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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.
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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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narrow tunnel diameter limits the type of guest molecules that can be included
(typically long n-alkane chains with a small degree of substitution).

All "conventional7 UICs (the majority of the UICs are classed as conventional)
have the same hexagonal host structure at room temperature, with either space
group P6i22 (right handed) or P6s22 (left handed) and Ilattice parameters:

a = b 822A, cd1.01 A, a=/7=90° andy=120° [11,12]

Figure 1.1 View along the c-axis of the hexagonal host structure of UICs (in green urea

molecules and in blue the guest molecules).

Conventional UICs have an incommensurate relationship (Figure 1.2) between
the periodicities of the host Ch and guest Cgsubstructures along the tunnel [13, 14],
which means there are no small integers p and q that satisfy the equation: pCg=qCh,
i.e.,, the ratio Q/Ch is not a rational number with a sufficiently small denominator.

Thus, the position of the guest molecules in relation to the unit cell of the host
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substructure varies along the tunnel. For a small number of UICs, on the other hand,
the equation above is satisfied (and thus each guest molecule has a fixed position
with respect to the unit cell of the host substructure), and these materials have a
commensurate relationship.

Cg:Periﬁdicity of the guest

U
----------- Host: urea molecules

11 HI1 -~ 1---h Guest molecules

Ch: Periodicity of the host

Figure 1.2 Schematic representation of the periodicities of the urea substructure (in green)

and the guest molecules (in orange).

Conventional UICs at room temperature usually exhibit substantial dynamic
disorder of the guest molecule around the tunnel axis. However, on lowering the
temperature, UICs generally undergo a phase transition to a lower symmetry than
hexagonal and experience an increase in the ordering of the guest molecules.

UICs have been a subject of interest for their physico-chemical properties,
including incommensurate structural properties [13-17], dynamic properties [18-23],
host-guest chiral recognition [24, 25], order disorder phase transitions [26-31],

ferroelastic properties [32, 33] and properties related to one-dimensional confinement

[34-36].
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In the present work, we concentrate on a particular type of non-conventional
UIC, a layered UIC formed with a,co-diaminoalkane as the guest molecules and
methanol. A more detailed description of these compounds and their properties,

focusing on their stability at room temperature, is given in Chapter 3.

1.1.2 - Thiourea Inclusion Compounds

Thiourea Inclusion Compounds (TICs) [3, 37] are also soft-host inclusion
compounds. In these materials, the thiourea molecules are hydrogen bonded to each
other to form the walls of the tunnels (Figure 1.3). The tunnel diameter varies from
58 A to 7.1 A, creating an internal surface that has significant variation in tunnel
diameter on moving along the tunnel, as seen in Figure 1.4. For that reason, TICs are

often considered as cage-like inclusion compounds.

Figure 1.3 Projection of the thiourea host structure viewed along the tunnel axis.
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Figure 1.4 Detail of'the internal surface of the thiourea tunnel structure.

These constrictions within the tunnels are important for locking the guest
molecules into certain positions along the tunnel, and thus TICs are usually
commensurate structures. As the TIC tunnel is wider than the UIC tunnel, these
inclusion compounds can accommodate guest molecules of different shape and size
such as cyclohexane and derivatives, ferrocene and compounds containing aromatic

rings (Figure 1.5).

Br

a) b) ©)
Figure 1.5 Some  guest molecules in  thiourea  inclusion  compounds.  (a)

1-bromoadamantane, (b) bromocyclohexane and (c) ferrocene.
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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
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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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2.2.1 - Background on X-ray Diffraction

X-ray diffraction was discovered by von Laue in 1912, for which he was
awarded the Nobel Prize in Physics in 1914. Bragg's law [1] describes the geometric
conditions (Figure 2.2) that must be satisfied to observe a diffracted X-ray beam. To
observe a diffraction maximum (i.e. a peak in a diffraction pattern), a constructive
interference of the diffracted beams is necessary. Therefore, the diffracted beams
must be in phase (Equations 2.1-2.4). To have the diffracted beams in phase, the path
difference between beams (Equation 2.2) must be an integer (n) multiple of the

wavelength L The angle 6 is known as the Bragg angle and dm is the inter-planar

spacing.
Incident \ Diffracted
X-ray beam X-ray beam

dhkl
hkl planes

Figure 2.2 Diffraction of X-rays from lattice planes illustrating the Bragg's law.
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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
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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
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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).

16000 -
14000 W
12000 -
10000 -~

8000 -

Intensity

6000 -+

4000 A

2000 | el

0 T T T T 1

20 /°

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

25



Chapter 2 — Experimental Techniques

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.

4
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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
weight
loss

-------- Total
weight
loss

Weight (%)

Y

Temperature

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-
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alkane, the inclusion compound formed with urea is not a conventional one but a
different kind based on a layered structure (Figure 3.1), with methanol molecules (the

solvent used for crystal growth) incorporated into this structure.

Figure 3.1 View along the a-axis of the 1,7-diaminoheptane/methanol/urea inclusion

compound.

These materials are constructed by two types of layers: host-guest layers and
methanol layers. The former consist of local segments of urea tunnel structure, with

hydrogen bonding similar to the conventional UICs, and with a layer thickness that
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is approximately the length of one guest molecule. The latter are the methanol layers

which consist solely of methanol molecules.

There is an alternation of host-guest layers and methanol layers throughout
the crystal (Figure 3.2). The methanol layers interrupt the urea tunnels in between the
host-guest layers in such a way that the local segments of tunnel in adjacent layers do
not form a continuous tunnel through the whole crystal, as occurs in conventional

UICs (Figure 3.3, Figure 3.4).

Methanol

Urea + 1,7-DAH

Methanol

Urea + 1,7-DAH

Methanol

Figure 3.2 View along the a-axis of the 1,7-diaminoheptane/methanol/urea inclusion
compound unit cell. Urea in cyan, 1,7-diaminoheptane (1,7-DAH) in green and methanol in

magenta.
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Figure 3.3 View along the c-axis of the 1,7-diaminoheptane/methanol/urea inclusion

compound showing only the urea molecules in one whole unit cell along the direction ofview.

Figure 3.4 View along the c-axis of the 1,7-diaminoheptane/methanol/urea inclusion
compound showing the local segments of urea molecules, with the z-coordinate along the

c-axis between 0 and 0.5 on the left and between 0.5 and 1 on the right.
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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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Figure 3.5 View along the a-axis of the 1,7-diaminoheptane/methanol/urea inclusion

compound showing the hydrogen bonding arrangement.

In the past, several crystal structures have been solved for this new class of
urea inclusion compounds containing the following guest molecules:
1,7-diaminoheptane (1,7-DAH), 1,8-diaminooctane (1,8-DAQO), 1,9-diaminononane
(1,9-DAN), 1,10-diaminodecane (1,10-DAD), 1,12-diaminododecane (1,12-DADD)
and l-aminooctane. For the case of l-aminooctane/urea/methanol, the crystal
structure is somewhat different, as the tunnel segments contain two guest molecules

instead of one, as in the other structures [2, 3].
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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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wR2 =0.1331 [I>20(I)]). The crystal structure for 1,6-DAHX/ MeOH/Urea is
monoclinic, with space group P2Vec and unit cell parameters a=13.2901(4) A,
b=7.7411(3) A,c =15.0043(5)A and 616.1080(10)° 3.6). (See Appendix A for

extended crystallographic data).

Figure 3.6 The 1,6-DAHX/MeOH/Urea inclusion compound viewed along the b-axis.

Although the space group and the unit cell parameters are different from the
rest of the family members studied (7able 3.1), there is a resemblance regarding the
internal unit cell arrangement. The crystal structure formed with 1,6-DAHX is also a
layered UIC containing methanol molecules in between layers of urea and 1,6-DAHX

molecules (Figure 3.7).
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Methanol

Urea + 1,6-DAHX

Methanol

Urea + 1,6-DAHX

Methanol

Figure 3.7 Structure of 1,6-DAHX/MeOH/Urea viewed along the b-axis. Urea in cyan,

1,6-DAHX in green and methanol in magenta.

The urea molecules in this structure form tunnel segments similar to those in
the conventional UICs. The section of the tunnels for this particular case is a
distortion of a hexagon and the direction of the tunnel segment is not parallel to any
of the crystallographic axes (Figure 3.8). The tunnel segments are shorter than in the
previous structures and contain one molecule of 1,6-DAHX and the

urea/guest/methanol ratio is 6:1:2.
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Figure 3.8 View along the tunnel segmentsfor 1,6-DAHX/MeOH/Urea.

An important analogy with the other members of the family is the hydrogen
bonding arrangement of the urea molecules within the tunnel segment, as well as the
hydrogen bonding array in the interlayer regions (Figure 3.9). The methanol
molecules are connected by hydrogen bonding to a 1,6-DAHX molecule in one layer

and to two urea molecules in the adjacent layer.
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Figure 3.9 View along the b-axis for 1,6-DAHX/MeOH/Urea, showing the hydrogen

bonding arrangement in three tunnel segments.

As seen in Figure 3.9, in the host-guest layer, the urea molecules are hydrogen
bonded to each other in a comparable manner to the conventional UICs. Each oxygen
atom in the urea molecule is an acceptor for N-H—O hydrogen bonds with the NH:
groups of four different urea molecules. As a common feature in all UICs, the
1,6-DAHX molecule does not form hydrogen bonds with the urea molecules

constructing the tunnel.

A detailed scheme of hydrogen bonding concerning the methanol molecules is

shown in Figure 3.10. Each oxygen in the methanol acts as a donor to a nitrogen in the
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1,6-DAHX amino group (O-H-—N) and as an acceptor from the NH2 groups of two

different urea molecules (N-H--0).

Figure 3.10  Detailed representation of the hydrogen bonding arrangementfor the methanol

molecules in 1,6-DAHX/MeOH/Urea.

3.4 - Decomposition Behaviour

3.4.1 - Introduction

While carrying out some preliminary powder X-ray diffraction
characterization, it was found that the a,co-diaminoalkane/methanol/urea inclusion
compounds undergo a structural change over a period of time at room temperature.

This section is focused on exploring the structural evolution of this process.

This decomposition is also evident from visual inspection of the crystals. Thus,

the crystals, which are almost transparent in solution, become cloudy and white
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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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20

Figure 3.14  Powder X-ray diffraction patterns showing the decomposition of the
1,7-diaminoheptane/methanol/urea inclusion compound as a function of time: after day 1
(black), day 2 (red), day 3 (blue), day 4 (green), day 8 (purple), day 12 (orange), day 16(dark

green) and day 36 (cyan).

3.4.3 - 1,8-Diaminooctane/Methanol/Urea Inclusion Compound

Having detected the decomposition process with 1,7-DAH/MeOH/Urea, it
was decided that the other known members of the a,co-diaminoalkanes family should
be examined as well to assess differences in the rate of decomposition behaviour. The

powder pattern of the 1,8-diaminooctane/methanol/urea inclusion compound
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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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Figure 3.16 ~ Powder X-ray diffraction patterns showing the decomposition of the
1,8-diaminooctane/methanol/urea inclusion compound as a function of time: after day I

(hlack), day 2 (red), day 3 (blue), day 10 (green), day 18 (purple), day 36 (orange), day 59
(dark green) and day 72 (cyan).

3.4.4 - 1,9-Diaminononane/Methanol/Urea Inclusion Compound

The PXRD pattern for the 1,9-diaminononane/methanol/urea inclusion
compound (1,9-DAN/MeOH/Urea) is shown in Figure 3.17. Although the crystal
structure is still monoclinic, the urea:guest:methanol ratio is different from

1,7-DAH/MeOH/Urea and 1,8-DAO/MeOH/Urea. There are 8 urea molecules (See
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Table 3.1) for each guest molecule and the c-axis of the unit cell is correspondingly
longer. That feature is revealed by the fact that the first peak is observed at a lower 26

value.
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29/°

Figure3.17 Powder X-ray diffraction pattern of the 1,9-diaminononane/methanol/urea

inclusion compound.

Regarding the decomposition behaviour, there is a resemblance with the other
materials discussed above, although the timescale is different. As observed in Figure
3.18, the appearance of conventional UIC occurs on day 2 and the disappearance of

the starting phase (1,9-DAN/MeOH/Urea) occurs on day 3. Pure urea appears on day
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12, after which it coexists with the conventional UIC. By day 118, the sample

comprises principally pure urea.

50
20/°

Figure 3.18 Powder X-ray diffraction patterns showing the decomposition of the

1,9-diaminononane/methanol/urea inclusion compound as a function of time: after day 1

(black), day 2 (red), day 3 (blue), day 8 (green), day 32 (purple), day 107 (orange), day 225
(dark green) and day 423 (cyan).

34.5 - 1,10-Diaminodecane/Methanol/Urea Inclusion Compound

After seeing that the decomposition also occurred in 1,8-DAO/MeOH/Urea

and 1,9-DAN/MeOH/Urea, the experiments were extended to an additional member:
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the 1,10-diaminodecane/methanol/urea inclusion compound (1,10-DAD/MeOH/

Urea). The PXRD pattern for this material is shown in Figure 3.19.

S

5 10 20 30 40 50

208/°

Figure3.19 Powder X-ray diffraction pattern of the 1,10-diaminodecane/methanol/urea

inclusion compound.

The decomposition for 1,10-DAD/MeOH/Urea takes place in a similar manner
(Figure 3.20). Although being similar with the previous cases concerning the
disappearance of the starting phase (day 4) and the appearance of conventional UIC
(day 2), the urea appears later (day 14) and coexists for longer (120 days) with the

conventional UIC until day 134, after which mainly pure urea is present. In addition,
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the conventional UIC is present as a pure phase for a longer period of time than in

the other cases (for a total of 10 days, between day 4 and day 14).

20/°

Figure 3.20  Powder X-ray diffraction pattern showing the decomposition of the

1,10-diaminodecanelmethanol/urea inclusion compound as a function of time: after day I

(black), day 2 (ved), day 3 (blue), day 4 (green), day 26 (magenta), day 115 (orange), day 149
(dark green) and day 311 (cyan).

34.6 - 1,12-Diaminododecane/Methanol/Urea Inclusion Compound

Finally, the last material investigated was the 1,12-diaminododecane/

methanol/ urea inclusion compound (1,12-DADD/MeOH/Urea) (Figure 3.21). It
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contains the longest o,0-diaminoalkane molecule examined in this family, and
consequently has the longest c-axis repeat (40.300 A). In the 1,12-DADD/MeOH/Urea
structure, there are ten urea molecules per 1,12-DADD molecule and per two

methanol molecules.

5 10 20 30 40 50

20/°

Figure 3.21  Powder X-ray diffraction pattern of the 1,12-diaminododecane/methanol/urea

inclusion compound.

