obtained from the experiment carried out by

Mahdyarfar and Harris showed an interesting area of study. The main
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aim of this project was therefore to develop the exchange reactions
further in order to understand the mechanism, whether the exchange
occurs without disruption to the host framework and also its

utilisations.
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Figure 1.13: High resolution solid state "C NMR spectra of (a) 1,8-
dichlorooctane urea inclusion compound (b) n-decane urea inclusion
compound (c) sample (d)sample 2; (e) sample 3 from ref 115.

1.6.2 Solid solution formation in urea inclusion compounds

There are two limiting possibilities of the types of systems that
could form a system where two guest species are completely miscible
in the solid state or both guest species are immiscible The two cases
are described below. The simplest form of a solid solution system is
116

one that shows complete miscibility in both solid and liquid state
The melting point of A is depressed by the addition of B and that
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of B is increased by the addition of A. At low temperatures a single phase
solution exists. At high temperatures, a single phase liquid solution
exists. At intermediate temperatures, a two phase region of solid solution

exists. This is shown in figure 1.14.
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Figure 1.14: Phase diagram for a solid solution.

Figure 1.15 represents the phase diagram of eutectic system with partial

solid solution formation.

U
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T + Solid B
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Figure 1.15: Eutectic phase diagram.
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Consider two component liquid of composition w. When it is cooled it
enters the two phase region labeled ‘liquid + solid B’. Almost pure
solid begins to come out of solution and the remaining liquid becomes
richer in A. Further cooling results in more solid formation. The liquid
phase becomes progressively richer in A. Point Q is known as the
eutectic point. The liquid at the eutectic composition freezes at this
single temperature, and when the solid with the eutectic composition
melts it forms a liquid of the same composition. Solutions to the right
of Q deposit B as they cool and solutions to the left of Q deposits A.

In this work a series of experiments were carried out on urea
inclusion compounds where in chapter 2 the back ground theory to the
experimental techniques are discussed, following the characterisation
of pure urea inclusion compounds in chapter 3. Chapter 4 introduces
this new concept of exchange where experiments were carried out on
polycrystalline samples of a variety of inclusion compounds in order to
understand the fundamentals of the exchange processes. The
subsequent chapters 5, 6 and 7 carried out more advanced experiments
related to the exchange process where single crystal urea inclusion
compounds were used.

Solid solution formation of two guest species in a urea inclusion
compound was the initial aim to the project where the interest was to
prepare the solid solution of the urea inclusion compound and to
study its phase transitions. This is discussed in chapter 8 and explains

details of the criterions for solid solution formation.
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CHAPTER 2

THEORY OF THE EXPERIMENTAL TECHNIQUES

2.1 Introduction

A number of techniques were used for characterisation of the urea
inclusion compounds, namely; optical examination using a polarising
microscope, powder X-ray diffraction, single crystal X-ray diffraction,
nuclear magnetic resonance, optical polarimetry and differential scanning
calorimetry.

X-ray powder diffraction was used to identify the formation of a
urea inclusion compound and single crystal X-ray diffraction was carried
out before and after the exchange process to observe relative changes in
intensities of reflections, which may be indicative of the exchange
process. Further characterisation by nuclear magnetic resonance gave
figures for the percentage exchange (defined in the appendix) that
occurred within the urea inclusion compounds. The relative ratio for each
guest species present in the urea inclusion compound was calculated
from the relative integrals obtained from the solution 'H NMR spectrum.
NMR with chiral shift reagents and optical polarimetry were carried out
on urea inclusion compounds that contained chiral guest molecules in the
attempt that the shift reagent would estimate the chiral selectivity.
Optical polarimetry was used to identify whether the guest species in the
urea inclusion compound was of the R or S configuration and also to
determine the degree of resolution after the exchange process. Specific
rotation measurements obtained in this study were compared with the
literature data for the optically pure enantiomer to determine the
resolution of the guest species in the urea inclusion compound.
Differential scanning calorimetry was most useful for the characterisation

of the urea inclusion compounds. It was used for comparison of the
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decomposition temperatures of the urea inclusion compounds and the
urea obtained in this study to that reported in the literature. Further uses
were for the detection of solid solution formation in urea inclusion
compounds which showed characteristic shifts in the power versus
temperature DSC curve.

All the techniques mentioned above are discussed individually

below.

2.2 Optical Examination using the Polarising Microscope

The polarising microscope”"* enables examination of crystals in
plane polarised light with observations of the effect that the crystal has on
the plane of polarisation. Figure 2.1 shows the construction of a typical

polarising microscope.
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Figure 2.1:The Polarising microscope from ref 117.

The analyser and polariser both polarise the light that passes through
them, with their polarising directions at right angles to one another.
When a crystal is observed with both the polariser and analyser in place

the crystal is said to be between crossed polars. In the absence of a crystal
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the field observed between crossed polars is uniformly dark. The electric
vector of light entering the microscope from the polariser vibrates at right
angles to the vibration direction of the analyser and the observed field
does not illuminate. In the presence of a crystal a small amount of light
does pass through and the observed field is not completely blacked out.
The explanation for this phenomenon is as follows.

Polarised light that enters the crystal can be resolved into two
perpendicular vectors. The behaviour of these rays on passing through a
crystal is shown by means of a geometric construction known as an
indicatrix. This is an ellipsoid whose dimension in any direction from the
centre is proportional to the refractive index of the light vibrating along
that direction. The behaviour of light as it passes through the crystal
depends on the shape of the section of the indicatrix perpendicular to its
direction of travel. The vibrations of the electric field interact more
strongly in one direction than in another which causes the differences in
the refractive indices along the different vibration directions, thus giving
rise to the different speeds of light through the crystal.

Anisotropic crystals in general have an ellipsoidal indicatrix.
Crystals of the cubic system are isotropic and when the microscope stage
is rotated between crossed polars these crystals remain uniformly dark
implying that light passes through with all the vibration directions
equally affected. A uniaxial indicatrix has two of its principal axes equal
and the third can be larger or smaller than the other two. The crystal
systems that adapt this indicatrix are the hexagonal, trigonal and
tetragonal. A biaxial indicatrix is a triaxial ellipsoid having its three
mutually perpendicular semi-axes equal to the three principal indices of
refraction of a biaxial crystal. Biaxial crystals belong to the orthorhombic
monoclinic or triclinic crystal system. An anisotropic crystal displays
extinction when the vibration directions of the polars coincide with a

principal vibration direction in the crystal. When the microscope stage is
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rotated through 45° components of the light along different axes of the
indicatrix propagate at different speeds and the plane of polarisation is
altered hence the brightness of light is at a maximum. The colour shown
by the crystal in this bright position depends on the difference between
the refractive indices or birefringences (A n) and the thickness of the
crystal; the product of the two quantities is called the retardation. As the
crystal is turned at 90° from its starting position the crystal again displays
extinction.

The criterion for the selection of a single crystal for X-ray
diffraction is the observation of uniformity in brightness at any point
during rotation of the crystal. Defects in the crystal such as splitting,
obvious twinning, occlusions and satellites can be observed. Occlusion
appears as small bubbles in the crystal, twinning and satellites are present
as separate entities attached to the crystal so when the stage is rotated

there will contain regions in it that appear brighter or not so bright.

2.3 X-ray Diffraction Studies

2.3.1 Introduction

The production of X-rays involves the bombardment of high
energy electrons with a metal surface. The electrons decelerate as they
plunge into the metal and generate radiation with a continuous range of
wavelengths called Bremstrahlung. Peaks in the spectrum in figure 2.2
arise from the collisions of the incoming electrons with those in the inner

shells of the atoms.

60



2
o Ko
i
b K
WAveLE NG T H

Figure 2.2: X-ray emission from a metal surface producing sharp transitions and
featureless Bremstrahlung background.

