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Abstract

This thesis comprises the results of research on various aspects of solid

inclusion compounds and other organic materials.

Chapter 1 is an introduction to solid-state inclusion compounds, in particular
describing the main characteristics of urea inclusion compounds and thiourea

inclusion compounds.

The experimental techniques utilized during the research are described in
Chapter 2. These techniques include X-ray diffraction techniques (single crystal X-ray
diffraction, powder X-ray diffraction and the characteristics of synchrotron radiation)
and thermal analysis techniques (differential scanning calorimetry and

thermogravimetric analysis).

In Chapter 3, the main focus concerns studies of the solid-state properties of a
special type of non-conventional urea inclusion compound formed with

a,0-diaminoalkane guest molecules, and also incorporating methanol molecules

iii



within the structure. The present work is focused primarily on the stability of these
materials, and the evolution of structural phases formed upon decomposition as

function of time.

Novel X-ray birefringence and X-ray dichroism investigations carried out at
the Diamond Light Source (UK) on different thiourea inclusion compounds
(1-bromoadamantane/thiourea inclusion compound, 2-bromoadamantane/thiourea
inclusion compound and bromocyclohexane/thiourea inclusion compound, which
has an order-disorder phase transition at low temperature) are reported in Chapter 4,
where pioneering X-ray dichroism and X-ray birefringence measurements in organic
compounds have proved to serve as a sensitive probe of changes in molecular

orientation at order-disorder phase transitions.

Chapter 5 is aimed at broadening the understanding of polymorphism and
chemical reactivity of oxalyl dihydrazide at high temperatures using time-resolved

powder X-ray diffraction data recorded at the Daresbury SRS (UK).

Chapter 6 reports a powder X-ray diffraction study of the solid-state
dehydration process of t-butylammonium acetate monohydrate, and the structural

consequences of the dehydration process.
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Chapter 1

Introduction

1.1 - Solid Inclusion Compounds

Solid inclusion compounds comprise two constituents: the host and the guest.
The host operates as a framework with empty spaces where the guest molecules are
included. The host structures in solid inclusion compounds comprise two different
kinds [1, 2]: hard hosts and soft hosts, depending on their response when the guest is
removed. Hard hosts are stable regardless of whether the guest is included within
them or not. Zeolites are an example of hard hosts, where the framework is built
from corner-sharing SiOs and AlOs tetrahedra, with the cavities in these materials
ranging from cages and tunnels to 2-D and 3-D networks. Their main applications
are in catalysis and separation technologies. In contrast, soft hosts are not stable

when the guest molecules are removed, and collapse, in most cases irreversibly.



Chapter 1 — Introduction

Chapters 3 and 4 are focused on one-dimensional, soft-host solid inclusion
compounds, specifically urea inclusion compounds and thiourea inclusion

compounds [3-6] (Figure 1.1).

(7]

7N
H2N/ \NH2 H,N NH,

O—O
O

Figure 1.1  Urea (left) and thiourea (right) molecules.

1.1.1 - Urea Inclusion Compounds

Urea inclusion compounds (UICs) were discovered by Bengen in 1940 [7].
These compounds are host-guest systems in which the host is formed by a
hydrogen-bonded arrangement of urea molecules, within which there are infinite,
uni-directional, parallel, hexagonal tunnels, and the guest molecules are densely
packed inside these urea tunnels (in the absence of the guest, urea recrystallizes in a
tetragonal crystal structure P422im, a=5.6 A and c=4.7 A [8]). In the urea tunnel
structure, the oxygen atom of each urea molecule is hydrogen bonded to four
nitrogen atoms (from four different urea molecules) and each nitrogen atom is
hydrogen bonded to two oxygen atoms (from two different urea molecules) [9]. The

diameter of the urea tunnels varies from 5.5 A to 5.8 A [10]. The comparatively
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Chapter 1 - Introduction

Generally, there are two different types of thiourea host structure, depending
on the included guest [4]. When the shape of the guest molecule is essentially
isotropic, the host structure at room temperature is rhombohedral and the guest is
usually disordered inside the tunnel. This type of TIC with rhombohedral structure
often undergoes an order-disorder phase transition at low temperature (lowering the
symmetry and distorting the thiourea tunnels slightly), and the guest molecules in
the low temperature phase become ordered. In Chapter 4, this issue is discussed in
detail, as we focus on the bromocyclohexane/thiourea inclusion compound phase
transition at low temperature. The other type of thiourea host structure, formed with

planar molecules, is monoclinic and the guest is typically ordered.