The decomposition analysis carried out for this compound (Figure 3.22)
resembled the previous studies to a large extent. The conventional UIC appears near
the beginning (day 2) and the starting phase disappears rapidly, on day 4, which

replicates the situations observed for the other materials in this family. However, a
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noticeable divergence is that on completion of the experiment (day 311), some

amounts of the conventional UIC still coexisted with pure urea (which appeared on

day 22).

30 40 50
20/°

Figure 3.22  Powder X-ray diffraction patterns showing the decomposition of the

1,12-diaminododecane/methanol/urea inclusion compound as afunction of time: after day 1

(black), day 2 (red), day 3 (blue), day 4 (green), day 26 (magenta), day 115 (orange), day 149
(dark green) and day 311 (cyan).
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3.5 — Conclusions and Future Work

After investigating the structural evolution of the family of a,w-diamino-
alkane/methanol/urea inclusion compounds at room temperature, we can conclude
that they transform relatively rapidly to a conventional UIC, followed by the
appearance of pure urea in coexistence with the conventional UIC. The duration of
this coexistence depends on the identity of the guest molecule, (Table 3.2 and Figure
3.24), with longer guest molecules giving rise to a longer period of existence of the

UIC. Eventually, after a sufficiently long time, only pure urea remains.

Guest Appearance of Disappearance of Appearance  Disappearance of
Molecule Conventional UIC a,0-Diaminoalkane/ of Pure Urea Conventional UIC
methanol/urea
1,7-DAH 2 4 4 15
1,8-DAO 2 3 7 65
1,9-DAN 2 3 12 118
1,10-DAD 2 4 14 134
1,12-DADD 2 4 2

Table 3.2 Summary of the different members and times (in days) at which the different

phases appear and disappear.
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The first stage of the process seems to occur at a comparable rate regardless of
the guest molecule in the structure. Thus, after 3 or 4 days, the starting phase
(a,co-diaminoalkane/methanol/urea inclusion compound) has already disappeared in
all cases, and correspondingly, from day 2 the conventional UIC exists initially as a

pure phase.

1,12-DADD/MeOH/UIC
1,10-DAD/MeOH/UIC
1,9-DAN/MeOH/UIC F —
1,8-DAO/MeOH/UIC
1,7-DAH/MeOH/UIC

50 10 150 200 250 300

Time (days)

Figure 3.23  Graph showing the coexistence of the different phases for the different guest
molecules. The presence of the starting material is shown in magenta, the conventional UIC

in yellow and pure urea in cyan.

The fact that the formation of the conventional UIC occurs at a comparable
rate irrespective of the length of the a,co-diaminoalkane suggests that the initial stage
of the process is driven by the loss of methanol from the parent structure. In each
case, the conventional UIC exists as a pure phase for several days before any

detectable amount of pure urea is observed. It is clear from this sequence of events
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that the pure urea arises from decomposition of the conventional UIC , and does not
arise from the decomposition of the o,w-diaminoalkane/methanol/urea inclusion
compound. Importantly, we find that as the a,0-diaminoalkane becomes longer, the
appearance of pure urea is observed to occur after a longer period of time, indicating
that the rate of decomposition of the conventional UIC is slower as the guest
molecule becomes longer. Thermal decomposition of urea inclusion compounds has
been studied in the past [6-9] and lead to comparable conclusions. Urea/n-paraffin

decomposition temperature increases with the length of the n-paraffin.

Thus, the duration of the conventional UIC, as a pure phase is 0 days for
1,7-DAH/MeOH/urea, 4 days for 1,8-DAO/MeOH/urea, 9 days for 1,9-DAN/MeOH/

urea, 10 days for 1,10-DAD/MeOH/urea and 18 days for 1,12-DADD/MeOH/urea.

It would be extremely useful and interesting to rationalize a strategy for
quantifying the relative amounts of the different coexisting phases during the
decomposition process. Rietveld refinement of the PXRD patterns, have been
attempted unsuccessfully thus far, possibly due to the complication of having three
different phases and the overlapping of peaks between them. This information
would provide understanding about the kinetics involved in the process. Moreover,
extending the family to other lengths of guest molecule would be extremely

revealing.
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Chapter 4

X-ray Dichroism and X-ray
Birefringence in Thiourea

Inclusion Compounds

4.1 — Introduction

One of the recently explored applications of urea and thiourea inclusion
compounds (TICs) is their ﬁotential to be used as X-ray dichroic filters [1-3]. This
chapter is aimed at achieving further understanding of the correlation between the
X-ray dichroism and X-ray birefringence measured on single crystals of molecular
solids and the distribution of certain chemical bonds within the crystal, focusing in

particular on birefringence studies to evaluate changes in molecular orientations at
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order-disorder phase transitions. We emphasize that these are the first reported

studies of X-ray birefringence carried out on any organic material.

Dichroic filters are materials that have different absorption coefficients for
plane polarized radiation for different orientations of the material (Figure 4.1). The
famous Polaroid filters [4] and Nicol's prisms [Iceland Spar polarizer (calcite)
invented by W. Nicol in 1829] are well known examples of materials that produce
plane-polarized light by only letting through the light that has a component with the

electric vector vibrating in a plane parallel to the polarization plane.

Light polarized in
the vertical plane

Dichroic
filter material Transmitted
light
intensity

T
0 9 180 270 0/
0=90°

Figure 4.1 Schematic representation of the performance of a dichroic filter with different
orientations. On the right the transmitted light intensity as afunction of the orientation.

Note that the maxima are 180° apart.
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Transmittance (below) is defined as the fraction of incident radiation that
passes through a sample and is the ratio between I, the transmitted intensity, and Io,
the intensity of the incident radiation. The transmittance depends on the thickness of
the crystal (t) and on the linear absorption coefficient (y). To simplify the calculations,
we assume that thickness of the crystal is the same regardless the orientation. R,, the
ratio between the minimum and maximum values of v, is 1 when the material is non
dichroic (same v in all orientations) and is in the range 0 <R,<1 when the material is
dichroic. The lower the value of R,, the greater the dichroism exhibited by the
material. We note that the values of y and hence R, are dependent on the wavelength

(A) of the radiation.

Transmittance (T) =I/Ij=e™"

Ry= ymin/ Ymax = ln(I/IO)min/ ]n(I/IO)max= Y_L/ Y

R,=1 Non dichroic material

0 <R, <1 Dichroic material
It is well known that materials that exhibit dichroism also show birefringence.
Birefringence is the difference between the maximum and minimum refractive
indices in an anisotropic material (Figure 4.2). Isotropic materials only have one
refractive index (physical properties are equally propagated in all possible

directions) and therefore isotropic materials are neither birefringent nor dichroic. The
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maximum birefringence occurs when the "optical axis" is oriented at 45° from the

orientation of ymax or ymn

Isotropic Anisotropic

Uniaxial Biaxial

Figure 4.2 Representation of refractive indices for isotropic materials and anisotropic

materials (uniaxial and biaxial).

In the present work, the anisotropy arises from the anisotropy of C-Br bond
orientations of the guest molecules in thiourea inclusion compounds. The molecular
anisotropy detected with X-rays is analogous to the anisotropy of the optical

properties observed in the case of visible light.

X-ray dichroism data has been reported in the past [1-3] for two different solid
inclusion compounds: the 1,10-dibromodecane /urea inclusion compound and the
I-bromoadamantane/thiourea inclusion compound (Figure 4.3). The first studies [1]
focused on the 1,10-dibromodecane /urea inclusion compound, and demonstrated
that this material behaves as an X-ray dichroic filter at X-ray energies close to the

bromine K-edge, (13.474 keV). The material exhibits significant dichroism, with an Ry
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value of 0.65, representing a successful X-ray dichroic filter material. Indeed, this
material was utilized in an application as an X-ray dichroic filter, specifically in
polarization analysis of magnetic X-ray scattering from antiferromagnetic holmium.
However, the effectiveness of the 1,10-dibromodecane / urea inclusion compound as
an X-ray dichroic filter is restricted by the C-Br reorientation occurring at ambient
temperature and the fact that all C—Br bonds in the material are not parallel to each
other. For that reason, a design strategy was put into action [2], and the
1-bromoadamantane/thiourea inclusion compound (Figure 4.3) was proposed as a
material in which the C-Br bonds of all guest molecules would be parallel to each
other. Even though the guest molecules are disordered in two orientations, all the
C-Br bonds are parallel to the tunnel and therefore the performance as an X-ray
dichroic filter is unaffected by the disorder. The maximum dichroism is found
between the parallel and perpendicular orientations of the tunnel and gives an
improved R, value of 0.32 (compared to 0.65 for the 1,10-dibromdecane/ urea
inclusion compound). The experimentally observed value of R,=0.32 is in exact
agreement with the theoretically predicted optimal value [1] for a material in which

all C-Br bonds are parallel to each other.
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Figure 4.3 Structure of I-bromoadamantanelthiourea inclusion compound, a) view along
the c-axis, showing the host (thiourea) hexagonal tunnels and the included guest

(1-bromoadamantane), and b) view along the a-axis (with thiourea molecules omitted for

clarity).[2]

Following these investigations, this chapter is focused on further research
carried out on the 1-bromoadamantane/thiourea inclusion compound, evaluating the
performance as an X-ray dichroic filter of 2-bromoadamantane/thiourea inclusion
compound and pioneering X-ray birefringence studies on the bromocyclohexane/
thiourea inclusion compound, particularly concerning order-disorder phase

transitions in this material.
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4.2 — Experimental

X-ray dichroism and X-ray birefringence studies of 1-bromoadamantane/TIC,
2-bromoadamantane/TIC and bromocyclohexane/TIC were carried out at the
Diamond Light Source. The experiments were performed on I16, the beamline for
Materials and Magnetism Studies. Dichroism and birefringence measurements were
carried out at X-ray energies close to the bromine K-edge (13.474 keV; 1=0.92 A) as a

function of crystal orientation.

For all the X-ray birefringence experiments herein, the polarization analyser
used was Highly Ordered Pyrolytic Graphite (HOPG), placed between the crystal
and the detector and oriented at 90° to the polarization plane of the incident X-rays
(synchrotron radiation is 95% linearly polarized in the horizontal plane), creating a
‘cross polarizer’ geometry. In this ‘cross polarizer’ setting, a lack of transmittance is
indicative of isotropy, which would be interpreted for these materials as isotropic

disorder of the C—Br bonds.

Beamline I16 is equipped with a six-circle kappa diffractometer [5], which
allows the rotation of the sample through different angles to reach the optimal
position for the relevant measurements. A low temperature stage (Oxford
Cryostream) was utilizéd for selected experiments, cooling the sample down to 80 K.

A schematic representation of the experimental set up and definitions of relevant
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angles are shown in Figure 4.4 and in Figure 4.5, and the actual experimental set up is

shown in Figure 4.6.

Good quality single crystals of the TICs of interest were glued to a glass or
metal fibre. Maximum care was taken while mounting the crystal to ensure that the
needle axis of the crystal (the tunnel axis) was parallel to the fibre. The alignment

was further optimized a posteriori with additional adjustments in the goniometer

head.
Parallel Orientation x = 0°
Goniometer
Detector Detector
Crystal
mP -
1
X-rays polarized
in the horizontal
T plane
A Perpendicular Orientation x = 90c
m Goniometer
Goniometer
Figure 4.4 Schematic representation of the experimental set up for X-ray dichroism

measurements showing the different angles and sample orientations.
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Detector Detector
HOPG Crystal [ l
X 1

1 X-rays polarized

u L in the horizontal

plane
Goniometer
Figure 4.5 Schematic representation of the experimental set up for X-ray birefringence

measurements showing the different angles and the analyser crystal (HOPG).

Source of
olarized
Detectors Pipe to the Crystal P X z
-rays
detectors

Figure 4.6 Experimental set up in beamline 116.
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As seen in Figure 4.4 and Figure 4.5, the two main angles varied during the
experiments were $and x* While rotates the crystal around the long axis of the
crystal, which corresponds to the tunnel direction (Figure 4.7), x rotates the crystal in
a plane perpendicular to the incident beam to position the crystal either vertical
(X =90° perpendicular to the plane of incident polarized radiation) or horizontal

(X=0°; parallel to the plane of incident polarized radiation).

N
p
ki Im

Figure 4.7 Photograph ofa single crystal ofa TIC showing the tunnel direction.

Good quality single crystals were grown by slowly cooling [from 55 °C to
room temperature with a cooling rate of -0.01 °C/min in an incubator] a
homogeneous solution of the commercially obtained guest (1-bromoadamantane,
2-bromoadamantane or bromocyclohexane) and thiourea in methanol. The molar
ratio of the thiourea to guest in these inclusion compounds is typically 3:1 or 4:1.
However, when preparing the crystallization solution, the guest was added in excess.
Large (a range of sizes up to Imm * 1 mm x 1 cm), hexagonal, needle-morphology

crystals were obtained (Figure 4.7).
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Crystal structure determination of 2-bromoadamantane/TIC and bromo-
cyclohexane/TIC was carried out from single-crystal X-ray diffraction data collected
at Cardiff University on a Nonius Kappa CCD diffractometer at 110 K using
monochromated MoKo radiation (4= 0.71073 A). The crystal structures were solved
(using SHELXS [6]) and refined (using SHELXL [6]) by Dr Benson Kariuki. Powder
X-ray diffraction data for bromocyclohexane/TIC were recorded on station 9.1 at the
synchrotron facilities at Daresbury SRS, with 1=0.9992 A. The sample was packed in
a 0.5 mm capillary and an Oxford cryostream system was used to cool the sample to
80 K. Differential Scanning Calorimetry (DSC) data were recorded using a Q100 TA

Instruments with a cooling rate of 10 °C/min.

4.3 — 1-Bromoadamantane / Thiourea Inclusion
Compound

As described in section 4.1, the 1-bromoadamantane/thiourea inclusion
compound (1-BA/TIC) exhibits strong X-ray dichroism close to the bromine K-edge
(Ry=0.32 at 13.479 keV) [2]. In this section, 1-BA/TIC is utilized as the prototype to
investigate X-ray birefringence, as this compound was specifically designed and
demonstrated to exhibit maximum dichroism. 1-BA/TIC is a well-behaved system in

terms of the C-Br bond orientations with respect to the tunnel direction (all C-Br
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bonds are parallel to the tunnel direction) and does not undergo any phase

transitions at low temperature.

X-ray birefringence measurements for 1-BA/TIC are in agreement with the
previous X-ray dichroism results [2]. Figure 4.8 shows the X-ray transmittance as a
function of energy. As expected for 1-BA/TIC, the maximum birefringence is found
when the tunnel axis of the crystal is orientated at y =45° (Figure 4.9a), which is
mid-way between the orientations corresponding to minimum 7y =90° and
maximum y = 0° transmittance. In this case, minima in birefringence are observed at

% = 0° and x = 90°.
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Figure4.8  X-ray birefringence measurement for 1-BA/TIC at y = 45°.