A collision expels an electron from the inner shell and a higher
energy electron falls into the vacancy, emitting the excess energy as an X-
ray photon. The most common target material used in this study is
copper. The three components of the emitted radiation are K, Ko, and Kp
where the electronic decay occurs from the 2p— 1s and 3p— 1s orbitals
respectively. The Kg and the K, radiations are filtered leaving the K, line
having a wavelength of 1.54 A, which is the radiation for the diffraction
from lattice planes in crystals. This diffraction phenomenon was

llZO,l 21

explained geometrically by Bragg et a who considered an X-ray beam
striking a set of lattice planes in a crystal. They found that the
requirement of a reflection at a crystal lattice plane was that the distances
travelled by waves reflected from successive planes to differ by a whole
number of wavelengths. The condition for this to occur is shown in

equation below
2d sin® = nA

where d is the interplanar spacing, A is the wavelength of the X-
rays, 0 is the angle of incidence and n is an integer. In general n is taken

as 1 as it can be absorbed into the miller indices (see below). All crystals
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may be described by atoms arranged in a repetitive three dimensional
pattern which is known as a unit cell. If each repeat unit of this pattern
which may be an atom or a group of atoms is taken as a point then a three
dimensional point lattice is created. Thus by neglecting the complicated
structure of atoms surrounding each point and considering the points
alone one arrives at a series of points in space which form the foundation
on which the crystal is built. They are characterised in terms of their unit
cell dimensions into seven possible crystal systems; these are shown in
table 2.1. If there are lattice points only at the corners of the unit cell then
the unit cell is said to be primitive. The monoclinic, orthorhombic,
tetragonal and cubic system can also have lattice points at the centre of
the faces, or the middle of the body in addition to at the corners of the
unit cell. These are said to be centered unit cells. In addition to the seven
primitive lattices there are seven centered lattices that in total constitute
the fourteen Bravais lattices. Each lattice type is represented by a lattice
symbol P, I, F, C where these symbols denote primitive, body centred face
centred and centred respectively. A combination of the symmetry
elements, possibly with these 14 lattices leads to 230 distinct
crystallographic space groups. Knowledge of the space group and the

assymmetric unit allows generation of the entire structure """,

System Axial relation Angular relation
cubic a=b=c a=pf=y=90°
tetrahedral a=b#c a=p=y=90°
orthorhombic azb#c oa=pB=y=90°
hexagonal a=b=#c a=p=90°y=120°
trigonal a=b#c a=pf=y#90°
monoclinic azb#c o=7y=90°B=90°
triclinic azb#c oz P#y=90°

Table 2.1: The seven crystal systems with the cell parameters and angles.
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The lattice planes in a crystal are labelled using Miller indices. For
a three dimensional unit cell three indices are required and by convention
are labeled h, k, 1 where h, k and 1 are integers, positive, negative or zero.
The Miller indices are inversely related to fractional coordinates within
the unit cell of the lattice plane. The intercept along the x direction gives
h, along the y gives k and along z gives 1. If x = % then h = 2. The
separation of planes is known as the d-spacing and is denoted d,,. The
relationship between the d-spacing and lattice parameters can be
determined geometrically but is dependent upon the crystal system. For a
hexagonal crystal the d spacing for any set of planes is given by the

formula below.

=4 h’+hk+K + I’
3 a’ c

1

e

The amount or intensity of X-ray scattering from each lattice plane

is different and is dependent upon the position of the atoms in the unit
cell. This can be explained by assuming that the contribution of any atom
to the reflected wave is proportional to the number of electrons it contains
or alternatively, to the atomic number (Z). This assumption holds for
reflections of low order where the angle with which the rays are scattered
is extremely small. It ceases to be even approximately true when
reflections of higher order are considered. For small angles of scattering
the diffracted waves from the greater proportion of the electrons will be
in the same phase and the total amplitude will be nearly Z times that of a
single electron. However, at greater angles of scattering the wavelets
diffracted by the separate electrons give less support to each other (i.e
they will be out of phase with each other) and the effect is greatly
reduced. The relationship below defines how the scattering factor f relates

to the electron distribution.
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f = amplitude of scattering by the electron cloud
amplitude of scattering by a single point electron

The scattering from individual atoms combines to give a diffracted ray.
The intensity in a specified direction (h k 1) can be described in terms of
the structure factor, F. For example when considering a face centered
cubic unit cell there are atoms at the corner and at faced centred
positions. For the (1 0 0) plane the atoms at the edge will scatter the X-
rays in phase because their phase difference will be 2n radians but with
the atom half way between the (1 0 0) plane their phase difference will be
7 radians. Half way between the planes the reflected ray will be out of
phase. For the (2 0 0) plane the phase difference is 2n radians and hence
they scatter in phase. There is therefore an effect of destroying the first
reflection and in fact every reflection of odd order, while they strengthen
the intensity of even order reflections. When successive planes parallel to
a face are identical with regards their actions on the X-rays, their
reflections diminish regularly in intensity as their order increases. If this
regularity is absent, it implies that the successive planes are different with
regards spacing or constitution. The relationship of the phase difference &
between atoms at the origin and a position with a fractional co-ordinates

(x, y, z) is given by:
8 =2n (hx + ky +1z)

The summation over the j atoms in the unit cell gives the structure factor

F.

F =2 £ (cosd + i sind)

The intensity of the diffracted beam I ,,, is proportional to | F,,, |*
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Thus the intensity of the diffracted X-rays depends crucially on the
relative position of the atoms. Other factors that contribute to intensities
of reflections are geometrical, for example the Lorentz factor. This has not
been discussed, as it is not directly relevant to our studies.

The proceeding section 2.3.2 discusses Powder X-ray diffraction
with polycrystalline samples of the urea inclusion compound and section
2.3.3 includes X-ray diffraction studies with single crystals of the urea

inclusion compounds.

2.3.2 Powder X-ray diffraction

X-ray diffractograms™ from powder samples are recorded with
intensity as a function of diffraction angle, 20. The information obtained
from these patterns is derived from samples of random orientation in the
crystallites. The powder diffractometer uses an X-ray detector (counter),
essentially a Gieger—-Muller tube to measure the position of the diffracted
beams. The ground sample is rotated about its axis O with a detector
travelling on the circumference of the circle centred at O as shown in
figure 2.3. Diffractometers are typically operated such that they set to
scan between required angular limits. The signal from the counter is
recorded in regular steps of 20. Hence, whenever the angle of the
incidence beam satisfies the Bragg equation a strong signal is detected.
The 6 values for the various reflections can be read from the resulting

diffractogram and the d-spacing is calculated from the reflecting planes.
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Specimen

Figure 2.3: Diagram to show the function of a powder X-ray diffractometer
adapted from ref 118.

2.3.3 Single crystal X-ray diffraction using a rotation camera

A rotation camera typically uses a nickel filtered Cu K, radiation
(wavelength 1.54 A) where the selected crystal is mounted on a
goniometer head in preparation for the collection of X-ray photographic
data. A goniometer head consists of a set of arcs at right angles to each
other. The crystal is attached to the pin of the goniometer head by means
of a fine glass fibre. The fibre is attached to the pin by blue-tac. The fibre
tip is then finely coated with nail varnish and is then brought up to the
crystal that adheres to the fibre in the required orientation. The crystal
must be accurately aligned, and setting photographs are carried out in
order to obtain this accurate alignment. The film holder is locked onto the
camera so that the crystal lies at the centre of the cameras cylindrical axis;
the X-rays are switched on and the crystal is made to oscillate continually

through 360° by the camera motor. This is illustrated in figure 2.4.
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Figure 2.4: Crystal mounted on a goniometer head by means of nail varnish
which is accurately aligned with its c-axis coinciding with the rotation axis of the
camera from ref 117.

The X-ray beam is perpendicular to the rotation axis and every
time the Bragg condition is satisfied a reflection occurs. If we consider the
rotation photograph (see introduction) the zero layer line is seen to arise
from the reflections of the incident X-ray beam by sets of planes parallel
to the axis of rotation of the crystal. As the crystal rotates about its c-axis,
the family of h k 0 planes will produce the zero layer reflections as
successive set of planes are brought into position that satisfy the Bragg
equation. While these reflections are occurring other planes not parallel to
the axis of rotation will also be satisfying the Bragg equation. This results
in the production of cones by general h k 1 planes as shown in figure 2.5.
Each cone has a different value of n in the Bragg equation and is
produced by a family of planes h k n (where n =1 in this discussion).
Therefore the film in the X-ray camera will contain spots in straight lines
corresponding to diffraction from one set of planes and each spot appears
on the cone n whenever a set of planes h k n satisfies the Bragg equation.
From this set of data the unit cell dimension of the c axis of the urea host
framework and also that of the guest molecules can be immediately

determined. A reciprocal lattice grid described in section 2.3.4 enables the
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indexing of these reflections. Using Bragg’s Law the d-spacing between
the lattice planes can be calculated.

Single crystal X-ray diffraction experiments were also carried out at
Birmingham University (though the majority of the single crystal work
was at UCL) on a R-AXIS-IIC area image detector diffractometer using
Mo-Ko, radiation™. The operating conditions for the rotating anode
source was 56 KV, 124 mA. This particular diffractometer uses rotating
anode source and two image plates for collecting the X-ray data. The two
image plates are coupled together such that one plate is moved into
position for data collection and the second is positioned for scanning by a
laser beam. Measurements are hence recorded by scanning the plate with
the laser and after the image plate has been read the plates are rotated by

90° where the image plate is exposed to an erasing lamp.