1.1.3 - Applications

Some of the applications of UICs and TICs involve the control of crystal
morphology [38, 39]. Although conventional UICs normally grow as long needles,
the crystal growth can be controlled by using an inhibitor to obtain flat hexagonal
plates instead. Guest exchange processes have also been explored for UICs [35, 40-
44], with in situ and ex situ studies demonstrating that there is guest transport along
the tunnel driven by thermodynamic considerations. Another important application
is to utilize UICs and TICs as X-ray dichroic filter materials [45-47], which is

discussed thoroughly in Chapter 4.
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1.2 — Solid-State Structural Transformations

Crystalline organic materials may experience different types of structural
transformations [48-52], including polymorphic transformations, solid-state
reactions, processes involving solvent exchange, formation of new materials by
solid-state grinding (mechanochemical synthesis) and solvation or desolvation
among solvate and non-solvate forms.

Polymorphism of oxalyl dihydrazide (for which five polymorphs a, B, v, 8 and
€ have been reported [53]) is examined in detail in Chapter 5, including discussion of
the relative stability of the polymorphs and investigations of a solid-state reaction
that takes place at high temperature in these materials.

A solid-state dehydration process involving solid t-butylammonium acetate
monohydrate is described comprehensively in Chapter 6 [54]. This process involves
the transformation of a single crystal of t-butylammonium acetate monohydrate to a
microcrystalline powder of an anhydrous product phase, involving substantial

rearrangement of the hydrogen bonding scheme.
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Chapter 2

Experimental techniques

2.1 - Introduction

This chapter provides the theoretical background for the techniques used
during this research project, namely single crystal X-ray diffraction, powder X-ray
diffraction, and thermal analysis [differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA)].

2.2 — X-ray Diffraction

X-ray diffraction is a powerful technique used to determine crystal structures
(spatial atomic distribution) of crystalline solids, which involves determination of the

unit cell parameters [the unit cell axis lengths 4, b and ¢ and the unit cell angles «, £

13



Chapter 2 — Experimental Techniques

and y (Figure 2.1)] and the atomic content of the unit cell [described by the atomic
coordinates (x1,y1,21), (X2,42,22),..., (Xn,yxzn)]. Identifying the unit cell and its contents
gives us knowledge of the complete crystal structure since the unit cell (which
contains the full symmetry of the crystal structure) is repeated in all dimensions of
the crystal due to the crystal periodicity. Crystalline solids belong to one of the 7
crystallographic systems (triclinic, monoclinic, orthorhombic, tetragonal, trigonal,
hexagonal and cubic) and are arranged in the space in a symmetry defined by one of

the 230 space groups.

Figure 2.1  Representation of a unit cell.

From the diffraction pattern, the crystal lattice can be identified. The angles of
the reflections allow the unit cell parameters (dimensions and angles) to be
determined, while the relative intensities of the reflections provide information about

the atomic content of the unit cell.

14
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sin@ _GE ; sin@ _EH (2.1)
hi hid
Path difference= GE+EH =d,,sinf+d,, sinf (2.2)
For constructive interference: GE + EH =nAi (2.3)
nA=2d,,sin@ (2.4)

The crystal structure (specifically, the electron density, p(r), as described by
the atom positions and displacements parameters) is related to its X-ray diffraction
pattern by the structure factor F(H) (Equation 2.5).