In theory, for a perfect single crystal of 1-BA/TIC, no dependence on the angle
¢ is expected as the orientation of the C—Br bonds is invariant to rotation of ¢. In the
measurement shown in Figure 4.9b, a small dependence on ¢ is observed because of
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the combination of two factors: i) the thickness of the crystal varies slightly with ¢ (in
principle, only a crystal of cylindrical shape would have a constant thickness as a
function of ¢) and ii) the alignment of the crystal may not be perfect. Both of these
explanations are compatible with the observation that the results in Figure 4.9b are

symmetric on rotation of the crystal by 180° about ¢.
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Figure4.9  The dependence of X-ray birefringence on (a) y and on (b) ¢ at fixed X-ray
energy (13.485 keV).
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4.4 - 2-Bromoadamantane / Thiourea Inclusion
Compound

More exhaustive research was carried out on the 2-bromoadamantane/
thiourea inclusion compound (2-BA/TIC) including determination of the crystal
structure from single crystal X-ray diffraction, as well as X-ray dichroism and X-ray

birefringence measurements.

The crystal structure, determined at 110 K, is trigonal with space group R3c
and unit cell parameters: a=b=16.11802) A, ¢=61.6020(4) A (R!/ =0.1405 and
wR2 =0.3493 |7>20(/)]) (See Appendix B for extended crystallographic data).
Although the guest molecules (2-BA) exhibit orientational disorder inside the tunnel,
the C-Br bonds in all the disorder components have roughly the same orientation
and are almost parallel to the thiourea tunnel direction (Figure 4.10 and Figure 4.11),
suggesting that this material should show good performance as an X-ray dichroic

filter material.

Figure 4.10  Crystal structure of2-BA/TIC viewed along the c-axis (the tunnel direction).
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Figure 4.11  Crystal structure of 2-BA/TIC viewed perpendicular to the tunnels. Some
thiourea molecules have been omitted for clarity of the guest molecule distribution inside the

tunnel.
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X-ray dichroism measurements were carried out on 2-BA/TIC, with promising
results. The crystal showed strong dichroism near the bromine K-edge (Figure 4.12),
achieving a low Ry=0.50 at 13.479 keV. Figure 4.13 illustrates the evolution of the
transmittance measured as a function of crystal orientation, showing continuous
variation in the X-ray transmittance spectra between parallel and perpendicular

orientations.
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Figure 4.12  X-ray transmittance (I/lo) measured on 2-BA/TIC as afunction of energy close
to the bromine K-edge for the two orientations L (C-Br bonds perpendicular to the incident
X-ray polarization plane) and 1 (C-Br bonds parallel to the incident X-ray polarization

plane).
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Figure 4.13  X-ray transmittance (I/1o) measured on 2-BA/TIC as afunction ofenergy close

to the bromine K-edgefor a range of %values from %= 0° (parallel) to %= 90° (perpendicular).

X-ray birefringence measurements were also carried out for 2-BA/TIC, with
interesting results. As observed previously for 1-BA/TIC (section 4.3), the maximum
X-ray birefringence for 2-BA/TIC is also observed at 45° (Figure 4.14, Figure 4.15).
Figure 4.15 shows the evolution of the X-ray birefringence for different crystal
orientations, including several intermediate orientations between parallel (x =0°) and

perpendicular (x =90°) orientations.
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Figure 4.14  X-ray birefringence measurementfor 2-BA/TIC.
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Figure 4.15  X-ray birefringence for different % values, with maximum birefringence

observed at %= 45°.
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A comparison between X-ray dichroism and X-ray birefringence behaviour is
shown in Figure 4.16. At x =0° both dichroism and birefringence have the minimum
value, whereas birefringence has a maxima at x =45°, dichroism has a maxima at
X =90°. The maxima for birefringence are 90° apart, whereas, for dichroism, the

maxima are 180° apart.

- Dichroism Birefringence
2.5
11000
10000
2 9000
8000

G ©

7000
6000 JJ
5000
4000
3000 |
2000
1000

rq H®

Figure 4.16  Comparison between X-ray dichroism and X-ray birefringence as afunction of

crystal orientation x at fixed X-ray energy (13.479 keV).
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4.5 - Bromocyclohexane / Thiourea Inclusion
Compound

In this section X-ray dichroism and X-ray birefringence experiments are
approached from a different perspective. The ultimate aim here is to utilize such
measurements as a means of evaluating the C-Br bonds orientations in the crystal.
For this purpose, the material studied was bromocyclohexane/thiourea inclusion
compound (BCHX/TIC), which has a phase transition at low temperature at which
there is a significant change in the orientational ordering of the BCHX guest

molecules, and hence in the orientational ordering of the C-Br bonds.

The crystal structure for BCHX/TIC at room temperature is trigonal with space
group R3¢ and unit cell parameters: a=10.193 3) A , a=104.23° [7]. The guest

molecule (BCHX) at room temperature is highly disordered (Figure 4.17).

v *Y V VyY *'t

V. Y 4 Y **]
S \ \

Figure 4.17  Crystal structure of BCHX/TIC viewed along the c-axis.
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BCHX/TIC undergoes a phase transition at 233 K (232 K on cooling and 234 K
on heating) (Figure 4.18), associated with a lowering of the crystal symmetry from
rhombohedral to monoclinic, seen in Figure 4.19 as the appearance of extra peaks in

the powder X-ray diffraction pattern (PXRD).
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Figure4.18 DSC for BCHX/TIC showing the phase transition at 232 K on cooling and

234 K on heating. (Exo up)

80



Chapter 4 - X-ray Dichroism and X-ray Birefringence in TICs

15000 n
Room Temperature
12500 -
80 K
10000 -
£
£ 7500 -
Si
3|
5000 -
2500 -
5 10 15 20 25 30

20 /e

Figure 4.19  PXRD patterns of BCHX/TIC showing the appearance of new peaks in the low

temperature phase due to lowering of the crystal symmetry.

As also observed for other TICs [8], BCHX/TIC experiences twinning when
transforming to the low temperature phase. This fact complicates crystal structure
determination from single crystal X-ray diffraction data. However, the crystal
structure has been determined from single crystal X-ray diffraction, the low-
temperature phase of BCHX/TIC is monoclinic with space group P2i/a and unit cell
parameters: a=9.653 A, b=15956A, c=12286A, £=111.83° (RI =0.0644,
wR[=0.1436 [1>20(1)]) (Figure 4.20) (See Appendix C for extended crystallographic
data). BCHX/TIC shares structural characteristics (similar unit cell parameters and
the same space group) with the isostructural materials chlorocyclohexane/TIC [9-11]

and cyclohexane/TIC [12,13].
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Figure 4.20  Crystal structure of BCHX/TIC viewed along the tunnel direction.

Concerning the X-ray dichroism and birefringence experiments, for a material
with a disordered distribution of the C-Br bonds at room temperature that
undergoes a phase transition involving ordering of the C-Br bond orientations,
significant dichroism and therefore birefringence are expected only in the low-
temperature phase (Figure 4.21). Thus, X-ray dichroism and X-ray birefringence
measurements should serve as a sensitive probe of changes in molecular orientation
at such phase transitions, and the present work represents the first attempts to

explore this issue.
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Figure 4.21  Implications of an order-disorder phase transition on X-ray dichroism.

X-ray dichroism and birefringence experiments were carried out on

BCHX/TIC over a range of temperatures above and below the phase transition

(233 K). No significant dichroism was observed in the high temperature phase (Figure

4.22) for the temperatures studied (300 K and 250 K). However, at the temperatures

studied below the phase transition (200 K, 150 K and 100 K), BCHX/TIC showed

significant dichroism. Furthermore, a decrease in the R, is observed when cooling the

material within the low-temperature phase, reaching a low value of 0.65 at 100K

(Figure 4.23). This observation suggests that there is a progressive increase in the

degree of orientational ordering of the C-Br bonds as the temperature is decreased

within the low-temperature phase.
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X-ray transmittance (I/lo) of BCHX/TIC as afunction of energy at different

temperatures. Rris also shown for the different temperatures.
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Figure 4.23  Rras afunction ofenergyfor the different temperatures studied.

X-ray birefringence was also investigated for BCHX/TIC as a function of
temperature, showing a correlation in behaviour with the X-ray dichroism results. In
the temperatures studied above the phase transition (300 K and 250K), no
birefringence was observed for BCHX/TIC (Figure 4.24). However, for the
temperatures studied in the low-temperature phase (200K, 150 K and 100 K),
significant birefringence was observed; furthermore the birefringence signal was
observed to increase as temperature was decreased within the low-temperature

phase.
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Figure 4.24  X-ray birefringence intensity as a function of energy for the different

temperatures investigated.

Both X-ray dichroism and X-ray birefringence emerge only in the low-
temperature phase (below 233 K) (Figure 4.25). In addition, an enhancement in the
X-ray dichroism (lower Ryvalues imply stronger dichroism) and X-ray birefringence
is observed as the temperature is decreased within the low temperature phase,
suggesting a progressive increase in the ordering of the C-Br orientations (instead of
a sudden transition to a completely ordered state at the phase transition

temperature).
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Figure 4.25  X-ray dichroism and X-ray birefringence results on BCHX/TIC as afunction

of temperature.

It is remarkable to note that the X-ray birefringence signal in the low
temperature phase depends not only on x (Figure 4.26) but also depends on <
(Figure 4.27). Nevertheless, this dependence is not apparent immediately at the phase
transition temperature, but appears only within the low temperature phase,
supporting the idea that orientational ordering does not occur abruptly at the phase
transition. Interestingly, it seems that the dependence on x appears at higher
temperatures than <) which suggests that the ordering of the C-Br bonds of the
BCHX molecules occurs initially with respect to tunnel axis, and subsequently with

respect to orientation around the tunnel axis.
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Figure 4.26  X-ray birefringence as a function of % for the different temperatures

investigated atfixed energy (13.485 keV)
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Figure 4.27  X-ray birefringence as afunction of <for the different temperatures studied at

fixed energy (13.485 keV).
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X-ray dichroism and X-ray birefringence results at low temperature, in
conjunction with the orientation matrix determined at room temperature, were used
to determine the average orientation of the C-Br bond at 100K relative to the
thiourea host structure (at room temperature). The C-Br bond forms an angle of
ca. 55° with respect to the tunnel axis (c-axis) and an angle of ca. 90° with respect to
the fl-axis (when projected onto the plane perpendicular to the tunnel axis)

(Figure 4.28).

Figure 4.28  Schematic representation showing the probable C-Br orientation with respect

to the tunnel at 100K.

Very similar values for those angles [(52.6° with respect to the tunnel, and 85°
with respect to the fl-axis (when projected perpendicular to the tunnel axis)] were
determined independently from the structural characterization of the Ilow-

temperature phase of BCHX/TIC from single crystal X-ray diffraction.
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4.6 - Conclusions and Future Work

X-ray dichroism and X-ray birefringence experiments reported in this chapter
clearly demonstrate that there is an unambiguous correlation between the
orientational ordering of the C-Br bonds in the guest molecules and the extent of
dichroism and birefringence observed. We have demonstrated for the first time that
order-disorder phase transitions can be diagnosed by an increase in the birefringence
signal and a decrease of the Ry value when the degree of orientational order
increases, as shown for bromocyclohexane/TIC. The remarkably good agreement
between the C-Br bond orientations in the low-temperature phase of BCHX/TIC,
obtained from two different sources, demonstrate the potential application of X-ray
dichroism and X-ray birefringence measurements to assess order-disorder phase
transitions. Further investigations are needed to define a factor that could quantify

order in a general manner in molecular solids.

Both 2-bromoadamantane/TIC and 1-bromoadamantane/TIC, are potentially
suitable materials to be used as X-ray dichroic filters due to the significant dichroism
shown close to the bromine K-edge energies. In addition, it is important to note that,
although the TIC crystals studied herein become slightly brown after a few hours of
being exposed to X-rays (Figure 4.29), suggesting some extent of sample degradation,

no deterioration of the dichroic properties is observed.
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Figure 4.29  Photographs of a TIC single crystal after afew hours of exposure to X-rays.
Brown colouration can be observed revealing the X-ray beam path. Left: brown spot, crystal

perpendicular to the beam. Right: brown line, crystal parallel to the beam.

The investigations in this chapter are focused only on TICs containing C-Br
bonds, however expanding the range of X-ray energies (by analysing materials with

other elements instead of Br, such as Cu, I and Fe) would be enlightening.
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Chapter 5

Solid-State Reaction and
Polymorphism of Oxalyl
Dihydrazide at High Temperature

5.1 — Introduction

The phenomenon of polymorphism, first reported by Mitscherlich in 1821 [1],
is abundant in crystalline solids. One of the most popular examples for inorganic
materials is silicon dioxide [SiO;], which exists in various forms such as a-quartz,
B-quartz and tridymite amongst others. Polymorphism arises when two or more
elements or compounds have the same chemical composition but different crystal

structures. As a consequence, the solid-state properties of different polymorphs are
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typically very different. The upsurge of polymorphism research in recent years
resides in industrial interest, especially in pharmacy, pigments, explosives,
agrochemicals and even food; for example, cocoa butter exists in six different
polymorphs [2]. Thus far, the largest number of polymorphs reported in the
Cambridge Structural Database (CDS) for a particular organic system is seven. That
material is 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, known as
ROY [3, 4] for its colour properties (the different polymorphs have different colours,

including red, orange and yellow).

Another organic compound with a significant number of polymorphs is oxalyl
dihydrazide (ODH) (Figure 5.1) [5, 6] for which the crystal structures for five
polymorphs (a, B, v, 6, € have been determined. In addition, the relative
thermodynamic stability of the polymorphs and solid-state transformations between

the polymorphs have been investigated.

O

i
\ﬁ/ \NH2

O

O

HZN\N/
H

Figure5.1  Scheme showing the oxalyl dihydrazide (ODH) molecule.
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Until now, the a, v, 3, and € polymorphs have been crystallized consistently as
monophasic samples following the described crystallization conditions [6, 7].
However, the B polymorph has been prepared only once, and was obtained as a
mixture with the a polymorph. All subsequent attempts to prepare the B polymorph
have been unsuccessful, suggesting an “elusive polymorph” [8]. As a result, the

polymorph could not be analyzed in the present work.

The crystal structures of all ODH polymorphs (Table 5.1) are monoclinic, with
space group P2,/c, and in all cases the molecule has a trans-trans-trans conformation
of the N-N-C-C-N-N backbone. The orientations of the NH2 groups relative to the
backbone (different NH-NH, torsional angles) and the hydrogen bonding array are

different in the different polymorphs.