X -ra; beam

Figure 2.5: Geometry of the rotation photograph which shows the diffraction of
X-ray from sets of lattice planes which satisfy the Bragg equation in the crystal
producing Bragg reflections on the film.
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2.3.4 Construction of a reciprocal lattice grid

The position of intensity maxima (reflection) in the diffraction
pattern of a crystal can be understood in terms of a lattice that is
reciprocal to the direct lattice of the crystal. Direct space describes the
crystal and the corresponding crystal lattice. The unit cell of a crystal
lattice is defined by basic vectors a, b, ¢ which are in turn defined by
lengths a, b, ¢ and angles a, B, y respectively. For every direct lattice it is
possible to construct a reciprocal lattice. It is a set of vectors in reciprocal
space represented as points, which describe a family of lattice planes. In
this case the basic vectors are a*, b*, ¢* with lengths a*, b*, ¢* and angles
o, B*, v,

The concept of reciprocal lattice is used to describe the relationship
between crystal structure and diffraction spectra. To construct a
reciprocal lattice, any point of the real lattice is taken as an origin, from
which lines are drawn perpendicular to all sets of lattice planes, where
the reciprocal vectors a*, b* ¢* are normal to (b, c), (a, ¢), ( a, b ) planes
respectively of the direct crystal lattice. The relationship between the
direct and the reciprocal unit cells depends on the particular crystal
system. For example in a hexagonal unit cella=b #c, oo = = 90° y = 120°
in real space but in reciprocal space the unit cell lengths are inversely
related to that in real space. The angles in reciprocal and real space lattice
are always related in such a way that o + o* = 180°, B + * = 180°, y + v* =
180°, so in the hexagonal case o*, B* are also 90° and their reciprocal axes
are parallel but y* = 180° - 120° = 60°. In cases where all the angles are 90°
then o= f =y = o* = B* = y* = 90°, and the corresponding pairs of real and
reciprocal axes are parallel ie al |a*, bl |b* c| |c* . In order for the
construction of a reciprocal lattice grid the cell parameters of the unit cell

are required and for the UICs described in this thesis the unit cells
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parameters are such that a = b = 8.22 A ¢ = 11.011 A. The distance d* in
reciprocal space is therefore equal to 1/d from the origin of a reciprocal
lattice where the reciprocal axis is in the direction that is perpendicular to
the set of planes. The dimensions of the reciprocal lattice will be A”, or
reciprocal Angstrém, but for the purpose of interpretation of diffraction
data d* = A / d, where A is the wavelength of the x-rays used. Therefore
the unit of d* is dimensionless reciprocal units (r.u). A reciprocal lattice
grid can be constructed when a large number of sets of planes are
considered, a three dimensional array of points builds up and this is
known as the reciprocal lattice grid. Figure 2.6 on page 77 is a
representation of a hexagonal reciprocal grid using chromium radiation,
and a scale of 1 cm = 0.1 r.u. The interplanar spacing a* is given by a* = A
/a=>2.29 / 822 cos30° = 0.322 A and the interplanar spacing b* is given
by b* = A / b = 0.322 A where in both cases a = b = 822 A and the

wavelength of chromium radiation = 2.29 A.

2.4 Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry™ is a technique that studies the
difference in the heat that flows to a sample pan and a reference at a

certain temperature. Figure 2.7 shows the general set up of a typical DSC

apparatus.
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Figure 2.7: Schematic representation of the DSC apparatus.
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The heat is supplied from the same source to the sample contained
in a pan and similarly to the reference in its pan (normally aluminium
pans are used) and the temperature difference At is measured. The
temperature difference is converted to a power difference AP using a
calibration software. The DSC curve has AP as the ordinate and
temperature as the abscissa. The temperature of the sample and the
reference are the same until some thermal event occurs such as melting,
decomposition or a change in structure. Endothermic peaks are observed
in the DSC curve, which is indicative of the absorption of more power, by
the sample. This causes the sample temperature to lag behind if the
change is an endothermic change or lead if the change is exothermic. In
the former case the sample remains at this temperature until the event is
completed and then increases rapidly to catch up with the temperature

required by the programmer.

2.5 Nuclear Magnetic Resonance

NMR is a technique used to investigate the structure of molecules
and is observable because certain nuclei behave like tiny spinning bar
magnets . Nuclei such as 'H, ”C, ”F and P have nuclear spin values
of %. Certain other nuclei that are important in organic chemistry have a
nuclear spin value of zero and therefore have no nuclear resonance
signals; these include “C and “O. Table 2.2 lists the spin quantum number

of the commonly occurring nuclides.
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I Nuclide

0 “C, "0

7 'H, °C, *N, “F, *si, °'P
1 *H, “N

3/2 "B, ®Na,”Cl, “Cl,

5/2 70,7Al,

3 B

Table 2.2: Representation of the nuclear spin quantum numbers of the commonly
occurring nuclide.

When a proton is placed in a uniform magnetic field, it has two
orientations with respect to the field; a low energy orientation in which
the nuclear magnet is aligned with the field and of high energy
orientation in which it is aligned against the field. The transition between
these two states occurs on absorption of a quantum of suitable

electromagnetic radiation hv. This is illustrated in figure 2.8.

There are two permitted orientations
AE of the proton when it is placed in a
magnetic field. This causes the nuclei
to flip from the lower energy level to
the upper one.

Figure 2.8: Energy levels in a Hydrogen nucleus in a magnetic field.

A typical magnetic field strength used for NMR is 9.4 T and the required
frequency of radiation is 400 MHz which falls in the radiofrequency
region of the electromagnetic spectrum. In order to induce NMR
transitions a radio frequency field is required. The resonance frequency is
also dependent upon the chemical environment that the nucleus is
present in and therefore signals due to the different nuclei will be in

different regions in the spectrum and this is known as the chemical shift.

72



The protons in the different chemical environments will hence resonate at
different frequencies and will therefore show signals at different chemical
shifts. The contributions to the chemical shifts are strongly dependent on
the electron density around the nucleus; the larger the electron density
the greater the shielding and the smaller the chemical shift, 8. Chemical
shifts are measured relative to TMS (tetramethylsilane) which is defined
to have a zero chemical shift. The twelve protons of the TMS being
chemically equivalent all resonate at the same value of the applied field
and therefore give rise to a single line. Table 2.3 below lists the chemical

shift values for the functional groups used in this study.

Functional group =~ Chemical shift ( 3)
C- CH, (methyl proton) 0.9
R-CH,-C 14
C-CH-OH 3.9
C-CH,-Br 3.5

Table 2.3: Chemical shift values for the listed functional groups that are used in
this study.

Natural abundance

'H 99.985
'H 0.015
®C 1.108
“N 99.63
"N 0.37
K¢ 0.037
°F 100
¥Si 4.70
p 100.0

Table 2.4: Natural abundance data for the commonly occurring nuclide.
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The natural abundances of commonly occurring nuclides are listed
in table 2.4. From the table it can be seen that “C is a dilute spin species
and hence it is unlikely to contain more than one “C nucleus in a given
molecule. Therefore it is unnecessary to take into account the “C-"C spin
coupling within a molecule. Protons, however are 100 % abundant spin
species and a molecule is likely to contain many of them. In a "C NMR
spectrum proton decoupling is required due to the protons being 100 %
abundant species and therefore will couple with “C nucleus. Decoupling
involves irradiation of protons at its resonance frequency by a stronger
radio frequency (®,) and simultaneously is observed by the normal
observing radio frequency (w,) and the carbon nucleus is spin decoupled
to a singlet. The spin decoupling is regarded as arising from rapid
transitions between those two possible spin states of the proton and the

carbon nuclei.

Chiral shift reagents were used in this work to study the

. . . . . 131,132
enantiomeric purity of a chiral mixture

. Paramagnetic shift reagents
are useful for structure elucidation and in the presence of a paramagnetic
metal it selectively binds to the polar group of one enantiomer which
results in a perturbation of the chemical shift of that particular
enantiomer in the 'H NMR spectrum, separating the two signals. The
splitting is often more pronounced for the proton closest to a polar group.
In the case of an alcohol the proton next to the OH group has a chemical
shift value of 6 = 3.9. When the Eu metal in the complex binds to an
alcohol it reversibly coordinates to the OH group, and the local field due

to the paramagnetic europium ion helps to spread out the spectrum.
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CH,(CH,),CH,OH + Eu (Fod)#—» CH,(CH,),CH,HO----Eu(Fod),

An example of a chiral shift reagent is Eu(Fod),. Europium ions
causes down field shifts in the spectra whereas praseodymium for

example can be used to cause upfield shifts.

2.6: Optical Activity

The optical activity of a substance can be detected and measured
using a device known as a polarimeter'”. The instrument consists of a
light source, two polarising lenses and between the lenses a tube to hold
the substance that is being examined for optical activity. These are
arranged such that the light passes through one of the lenses (polariser),
then the tube then the second lens (analyser). The function of the lens is to
turn the ordinary light whose vibrations are in all possible planes into
plane polarised light where the vibration direction is in one plane only.
This is carried out by passing the light through a lens made of polaroid or
a nicol prism. Hence if when the sample is placed in the tube it does not
effect the plane of polarisation and light transmission is still at a
maximum the substance is said to be optically inactive. If the substance
however rotates the plane of polarisation the analyser is rotated to
conform with this new plane if light transmission is to be a maximum and
the substance is said to be optically active. If the rotation of the plane is to
the right (clockwise) the substance is dextrorotary and if the rotation is to
the left (anticlockwise) the substance is levorotatory. The amount of
rotation is dependent upon how many molecules the light encounters in
passing through the tube. This implies that the rotation of a specific
optically active compound will depend on the length of the tube and its
concentration. The light will encounter twice as many molecules in a tube

20 cm long as in a tube 10 cm long and the rotation will be twice as large.
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The specific rotation is related to the length of the tube and the

concentration as described in the equation below.