F(H) = |F(H)|explia(H)]

- Ip(r) exp[27iH -rldr (2.5)

In this equation, each diffraction maximum corresponds to a value of
H=ha*+kb*+Ic* in reciprocal space, while for each atom there is a value of
r=xa+yb+zc in direct space. |F(H)| is the amplitude and o(H) is the phase. The
amplitude can be obtained from the X-ray diffraction pattern and is related to the
intensities, (I(H), by I(H) oc| F(H) |2 From the crystal structure, the diffraction pattern
can be calculated using a forward Fourier Transform. However, the phases of the

diffraction maxima o(H) cannot be extracted from the experimental data, which is

16
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known as the “phase problem”. As a consequence, the inverse Fourier transform
(Equation 2.6) cannot be performed, as it requires information about the phases

(Figure 2.3).

p(r)= %ZIF(H),exp[ia(H) —27iH 1] (2.6)

Crystal Structure

Electron Density po(r)
4

Fourier Transform Inverse Fourier Transform

(Equation 2.5) (Equation 2.6)

v

Diffraction Pattern
Structure Factor F(H)

Figure2.3  Diagram illustrating the phase problem.

There are basically two main, traditional approaches to overcome this problem
in structure solution for small-molecule single-crystal X-ray crystallography: the
Patterson Synthesis and Direct Methods. In Patterson Synthesis, the amplitudes
|IF(H)| in Equation 2.5 are replaced by their squares |F(H)|? and the unknown
phases are omitted. The peaks in a Patterson map correspond to vectors between
pairs of atoms in the structure. It is mostly used for structures containing a few heavy

17
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atoms (atoms with a high number of electrons) among many light atoms. Direct
Methods, preferred at present, attempt to derive the structure factor phases, electron
density or atomic coordinates by mathematical means from a single set of X-ray
intensities. With Direct Methods, the approximate phases can be estimated from
relationships between the structure factors with no previous knowledge about the
crystal structure itself. On the other hand, for powder X-ray structure determination
direct-space [2] approach methods are mostly used as the reliability of the extracted
intensities is limited by peak overlapping in the powder X-ray diffraction patterns

(See section 2.2.4).

2.2.2 -Sources of X-rays

X-rays were discovered by W.C. Rontgen in 1895. The X-ray wavelengths (1)
range from 0.1 to 100 A, and lie in the electromagnetic spectrum between y-rays and
UV radiation. Longer wavelength X-rays have medical applications, whereas shorter
wavelength X-rays (0.25 - 2.5 A) are used for X-ray diffraction. Such wavelengths are
of a similar order of magnitude to the periodic repeat distances in crystalline solids,

and thus a crystal behaves as a diffraction grating for such X-rays.

X-rays in laboratories are produced in a vacuum tube in which a voltage is

applied between the anode (usually a metal such as copper or molybdenum) and the
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cathode. Electrons from the cathode collide with the anode, removing electrons from
the anode’s internal K shell. The vacancies left are subsequently filled with electrons
from external shells (L or M) with a resulting emission of energy as X-rays. The
wavelength of the X-rays produced depends on the composition of the anode and on
the transition that has taken place: L—» K (Ka) and M— K (KB). Ka, which is not
monochromatic (as it comprises two components: Ka; and Ko, due to the energy
differences in spin states), is more intense, and thus is the one used for X-ray
production in laboratories. To produce monochromatic Ko, radiation, the X-rays are
passed through a monochromator. The copper anode, with longer wavelength
(Ko, 4 =1.54056 A), is usually used in powder X-ray diffraction as it resolves the
peaks Dbetter and the molybdenum anode, with shorter wavelength

(Ko, 2=0.7107 A), is mostly used in single crystal X-ray diffraction.