. Unit Cell
Crystallographic 2(A) b(A) cA) B Space  ;  yiolume
system group 2
(A3

a Monoclinic 36221(4)  6.8322(7)  9.1294(10)  99.298(9)  P2j/c 2 22294
B Monoclinic 3.762(4) 11652(5)  56192)  92793(5)  P2/c 2 246003)
y Monoclinic 50795(4)  146679(14)  7.0345(7)  114.1606)  P2j/c 4 4782003)
5 Monoclinic 36608(5)  14550(2)  5.0646(8) 119.00609)  P2,/c 2 23593(6)
& Monoclinic 53642(3)  38412(2)  123191(6) 108999(3)  P2/c 2 2400102)

Table 5.1 Summary of the crystal structure parameters for the five known ODH

polymorphs.

95



Chapter 5 — Solid-State Reaction and Polymorphism of Oxalyl Dihydrazide

Although the crystal structures were solved by single crystal X-ray diffraction,
powder X-ray diffraction (PXRD) data were also recorded on the samples to ensure
that the single crystal chosen for the experiment was representative of the bulk. The
experimental PXRD patterns (left) and the simulated PXRD patterns for the five
polymorphs are shown in Figure 5.2. All experimental PXRD patterns shown,
correspond to pure phases (o, v, 8, €) with the exception of the § polymorph, which
could only be crystallized as a mixture with the a polymorph (marked with * in

Figure 5.2).

The ODH molecule in the a, B, 3 and € polymorphs is located on a
crystallographic inversion centre, and, thus, the molecular conformation is
centrosymmetric, and the asymmetric unit consists of half of the ODH molecule. For
these polymorphs, the volume of the unit cell is comparable. However, in the y
polymorph, the asymmetric unit consists of one ODH molecule, and the unit cell
volume is roughly twice that of the other polymorphs. Further structural
characteristics and details of the hydrogen bonding in the different polymorphs are

discussed elsewhere [6, 7].
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Figure5.2  PRXD patterns for the five known ODH polymorphs. (a) a polymorph,
(b) Bpolymorph, (c)y polymorph, (d) & polymorph, (e) & polymorph. The PXRD patterns on
the left side are experimental and the PXRD patterns on the right are simulated using the

structures determined from single crystal X-ray diffraction data [6].
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The relationship between the different ODH polymorphs, and their relative
thermodynamic stabilities were also investigated at high temperature [6, 7].
Differential Scanning Calorimetry (DSC) measurements performed on the four
polymorphs a, y, 8 and € (Figure 5.3) uncovered a solid-state reaction for all the
polymorphs at ca. 250 °C, prior to melting. In addition, DSC data for the a,  and ¢
polymorphs include another endothermic peak below the temperature of the
solid-state reaction (208 °C for a, 212 °C for § and 210.3 °C for €) corresponding to an
irreversible phase transition to produce the y polymorph. For the y polymorph, no

thermal events were observed preceding the solid-state reaction.
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Figure 5.3  DSC data for the a polymorph, ypolymorph, &polymorph and & polymorph of
ODH [6].
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According to the “heat of transition rule” [9, 10], the endothermic
polymorphic transformation suggests that the a, 8, and & polymorphs have an
enantiotropic relationship to the y polymorph, which is assigned as the most stable
polymorph at high temperature. At room temperature, observations suggest that the

a polymorph is the most stable polymorph.

The products of the solid-state reaction (Figure 5.4) (large endothermic peak
around 250 °C) are N,N’-dioxalylhydrazidelhydrazine (DOHH) and hydrazine
(gaseous at the temperature at which the reaction takes place). In earlier
investigations [7], the product (DOHH) crystal structure was solved from PXRD
data. DOHH belongs to the orthorhombic system and space group Fdd2, the unit cell

parameters are a=13.948 A, b=25.508 A, c=4.7841 A, and the unit cell volume is

1702.11 A%,
o [0} [o]
HoN l(! “ HoN H ’I:J‘
2! —_ I
2 \ﬁ/ \ﬁ/ SN, 2 \” \H N, T NN,
(e] (o] o
Hydrazine
Oxalyl Dihydrazide (ODH) N, N-dioxalylhydrazidylhydrazine (DOHH) (gaseous)

Figure5.4  Scheme of the ODH solid-state reaction.
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Preliminary time-resolved high-temperature PXRD experiments using
laboratory equipment were performed in the past [7]. However, the quality of the
data obtained was not sufficient to draw conclusions and rapid transformations may
have been neglected due to the longer time required for each scan. For these reasons,
higher quality data were collected again with synchrotron radiation and are reported

in this chapter, focusing especially on the o polymorph.

5.2 — Experimental

Following the previous work with ODH [6, 7], the behaviour of the different
known polymorphs (with the exception of the B polymorph, see section 5.1) was
further investigated using the synchrotron facilities at Daresbury SRS. The
experiments were carried out at station 6.2 [11, 12] using time-resolved high-
temperature powder X-ray diffraction (Figure 5.5). The wavelength for the X-rays was

fixed at 1.4 A.

The curved WAXS (Wide-Angle X-ray Scattering) detector (Figure 5.5 and
Figure 5.6) allowed the simultaneous collection of data in a 2@ range of 60°. Fast time
resolution was then achieved, which was necessary to study the abrupt and rapid
transformations among the different ODH polymorphs as a function of time. Good

quality PXRD data were recorded in just 10 seconds.
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WAXS Detector
Source of polarized X-rays

Temperature-variable
sample holder

Temperature controller

Figure 5.5 Experimental set up ofstation 6.2 at Daresbury SRS.

WAXS Detector

Source of
polarized X-rays

Temperature-variable Capillary
sample holder

Figure 5.6 Left: experimental set up viewed from another angle. Right: detail of the

sampler holder and the relative capillary position.
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The sample holder/heating stage (Figure 5.6) was connected to a temperature
controller unit that was managed remotely. The material in contact with the capillary

was ceramic and the rest of the holder was made from aluminium.

For each experiment, the data comprised several frames, with each frame
being a PXRD pattern collected generally for 10 or 20 sec. There was a wait time
between the frames. The running time and the waiting time were calculated
depending on the sample nature, the rates of transformations (to avoid losing
information regarding the phase transitions) and the experiment type (to allocate
enough time for the solid-state reaction to reach completion at the different
temperatures studied). Two different approaches were adopted with regard to
temperature. For most experiments, the temperature was fixed at a particular value,
which allowed us to monitor the polymorphic transformations and/or solid-state
reaction as a function of time. For the rest of the experiments, the temperature was
set to ramp at a certain heating rate, reproducing the DSC studies. This chapter is
mostly focused on the first type of approach, where the samples were heated up to
the exact temperature of study and remained at a constant temperature while the

data were collected as a function of time.

Each sample was ground to a powder in an agate mortar, then tightly packed
into a 1 mm quartz capillary and finally the capillary was placed in the centre of the
sample holder/heating stage. One of the inconveniences of the experimental set-up
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was the fact that the capillary was static. This factor contributed to a large extent to
the high preferred orientation observed for some ODH polymorphs (discussed later

in this chapter).

5.3 — Results

Research at the synchrotron was carried out on the «, y, 3§ and € polymorphs.
However, this chapter is focussed on the relationship between the o and y
polymorphs and the solid-state reaction. Investigations on the & and € polymorphs
suggesting enantiotropic relationships with the o polymorph and in turn with the y

polymorph will be reported shortly elsewhere [13].

The starting phase for the experiments was the o polymorph of ODH. The
sample was heated up rapidly and data were collected as a function of time once the
desired temperature was reached. The set temperatures were 186 °C, 188 °C, 190 °C,
192 °C, 194 °C, 196 °C, 198 °C, 200 °C, 202 °C, 204 °C, 207 °C, 210 °C, 213 °C, 216 °C

and 220 °C.

The data are shown in density plots where the x axis is the 26 angle (for
A=1.4 A), the y axis is the time in minutes and the colours represent the intensity of
the peaks, with red being the most intense and blue being the least intense. The red

threshold is set above either 5 % or 10 % (depending on the dataset) of the maximum
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intensity for each dataset. Below the red threshold, the colours are distributed
linearly using the RGB colour setting. Each row in the graphs represents 4 or 5
frames added together (depending on dataset) and a baseline was fitted to subtract

the background.

Figure 5.7 shows a schematic representation of the characteristic peak positions
for the different phases observed in the experiments reported here. The 26 values for
the key peaks of the o polymorph (shown in magenta) are: 14.75°, 21.33°, 22.25°,
23.65° and 25.85° those for the y polymorph (shown in green) are: 10.95°, 13.41°,
16.39° and 20.52° and those for DOHH (shown in cyan) are: 12.71°, 13.03°, 18.12°,
20.21°, 23.89° and 24.34°. Only representative peaks for phase identification are
shown, avoiding weak peaks, those that overlap with other phases, and those that

are excessively close.
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DOHH
10 15 20 25 30
20 r
Figure 5.7 Schematic showing the main characteristic peaks for each phase of'interest (the

a and y polymorphs of OD H and the reaction product DOHH).

The results of the different experiments are summarized in Figure 5.8. The rest
of the dataset graphs can be found in Appendix D. The temperatures selected for the
summary are 186 °C, 194 °C, 196 °C, 204 °C, 207 °C and 220 °C. In between the
different non-consecutive temperatures (from 186 °C to 194 °C, from 196 °C to 204 °C
and from 207 °C to 220 °C), the behaviour of the system was consistent with that

observed in the data shown (Figure 5.9).
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186 °c 194 °c
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Figure 5.8 Graphs showing the evolution of the a polymorph of ODH, the ypolymorph of
ODH and DOHH as afunction of time at different temperatures, with intensity represented

in different colours (dark blue the least intense and red the most intense)[14].
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From 186 °C to 194 °C, it can be observed that the a polymorph reacts to give
DOHH and hydrazine without evidence for any other polymorph of ODH being
formed. The transformation is quicker at higher temperature. The a polymorph of
ODH is present until ca. 450 minutes at 186 °C, whereas at 194 °C the o polymorph is

no longer present after ca. 300 minutes.

Above 194 °C, there is a sudden change in behaviour and at 196 °C, we can
observe the appearance of the y polymorph of ODH. From 196 °C to 204 °C, it is clear
that the a polymorph transforms to the y polymorph, and simultaneously both of

these polymorphs of ODH react to give DOHH and hydrazine.

Above 207 °C, the transformation from the o polymorph to the y polymorph is
particularly fast, and for most experiments the a polymorph was no longer present
by the time that the set temperature had been reached, and in these cases the y
polymorph represents the starting phase. As a result of the high rate of
transformation from the a polymorph to the y polymorph, the DOHH and hydrazine
are produced entirely from the y polymorph in these cases. For higher temperatures,
the reaction occurs more rapidly, with the y polymorph disappearing earlier and the

DOHH appearing earlier as well.

It is important to note that the intensity of the peaks due to the a polymorph is

highly variable in all the graphs, due to severe preferred orientation. However, for
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the y polymorph, produced as a result of the polymorphic transformation from the o

polymorph, this phenomenon was not obvious.

220°C )
216°C

213°C > o ﬂ Y —— DOHH + Hydrazine
210°C | i

207°C
204°C 3
202°C

200°C >~ T — Y — DOHH Jfr Hydrazine

198°C
196°C <
194°C
192°C
190C >~ @ » DOHH + Hydrazine
188°C
186°C

Figure 5.9  Schematic representation of the behaviour of the a polymorph and y polymorph

as a function of temperature.

One interesting aspect of this system at the lower temperatures studied (below
196 °C), is that the intensities of peaks due to DOHH are characterized by an initial
increase then decrease (Figure 5.10). The explanation is not straightforward, and

further research is necessary to clarify this issue, but several possible causes may be

suggested.
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(1) Recently, it has been found that the product (analysed by mass
spectroscopy) contains molecules of higher mass than DOHH. As the crystalline
component in the PXRD pattern of the reaction product is accounted for entirely by
the known crystal structure of DOHH, these additional reaction products of higher
mass than DOHH must be present in an amorphous component. The formation of
amorphous materials within the reaction product is supported by the observation
that the background of the PXRD patterns increased with time during the reaction.

The initial increase and then decrease in the intensity of peaks due to DOHH could
be a consequence of reactions occurring between the DOHH and ODH or any of the
longer molecules, which would consume DOHH and would therefore lead to a

decrease in the contribution to the PXRD pattern from crystalline DOHH.

2.0

194°C

192°C

190°C

188°C

1.5 186°C
£ 1.0
0.5
0.0

100 200 300 400 500 600 700
Time / min

Figure 5.10  Graph showing the initial rise in DOHH intensity at the different

temperatures [14].
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(i) Another explanation would be related to the particle size of DOHH,
forming big crystals at the beginning of the reaction, with the crystallites diminishing
in size (leading to significant peak broadening) at later stages due perhaps to the
occurrence of subsequent reactions of DOHH to give products of higher molecular

mass.

(111) The last suggestion is related to a macroscopic physical effect. Due to the
difficulty of the gaseous hydrazine to escape from the capillary, it was observed that
the powder sample accumulates in an inhomogeneous spatial distribution
(non-continuous array of spheres) within the capillary, regardless of the temperature
or the starting phase (Figure 5.11). Thus far, the consequences of this effect in the
PXRD pattern have not been identified, but certainly this effect could cause the
degree of preferred orientation in the powder to change markedly as a function of
time, and may contribute to the observed decrease in the peak intensity due to

DOHH.

Figure 5.11  Capillary after running the experiments, the spheres of powder sample can be

observed.
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5.4 — Conclusions and Future Work

To recapitulate, below 196 °C, the a polymorph of ODH reacts to give DOHH
and hydrazine without undergoing any polymorphic transformation. In the range
from 196 °C to 204 °C, the a polymorph transforms to the y polymorph and
contemporaneously reacts to give DOHH and hydrazine; the y polymorph
simultaneously undergoes the solid-state reaction to give DOHH and hydrazine.
Above 204 °C, the o polymorph (if at all present when reaching the set temperature)
transforms rapidly to the y polymorph, which in turn reacts to produce DOHH and

hydrazine.

Unfortunately, due to strong preferred orientation (in particular for the
a polymorph), Rietveld refinement of the data was not viable, therefore no
quantitative information could be established on relative amounts of the different
solid phases present as a function of time. Further studies with a carefully designed
experimental set-up, guided by our previous experiences, would be required to
explain and improve the data and elucidate other aspects of the system. Features in
the experimental set-up to take into account for development are the following:
having a spinning capillary instead of a static one, mounting the sample as a mixture
with an amorphous material [relevant with regard to both the preferred orientation

issues and reduction of the effect of the gaseous product (see below)] and/or finding
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a porous material to construct capillaries which would allow the gaseous product

(hydrazine) to escape.