Specific rotation [0]], = observed rotation (degrees)
Length (dm) x g / ml
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CHAPTER 3

EXPERIMENTAL PREPARATION AND
CHARACTERISATION OF PURE UREA INCLUSION
COMPOUNDS

3.1 Introduction

9,10,
1 of the urea

Since the early discovery made by Bengen
compounds there have been two main methods described in the
literature for their preparation, that of McAdie'” in 1962 and that of
Harris ef al'™®. In McAdie’s method, urea is dissolved in methanol and
the guest species is added at room temperature to form a two phase
mixture. The mixture is heated to 65 °C and then placed in a preheated
dewar, at 65 °C for slow crystallisation. If the carbon chain of the guest
species exceeds about ten carbons, isopropy! alcohol or t-amyl alcohol
is added to dissolve it, such that a homogenous mixture is formed. The
Harris method is the same except the guest is added to the urea in
methanol at 48 °C. The McAdie method was used in this study because
it was found to produce better quality crystals and the Bragg peak
characteristic of the guest species in the powder X-ray diffraction
pattern was more apparent (see section 3.2.1). The details of the
preparation is given in the next section. The urea inclusion compounds
in this way were characterised by powder X-ray diffraction, single
crystal X-ray diffraction, DSC and nuclear magnetic resonance. These
methods are discussed in section 3.2.1, 3.2.2, 3.23 and 3.2.4

respectively. Further experimental details are discussed in later

chapters.
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3.2: Details of the Preparation of the Urea Inclusion Compounds
used in this work

In this work relative amounts of urea with respect to the guest
species were calculated and measured accurately. Urea (4.99 g) was
dissolved in methanol at room temperature until a saturated solution
was obtained. The pentadecane guest species (1.5 g) was added to the
mixture, which was heated to 65 °C in a water bath. Fetterly™ tested a
large number of solvents for the recrystallisation of the UICs and
found that isobutyl alcohol, t-butyl alcohol and t-amyl alcohol are not
included into the channels to any appreciable extent. In this work
isopropanol or t-amyl alcohol was added until the solution was
homogeneous. The beaker that contained the solution was removed
from the water bath and was placed in a pre-heated dewar to
crystallise slowly.

In order to calculate the relative amounts of urea and guest to
form the urea inclusion compound, the guest molecular length was
calculated using bond length data tabulated in the appendix and
assuming a tetrahedrally coordinated carbon. It was then assumed
that, with six urea molecules per unit cell one urea molecule would
occupy 11 / 6 = 1.833 A of space along the c-axis. Hence the ratio of
urea to guest can be calculated. The details of this calculation is given
in the appendix.

An alternative method was to use the linear mathematical
relationship between the molecular length and the number of carbon
atoms given in chapter 1, section 1.3.2. Table 3.1 and 3.2 lists the
number of urea molecules required for each guest molecule and their
corresponding periodicities calculated from the bond length data and

the derived linear relationship.
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Guest molecule Chain length Chain length from Molar ratio of

obtained from equation 1.1 host:guest

bond length data
decane 15.3 15.08 8.36
undecane 16.58 16.34 9.04
dodecane 17.83 17.60 9.73
tridecane 19.08 18.86 10.41
tetradecane 20.33 20.12 11.09
pentadecane 21.58 21.38 11.77

Table 3.1: Data for the length of the guest molecules and the number of urea
molecules required for the series of alkanes.

Guest molecule Chain length (A) Literature value  Molar ratio of
urea: guest
1,8-dibromooctane 16.03 15.5 8.7
1,10-dichlorodecane 17.89 9.8
1,6-dibromohexane 13.5 12.8 7.4
1,6-dichlorohexane 12.9 7.0

Table 3.2: Data for the length of the guest molecules and the number of urea
molecules required for the series of substituted alkanes.

3.3 Characterisation of Incommensurate Urea Inclusion Compounds

3.3.1 X-ray powder diffraction

Figure 3.1 on page 90 shows X-ray diffractograms of a series of
alkane UIC from decane to hexadecane UIC and figure 3.2 on page 91
is an X-ray diffractogram of pure dibromooctane UIC. The patterns
show that the general structure of all the alkane UIC are the same.
These results may be compared to those previously reported in the
literature. Smith™ carried out preliminary examinations of n-

hydrocarbon adducts of various chain lengths C,-C,, by the powder
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method and found that they all had similar structures that contained
negligible amounts of pure crystalline urea. Harris et al* has studied
the hexadecane UIC in detail and found from single crystal studies
that the hexagonal parameters for the inclusion compound were a = b
=8.2266 (9) A, c = 11.017 (2) A, a = B = 90°, y = 120°. On the basis of
these cell parameters they indexed the majority of the peaks in the
powder pattern excluding the Bragg reflection at 26 = 3.9° that was
characteristic of the guest periodicity. Table 3.3 lists the (h k 1)

reflections.

20/ ° h k l Intensity  of
the
reflections

12.55 1 0 0 m

20.525 1 0 2

21.90 1 1 0 S

23.35 1 1 1 m

25.30 2 0 0 S

26.60 2 0 1 S

27.525 1 0 3 S

Table 3.3 (h k1) reflections of hexadecane UIC at 151 K.

In general, guest reflections are present in the diffractogram at
low diffraction angles. In figure 3.1 the Bragg peaks characteristic of
the guest reflections were identified in the region of 26 < 5°. It was also
observed when going from hexadecane to tridecane UIC that there was
a shift in the Bragg reflection to higher 26 angles. This was due to the
progressive increase in the d-spacings of the guest molecules with
increase in chain length which was calculated from the Bragg equation.
The d-spacings obtained from this work were consistent with those
previously recorded by Harris and Thomas™.

In this study the hexdecane UIC was indexed as shown in table
3.4 using the TREOR indexing program and the results were in close

agreement with those obtained from the literature for the hexadecane
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UIC.

Crystal A B C Alpha Beta Gamma volume
system

hexagonal 8.2204 8.2204 11.0119  90.000 90.000 120.000  644.43

h k 1 20 (obs.) 20(calc.) AB
3.869

1 0 0 12.410 12.423 -0.013
1 0 1 14.794 14.805 -0.011
1 0 2 20.379 20.374 0.006
1 1 0 21.584 21.603 -0.019
1 1 1 23.076 23.078 -0.003
2 0 0 24980 24.995 -0.015
2 0 1 26.281 26.291 -0.010
1 1 2 27.042 27.050 -0.008
1 0 3 27.300 27.313 -0.014
1 1 3 32.680 32.682 -0.002
2 1 0 33.267 33.269 -0.002
2 1 1 34.262 34.278 -0.016
1 0 4 34914 34.914 0.000
2 1 2 37.164 37.160 0.005
1 1 4 39.369 39.360 0.010
2 1 3 41.583 41.580 0.003
2 2 0 44.025 44.026 -0.000
2 2 1 44.822 44,827 -0.004
3 1 0 45.927 45924 0.003
3 1 1 46.721 46.699 0.021

Table 3.4: (h k 1) reflections for the hexadecane UIC obtained from this study.

The Bragg reflection at 3.869° which was not indexed on the
basis of the hexagonal unit cell was characteristic of the hexadecane
guest. Harris et al* quoted this reflection to be at 26 = 3.9° which is
consistent with 26 = 3.898° obtained from this study.

The Miller indices for pentadecane UIC and 1,8-dibromooctane
UIC are given in table 3.5 and 3.6 respectively.
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Crystal

system A B C Alpha Beta Gamma
hexagonal 8.2245 8.2245 11.0152 90.00 90.00 120.00
h k 1 20 (obs.) 20 ( calc.) delta (260)

1 0 0 12.413 12.417 -0.004

1 0 2 20.359 20.366 -0.007

1 1 0 21.589 21.592 -0.003

1 1 1 23.062 23.067 -0.005

2 0 0 24.988 24.983 0.006

2 0 1 26.281 26.278 0.003

1 0 3 27.305 27.304 0.001

2 1 1 34.275 34.261 0.015

2 0 3 35.090 35.073 0.017

1 1 4 39.349 39.345 0.004

2 1 3 41.574 41.562 0.012

2 2 0 44.003 44.002 0.001

1 1 6 54.705 54.708 -0.003

Table 3.5: (h k 1) reflections, observed and calculated 20 values for the
pentadecane UIC.