Another X-ray source is the synchrotron. Much of the work reported here has
employed synchrotron X-ray radiation, based on exploiting a number of special
properties of synchrotron X-rays. Electrons, generated initially in an electron gun, are
accelerated to very high speeds (nearly the speed of light) by particle accelerators
and steered around a storage ring by bending magnets. When the magnets bend the
path of the electron beam, very intense X-ray, UV and Infra-Red light are emitted.
The very high intensity of the X-rays from a synchrotron radiation source makes

possible the study of systems in which rapid transformations occur and short data
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collection times are needed. In addition, synchrotron radiation produces diffraction
data of higher resolution and improved signal-to-noise. The wavelength is tunable
depending on the station/beamline, and the angular divergence is very low (thus
giving very high resolution diffraction data). Synchrotron radiation is polarized
horizontally (electric vector component vibrating in the horizontal plane), an
indispensable property necessary to perform the X-ray dichroism and birefringence
experiments discussed in Chapter 4. Two different synchrotron facilities were used
during this research, Daresbury SRS and Diamond Light Source. As the experimental
set up in the synchrotron varies a lot depending on the specific type of experiment
and on the particular station/beamline used, the specific experimental set up details
used for our experiments are described in the experimental sections of the relevant

chapters.

2.2.3 - Single Crystal X-ray Diffraction

Single crystal diffraction data in this thesis were collected on a Nonius Kappa
CCD diffractometer using monochromated MoKa radiation (1=0.71073 A) in the
School of Chemistry of Cardiff University. Crystals were mounted on a glass fibre
with the aid of perfluoroether oil. Data collection was carried out using COLLECT
[3], crystal structure sohition was carried out with direct methods using SHELXS [4]

and crystal structure refinement using SHELXL [4] via the software interface
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WinGX [5]. The figure-of-merit used to evaluate the refinement quality and therefore
the accuracy of the crystal structure obtained is the R-factor (R) (Equation 2.7) and

the weighted R-factor (Rv) (Equation 2.8):

R=100x Z%l-lﬂ! 2.7)
R, =100x 2HFI-IF| 2.8)

XA

where |F.| is the observed structure factor amplitude, |F:| is the calculated

structure factor amplitude and w is a weighting factor.

2.2.4 - Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) is a powerful technique for structure
determination of crystalline solids that are available as polycrystalline powders. In
this technique, the powder sample is irradiated by monochromatic X-ray radiation.
When the powder is crystalline, each individual crystallite diffracts X-rays, which are
measured by a detector to give a diffraction pattern. The diffraction pattern is plotted
as a graph with the x—axis representing the 20 angle of the diffracted X-rays and the

y-axis representing the intensities of these X-rays (Figure 2.4). Thus, the powder X-ray
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diffraction data is only a one-dimensional representation of the diffraction pattern.
As a consequence, structure determination from powder diffraction data is
significantly more challenging than from single-crystal diffraction data (which

provides a three-dimensional representation of the crystal structure).
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Figure 2.4 Example of a powder X-ray diffraction pattern.

In any given diffraction pattern, the peak positions (26) depend on the unit
cell parameters and the intensity of each peak depends on the atomic content and its
distribution in the unit cell. From this diffraction pattern, the crystal structure can be

determined. There are different stages involved the crystal structure determination
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from powder X-ray diffraction data: indexing and space group assignment, structure

solution and structure refinement.[6-12]

The first step for crystal structure determination is the unit cell determination
and space group assignment (indexing), determined from the peak positions and the
systematic absences. The indexing of the X-ray powder pattern is assisted by
particular software: TREOR [13], ITO [14], DICVOL [15] and CRYSFIRE [16]. Unit cell
refinement following the Le Bail [17] technique is carried out using the GSAS [18]

software and its graphical user interface editor EXPGUI [19].

The following stage in the crystal structure determination is the structure
solution, carried out using the program EAGER [20], based on the Genetic
Algorithm, a direct-space [2] approach for structure solution from powder X-ray
diffraction data, based on the principles of evolution involving well-known
evolutionary operations such as natural selection, mating and mutation. In this
strategy, trial structures are generated in direct space, independently of the
experimental powder diffraction data, and the suitability of each trial structure is
evaluated by direct comparison between the powder diffraction pattern calculated
for the trial structure and the experimental powder diffraction pattern. This
comparison is quantified using a figure-of-merit, the weighted powder profile
R-factor Rwp (Equation 2.7), where wi is a weighting factor for the i point in the

powder pattern, y: is the intensity of the it point in the experimental powder
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diffraction pattern and y. is the intensity of the i point in the calculated powder
diffraction pattern. The final stage for structure determination is the structure
refinement following the Rietveld Method [21, 22], intended to obtain an accurate

crystal structure, using GSAS [18] and EXPGUI [19].