Although it is known that the reaction produces other amorphous
by-products, additional investigations (such as solid-state NMR, mass spectroscopy
and TGA) are required to ascertain quantitative information on all the products from
the reaction. In addition, current research is being carried out to determine whether
the solid-state reaction may be reversible, involving a gas-solid reaction between the

solid reaction products and gaseous hydrazine.
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Chapter 6

Solid-State Dehydration of
t-Butylammonium Acetate

Monohydrate

6.1 — Introduction

Several different types of structural transformation [1-5] may occur in
crystalline organic materials, including solid-state chemical reactions,
transformations between polymorphic forms, processes involving solvent exchange,
solvation or desolvation among solvate and non-solvate forms, and the formation of
new materials by solid-state grinding (mechanochemical synthesis). Clearly, an

essential pre-requisite for understanding such transformations is to establish the
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details of the structural changes that take place. In favourable cases, transformations
in crystalline materials proceed in a single crystal-to-single crystal manner [6-14],
such that a single crystal of the parent phase transforms into a single crystal of the
product phase. In such cases, single-crystal X-ray diffraction may be exploited to
monitor the structural changes associated with the transformation, and in particular
to determine the structure of the product phase. However, solid-state
transformations often proceed instead with intrinsic loss of single-crystal integrity. In
such cases, a single crystal of the parent phase typically yields a microcrystalline
powder following the transformation, and structure determination of the product
phase by single-crystal X-ray diffraction is not viable. Clearly, an alternative
approach is required for structure determination, for example using powder X-ray
diffraction, although it is important to recall that the task of carrying out structure
determination of organic molecular solids directly from powder X-ray diffraction
data [15-19] is significantly more challenging than structure determination from
single-crystal X-ray diffraction. However, recent years have seen advances in the
opportunities for carrying out structure determination of organic materials directly
from powder X-ray diffraction data [20-31], particularly due to the development of
the direct-space strategy for structure solution [20]. The emergence of these
techniques provides a viable route for structural characterization of polycrystalline

product phases produced directly by solid-state transformations of the type
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discussed above [32-42]. In the present work, we exploit these techniques (using an
implementation of the direct-space genetic algorithm (GA) technique for structure
solution [43-47]) to elucidate structural details of a solid-state dehydration process
- in particular, dehydration of solid t-butylammonium acetate monohydrate — that
yields an anhydrous product phase as a microcrystalline powder. As discussed in
more detail below, structural interest in materials such as t-butylammonium acetate
(and solvate phases thereof) is motivated in part by the aim of understanding the
resultant crystal packing arrangements in materials for which there is both the
opportunity to utilize strong hydrogen-bond donor and strong hydrogen-bond
acceptor functionalities in the formation of favourable hydrogen-bonding
arrangements and the need to address steric issues arising from the presence of

bulky substituents (in this case the t-butyl groups).

6.2 — Experimental

Slow evaporation of solvent from a solution prepared by mixing ¢-butylamine
(2.744 g) dropwise to dilute aqueous acetic acid (2.255 g of acetic acid in 11.38 g of
water) produced a crystalline material which was shown (from single-crystal X-ray
diffraction and TGA analysis discussed below) to be a monohydrate phase of
t-butylammonium acetate. Colourless crystals were formed with typical dimensions

ca. 0.5 x 0.5 x 1 mm?3. As no other hydrate phase of t-butylammonium acetate is
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known, we subsequently refer to this material simply as the "hydrate phase”. To date,
we have been unable to obtain a pure (non-solvate) crystalline phase of
t-butylammonium acetate by crystallization from solution. However, when the
hydrate phase was exposed to the atmosphere at ambient temperature, it was
observed (by optical microscopy) to lose single crystal integrity over a period of time
of the order of an hour or so, resulting in a microcrystalline powder. Isothermal TGA
studies (carried out at 24 °C) starting from the hydrate phase confirm that this
transformation corresponds to the complete loss of water (after ca. 30 min at 24 °C),
(measured percentage mass loss, 11.88 %; percentage mass of water in the hydrate
phase, 11.92 %). Powder X-ray diffraction (Figure 6.1) confirmed that the product was
a new crystalline phase, with no detectable amounts of the parent hydrate phase

present.
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L e

Intensity/a.u.
s

(a)

. "MLWW

7.0 10.0 15.0 20.0 25.0 30.0 35.0
20/°

Figure 6.1  Comparison of powder X-ray diffraction patterns of (a) the hydrate phase
(simulated from the crystal structure determined from single-crystal X-ray diffraction; see
below), (b) hydrate phase (experimental), and (c) anhydrous phase (experimental; obtained by
dehydration of the hydrate phase). Note that, due to the susceptibility of the hydrate phase to
dehydration, the powder X-ray diffraction pattern for the hydrate phase in (b) was recorded

over a relatively short time, and hence the signal/noise ratio is comparatively poor.
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6.3 — Structure Determination

Crystal structure determination of the hydrate phase, which has not been
reported previously, was carried out from single-crystal X-ray diffraction data
collected on a Nonius Kappa CCD diffractometer at ambient temperature using
monochromated MoKa: radiation (4 = 0.71073 A). Although an exposed sample of the
hydrate phase undergoes dehydration over a period of an hour or so at ambient
temperature, it was possible to collect single-crystal X-ray diffraction data sufficiently
quickly for a crystal protected by a coating of inert oil such that the data were not
significantly degraded. The crystal structure was solved and refined (R1 = 0.0712,
wR2 = 0.1570 [I > 2 o(I)]) using SHELX97 [48]. Refinement of non-hydrogen atoms
was carried out with anisotropic displacement parameters. The positions of all
hydrogen atoms in the hydrogen-bonding arrangement were revealed by difference
Fourier analysis. The CHs and NHs groups were subsequently refined with idealized
geometry, and the isotropic displacement parameter for each hydrogen atom was
taken as 1.5 times the equivalent isotropic displacement parameter of the atom to
which it is bonded. Water molecules were refined with O-H distances loosely
restrained and the isotropic displacement parameter of each hydrogen atom was
taken as 1.2 times the equivalent isotropic displacement parameter of the O atom to

which it is bonded.
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The crystal structure of the hydrate phase (Figure 6.2) is monoclinic with space
group P2i/n [a=7.6306(15) A, b=18.094(4) A, ¢=14.236(3) A, B=9857(3);
V=1943.65 A3, calculated density, 1.033 g cm™®] (See Appendix E for extended
crystallographic data). The powder X-ray diffraction pattern simulated from this
crystal structure is shown in Figure 6.1a. The good agreement between the simulated
powder X-ray diffraction pattern for this structure (Figure 6.1a) and the experimental
powder X-ray diffraction pattern for the bulk polycrystalline sample of the hydrate
phase (Figure 6.1b) confirms that the structure of the hydrate phase determined from
single-crystal X-ray diffraction data is fully representative of the bulk polycrystalline

sample.

Structure determination of the anhydrous phase of t-butylammonium acetate
was carried out directly from powder X-ray diffraction data. The material used for
this structure determination was prepared by leaving several single crystals of the
hydrate phase overnight in an oven at 25 °C (when the hydrate phase was left for a
period of time at higher temperature (40 °C), sublimation was observed to occur). For
structure determination of the anhydrous phase, high-quality powder X-ray
diffraction data were recorded on a Bruker D8 diffractometer (See section 2.2.4 for
more details on the instrument) at ambient temperature, with 26 range 3.5° — 60°,

step size 0.017°, and data collection time 12 hours.

120



Chapter 6 - Solid-State Dehydration of t-Butylammonium Acetate Monohydrate

Figure 6.2 Crystal structure of the hydrate phase viewed (a) along the a-axis and (b)
along the c-axis. Hydrogen bonds are indicated by dotted lines (blue dotted lines connect
molecules within a given hydrogen-bonded ribbonwhereas red dotted lines connect adjacent
ribbons). In (a), the groups engaged in hydrogen bonding are drawn with thicker bonds in
order to highlight the hydrogen-bonding scheme. In (b), the ribbons are indicated by yellow

shading, and red dotted lines represent hydrogen bonds between adjacent ribbons.
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The powder X-ray diffraction pattern was indexed using the program TREOR
[49], giving the following unit cell with triclinic metric symmetry: a=6.43 A,
b=719A, c=1005A, 0=66.70°, f=8464°, »=83.15°. Unit cell and profile
refinement were carried out using the Le Bail fitting procedure [50], giving good
agreement between experimental and calculated powder X-ray diffraction profiles
(Rwp=1.80 %, Rp=1.31%) for this unit cell (Figure 6.3a). Density considerations
suggest that the unit cell contains two t-butylammonium cations and two acetate
anions. Structure solution was carried out using the implementation of the
direct-space GA technique in the program EAGER [32, 51-54]. The GA structure
solution calculations were carried out in space group P1. With two
t-butylammonium cations and two acetate anions in the unit cell (see above), the
asymmetric unit for P1 comprises one t-butylammonium cation and one acetate
anion. In the GA calculation, the t-butylammonium cation and acetate anion were
each represented as rigid molecular fragments with hydrogen atoms omitted. Thus,
the total number of structural variables involved in the direct-space search was 12,
comprising three translational variables {x, y, z} and three orientational variables
{6, ¢, y} for each fragment. The GA calculation was carried out for 50 generations,
with a population size of 100 structures and with 25 mating operations and 10
mutation operations éarried out in each generation. The best structure solution

(i.e. the structure of lowest Rwp generated in the GA calculation) was used as the
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starting structural model for Rietveld refinement [55-57], which was carried out
using the GSAS program [58]. In the Rietveld refinement, standard geometric
restraints were applied to bond lengths and bond angles (with the lengths of the two
C-O bonds of the acetate anion restrained to be equal), and the restraints were
relaxed gradually as the refinement progressed. The atomic positions were refined,
together with a common isotropic displacement parameter for each molecular
fragment. In the later stages of the refinement, hydrogen atoms were added to the
structural model in positions corresponding to standard molecular geometries. For

the NHs* group of the t-butylammonium cation, the positions of the hydrogen atoms

corresponded to geometrically reasonable N-H:--O hydrogen bonds, as discussed in
more detail below. The isotropic displacement parameter for each hydrogen atom
was taken as 1.5 times that of the atom to which it is bonded. The final Rietveld
refinement (Figure 6.3b) gave good agreement between calculated and experimental
powder X-ray diffraction patterns (Rwp=2.07 %, Rp=1.47 %), with the following
refined parameters: a=6.42596(15)A, b=7.19411(17) A, c=10.04415(26) A,
a=66.6999(13)°, S=84.6295(15)°, y=83.1542(10)° V=422.873(23) A% calculated
density, 1.046 gcm™ (26 range, 7.69-59.93° 3129 profile points; 119 refined

variables). The crystal structure is shown in Figure 6.4.
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Figure 6.3 Results from (a) Le Bail fitting and (b) Rietveld refinementfor the anhydrous
phase. In each case, the plot shows the experimental (+), calculated (-) and difference (bottom)

powder X-ray diffraction profiles. Reflection positions are marked.
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(a)

(b)

Figure 6.4 Crystal structure of the anhydrous phase viewed (a) along the b-axis and
(b) along the a-axis. In (a), the groups engaged in hydrogen bonding are drawn with thicker
bonds, and hydrogen bonds are indicated by blue dotted lines. In (b), the ribbons are indicated

by yellow shading.
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6.4 — Results and Discussion

The crystal structure of the hydrate phase (Figure 6.2) has two formula units of

t-butylammonium acetate and two water molecules in the asymmetric unit. The

structure comprises a network of O-H--O and N-H---O hydrogen bonds, involving
the water molecules and t-butylammonium cations (O-H and N-H bonds
respectively) as hydrogen-bond donors, and the acetate anions and water molecules

(O atoms in each case) as hydrogen-bond acceptors. Each t-butylammonium cation

serves as the donor in three N-H--O hydrogen bonds, in one case involving three O
atoms of acetate anions as the acceptors, and in the other case involving two O atoms

of water molecules and one O atom of an acetate anion as the acceptors. Each water
molecule acts as the donor in two O-H:--O hydrogen bonds (with O atoms of acetate

anions as the acceptors in each case), and as the acceptor in one N-H---O hydrogen
bond (with an N-H bond of a t-butylammonium cation as the donor). The structure
may be described as a three-dimensionally connected hydrogen bonded array. To
facilitate the rationalization of this structure, however, it is convenient to identify
ribbon-like hydrogen-bonded arrays that run parallel to the c-axis (vertical in
Figure 6.24). As shown in Figure 6.5a, these ribbons are constructed from four
different types of cyélic hydrogen-bonded array (each involving four hydrogen

bonds), described in graph set notation [59-61] as follows: (i) R;(12)

126



Chapter 6 - Solid-State Dehydration of t-Butylammonium Acetate Monohydrate

[a centrosymmetric array, labelled (i) in Figure 6.5a, involving two t-butylammonium
cations and two acetate anions], (ii) R;(10) [labelled (ii) in Figure 6.54, involving one
t-butylammonium cation and one water molecule as donors (utilizing two N-H
bonds and two O-H bonds respectively) and three O atoms of acetate anions as
acceptors], (iii) RZ(8) [labelled (iii) in Figure 6.5a, involving one t-butylammonium
cation and one water molecule as donors (utilizing two N-H bonds and two O-H

bonds respectively) and two O atoms of acetate anions as acceptors], and (iv) R;(12)

[a centrosymmetric array, labelled (iv) in Figure 6.5a, involving two
t-butylammonium cations and two water molecules as donors (each utilizing two
N-H bonds and one O-H bonds respectively) and two O atoms of acetate anions and
two O atoms of water molecules as acceptors]. We note that the R}(12) array (which
is the only cyclic array that does not involve water molecules) is retained [we note
that, in many other cases of dehydration processes in molecular crystals, the
hydrogen bonding arrangement in the anhydrous product phase does not retain any
common features with the hydrogen bonding arrangement in the parent hydrate
phase] in the structure of the anhydrous phase discussed below. Each of these
hydrogen-bonded ribbons is engaged in further hydrogen bonding (indicated by red
dashed lines in Figure 6.5a) to adjacent ribbons lying in planes above and below,
giving rise to a three;dimensionally connected hydrogen bonding network. When

viewed along the c-axis (i.e. the direction of propagation of the ribbons; Figure 6.2b),
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it is evident that this three-dimensional hydrogen-bonded network has a channel-like
topology (the channels are parallel to the c-axis), with the f-butyl groups of the

f-butylammonium cations accommodated within the channel-like region.
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Figure 6.5 Schematic illustrations of (a) the hydrogen-bonding scheme in the hydrate
phase, (b) the hydrogen-bonding scheme in the anhydrous phase, and (c) a hydrogen-bonding
scheme commonly observed in other t-butylammonium carboxylate materials. The

hydrogen-bonded cycles shaded in yellow are discussed in the text.
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The crystal structure of the anhydrous phase (Figure 6.4) has one
t-butylammonium cation and one acetate anion in the asymmetric unit.