Crystal A B C Alpha Beta Gamma
system

hexagonal 8.2371 8.2371 11.0232 90.00 90.00 120.00
h k 1 20 (obs) 20 (calc) delta (20)
1 0 2 20.388 20.345 -0.006

1 1 0 21.558 21.559 -0.001

1 1 1 23.037 23.034 0.003

2 0 0 24.961 24.944 0.018

2 0 1 26.288 26.239 0.049

1 0 3 27.296 27.279 0.018

2 1 1 34.241 34.209 0.033

1 0 4 34.793 34.873 -0.079

2 0 3 35.075 35.032 0.043

1 1 4 39.339 39.305 0.034

2 1 3 41.546 41.507 0.039

2 2 0 43.901 43.932 -0.031

2 2 1 44.702 44.733 -0.031

1 1 5 46.672 46.694 -0.022

1 1 6 54.665 54.657 0.008

3 2 0 56.197 56.156 0.041

3 3 0 68.236 68.262 -0.0026

Table 3.6: (h k 1) observed and calculated 20 values for 1,8-dibromooctane
UIC.

The powder pattern of pure urea in figure 3.3 on page 92 was
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used to identify the pure urea impurities that remained in the UIC
after its preparation. Caron and Donohue™ reported that the urea in
its pure phase has cell parameters a =b = 5.662 A, c=4716 A, a=B=1
= 90°. From this work using single crystal X-ray diffraction studies ¢ =
4.712 A, which is also in close agreement with the literature reports.

Table 3.7 below lists the 26 angles and its Miller indices.

Crystal A B C Alpha Beta Gamma
_system

tatragonal 5.6538 5.6538 4.7090 90 90 90

h k 1 20 (obs) 20 (calc) Delta(20)

0 0 1 18.802 18.809 -0.007

1 1 0 22.229 22.218 0.011

1 0 1 24.566 24.583 -0.017

1 1 1 29.249 29.280 -0.031

2 0 0 31.619 31.624 -0.005

2 0 1 37.065 37.061 0.004

0 0 2 38.199 38.192 0.007

2 1 1 40.417 40.459 -0.042

1 0 2 41.493 41.512 0.029

1 1 2 44.658 44.657 0.001

2 2 0 45.355 45.331 0.024

Table 3.7 : (h k 1) reflections, observed and calculated 26 values for pure
tetragonal urea.

3.3.2 Single crystal X-ray diffraction
The single crystal X-ray diffraction photograghs were taken on

an rotation camera using chromium radiation (A = 2.29 A) and copper
radiation (\ = 1.54 A). The chromium radiation was used for the
pentadecane UIC and pure urea whereas for all the other UICs copper
radiation was used. Figure 3.4 on page 93 is a single crystal X-ray
diffraction pattern of the pentadecane UIC. The spots on the
photograph are Bragg reflections and correspond to reciprocal lattice
points which are produced by the diffraction of X-rays from sets of

lattice planes. The first row of spots is known as the zero layer line and
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comprise of reflections from the (h k 0) set of planes in the crystal
where in this particular layer line the (h k 0) reflections are common to
both ‘h’ and ‘g’ diffraction patterns. Other rows of spots in the
diffraction pattern are called the first, second, third layer lines e.t.c.
and are produced from the scattering of X-rays from the (h k I) planes.
The guest layer lines (h k 1), lie in between the host layer lines (h k 1),
and their separation is characteristic of the guest. In general, the guest
reflections may contain a contribution from the host and vice versa.
Harris and Thomas™ calculated the structure factor for the ‘h’
reflections and found there to be guest contribution when 1 was zero
but not when 1 was non zero. They initially assumed, in their
calculation, that the channels were in the form of a long cylinder that
contained guest molecules with no periodicity with respect to the host
structure. This gave the result that there was no contribution in X-ray
scattering to (h k 0) from the guest molecules. This results from the fact
that the guest has the same periodicity as the host only in the a-b
plane. A second situation considered by Harris and Thomas was a
modulated guest substructure with respect to the host structure.
Under such circumstances, it was found that the host reflections with
non-zero 1 values would in general contain a scattering contribution
from the guest electron density. There is also a contribution to the
guest reflections arising from the incommensurate perturbations to the
basic host structure. However, the incommensurate modulation to the
basic guest structure constitutes a relatively small structural
perturbation and therefore the basic host structure largely accounts for
the relative intensities of the host reflections.

In this work the ¢ parameter for the host lattice was also
calculated from the Bernal chart shown in figure 3.5 on page 94. The
value that corresponded to the spacing between the zero and the first
layer line was obtained directly from the vertical axis in the Bernal
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chart. This gave a value of 2 sinf = 0.205 and with the application of
Bragg’s law the length of the c-axis was determined as 11.17 A which
was consistent with the literature data. The same procedure was
applied to the guest reflections, for example the guest layer lines for
pentadecane are close to the centre of the two host layer lines which
indicates a large repeat distance calculated as 20.58 A which is
consistent to that reported in the literature.

The Bernal chart was also used to index the diffraction pattern.
The chart was superimposed onto the X-ray photograph and the two
were viewed together against a lighted screen. The distance (2 sin6)
between successive layer lines was directly obtained from the Bernal
chart. The x-axis on the Bernal chart represents the horizontal distance
between a reciprocal lattice point and the rotation axis through the
origin. Assignments of the (h k 1) reflections were made to the zero
layer line which used the reciprocal lattice grid shown in chapter 2 and
the X-ray data was compared with the literature indexing data for
hexadecane UIC. For example a reflection falling at a distance 0.86 r.u
from the origin would equal 8.6 cm on the reciprocal lattice grid (1 cm
= 0.1 r.u). The corresponding (h k 1) values were determined by
placing a ruler at the origin with one end held stationary. The other
end was moved through its curvature on the grid and the (h k 0)
values that coincided with the distance, 8.6 cm from the origin were
recorded. This procedure was repeated for all the reflections. Table 3.8
lists reflections from the zero layer line of the pentadecane UIC and the

corresponding Miller indices.

86



2 sin® Miller indices Intensities of the
reflections

0.33 (100) S

0.56 (110) S

0.65 (020) S

0.80 urea w

0.86 (210) S

0.97 (300) m

1.13 (130) S

Table 3.8: Listings of (h k1) reflections of pentadecane UIC and its
corresponding 2 sin@ values.

The (h k 1), values and the cell parameters obtained from the
hexadecane UIC by Harris et al* were substituted into the formula for
the calculation of the d-spacing of a hexagonal unit cell. The 2 sin@
value (d-spacings) obtained for each (h k 1), reflection were consistent
with those obtained from the X-ray photographs. As shown in table 3.8
some urea was present in the sample, however this was only a small

amount.

The rotation photograph of 1,8-dibromooctane UIC shown in
figure 3.6 on page 93 was also indexed by direct comparison of the

pentadecane UIC and the (h k 1) values are listed in table 3.9.

2 sin6 Miller indices Intensity of the
reflections

0.37 (110) s

0.44 (020) s

0.58 (210) w

0.66 (300) m

0.78 (130) m

Table 3.9: (h k 1) reflections and 2sin6 values for the 1,8-dibromooctane UIC.

A rotation photograph of urea in the pure phase was also taken
using chromium radiation. It was superimposed on to the pentadecane
UIC in order to identify the (h k I) reflections due to any urea that was
still present in the pentadecane UIC. Figure 3.7 on page 95 is an X-ray
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diffraction pattern of the pure tetragonal urea with cell parameters

a=b=5662A,c=4712,Aa=p=y=90°.

3.3.3 Differential scanning calorimetry

Thermal DSC investigations of the UICs were carried out on a
Shimadzu DSC-50 instrument. The principal of the DSC was discussed
in chapter 2. The mW / mg versus temperature DSC curve in figure 3.8
on page 96 illustrates the thermal anomalies that occur in the
hexadecane UIC. The sharp peak at 138 °C was assigned to the melting
of the pure urea and the transition at = 122 °C was assigned to the
decomposition of the hexadecane UIC. Figure 3.9 and figure 3.10 on
pages 96 and 97 shows the thermal decomposition of the pentadecane
and 1,8-dibromooctane UICs respectively. The decomposition of the
pentadecane urea inclusion compound occurs at = 119 °C. In the 1,8-
dibromooctane UIC the transition at 96.8 °C corresponds to the
decomposition of 1,8-dibromooctane UIC. From previous reports
the decompositions and phase transition temperatures are chain length
dependent hence the highest temperature is observed for hexadecane.
The results obtained for the pentadecane UIC and the hexadecane UIC
supports the results of Pemberton et al” and McAdie'™ who reported
the decomposition temperatures of 109 °C and 105 °C for the

hexadecane and pentadecane UICs respectively.