pr =100x\/z,~wi(yi _yci)z (2.9)

2
Wi

Powder X-ray Diffraction has some advantages over single crystal X-ray
diffraction. Single crystals are not required (polycrystalline powders are analysed
with this technique); it also overcomes the problem of crystal twinning (crystal twins
contribute to the diffraction as different crystallites, which is not a problem for
powder X-ray diffraction data) making it easier to study phase transitions at low
temperature which often involve twinning of the crystals. However, there is the
difficulty of peak overlapping and preferred orientation, when a peak shows higher
intensity than predicted, due to the sample mounting or the anisotropy of crystal
orientations in the powder (long needles or flat plate crystals suffer more preferred

orientation than more isometric crystals).

Powder X-ray diffraction data included in this work were collected using a
Bruker D8 Advance diffractometer operating in transmission mode with

Ge-monochromated Cu Kau radiation (1=1.54056 A) and a linear position-sensitive
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detector covering 12° in 26 and a step size of 0.0167° In these transmission
measurements, the sample was fixed between two pieces of adhesive tape in a
foil-type sample holder. It is important to note that the X-ray scattering from the tape
contributes to the measured powder X-ray Diffraction pattern, giving rise to a
significant background contribution that resembles the typical scattering from an
amorphous component. Synchrotron X-ray powder diffraction data were recorded

on Station 6.2 and 9.1 at Daresbury SRS.

2.3 — Thermal Analysis

Two thermal analysis techniques were used during this research project,
namely DSC (Differential Scanning Calorimetry) and TGA (Thermogravimetric

Analysis).

2.3.1 - Differential Scanning Calorimetry

DSC is a technique that measures the heat flows of a sample and a reference.
The instrument used here was a heat flux Q100 DSC from TA Instruments. Important
information can be obtained from these experiments such as determining the
temperatures associated with phase transitions, decomposition processes, melting

and boiling points, crystallisations, etc. The differential calorimeter measures the heat
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into or out of a sample, as well as the heat of a sample relative to a reference. When
the process is endothermic, the heat flows into the sample, whereas if the process is
exothermic, the heat flows out of the sample. The absolute heat flow indicates the
heat capacity, and a shift in the heat flow may be a sign of a glass transition (Figure
2.5). When there is an exothermic peak, this may be a sign of crystallization, while
melting gives an endothermic peak. Higher sample weights and higher rates of
cooling/heating increase the sensitivity, whereas lower sample weights and lower

cooling/heating rates increase the resolution.
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Figure 2.5  Schematic representation of a differential scanning calorimetry graph with

different types of transformations indicated.
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2.3.2 - Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a technique which measures the mass
loss of a sample as a function of time or temperature in a controlled environment
(Figure 2.6). Useful information can be obtained from this technique about processes
such as decomposition, dehydration and sublimation. TGA experiments in this thesis

were carried out on a TA Instruments Q600 Simultaneous TGA/DSC instrument.

Partial
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Figure2.6  Schematic representation of a thermogravimetric analysis graph.
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Chapter 3

Structural Properties and
Solid-State Decomposition
Behaviour of a,@-Diaminoalkane/

Urea Inclusion Compounds

3.1 — Introduction

In the attempt to crystallize urea inclusion compounds (UICs) using
a,o-diaminoalkanes as the guest molecules, a special and new type of inclusion
compound structure was discovered [1]. As described in Chapter 1, conventional
UICs generally have the same characteristics of the host structure regardless of the

guest molecule included. However, when the guest molecule is an o,®-diamino-

30



%

@7

><

%

% N (

1*



$

> =0p

. %

&

%

@?