Hydrogen-bonded ribbons (Figure 6.5b) propagate along the ag-axis, and are

constructed from three independent types of N-H--O hydrogen bonds. All three
N-H bonds of the t-butylammonium cation serve as donors, one O atom of the
acetate anion serves as a double acceptor, and the other O atom of the acetate anion
serves as a single acceptor. Within the ribbon, there are two different types of cyclic
hydrogen-bonded array, designated as R}(12) and R?(8) in graph set notation
[labelled (i) and (ii) respectively in Figure 6.5b]. There is a crystallographic inversion
centre at the centre of each of these hydrogen-bonded cycles. The ribbons are not
planar [although the non-hydrogen atoms involved in the hydrogen-bonded RZ(8)
cycle lie in the same plane, the non-hydrogen atoms involved in the
hydrogen-bonded R(12) cycle do not lie in the same plane, and are arranged in a
manner that resembles a “chair” configuration]. The mean plane of the
hydrogen-bonding arrangement within each ribbon is parallel to the ac-plane. The
methyl groups of the acetate anions and the t-butyl groups of the t-butylammonium
cations project from the periphery of the ribbons (the methyl groups of the acetate
anions are located approximately in the same plane as the hydrogen-bonding
arrangement, whereas the t-butyl groups project above and below this plane). As

shown in Figure 6.4b (in which the structure is viewed parallel to the direction of
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propagation of the ribbons), each ribbon is surrounded by six others. However, in
contrast to the situation observed for the hydrate phase, there is no hydrogen
bonding between adjacent ribbons in the structure of the anhydrous phase. Instead,
adjacent ribbons in the anhydrous phase interact only via van der Waals interactions

involving the methyl and t-butyl groups.

As noted above, the R;(12) hydrogen-bonded array in the structure of the
anhydrous phase is also present in the structure of the hydrate phase, and it is
conceivable that the integrity of this array is retained during the dehydration process.
Nevertheless, the dehydration process is associated with significant changes to the
overall hydrogen-bonding arrangement. In particular, as the water molecules are an
integral part of the hydrogen-bonding arrangement in the hydrate phase, serving as
both donors and acceptors, the loss of the water molecules in the dehydration
process must inevitably disrupt the hydrogen-bonding, even though the
hydrogen-bonding connectivity involving one of the two independent
t-butylammonium cations and one of the two independent acetate anions might

remain intact during the transformation.

It is relevant to compare the structures reported here with those of other
t-butylammonium carboxylate materials (including hydrate and solvate phases). Of
the structures within this class reported in the Cambridge Structural Database (CSD
Version 5.31, November 2009), one structure (¢-butylammonium sorbate [62]) has an
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identical hydrogen-bonding arrangement to that reported here for the anhydrous
phase of t-butylammonium acetate, comprising hydrogen-bonded ribbons with an
alternation of R;(12) and RZ(8) hydrogen-bonded cycles. No other structure within
this class has a hydrogen-bonding scheme that approaches the complexity of that
observed here for the hydrate phase of t-butylammonium acetate. However, the
structure of one reported hydrate ({tetrakis(t-butylammonium) benzene-
1,2,4,5-tetracarboxylate octahydrate [63]} does contain a hydrogen-bonded R:(10)
cycle analogous to that observed within the hydrogen-bonding scheme of

t-butylammonium acetate hydrate (see above).

Among the structures of anhydrous t-butylammonium carboxylate materials,
however, the most common type of hydrogen-bonded ribbon [64-66] is one
constructed entirely from R}(10) hydrogen-bonded cycles, involving two
t-butylammonijum cations as donors (each utilizing two N-H bonds within the
hydrogen-bonded cycle) and three O atoms of acetate anions as acceptors (with one
O atom acting as the acceptor to two N-H:-O hydrogen bonds)]. This hydrogen-
bonded cycle is analogous to the R}(10) array observed in the hydrate phase of
t-butylammonium acetate, but with the two O-H donors of the water molecule
replaced by two N-H donors from a t-butylammonium cation (Figure 6.5c). In
addition to the structures based on hydrogen-bonded ribbons, as discussed above,

structures of t-butylammonium carboxylate materials comprising cage-like
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hydrogen-bonding arrangements, which serve as the host in solid inclusion

compounds, have also been reported [67, 68].

Clearly, a more detailed rationalization of the preferred modes of molecular
aggregation of t-butylammonium carboxylate materials will rely on the application
of appropriate computational techniques. Such computational studies would
constitute an interesting subject for future research, particularly with a view to
establishing a more quantitative understanding of the relative importance of
optimizing the hydrogen-bonding arrangement vis-a-vis optimizing the steric effects

due to the presence of the bulky t-butyl groups in this family of materials.
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Appendix A

Extended crystallographic data for 1,6-diaminohexane/ methanol/ urea inclusion

compound (1,6-DAHX/MeOH/Urea).

Table A.1 Crystal data and structure refinement for 1,6-DAHX/MeOH/Urea

Empirical formula C14H4sN14Os

Formula weight 540.66

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P2i/c

Unit cell dimensions a=13.2901(4) A a=90°

b=7.7411(3) A B=106.1080(10)°

c=15.0043(5) A  y=90°

Volume | 1483.04(9) A3
Z 2
Calculated density 1.211 (103Kg/m?3)
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Absorption coefficient

F(000)

Crystal size

frange for data collection
Limiting indices

Reflections collected / unique
Completeness to 8= 27.54
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2c(])]

R indices (all data)

0.098 mm!

588

0.50 x 0.50 x 0.40 mm

3.61° to 27.5°
-17<h<16,-9<k<10,-17<1<19
10622 / 3336 [Rint = 0.0661]

97.8 %

Full-matrix least-squares on F?
3336 /0 /227

1.040

R1=0.0538, wR2=0.1331

R1=0.0808, wR2 =0.1479

Largest difference peak and hole 0.193 e.A%and -0.175 e. A%
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Table A.2 Atomic coordinates (x10*) and equivalent isotropic displacement
parameters (AZXIO3) for 1,6-DAHX/MeOH/Urea, U(eq) is defined as one third of the

trace of the orthogonalized Uj tensor.

x y z U(eq)
O(1) 3541(1) 10156(2) -312(1) 51(1)
0(Q2) 780(1) 53(1) 8732(1) 48(1)
0(3) -1957(1) 262(2) 7634(1) 49(1)
O(4) 5252(1) 4915(2) 1833(1) 62(1)
N(1) 4494(1) 8303(3) -901(1) 58(1)
N(2) 2720(1) 7991(3) -1226(1) 61(1)
N(@3) 1793(1) 2187(3) 8433(1) 56(1)
N(4) 44(1) 2060(3) 7666(1) 55(1)
N(5) -3039(1) 145(2) 8549(1) 64(1)
N(6) -1270(1) 34(2) 9179(1) 57(1)
N(@) 3222(1) 4798(3) 1809(1) 90(1)
C(1) 3591(1) 8849(2) -795(1) 44(1)
C2) 872(1) 1400(2) 8293(1) 42(1)
C@3) -2087(1) 151(2) 8427(1) 42(1)
C(4) 564(1) 5024(3) -5(2) 68(1)
C(5) 1336(1) 4910(3) 921(1) 64(1)
C(6) 2472(2) 4910(3) 916(2) 64(1)
C(7) 5375(3) 6379(5) 1320(3) 97(1)
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Table A.3 Bond lengths [A] and angles [°] for 1,6-DAHX/MeOH/Urea

O(1)-C(1) 1.2565(19)
0(2)-C(2) 1.2574(19)
0(3)-C(3) 1.2519(19)
O4)-C(7) 1.404(3)
N(1)-C(1) 1.324(2)
N(2)-C(1) 1.336(2)
N(3)-C(2) 1.330(2)
N(4)-C(2) 1.335(2)
N(5)-C(3) 1.328(2)
N(6)-C(3) 1.335(2)
N(7)-C(6) 1.434(3)
C(4)-C(5) 1.483(3)
C(4)-C(4)#1 1.503(4)
C(5)-C(6) 1.511(3)
O(1)-C(1)-N(1) 121.43(16)
O(1)-C(1)-N(2) 120.16(17)
N(1)-C(1)-N(2) 118.40(18)
0O(2)-C(2)-N(@3) 121.12(15)
O(2)-C(2)-N(4) 120.28(16)
N(3)-C(2)-N(4) 118.59(18)
O(3)-C(3)-N(5) 121.33(15)
O(3)-C(3)-N(6) 120.95(15)
N(5)-C(3)-N(6) 117.72(16)
C(5)-C(4)-C(4)#1 115.0(2)
C(4)-C(5)-C(6) 115.35(18)
N(7)-C(6)-C(5) 115.59(18)

Symmetry transformations used to generate equivalent atoms:

#1 -x,~y+1,-z
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Table A.4 Anisotropic displacement parameters (A2x10%) for 1,6-DAHX/MeOH/

Urea. The anisotropic displacement factor exponent takes the form: -2 n2 [ h2 a*2 Un +

wo+t2hka*b* U2 |
Un U2 Uss Uzs Uis U2

0o@1) 41(1) 60(1) 51(1) -12(1) 8(1) -2(1)
0() 39(1) 52(1) 50(1) 8(1) 9(1) 1(1)
O(@) 44(1) 63(1) 39(1) 2(1) 9(1) 2(1)
0@4) 43(1) 70(1) 67(1) -1(1) 7(1) 3(1)
N(1) 44(1) 67(1) 62(1) -19(1) 11(1) 1(1)
N(2) 43(1) 62(1) 73(1) -21(1) 6(1) -4(1)
N(@3) 47(1) 54(1) 64(1) 11(1) 12(1) -4(1)
N(4) 50(1) 56(1) 56(1) 14(1) 13(1) 5(1)
N(5) 43(1) 103(2) 44(1) -1(1) 10(1) -1(1)
N(6) 44(1) 85(1) 39(1) 6(1) 7(1) 1(1)
N(7) 54(1) 142(2) 68(1) 0(1) 9(1) 1(1)
c@@) 40(1) 53(1) 38(1) 2(1) 7(1) -1(1)
C@) 42(1) 45(1) 40(1) -3(1) 13(1) 3(1)
C(3) 41(1) 41(1) 43(1) -2(1) 9(1) 0(1)
C@4) 49(1) 87(2) 67(1) -9(1) 12(1) 3(1)
C(5) 51(1) 74(1) 66(1) -6(1) 16(1) 0(1)
C(6) 48(1) 77(1) 67(1) -2(1) 13(1) 1(1)
C(7) 87(2) 89(2) 107(2) 27(2) 13(2) -7(2)
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Table A.5 Hydrogen coordinates (x10%) and isotropic displacement parameters

(A?2x103) for 1,6-DAHX/MeOH/Urea.

x Y z U(eq)
H(7B) 3124 3820 2085 135
H(7C) 3142 5693 2155 135
H(4C) 687 4076 384 82
H(4D) 685 6090 299 82
H(5C) 1201 3860 1221 76
H(5D) 1224 5876 1293 76
H(6C) 2583 3945 542 77
H(6D) 2606 5961 615 77
H(1A) 5018(18) 8790(30) -591(15) 67(6)
H(1B) 4547(16) 7430(30) -1145(14) 56(6)
H(5B) -3108(16) 100(20) 9076(15) 60(6)
H(6A) -1396(16) -10(30) 9709(15) 63(6)
H(2A) 2144(17) 8400(30) -1160(13) 57(5)
H(4A) -549(19) 1580(30) 7606(15) 68(6)
H(3B) 1832(15) 3010(30) 8179(13) 46(6)
H(3A) 2300(16) 1790(20) 8834(14) 53(5)
H(6B) -670(20) -10(30) 9096(16) 76(7)
H(4B) 124(15) 2880(30) 7407(14) 52(6)
H(2B) 2762(17) 7150(30) -1495(16) 68(7)
H(5A) -3509(18) 190(20) 8088(16) 55(6)
H(4) 4580(20) 4810(30) 1854(16) 77(7)
H(7A) 4900(40) 6430(50) 760(40) 187(18)
H(7C) 5150(40) 7380(60) 1540(30) 170(18)
H(7B) 6110(40) 6510(50) 1190(30) 171(15)
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Appendix B

Extended

compound (2-BA/TIC).

Table B.1
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume
Z

Calculated density

crystallographic data for

2-bromoadamantane/thiourea

Crystal data and structure refinement for 2-BA/TIC

CssH120BrsN30Ss
2002.35

110(2) K
0.71073 A
Trigonal, R3c
a=16.11802) A  a=90°
b=16.1180(2) A  B=90°
c=61.6020(4) A  y=120°
13859.5(3) A3

6

1.439 (10°Kg/m?)
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Appendix B — Crystal data for 2-BA/TIC

Absorption coefficient

F(000)

Crystal size

@range for data collection
Limiting indices

Reflections collected / unique
Completeness to 8= 27.69
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2c(])]

R indices (all data)

2.133 mm!

6240

0.50 x 0.40 x 0.40 mm

1.97° to 27.69°
-20<h<20,-21<k<20,-79<1<75
31291 / 3564 [Rint = 0.0647]

98.5 %

0.4824 and 0.4152

Full-matrix least-squares on F?
3564 / 269 / 248

1.052

R1=0.1405, wR2 = 0.3493

R1=0.1761, wR2 = 0.3734

Largest difference peak and hole 1.492 e.A? and -1.207 e.A*
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Appendix B — Crystal data for 2-BA/TIC

Table B.2 Atomic coordinates (x10¢) and equivalent isotropic displacement
parameters (A2x10%) for 2-BA/TIC. U(eq) is defined as one third of the trace of the

orthogonalized Uj tensor.