3.3.4 Nuclear magnetic resonance
Solid state °C NMR

Harris et al'” reported a ’C NMR spectrum of the decane UIC
which was measured on a Bruker MSL 300 machine. As this technique
is not used elsewhere in the thesis it is not described in detail. Figure

3.11 and figure 3.12 on page 98 represents the spectra for the
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pentadecane UIC and 1,8-dibromooctane UIC respectively. The
assignments made in the spectrum of the pentadecane UIC were
consistent with those reported by Harris et al. The spectrum of 1,8-
dibromooctane UIC in figure 3.12 varies slightly due to the presence of
the bromine group in the UIC.

'HNMR

Figure 3.13 and figure 3.14 on pages 99 and 100 are NMR
spectra of the pure pentadecane UIC and the pure 1,8-dibromooctane
respectively. The spectra were run on a VXR-400 machine using TMS
(tetramethyl silane) as the reference. The 'H NMR spectra were used to
characterise the percentages of guest molecules present after the

exchange reaction.
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Figure 3.8: mW / mg versus temperature DSC curve for hexadecane UIC
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Figure 3.9: mW / mg versus temperature DSC curve for pentadecane UIC
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Figure 3.10: mW / mg versus temperature DSC curve for 1,8-dibromooctane UIC
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CHAPTER 4

EXCHANGE REACTIONS WITH POLYCRYSTALLINE UREA
INCLUSION COMPOUNDS

4.1 Introduction

The first report for the exchange reaction was reported by
Mayhdafar and Harris'™® and is explained in detail in chapter 1. They
showed that when a polycrystalline sample of 1,8-dichlorooctane UIC is
placed into a solution of decane an exchange occurs between the two
guest species. The aim of this study is to investigate the exchange
reactions further using different UICs and guest species in the liquid
phase.

This chapter discusses the exchange reactions of polycrystalline 1,8-
dibromooctane UIC as one series of experiments (series 1) and
polycrystalline 1,10-dichlorodecane UIC as another series of experiments
(series 2). In both series the guest species was exchanged with a series of
n-alkanes from the liquid phase. However, in one of the experiments for
each series, the 1,8-dibromooctane and the 1,10-dichlorodecane was

injtially in the liquid phase and the alkane guest species was in the UIC.

The following experiments that were carried out:

¢ Expt 1: The Experimental Investigation of the Percentage Exchange
with a Series of CH, (1) and CH, Br,(UIC) and CH, () and
C,,H,CL(UIC) with n = 10, 11, 12, 13, 14 and 15.

¢ Expt 2: The Experimental Investigation of the Percentage Exchange
Between a series of C H,_,(UIC) and C,H,Br,(l) and C H,,,,(UIC) and
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C,H, CL().

¢ Expt 3: An Experiment to Monitor the Mass changes of the UIC
Resulting from the Exchange between C;H, Br,(UIC) and C H,_,,(I) and
C,,H,CL(UIC) and C H,,,,(I) (n = 11-15).

¢ Expt 4: The Experimental Investigation of the Percentage Between
C,H, Br,(UIC) and Different Molar Ratios of C, H,,(1): C;H,Br,(I).

4.2 Expt 1: The Experimental Investigation of the Percentage Exchange
with a Series of C H, (1) and C,H, Br,(UIC), and C H, () (with n = 10,

11, 12,13, 14 and 15).

2n+2

The aim of this experiment was to estimate the degree of exchange
as a function of chain length of the incoming alkane C H,,,(l). It involved
the exchange of different chain length alkanes ranging from decane to
pentadecane with C;H,Br,(UIC) in one series of experiments (series 1)
and C,H,,CL(UIC) in a different series of experiments (series 2). The 1,8-
dibromooctane UIC or 1,10-dichlorodecane UIC were prepared by the
method described in chapter 3.

1,8-Dibromooctane UIC (0.2595 g) or for the 1,10-dichlorodecane
UIC (0.2074 g) were finely ground with a pestle and mortar. The ground
samples were transferred into a 150 ml beaker where alkane (= 6.6 ml for
series 1 and = 6 ml for series 2 representing 100 times excess) was added
to the UIC. The beaker that contained the reactants was left on the bench
at room temperature for 5 days, to allow for the exchange to occur. The
sample was filtered and washed with 2,2, tri-methyl pentane (3 ml) to
remove the free decane that remained on the surface. It was left under
vacuum for 2 hrs in the buchner funnel and was then placed in a
desiccator over night to ensure complete dryness. The dried sample was

re-weighed the next day and the new masses were recorded. Each
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exchange was carried out in exactly the same way and was repeated once
to ensure reproducibility. The averages of the percentage incorporation
for the two experiments were recorded in the table 4.1. The percentage
exchange was determined by '"H NMR and the method of calculation is
described in the appendix. The volumes of CH, () guest species
required for the exchange process both in series 1 and series 2 were not
expected to depend on n, due to the fact that in every exchange process
each C H, (1) guest species occupies the same volume in the urea tunnels.
The experimental conditions for the two processes and the method for
calculating the amount of alkane required for each exchange is also
tabulated in the appendix.

Figure 4.1 on page 119 shows the 'H NMR spectrum of the
exchange for C H, () with C;H, Br,(UIC). The results for the percentage
exchange between the guest species in series 1 and 2 are tabulated below
in table 4.1 and is also represented in the form of a bar chart in figure 4.2
and figure 4.3 on pages 120 and 121 respectively.

The results clearly show a preference for exchange with the longer
alkane guest molecule. The bar graphs in figure 4.3 of the individual
alkanes indicated a gradual decline of incorporation into the
CH,Br,(UIC) from C H,, to C,H,, guest species with a 90 % exchange
with C ;H,,(I) and C;H, Br,(UIC) in comparison to a 5 % exchange between
C,H,(l) and C,H, Br,(UIC) guest species.
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n Percentage incorporation = Percentage incorporation of

of CH, (1) in series 1 CH, () in series 2

C,H,Br,(UIC) C,,H,,CL(UIC)
10 5 (1) 16 (1)
11 21 (3) 18 (1)
12 63 (5) 19 (4)
13 70 (2) 36 (4)
14 81 (4) 63 (2)
15 90 (4) 80 (3)

Table 4.1: The percentage incorporation that occurred with CH, () and

C,H, Br,(UIC) in series 1 and C H, () and C, H, C1,(UIC) in series 2.

2n+2 107720

2n+2

The bar chart in figure 4.2 from series 2 showed that the percentage
incorporation of C H, () C, H, () and C,H, () was between 15-20 %
whereas the percentage incorporation of the C,H,(l), C,H,() and
CH, (1) guest species into the C,;H,Cl,(UIC) ranged from between 35-
80%.

In a further experiment (not reported in detail here) it was
established that for the replacement of 1,8-dibromooctane with
pentadecane, the reaction was complete after three days. This motivated
the choice of five days as an appropriate reaction time for the above

reaction.

4.3 Expt 2: The Experimental Investigation of the Percentage Exchange
Between a Series of C H, ,,(UIC) and C,H, Br,(1) and CH,_ ,(UIC) and
C,H,,CLD)

This experiment was designed to test the hypothesis that in the
exchange process the same percentage exchange values determined in

experiment 1 could be obtained starting from CH, ,(UIC) with
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CH,Br,() in the liquid phase. The experimental method and the
calculation for the amounts of guest required was the same as that
described in section 4.2. C,H, Br,(UIC) (0.2 g) was used for each exchange
experiment with = 5.5 ml of C;H,Br,(I) required for precisely a 100 fold
excess. In the case of series 2, C H,_,,(UIC) (0.2 g, = 7.45 ml of alkane) was
used for each exchange experiment. The experimental conditions are
summarised in the appendix. For each series of experiments the volume
of liquid used was the same for the individual alkanes, as expected for the
reasons discussed in section 4.2. The results for the exchange reactions for

both the series of experiments are shown in table 4.2 below.

n Percentage Percentage
incorporation (%) incorporation (%)
of CH, Br,()into of C H,CL(l) into

8" 716 10™ 20

CH, (UIC)in  CH, (UIC)in

series 1 series 2
10 89 (3) 55 (7)
11 67 (9) 38 (1)
12 41 (6) 34 (2)
13 17 (1) 16 (1)
14 7 (1) 16 (2)
15 >1 % 3(1)

Table 4.2: Percentage incorporation of CH, Br,(l) into C H, ,(UIC) in series 1 and
the percentage exchange data for C, H, Cl,(I) into C H, ,(UIC) in series 2.

107720 2n+2

The results show that the percentage incorporation of the C,H,Br,(l) into
the C H,,,(UIC) decreases with increase in chain length of the alkane
guest molecule. For example on exchange between C,H, Br,(UIC) and

CH, (1) there was < 1 % incorporation. In series 2, the results show that
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the C,H,,Cl,(1) replaced the smaller guest species to a greater extent than
it did with the larger guest species. The results for the both the series of
experiments is illustrated in figure 4.4 and 4.5 on pages 122 and 123

respectively in the form of a bar graph.