% N (

1*

? U < D1 -

? U < D1 -

% N ( -2
- %N(3$D



( ! % N (
& I
R

RNSTE :
RNNT

R T
( % N (

I | %
K K

> >
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o, - Diaminoalkane/Urea Inclusion Compounds

The structure of these new UICs is characterized by an extended
hydrogen-bonded array connecting both the urea and the a,w-diaminoalkane guest
molecules with the included methanol molecules [1, 2]. The methanol molecules are
hydrogen bonded to urea molecules and to the amino end groups of the guest
molecules. Figure 3.5 shows the hydrogen bonding arrangement in these materials;
each methanol molecule acts as a hydrogen bond acceptor (N-H:-O) from two urea
molecules in one layer and as a hydrogen bond donor (O-H:-N) to an
a,0—diaminoalkane molecule (in this case 1,7-diaminoheptane) in the other layer. In
contrast, for conventional UICs, there is no hydrogen bonding between the guest

molecules and the urea molecules in the host structure.
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a,o - Diaminoalkane/Urea Inclusion Compounds

Space a axis b axis c axds B Ratio
group A) (A A) © urea/guest/methanol

1,7-diaminocheptane/Urea/MeOH Monoclinic

C2/lc 8.3161(10) 13.948(2) 29.033(3) 95.030(5) 7:1:2
P N N N
HN NHy
1,8-diaminooctane/Urea/MeOH Monoclinic
PN C2/c 8.4631(9) 13.9385(18) | 29.421(3) 95.258(6) 7:1:2
HaN
1,9-diaminononane/Urea/MeOH Monoclinic
AN NN C2ic 13.9678(7) 8.3379(4) 33.2409(2) 93.681(8) 8:1:2
HN NH;
1,10-diaminodecane /Urea/MeOH Monoclinic
C2lc 7.9408(2) 14.6915(3) | 35.9999(6) | 90.7870(10) 9:1:2
AN NN NN
HAN
1,12-diaminododecane/Urea/MeOH Monoclinic
- C2/c 13.989(3) 8.3767(19) 40.300(9) 96.234(13) 10:1:2
M N e Vs
HaN'
1-aminooctane/Urea/MeOH Monoclinic
NG C2/c 8.079(5) 14.620(10) 59.62(3) 90.612(9) 15:2:2

Table 3.1 Summary  of known  crystal  structures of the different

aminoalkane/methanol/urea inclusion compounds.

As seen in Table 3.1, the crystal structures for the o,0-diaminoalkane/
methanol/ urea inclusion compounds share some similarities. They are all monoclinic
and belong to the same space group C2/c. The unit cell parameters also have
analogies; the a2 and b axes have comparable values around 8.3 A and 139 A and the
c-axis varies with the length of the guest molecule, increasing as the guest molecule
becomes longer. The urea/guest/methanol ratio also changes depending on the guest
molecule, so for longer guests there is a longer tunnel section and therefore more
urea molecules are required to form that tunnel segment. Urea inclusion compounds ’
containing a 1:1 mixture of a,0—diaminoalkane and o,0-dihydroxyalkane guest

molecule have been found [4] to contain disrupted urea tunnels, similar to
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a,0—diaminoalkane/ methanol/urea, where the methanol is replaced by a short

o,0—dihydroxyalkane.

This chapter is intended to investigate the stability of the different
o,0-diaminoalkane/MeOH/urea inclusion compounds at room temperature and the

possible structural transformations.

3.2 — Experimental

The materials studied here were prepared from a homogeneous solution of
urea, the guest molecules (1,6-diaminohexane, 1,7-diaminoheptane, 1,8-diamino-
octane, 1,9-diaminononane, 1,10-diaminodecane or 1,12-diaminododecane) and the
solvent methanol [in some cases, t-amyl alcohol (2-methyl-2-butanol) was also added
drop wise (1-2 ml) in order to obtain a homogeneous solution]. The solutions were
prepared following the standard method for conventional urea inclusion
compounds, in a conical flask at room temperature and then heated up to 55°C. The
urea : guest ratio used was 6 : 1 (0.5 g of urea and ~0.15 g of the guests) and 3 ml of
methanol were added to the solution until the urea and the guest were completely
dissolved. Once a homogeneous solution was obtained at 55°C, the flasks were

placed in an incubator, and the temperature was decreased slowly and gradually to
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room temperature (the usual cooling rate was -0.01 °C/min). In most cases, the

crystals were hexagonal flat plates.