X Y z U(eq)
C(1) 5920(5) -3(5) 9501(1) 21(1)
C(2) 2606(5) -827(4) 9836(1) 21(1)
C(3) 3333 741(5) 9167 16(2)
N(1) 5553(4) 94(5) 9320(1) 29(1)
N(2) 5395(4) -193(4) 9681(1) 24(1)
N(@3) 2244(5) -1274(5) 9648(1) 36(2)
N(4) 2155(4) -1179(4) 10022(1) 23(1)
N(5) 3353(5) 1189(4) 9349(1) 27(1)
S(1) 6978(1) -16(1) 9502(1) 20(1)
S(2) 3655(1) 286(1) 9830(1) 17(1)
S(3) 3333 -305(1) 9167 20(1)
C4) 6667 3333 9948(2) 33(5)
C(5) 6405(11) 4069(9) 9864(2) 08(3)
C(6) 6430(7) 4070(7) 9610(1) 25(2)
C(7) 5682(9) 3105(7) 9522(2) 28(3)
Br(1) 5639(3) 3070(4) 9225(1) 37(1)
C(8) 6667 3333 8676(4) 92(8)
C9) 5703(9) 2536(10) 8586(2) 79(7)
C(10) 5760(15) 2592(12) 8333(2) 36(4)
C(11) 5808(11) 3517(8) 8264(2) 39(4)
Br(2) 5768(7) 3658(7) 7982(2) 90(3)
C(12) 6667 3333 10677(3) 79(8)
C(13) 7360(10) 4302(9) 10778(2) 94(7)
C(14) 7318(12) 4226(13) 11026(2) 65(5)
C(15) 7783(9) 3640(9) 11106(2) 41(3)
Br(3) 7696(6) 3622(6) 11408(1) 78(2)
C(16) 6667 3333 9714(3) 60(5)
C(17) 5662(8) 3076(10) 9628(2) 41(4)
C(18) 5701(13) 3069(10) 9377(2) 67(5)
C(19) 5887(11) 2271(11) 9307(2) 63(5)
Br(4) 5861(7) 2109(5) 9023(1) 86(2)
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Appendix B — Crystal data for 2-BA/TIC

Table B.3

Bond lengths [A] and angles [°] for 2-BA/TIC

C(1)-N(1)
C(1)-N(2)
C(1)-5(1)
C(2)-N#4)
C(2)-N(3)
C(2)-5(2)
C(3)-N(5)#1
C(@3)-N(5)
C(3)-S(3)
C4)-C(5)#2
C(4)-C(5)#3
C4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(6)-C(7)#2
C(7)-C(6)#3
Br(1)-Br(1)#2
Br(1)-Br(1)#3
C(8)-C(9)#3
C(8)-C(9)
C(8)-C(9)#2
C(9)-C(10)
C(10)-C(11)
C(10)-C(11)#3
C(11)-C(10)#2
C(12)-C(13)#2
C(12)-C(13)
C(12)-C(13)#3
C(12)-C(12)#4
C(13)-C(14)
C(13)-C(12)#5
C(14)-C(15)
C(14)-C(15)#3
C(15)-C(14)#2
Br(3)-Br(3)#2
Br(3)-Br(3)#3
C(16)-C(17)#3
C(16)-C(17)#2
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1.302(9)
1.340(8)
1.715(7)
1.323(8)
1.334(9)
1.746(7)
1.324(7)
1.325(7)
1.687(9)
1.533(9)
1.533(9)
1.533(9)
1.563(9)
1.514(9)
1.541(9)
1.541(9)
2.580(8)
2.580(8)
1.541(10)

1.541(10)

1.541(10)
1.559(9)
1.516(9)
1.530(9)

1.530(10)

1.528(10)

1.528(10)

1.528(10)
1.93(4)
1.532(9)

1.909(17)
1.550(9)

1.559(10)

1.559(10)

2.568(14)

2.568(14)
1.550(9)

1.550(10)



Appendix B — Crystal data for 2-BA/TIC

C(16)-C(17)

C(17)-C(18)

C(18)-C(19)
C(18)-C(19)#2
C(19)-C(18)#3

N(1)-C(1)-N(2)
N(1)-C(1)-S(1)
N(2)-C(1)-5(1)
N(4)-C(2)-N(3)
N(4)-C(2)-S(2)
N(3)-C(2)-S(2)

N(5)#1-C(3)-N(5)
N(5)#1-C(3)-S(3)
N(5)-C(3)-S(3)
C(5)#2-C(4)-C(5)43
C(5)#2-C(4)-C(5)
C(5)#3-C(4)-C(5)
C(4)-C(5)-C(6)
C(7)-C(6)-C(7)#2
C(7)-C(6)-C(5)
C(7)#2-C(6)-C(5)
C(6)-C(7)-C(6)#3
Br(1)#2-Br(1)-Br(1)#3
C(9)#3-C(8)-C(9)
C(9)#3-C(8)-C(9)#2
C(9)-C(8)-C(9)#2
C(8)-C(9)-C(10)
C(11)-C(10)-C(11)#3
C(11)-C(10)-C(9)
C(11)#3-C(10)-C(9)
C(10)-C(11)-C(10)#2
C(13)#2-C(12)-C(13)
C(13)#2-C(12)-C(13)#3
C(13)-C(12)-C(13)#3
C(13)#2-C(12)-C(12)#4
C(13)-C(12)-C(12)#4
C(13)#3-C(12)-C(12)#4
C(12)-C(13)-C(14)
C(12)-C(13)-C(12)#5
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1.550(9)
1.549(9)
1.522(10)
1.540(10)
1.540(10)

117.5(6)
121.3(5)
120.8(5)
121.5(6)
120.2(5)
118.2(5)
115.6(8)
122.2(4)
122.2(4)
109.2(6)
109.2(6)
109.2(6)
108.8(8)
109.3(12)
110.5(7)
112.0(8)
106.9(11)
60.000(3)
107.909)
107.9(9)
107.9(9)
107.7(9)
124(2)
108.1(8)
107.0(7)
100(2)
104.4(9)
104.4(9)
104.4(9)
65.8(8)
65.8(8)
65.8(8)
110.2(9)
67.2(13)



Appendix B -

Crystal data for 2-BA/TIC

C(14)-C(13)-C(12)#5
C(13)-C(14)-C(15)
C(13)-C(14)-C(15)#3
C(15)-C(14)-C(15)#3
C(14)-C(15)-C(14)#2
Br(3)#2-Br(3)-Br(3)#3
C(17)#3-C(16)-C(17)#2
C(17)#3-C(16)-C(17)
C(17)#2-C(16)-C(17)
C(18)-C(17)-C(16)
C(19)-C(18)-C(19)#2
C(19)-C(18)-C(17)
C(19)#2-C(18)-C(17)
C(18)-C(19)-C(18)#3

43.0(11)
110.3(8)
108.8(7)
127.5(15)
91.8(18)
60.000(7)
109.0(7)
109.0(7)
109.0(7)
107.5(8)
120.7(19)
108.3(8)
106.2(7)
104.0(18)

Symmetry transformations used to generate equivalent atoms:

#1

#2

#3

#4

#5

-x+2/3,-x+y+1/3,-z+11/6
-x+y+1,-x+1,z

-y+1,x-y,z
x-y+1/3,-y+2/3,-z+13/6

-x+4/3,-x+y+2/3,-z+13/6
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Appendix B - Crystal data for 2-BA/TIC

Table B.4 Anisotropic displacement parameters (A2x10%) for 2-BA/TIC. The

anisotropic displacement factor exponent takes the form: -2 n2 [ h2 a*? Un + ... +2 h k a*

b* Un2]

Un U2 Uss U2 Ui U
C®1) 29(3) 22(3) 21(3) 0(2) 8(3) 20(3)
C(2) 27(3) 12(3) 22(3) 4(2) 9(2) 8(3)
C(3) 9(4) 21(3) 14(4) 4(1) 8(3) 5(2)
N(1) 21(3) 40(4) 27(3) -3(3) -3(2) 16(3)
N(2) 17(3) 40(3) 17(2) 2(2) 7(2) 15(2)
N(3) 29(3) 35(4) 28(3) 2(3) 7(3) 5(3)
N(4) 20(3) 26(3) 19(3) 2(2) 2(2) 9(2)
N(5) 53(4) 25(3) 12(3) -6(2) -4(2) 26(3)
S(1) 21(1) 23(1) 18(1) 0(1) 2(1) 13(1)
S(2) 18(1) 16(1) 13(1) -1(1) 3(1) 5(1)
S(3) 21(1) 19(1) 20(1) 0(1) 0(1) 11(1)
C4) 31(5) 31(5) 37(8) 0 0 16(3)
C(5) 31(6) 30(6) 61(7) -9(5) -10(5) 22(5)
C(6) 20(4) 20(4) 43(5) -1(3) -7(3) 16(3)
C(?) 25(5) 23(5) 38(6) -6(5) -7(5) 14(4)
Br(1) 25(2) 43(3) 46(2) -12(2) -10(2) 19(2)
C(8) 90(8) 90(8) 95(12) 0 0 45(4)
C9) 73(9) 76(9) 85(10) 3(8) -2(8) 35(7)
C(10) 29(7) 35(7) 47(8) 6(6) 6(6) 18(6)
Cc(@11) 30(7) 32(7) 58(9) -3(6) -11(6) 17(5)
Br(2) 102(6) 98(6) 105(6) 16(5) 2(5) 75(5)
Cc(12) 82(8) 82(8) 73(11) 0 0 41(4)
C(13) 94(10) 80(9) 94(10) 5(8) -4(8) 33(7)
C(14) 71(8) 57(8) 74(8) 2(7) 8(7) 37(6)
Cc(@15) 66(8) 32(6) 46(7) 14(5) 28(6) 40(6)
Br(3) EE7(4) 86(5) 83(4) -2(4) -9(4) 40(4)
C(16) 60(6) 60(6) 60(9) 0 0 30(3)
c@a7) 38(6) k 41(6) 44(7) 4(6) - 11(6) 19(5)
C(18) 58(7) 66(7) 64(7) 3(7) -2(7) 21(6)
C(19) 54(8) 54(7) 80(8) -7(7) -3(7) 26(6)
Br(4) 120(6) 54(4) 75(4) 10(3) 22(4) 37(4)
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Appendix B — Crystal data for 2-BA/TIC

Table B.5 Hydrogen coordinates (x10¢) and isotropic displacement parameters

(A2x10%) for 2-BA/TIC

x y z Ul(eq)
H(1A) 4980 35 9321 35
H(1B) 5879 219 9199 35
H(2A) 4824 248 9676 29
H(2B) 5620 -263 9806 29
H(3A) 1693 -1815 9646 43
H(3B) 2555 -1027 9526 43
H(4A) 1604 -1720 10024 27
H(4B) 2406 -873 10144 27
H(5A) 3352 1734 9343 33
H(5B) 3367 941 9475 33
H(4) 6667 3333 10110 40
H(5C) 6868 4714 9920 45
H(5D) 5757 3900 9915 45
H(6) 6278 4564 9557 30
H(7A) 5693 3110 9362 33
H(7B) 5035 2950 9571 33
H(8) 6667 3333 8838 110
H(9A) 5173 2627 8638 95
H(9B) 5584 1901 8636 95
H(10) 5124 2069 8281 43
H(11A) 5330 3622 8341 47
H(11B) 5719 3536 8105 47
H(12) 6667 3333 10514 95
H(13A) 7190 4786 10731 113
H(13B) 8020 4514 10728 113
H(14) 7801 4892 11072 78
H(15A) 7877 3666 11265 49
H(15B) 8385 3804 11029 49
H(16) 6667 3333 9876 72
H(17A) 5172 2439 9682 50
H(17B) 5492 3556 9678 50
H(18) 5049 2894 9323 80
H(19A) 5812 2170 9148 75
H(19B) 5444 1662 9381 75
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Appendix C

Extended crystallographic data for bromocyclohexane/ thiourea inclusion compound

(BCHX/TIC).

Table C.1 Crystal data and structure refinement for BCHX/TIC

Empirical formula CsH23BrNeSs

Formula weight 391.42

Temperature 110(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P21/a

Unit cell dimensions a=9.6533(4) A a=90°

b=159651(6) A  B=111.835(2)°

c=12.2869(3) A  y=90°

Volume 1757.76(11) A3
Z 4
Calculated density 1.479 (10°3Kg/m3)
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Appendix C - Crystal data for BCHX/TIC

Absorption coefficient

F(000)

Crystal size

frange for data collection
Limiting indices

Reflections collected / unique
Completeness to 8= 27.54
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2c(I)]

R indices (all data)

2.692 mm-™!

808

0.30 x 0.20 x 0.20 mm

2.19° to 27.54°

-12<h<12,-20€k<20,-15<1<15

7218 / 4005 [Rint = 0.0373]

98.7 %

Full-matrix least-squares on F?
4005/ 247 / 237

1.120

R1=0.0644, wR2 =0.1436

R1=0.0837, wR2 = 0.1525

Largest difference peak and hole 1.151 e.A3 and -1.005 e.A
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Appendix C - Crystal data for BCHX/TIC

Table C.2 Atomic coordinates (x10%) and equivalent isotropic displacement
parameters (A2x10%) for BCHX/TIC, U(eq) is defined as one third of the trace of the

orthogonalized Uj tensor.

x y z Uleq)
C@) 3626(5) -2047(3) 9201(3) 21(1)
C@) 2582(5) 932(3) 7704(4) 22(1)
C@) 3241(5) 3016(3) 4780(4) 21(1)
S(1) 4751(1) -1443(1) 8715(1) 22(1)
S(2) 2315(1) 1991(1) 7781(1) 22(1)
S(3) 4370(1) 3592(1) 4257(1) 22(1)
N(1) 4179(4) -2459(2) 10210(3) 27(1)
N(2) 2177(4) -2124(2) 8557(3) 27(1)
N@3) 2035(4) 536(2) 6675(3) 27(1)
N(4) 3342(4) 498(2) 8652(3) 29(1)
N(5) 1809(4) 2924(2) 4144(3) 26(1)
N(6) 3800(4) 2666(2) 5832(3) 27(1)
C(4) 3141(6) 4326(4) 7761(4) 40(1)
C(5) 1655(7) 4347(3) 6691(6) 43(2)
C(6) 828(5) 5174(3) 6637(5) 36(1)
C() 1803(6) 5912(3) 6576(6) 40(2)
C(8) 3287(5) 5903(3) 7619(5) 36(1)
C(9) 4097(6) 5071(3) 7656(6) 37(1)
Br(1) 2897(1) 4265(1) 9198(1) 50(1)
C(4A) 2976(18) 5029(9) 6766(14) 44(3)
C(5A) 2160(30) 4218(10) 6840(18) 43(3)
C(6A) 1280(20) 4301(15) 7644(18) 44(4)
C(7A) 2260(30) 4600(17) 8859(18) 50(4)
C(8A) 3200(30) 5361(15) 8840(19) 51(4)
C(9A) 4052(18) 5244(15) 8017(15) 41(3)
Br(1A) 1725(5) 5922(3) 6011(5) 72(2)
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Appendix C - Crystal data for BCHX/TIC