4.4 Expt 3: An Experiment to Monitor the Mass Changes of the UIC
Resulting from the Exchange Between C H, ,(I) and C,H, Br,(UIC) and

C_.H,_,(1) with C,H,,CL (UIC)

2n+2

The aim of this experiment was to measure the change in mass
upon exchange of C;H,Br,(UIC) with the C H, .,(I) guest species. This
was carried out to confirm the results of experiment 1, that the rate of
exchange increases as a function of chain length.

A finely ground sample of the 1,8-dibromooctane UIC (0.295 g) or
1,10-dichlorodecane (0.2074 g) was placed into a 150 ml beaker at room
temperature. The alkane (= 6.6 ml for series 1 and = 6 ml for series 2 with
both series in 100 times excess) was added to the UIC in the beaker and
was left on the bench for 5 days. After 5 days the UIC was dried under
vacuum which used the same method as explained in chapter 3. The
sample was then weighed and the experimental data was recorded with
the method for calculating the required masses in the appendix.

Table 4.3 and 4.4 lists the results for the percentage incorporation of
the C H, .,(UIC) guest species and expected mass changes for both series
of experiments. The graph in figure 4.6 and 4.7 on pages 124 and 125
represents the data for both the experimental and expected mass changes
for each of the series of experiments (calculated from the results of

experiment 1).
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n Percentage Experimental Expected change

incorporation (%) change in mass (g) inmass (g)

10 5 (1) 0.003 (2) 0.002

11 21 (3) 0.0092 (3) 0.0083
12 63 (5) 0.0248 (1) 0.0243
13 70 (2) 0.0306 (2) 0.0267
14 81 (4) 0.0331 (3) 0.0304
15 90 (4) 0.0370 (2) 0.0334

Table 4.3: Data obtained for the percentage incorporation, the experimental and
expected mass changes for the exchange process that occurred with C_ H, (1) and

C.H,Br,(UIC) guest species.

n Percentage Experimental Expected mass
incorporation (%) mass change (g) change (g)
10 16 (1) 0.0002 (3) 0.0019
11 18 (1) 0.0006 (3) 0.0020
12 19 (4) 0.0031 (4) 0.0021
13 36 (4) 0.0037 (2) 0.0036
14 63 (2) 0.0060 (2) 0.0061
15 80 (3) 0.0065 (2) 0.0074

Table 4.4:Data obtained for the experimental and expected mass changes and the
percentage incorporation for the exchange process that occurred with C H, (1)
and C, H, CL(UIC) guest species.

107720

It can be seen that the results for series 1 are highly consistent, and show
that the exchange is reproducible to a high degree of accuracy. The results
obtained for series 2 of experiments were not as conclusive in that the
expected and the experimental mass changes for n = 10 and 11 did not

show consistency (see also figure 4.7).
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4.5 Expt 4: The Experimental Investigation of the Percentage Exchange
Between C,H, Br,(UIC) and Different Molar Ratios of CH,,():
C,H, Br,(1).

The aim of this experiment was to carry out exchange reactions
with different concentrations of the C, H,(l) guest species which
exchanged with C,H, Br,(UIC). This was designed to test the hypothesis
that the percentage exchange depended upon the concentration of the
guest in the liquid phase.

1,8-Dibromooctane UIC (0.05 g) was finely ground with a pestle
and mortar and added to a 150 ml beaker that contained 7.5 %
pentadecane (0.0996 ml) and 92.5 % 1,8-dibromooctane (1.07 ml). The
relative volumes of pentadecane with respect to the 1,8-dibromooctane in
the solution were calculated as explained in the appendix. The mixture
was left at room temperature on the bench for five days. The contents of
the beaker was then filtered under vacuum and dried for two hours. The
crystals were then transferred into a sample vial and placed in a
dessicator overnight to ensure complete dryness of the crystals.

A whole range of concentrations for the C ;H,,(1) guest species were
used which ranged from 7.5 % to 100 %. The ratios of concentrations and
volumes of CH,,(l) guest species with respect to the C,H, Br,(UIC) for
each experiment were calculated as shown in the appendix.

The ratios of CH,, with respect to the C;H,Br,(UIC) guest species

present after the exchange process are tabulated in table 4.5.
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Concentrations of Percentage of C ,H,, Percentage of C,H, Br,

C,H,,(1) used (%) present in the UIC (%) present in the UIC (%)
7.5 37 63
15.5 39 61
23.8 42 58
32.7 71 29
42.4 66 33
52.3 74 26
63.1 78 22
74.5 85 15
86.8 92 8
100 94 6

Table 4.5: The percentage incorporation of C_H, (1) and CH Br,(l) into the UIC

87716
after the exchange process (+ 5% within experimental error).

The equilibrium between the different concentrations of the guest species
is expressed in the form of a chemical equation. The equation reads as

follows:

v, A() + v, B(UIC) & v, (UIC) + v, B(l)

Equation 4.1

Where A = pentadecane B = 1,8-dibromooctane. The results clearly show
that the percentage exchange is correlated with the concentration of the
guest in the liquid phase. However this is not entirely consistent with

other results as discussed in section 4.6.
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4.6 Summary and Further Discussion

The results for the experiments in sections 4.2, 4.3, have all shown
that there was a preference for exchange if the incoming guest species was
of a longer chain length than that already present in the UIC. For
example, in experiment 1 in section 4.2 the exchange of C,;H,/Cl, with
C,.H,, (1) was shown to be unfavourable with only a 16 (1) % exchange in
comparison to a 80 (3) % incorporation with the C,;H,, guest species.

Experiment 2 in section 4.3 (replacement of C H, ,(UIC) with
C.H,Br,(1)) showed that even with an excess volume of C;H,Br,(l) guest,
it was unable to replace the C;H,, from the UIC. The bar graph in section
4.3 showed > 1 % exchange in the CH,,(UIC) but as the length of the
C,H,,,, guest species was decreased, the percentage exchange with the
C,H,Br,(1) guest species increased.

The results from experiment 3 in section 4.4 supported these
results, in that the experimental mass changes correlated well with the
expected change calculated from the percentage exchange found in
experiment 1. When the C_ H,,(I) guest species was exchanged with
C,H,Br, guest species the experimental mass difference was 0.0370 g and
the expected mass was 0.0334 g. The same experiment for the C,;H, Cl,
was carried out but was not as conclusive with the C,;H,, and C, H,, guest
species.

The results obtained from experiment 4 in section 4.5 showed that
as the concentration of the C,H,,(l) increased the percentage exchange
increased.

We now discuss thermodynamic and kinetic factors that controlled
the state of the equilibria using examples of experiment 1 and 2 in section
4.2 and 4.3. In experiment 1 there was a 90 (4) % exchange of the C, ,H,,

however, when the experiment was reversed as described in the second
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experiment, the C,H,Br,() exchanged with the C.H,, with > 1 %
exchange. In experiment 1 the exchange was observed to be a rapid
process but in experiment 2 this was not the case. In the case of
experiment 1 the C,H,,(I) was in excess and the equilibrium would have
favoured the formation of the C,H,,(UIC). However, in experiment 2,
C,H,Br,(l) was in excess but the equilibrium still apparently remained in
favour of the C,H,,(UIC). The most plausible explanation of this
observation was that the process described in experiment 2 was largely
kinetically controlled, had the experiment been left for a longer period of
time the exchange may have been a more likely favored process. The
analogous experiments for the C H,Cl(UIC) system were not as
conclusive. In experiment 1 for the C,;H,,(I) exchange, the reaction gave a
80 (2) % incorporation. However experiment 2 gave only a 3 (1) %
exchange. The results of experiment 4 showed a correlation between the
degree of exchange and the concentration in the liquid phase. This is
consistent with either kinetic or thermodynamic control.

These results may be related to other studies of the thermodynamic
and kinetic stabilities of UICs. The ability of UICs to undergo exchange

767,68,69

may be related to the’sliding mode . It is expected that the general
stability of UICs primarily govern the exchange of the guest species
through the channels, where the C H, ,,(I) guest species enter into the
channels along the incommensurate axis and the C,H, Br, slides through
the channels leaving via the other exit. The factors that affect the
thermodynamic stability of the UIC are discussed below and are used to

explain the extent of the exchange process and the limitations.

e Short chain guest species do not form inclusion compounds.

Hollingsworth and Harris™ suggested that it was partly due to their
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higher volatility and due to it being a short chain guest molecule it
contains a low binding energy in comparison to longer chian guests.