The samples obtained were characterized at Cardiff University using an
optical microscope, single crystal X-ray diffraction and powder X-ray diffraction
(PXRD) (See section 2.2.3 and 2.2.4 for more details on the instruments). Single
crystal X-ray diffracion was wused to solve the crystal structure for
1,6-diaminohexane/urea/methanol at room temperature and powder X-ray

diffraction was used to study the decomposition behaviour.

3.3 - 1,6-Diaminohexane/Methanol/Urea

Previously, the shortest o,w-diaminoalkane guest molecule studied was
1,7-DAH [1, 3]. In the present work, the family was extended by investigating the
inclusion compound formed with 1,6-diaminohexane (1,6-DAHX) as the guest
molecule. The crystal structure determination of 1,6-diaminohexane/methanol/urea
inclusion compound (1,6-DAHX/ MeOH/Urea) was carried out from single-crystal
X-ray diffraction data collected on a Nonius Kappa CCD diffractometer at ambient
temperature using monochromated MoKo radiation (4=0.71073 A). The crystal

structure was solved using SHELXS [5] and refined using SHELXL [5] (R1 = 0.0538,
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shortly after they have been removed from the mother liquor. This effect can be
minimized as much as possible by minimizing the time between collecting the
crystals and the first data recording. In some powder X-ray patterns for the initial
phase, some impurities, such as pure urea or pure a,o-diaminoalkanes, may be
observed as the crystals were not washed (in order to minimize the sample
preparation time). In addition, in the final stage, the powder X-ray pattern may
contain other peaks distinct from pure urea, corresponding to the pure
a,0-diaminoalkanes, since they are solid at room temperature. All the powder X-ray
patterns shown in this section were recorded at room temperature with Cu Ka;
radiation, A =1.5406 A (See section 2.2.4 for more details on the instrument). Time in
these experiments is stated in days, with day 1 corresponding to the day of the
collection of the crystals from the crystallization solution, day 2 after 24 hours, day 3

after 48 hours and so on.

3.4.2 - 1,7-Diaminoheptane/Methanol/Urea Inclusion Compound

The first material to be studied with regard to decomposition behaviour was
1,7-diaminoheptane/methanol/urea inclusion compound (1,7-DAH/MeOH/Urea).

The powder X-ray pattern for this material is shown in Figure 3.11.
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Figure 3.11 Powder X-ray diffraction pattern of the 1,7-diaminoheptane/methanol/urea

inclusion compound.

The decomposition in this case occurs rapidly, and a pure phase of
1,7-DAH/MeOH/Urea was only be observed on day 1, by day 2, the sample was a
mixture of the 1,7-DAH/MeOH/Urea with the conventional UIC (Figure 3.12). There
was a coexistence of these two phases until day 4, when the starting phase had
disappeared and pure urea (Figure 3.13) started to appear. Urea and the conventional
UIC coexisted until day 15 (Figure 3.14). After that, mainly pure urea remained. Once
the pure urea stage was reached, no further changes were observed as a function of

time and the process was considered finished.
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Figure 3.12 Powder X-ray diffraction for a conventional UIC, in this case the

1,10-dibromodecane/urea inclusion compound.
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Figure 3.13  Powder X-ray diffraction pattern for pure urea.
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(1,8-DA0O/ MeOH/Urea) (Figure 3.15) is very similar to that for 1,7-DAH/MeOH/Urea,

as their structures are comparable (See Table 3.1).

20/°

Figure 3.15 Powder X-ray diffraction pattern of the 1,8-diaminooctane/methanol/urea

inclusion compound.

Although being similar in structure and exhibiting the same kind of
decomposition behaviour, the process for 1,8-DAO/MeOH/Urea occurs over a longer
period of time (Figure 3.16). Thus, the appearance of conventional UIC can be
observed on day 2, the starting phase disappears on day 3, and pure urea emerges on
day 7. The material is a mixture of conventional UIC and pure urea until day 65, after

which predominantly pure urea remains.
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