Table C.3

Bond lengths [A] and angles [°] for BCHX/TIC

C(1)-N(1)
C(1)-N@)
C(1)-S(1)
C(2)-N(@)
C(2)-N(@3)
C(2)-5(2)
C(3)-N(5)
C(3)-N(6)
C(3)-S(3)
C(4)-C(9)
C(4)-C(5)
C(4)-Br(1)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(4A)-C(5A)
C(4A)-C(9A)
C(4A)-Br(1A)
C(5A)-C(6A)
C(6A)-C(7A)
C(7A)-C(8A)
C(8A)-C(9A)

N1)-C(1)-N(2)
N1)-C(1)-5(1)
N(2)-C(1)-5(1)
N(4)-C(2)-N(@3)
N#)-C(2)-5(2)
N(3)-C(2)-5(2)
N(5)-C(3)-N(6)
N(5)-C(3)-5(3)
N(6)-C(3)-5(3)
C(9)-C(4)-C0)
C(9)-C(4)-Br(1)
C(5)-C(4)-Br(1)
C(6)-C(5)-C(4)
C(7)-C(6)-C(5)
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1.327(5)
1.332(5)
1.717(4)
1.319(6)
1.335(5)
1.718(4)
1.319(5)
1.324(5)
1.722(4)
1.540(4)
1.544(4)
1.869(4)
1.531(4)
1.527(4)
1.526(4)
1.532(4)
1.538(10)
1.539(10)
1.876(10)
1.527(11)
1.517(11)
1.521(11)
1.533(11)

118.5(4)
121.1(3)
120.4(3)
118.8(4)
121.0(3)
120.2(3)
119.2(4)
120.5(3)
120.3(3)
107.9(5)
114.1(4)
113.7(4)
111.1(4)
110.3(4)



Appendix C - Crystal data for BCHX/TIC

C(8)-C(7)-C(6)

C(7)-C(8)-C(9)

C(8)-C(9)-C(4)
C(5A)-C(4A)-C(9A)
C(5A)-C(4A)-Br(1A)
C(9A)-C(4A)-Br(1A)
C(6A)-C(5A)-C(4A)
C(7A)-C(6A)-C(5A)
C(6A)-C(7A)-C(8A)
C(7A)-C(8A)-C(9A)
C(8A)-C(9A)-C(4A)

110.7(4)

110.1(4)

110.9(4)

107.5(11)
114.7(11)
113.3(11)
112.7(11)
111.7(12)
113.2(13)
112.5(13)
110.9(11)
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Appendix C - Crystal data for BCHX/TIC

Table C.4 Anisotropic displacement parameters (A2x10%) for BCHX/TIC. The

anisotropic displacement factor exponent takes the form: -2 n2 [ h24*2 Un + ... +2 h k a*

b* U2 |
Un U Uss Uz Uiz U

C@) 21(2) 23(2) 17(2) -2(2) 6(2) 2(2)
C(2 19(2) 22(2) 22(2) 0(2) 4(2) -1(2)
C(3) 21(2) 20(2) 20(2) -2(2) 8(2) -2(2)
S(1) 20(1) 23(1) 20(1) 2(1) 6(1) -1(1)
S(2) 23(1) 20(1) 19(1) 0(1) 4(1) 2(1)
S(3) 20(1) 25(1) 19(1) 2(1) 4(1) -2(1)
N(1) 22(2) 30(2) 25(2) 9(2) 5(2) 0(2)
N(2) 22(2) 34(2) 23(2) 4(2) 7(2) -4(2)
N(3) 31(2) 22(2) 24(2) -4(1) 4(2) 2(2)
N(4) 30(2) 22(2) 27(2) 0(2) 0(2) 3(2)
N(5) 19(2) 37(2) 22(2) 5(2) 5(1) -2(2)
N(6) 25(2) 33(2) 21(2) 5(2) 5(2) -4(2)
C4) 45(3) 28(3) 43(3) -1(2) 12(2) 7(2)
C(5) 47(3) 34(3) 40(3) -5(2) 7(3) 4(3)
C(6) 36(3) 35(3) 32(3) -5(2) 10(2) 2(3)
C(?) 42(4) 33(3) 46(4) 2(3) 19(3) 9(3)
C(8) 34(3) 32(3) 44(3) 4(2) 15(2) -3(2)
C©) 33(3) 41(3) 40(3) 2(3) 17(2) 5(2)
Br(1) 69(1) 45(1) 36(1) 7(1) 21(1) -9(1)
C(4A) 44(4) 39(4) 46(4) -1(4) 11(4) 1(4)
C(5A) 48(5) 36(5) 44(5) -2(5) 16(4) 6(5)
C(6A) 47(6) 41(5) 45(5) 0(5) 18(5) 4(5)
C(7A) 48(6) 51(6) 53(6) 7(6) 23(5) 6(6)
C(8A) 49(6) 50(7) 51(6) -1(6) 17(5) 0(6)
C(9A) 40(4) 39(5) 44(5) -2(4) 15(4) 0(4)
Br(1A) 60(2) 54(2) 98(4) 25(2) 23(2) 2(2)
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Appendix C - Crystal data for BCHX/TIC

Table C.5 Hydrogen coordinates (x10*) and isotropic displacement parameters
(A2x10%) for BCHX/TIC

x Y z Uleq)
H(1A) 3591 -2773 10440 32
H(1B) 5133 2417 10648 32
H(2A) 1608 -2442 8804 32
H(2B) 1788 -1856 7885 32
H(3A) 2184 -5 6637 33
H(3B) 1525 816 6033 33
H(4A) 3480 -43 8598 35
H(4B) 3710 749 9337 35
H(5A) 1238 2632 4419 32
H(5B) 1426 3154 3444 32
H(6A) 3217 2376 6097 33
H(6B) 4753 2724 6264 33
H(4) 3676 3805 7690 48
H(5C) 1859 4278 5964 51
H(5D) 1017 3875 6742 51
H(6C) -110 5177 5937 43
H(6D) 569 5229 7341 43
H(7A) 1991 5882 5838 48
H(7B) 1272 6443 6573 48
H(8A) 3105 5976 8355 44
H(8B) 3918 6373 7551 44
H(9A) 5058 5072 8335 44
H(9B) 4314 5011 6934 44
H(4A1) 3603 4897 6299 53
H(5A1) 1461 4063 6043 52
H(5A2) 2893 3760 7132 52
H(6A1) 449 4703 7296 53
H(6A2) 840 3751 7707 53
H(7A1) 2930 4138 9277 60
H(7A2) 1621 4741 9303 60
H(8A1) 3924 5469 9644 61
H(8A2) 2543 5857 8586 61
H(9A1) 4792 4789 8317 50
H(9A2) 4598 5766 7999 50
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Appendix D

Graphs showing the evolution of the a polymorph of ODH, the y polymorph
of ODH and DOHH as a function of time at different temperatures, with intensity
represented in different colours (dark blue the least intense and red the most intense)

(Refer to Figure 5.8)
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Appendix E

Extended crystallographic data for

(TBAMH).

Table E.1
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume
Z

Calculated density

t-butylammonium acetate

Crystal data and structure refinement for TBAMH

CsHiNOs

151.21

293(2) K

0.71073 A
Monoclinic, P21/n
a="7.6306(3) A a=90°
b=18.0943(7) A  p=98.572(2)°
c=14.2363(6) A  y=90°
1943.65(13) A3

8

1.033 (10°Kg/m?)
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Appendix E — Crystal data for TBAMH

Absorption coefficient

F(000)

Crystal size

Orange for data collection
Limiting indices

Reflections collected / unique
Completeness to 6= 27.59
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2o(])]

R indices (all data)

0.081 mm!

672

0.40 % 0.38 x 0.38 mm
4.33° to 27.59°
-9<h<7,-21<k<23,-18<1<18
11381 / 4417 [Rint = 0.0842]

98.2 %

Full-matrix least-squares on F?
4417/ 4 /203

1.027

R1=0.0712, wR2 =0.1570

R1=0.1474, wR2 = 0.1872

Largest difference peak and hole 0.161 e.A-3 and -0.137 e.A"
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Appendix E — Crystal data for TBAMH

Table E.2 Atomic coordinates (x10*) and equivalent isotropic displacement
parameters (A2x10%) for TBAMH, U(eq) is defined as one third of the trace of the

orthogonalized Uj tensor.

x y z U(eq)
C(1) -2487(3) -1024(1) 6040(2) 61(1)
C@) -1848(4) -699(2) 5173(2) 92(1)
C@) 2722(4) -1850(1) 5941(2) 78(1)
C(4) -1283(4) -834(2) 6951(2) 97(1)
C(5) 1664(3) 956(1) 8913(2) 61(1)
C(6) 1750(4) 133(2) 9094(2) 79(1)
C(7) 1266(4) 1131(2) 7866(2) 99(1)
C(8) 375(4) 1328(2) 9475(3) 92(1)
C(9) 6562(3) 1328(1) 6165(2) 63(1)
C(10) 6853(5) 2045(2) 6693(2) 98(1)
C(11) 5575(3) 1434(1) 1676(2) 59(1)
C(12) 6629(5) 1960(2) 1163(2) 94(1)
N(1) -4273(2) -695(1) 6106(1) 57(1)
N(2) 3469(2) 1271(1) 9269(1) 55(1)
O(1) 6824(3) 1294(1) 5325(1) 85(1)
0oQ) 6042(3) 789(1) 6590(1) 89(1)
O(3) 4403(2) 1048(1) 1205(1) 67(1)
0®) 5959(2) 1410(1) 2558(1) 83(1)
O(5) 8079(2) 2177(1) 3992(1) 71(1)
0(6) 6062(3) 482(1) 8463(1) 74(1)
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Appendix E - Crystal data for TBAMH

Table E.3

Bond lengths [A] and angles [°] for TBAMH

C(1)-N(1)
C(1)-C(3)
C(1)-C(2)
C(1)-C(4)
C(5)-N(2)
C(5)-C(7)
C(5)-C(6)
C(5)-C(8)
C(9)-0(2)
C(9)-0(1)
C(9)-C(10)
C(11)-0(4)
C(11)-0O(3)
C(11)-C(12)

ND)-C(1)-C(3)
N(1)-C(1)-C(2)
C(3)-C(1)-C(2)
N(1)-C(1)-C(4)
C(3)-C(1)-C(4)
C(2)-C(1)-C(4)
N(2)-C(5)-C(7)
N(2)-C(5)-C(6)
C(7)-C(3)-C(6)
N(2)-C(5)-C(8)
C(7)-C(5)-C(8)
C(6)-C(5)-C(8)
O(2)-C(9)-0(1)
0O(2)-C(9)-C(10)
O(1)-C(9)-C(10)
0(4)-C(11)-O(3)

O(4)-C(11)-C(12)
O(3)-C(11)-C(12)

1.503(3)
1.509(3)
1.512(4)
1.513(4)
1.507(3)
1.510(4)
1.511(4)
1.514(4)
1.243(3)
1.243(3)
1.499(4)
1.246(3)
1.249(3)
1.504(4)

107.58(19)
107.6(2)
110.9(2)

107.26(19)
110.7(2)
112.5(2)

107.00(19)
107.5(2)
111.8(2)

106.70(19)
112.2(2)
111.3(2)
122.6(2)
117.9(2)
119.5(2)
124.3(2)
116.7(2)
119.0(2)
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Appendix E - Crystal data for TBAMH

Table E.4 Anisotropic displacement parameters (A2x10%) for TBAMH. The

anisotropic displacement factor exponent takes the form: -2 n2 [ 2 a2 Un + ... + 2 h k a*

b* U2 ]
Un U2 Uss Uzs Uss U

C(1) 59(1) 58(1) 67(1) -5(1) 13(1) -3(1)
C(2) 88(2) 90(2) 107(2) 8(2) 45(2) -3(2)
C(@3) 83(2) 60(2) 94(2) -5(1) 15(2) 4(1)
C@4) 72(2) 108(2) 105(2) -30(2) -11(2) 6(2)
C(5) 59(1) 54(1) 67(1) 4(1) 0(1) -5(1)
C(6) 80(2) 60(2) 95(2) 0(1) 7(2) -9(1)
C(7) 108(2) 97(2) 79(2) 14(2) -29(2) -24(2)
C(8) 64(2) 73(2) 143(3) 0(2) 26(2) 2(1)
C(9) 75(2) 53(1) 58(1) 1(1) -4(1) -5(1)
C(10) 127(3) 62(2) 100(2) -14(2) -5(2) -7(2)
C(11) 68(2) 59(1) 53(1) 1(1) 17(1) 3(1)
C(12) 111(2) 101(2) 72(2) 9(2) 24(2) -34(2)
N(1) 63(1) 51(1) 57(1) -1(1) 10(1) -5(1)
N(2) 58(1) 54(1) 52(1) 2(1) 7(1) -1(1)
O®1) 107(1) 89(1) 57(1) 5(1) 4(1) -26(1)
0?2 145(2) 57(1) 70(1) 1(1) 29(1) -14(1)
0O3) 80(1) 65(1) 54(1) 2(1) 7(1) -10(1)
0@“) 95(1) 107(1) 48(1) 1(1) 10(1) -33(1)
O(5) 79(1) 61(1) 73(1) -4(1) 11(1) -10(1)
O(6) 90(1) 69(1) 66(1) -1(1) 26(1) -3(1)
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Appendix E - Crystal data for TBAMH

Table E.5 Hydrogen coordinates (x10%) and isotropic displacement parameters
(A2x10%) for TBAMH.

x y z U(eq)
H(2A) -690 -888 5123 137
H(2B) -1793 -170 5230 137
H(2C) -2654 -831 4615 137
H(A) -3247 -2036 6465 118
H(3B) -1588 2079 5937 118
H(3C) -3481 -1959 5357 118
H(4A) -1775 -1028 7482 146
H(4B) -1176 -307 7009 146
H(4C) -133 -1046 6939 146
H(6A) 2141 44 9757 118
H(6B) 2568 -88 8726 118
H(6C) 595 -79 8914 118
H(7A) 107 950 7616 149
H(7B) 2132 897 7540 149
H(7C) 1308 1656 7775 149
H(8A) -802 1150 9260 138
H(8B) 412 1853 9383 138
H(8C) 698 1216 10137 138
H(10A) 7504 1956 7313 148
H(10B) 5728 2263 6753 148
H(10C) 7512 2375 6350 148
H(12A) 5840 2301 796 141
H(12B) 7273 1687 748 141
H(12C) 7447 2228 1616 141
H®1A) -5013 -795 5577 85
H(1B) -4168 -207 6177 85
H(1C) -4695 -887 6602 85
H(2D) 3466 1755 9157 82
H(2E) 4274 1054 8970 82
H(2F) 3734 1191 9891 82
H(1) 7480(30) 1967(14) 3502(12) 85
H(2) 7690(30) 1976(14) 4469(13) 85
H(3) 6080(40) 587(15) 7872(8) 88
H(4) 5970(40) 10(5) 8511(19) 88
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