Adduct formation is also dependent upon the energy of formation of
the host and the guest molecules. The shorter chain guest molecules (C
> 6) have less contact with the urea host (i.e. host-guest interaction).
Consequently the urea molecules are not able to gain the necessary
stabilization from their interaction with the included species to form a
stable UIC™. Thermodynamic studies carried out by Pemberton and
Parsonage™ and McAdie'” have provided an insight to the relative
stabilities of the UIC. Parsonage and Pemberton have reported the
observation of gradual transitions with increase in chain length for the
even paraffins, C,H,, C,H,, C H,, CH, and C,H, and one odd
paraffin C ;H,,. McAdie carried out differential thermal analysis on the
even urea adducts ranging from C, H,, to C,;H,, and found that the
C,H,, (UIC) is marginally unstable at room temperature and the
decomposition temperature for the UICs draw closer to the urea
endotherm as a function of chain length. The progressive increase in
the decomposition temperature of the UICs with increasing chain
length is given in table 4.6 with an estimate of the heat of
decomposition (A H,). Experiments were also carried out on pure
hydrocarbons and tested for adduct formation with urea by Shannon et
al’ in one publication and Schleisser and Flitter” in another. They
found that the stability of the UIC to increase with increase in chain
length. Bengen and Schlenk", Schlenk™ and Bengen™ found that the
optimum number of carbons was six which was unbranched or slightly

branched.
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Guest molecule ~ Chain length (A)  Decomposition AH, (Kcal mol" of
temperature of urea)
UICs (°C)

decane 15.08 £ 0.1 81.5+1.1 9.9

undecane 16.34 £ 0.1

dodecane 17.60 £ 0.1 912+1.7 13.4

tridecane 18.86 + 0.1

tetradecane 20.12 £ 0.1 101.7+£2.3 18.7

pentadecane 21.38 + 0.1

Table 4.6: Guest periodicities (Cg) of alkane, UIC decomposition temperatures of
the even n-paraffins and their (A H,) values from ref 108.

e For alkanes and urea in methanol the enthalpy of complexation is

reported to be 1.6 kcal mol” per CH, group”. The increase in
stabilisation on progressive addition of methylene groups to the alkane
chain guest molecules implies greater stability in the UIC™.

e The general requirement for any favourable process is one where the

Gibbs free energy is exothermic™ "'

. The thermodynamic properties of
the adducts of urea were studied by Redlich et al”’. For the lower
molecular weight guest substances the change in Gibbs free energy
(AG) for the guest substance in the vapour state was carried out by the
measurements of the decomposition pressure. For the higher molecular
weight guest molecules equilibrium studies were carried out. It was
found that AG per mole of urea was found to increase approximately
linearly with chain length (owing to an increase in the host-guest
interactions). The features that dominate the exchange processes are the
guest-guest and host-guest interactions in the UIC and the enthalpy of
the reaction. Brustolon et al'* showed that the host-guest and the guest-

guest interactions are largely affected by the dynamic behaviour,
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functional groups that were present on the guest species and the
ordering of the guest species in the UIC. As a consequence AH is
dominated by the identity of the guest species in the urea channels.

Previous studies™>"*'*

suggest that the rotational motion of the guest
species around the tunnel axis and the change in conformations of the
chain is uncorrelated. Brustolon et al'* studied different types of UIC to
test the importance of molecular interactions between the guest species.
Experimental evidence obtained from EPR studies suggests that guest-
guest interchannel interactions are important in the case of dicarboxylic
acid guest species which give rise to strong intermolecular hydrogen
bonding between the carboxylic acid groups. Another possible reason
for restricted motion may also be caused by the motion of the urea host
lattice. Heaton et al have studied the dynamic properties of urea
molecules in nonadecane / (*H,) UIC by powder* and single crystal X-
ray diffraction’’. From this work they showed that there occur 180°
jumps of the urea molecules about their C=O axis and is also evident in
the pure crystalline urea form above ambient temperatures. This also
includes simultaneous rotation about the C-N axis.

In order to understand the mechanism for exchange process the

exchange between the C, H,, () and that of the C;H,Br, is discussed

below.

In the determination of a favourable exchange process the first

factor to be considered are the chain lengths of C, H, () and CH,Br,

guest molecules, which in this case are of comparable length.
In the exchange reactions the C,H,Br,(UIC) were prepared

carefully and exact ratios of urea molecules with respect to the C,H, Br,

molecules were calculated. For a C,jH,,(l) molecule the amount required

to fit into a C;H,Br, host framework was calculated. Therefore, in these
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particular exchange processes because the C,;H,, (1) was adopted to fit into
the C,H, Br,(UIC) host framework the length of the guest molecule was
irrelevant as the actual number of host-guest interactions were not
altered.

Among other affects point number 4 is the most important. A
proposal was made that was related to the idea of bulky substituents
hindering molecular motion. Fukao et al* reported the offset value for
alkanes as Ag = 0 and Harris et al'™* reported for the dihalogenoakanes an
offset of Ag = Cg / 3 which was different to that of the alkanes. They
suggested the guests” functional groups interacted significantly with more
than one functional group in each adjacent channel, hence distorting the
channel walls. This implied that the optimum value of Ag was dependent
on the periodic repeat distance (Cg). Evidently, the identity and position
of the functional group are relevant factors. Short chain guest molecules
for example 1,8-dibromooctane may contain many interacting neighbours

whereas for longer guests this is unlikely and just one interacting

111 0

neighbour may be expected. It was suggested by Aliev et al'' and others"
the possibility that the o,w-dibromoalkane guest species were more
spatially constrained in comparison to the alkane guest species which
perhaps limited the rotation at the ends of the molecule. Smart et al'
showed by Raman spectroscopy that there was a percentage of the
bromine end group in the gauche conformation which interchanges to the
trans form which may inhibit the exchange process.

The literature reports provide useful information which may be
used to help explain the results obtained in this study. The C,H,Br, guest
molecule may be considered a short chain alkane, with C,H,,(I) guest
molecule of similar length. Strong interactions already exist between more

than one of the guest species in the adjacent channels in the C;H, Br,(UIC).
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Therefore the exchange with C,H,,(1) was a less favoured process. There
are no bulky substituents present on the C H,,(I)molecule (the methyl
group at the ends are not as bulky as the bromine group) to compensate
for the interactions that occur between a C;H, Br, guest species and that of
another C;H, Br, guest species in adjacent channels.

In view of the above discussion of a system where predominantly
no exchange occurred, a system where the exchange was highly favoured
is also considered. The experiment involved was the exchange between
C,;H,,(1) and CH,Br,(UIC). Similarly in this system the length of the
C,sH,,(I) molecule is not important as the chain length is adopted to fit into
the C,;H,Br,(UIC) framework, in this case less C,;H,(l) guest species are
required to be accommodated into the channels of urea. After the
completion of the exchange the guest-guest interactions in the adjacent
channels were much reduced but more so, there were stronger host—guest
interactions due to less gaps between the adjacent guest species which
would cause the structure to destabilise.

Experiment 1 in section 4.2 has shown that the forward reaction
was favourable which implies that the change in enthalpy upon exchange
is more exothermic. The most plausible explanation for this positive result
was the presence of stronger host-guest interactions in the CH,,(UIC).
The guest-guest interactions in the same and adjacent channels however,
favoured the C;H, Br,(UIC) formation. This was due to relatively strong
interactions that exists between two adjacent C;H, Br, species in the same
and in adjacent channels in comparison to the weaker interactions
between the C H, ,species, but even still the experiments showed there to
be more affinity for the C ;H,, than C;H, Br, in the UIC. In these particular
exchange reactions the entropy did not show a great significance in the

determination of the state of the exchange process. Implications and
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suggestions were made to the possible effects that the entropy may have
on such systems but were not as conclusive as expected.

A high entropy state is a consequence of randomness or disorder in
a system. The disorder in the CH,Br,(UIC) would be expected to be
greater than that in the C;H,,(UIC), but was inhibited by the strong guest-
guest interactions of the C;H,Br, guest species. The hindrance in the
molecular motion of the guest species in the urea channels is influenced
by a number of constraints that the guests in the UIC experience. In
addition to the strong guest-guest interactions there are also hydrogen
bonded chains of guest species in a channel, that have their motions
strongly correlated. There also exist strong interactions between the guest
species and the channel walls. In the C/H,(UIC) the guest-guest
interactions in the adjacent channels were somewhat weaker than the
C,H, Br,(UIC). This however is counteracted by a lower degree of
disorder and randomness due to the longer chain C,H,, guest species.
From the evidence obtained from the experiments in section 4.2 and the
literature discussions the entropy seemed more likely to favour the
C,H,Br,(UIC).

In summary, the three elements that control the exchange reaction
were:
¢ Host-guest interactions
¢ Guest-guest interactions
¢ The entropy of a system

It has been explained that the last two elements have shown to
favour the C,H, Br,(UIC) formation and only one namely the host-guest
interactions, favour the C,;H,,(UIC). The experiment however has shown
a preference for the C,;H,,(1) molecule to exchange with the C;H, Br, guest

molecule in the UIC, which indicates that the host-guest interactions
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dominate the exchange process by far. In conclusion, the experiments
were most favourable with the longer chain alkanes and the results shows
a progressive increase in the percentage incorporation when proceeding

from C, H,,(1) through to the C ;H,,(l) guest molecule.
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